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Chapter 1
Part: A

Introduction

1.1. Abstract

Introduction is divided into two parts A and B. In part A, the scope and objectives
of the chapters 2 and 3 on vanadium complexes have been discussed in the
background of known vanadium chemistry. In part B, the chemistry of
polynuclear complexes and coordination polymers of transition metal ions with
multidentate and compartmental ligands and the scope and objectives of the

chapters 4-6 are discussed.
1.2. Overview

1.2.1. Background of vanadium

There is a very interesting story about the discovery of vanadium. It was not
discovered at one time. It was discovered twice. The first time, in 1801 A. M. del
Rio, a professor of mineralogy in Mexico city found a specimen of vanadite,
Pbs(V0O4)3Cl and sent a sample to Institute de France for inspection and
confirmation. However, French chemist H. V. Collet-Descotils refused the new
element statement by Del Rio and concluded that the sample was an impure
chromium mineral. Del Rio agreed with Collet-Descotils' statement and withdrew
his claim. After 30 years, it was rediscovered by Swedish chemist N. G. Sefstrém
at Stockholm. He separated it from a sample of cast iron obtained from an ore that
had been mined at Smaland and named after the Scandinavian goddess of beauty
and fertility Vanadis [1].
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1.2.2. General properties of vanadium

The element vanadium is a 3d transition metal of atomic no 23 and is assigned
with the symbol V which is found in Group V of the Periodic Table. Its ground-
state electron configuration is [Ar]3d®4s2. It is a medium-hard, steel-blue solid
having thermally insulating and electrically conductive properties. The elemental
form of vanadium hardly exists in nature. It is found in a wide variety of minerals
in the earth's crust such as vanadinite, magnetite, patronite, and carnotite. It has a
variable oxidation state and forms colorful compounds. Oxidation states of V in
its compounds are +5, +4, +3, and +2 having different no of electrons around
vanadium atom. Vanadium(ll) and vanadium(V) compounds are reducing agents
and oxidizing agents, respectively. Vanadium(lV) compounds contain VO?*
functional group, which is called as vanady! or oxovanadium(IV) cation [2].

1.2.3. Importance of vanadium chemistry

Development of the vanadium chemistry began when the value of vanadium for
different applications was recognized. The vital roles of vanadium in various
biological and chemical systems have motivated the researchers to explore the
vanadium chemistry. Recent progress of vanadium chemistry by the vanadium
community involves a broad range of topics in the field of synthesis, coordination
chemistry, catalysis and biological chemistry. It has versatile chemistry due to its
small size and the variability in the oxidation states which support different
coordination geometries and spectacular properties. Vanadium is known to
participate in a variety of biological processes such as haloperoxidation [3],
insulin mimicking [4], and nitrogen fixation [5]. In addition, plenty of vanadium
complexes with different ligands have found prominent industrial application as a
catalyst for a broad range of organic transformation reactions [6]. Vanadium
redox flow batteries (VRFB) are one of the most promising energy storage
techniques deemed suitable for effective storage of renewable energy. They have
better storage capability compared to Li ion batteries. In addition, with respect to
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safety, storage duration and cost, they are expected to be much better than the Li
ion batteries [7]. As a result, scientists are very much fascinated to explore the
vanadium chemistry for better functional and structural mimics of vanadium
based metalloenzymes, much more versatile new catalysts and more effective
energy storage devices.
1.3. Role of vanadium in biology
Nature has unfolded a wide range of enzymatic systems involving vanadium,
especially in marine environments. They include haloperoxidases, nitrogenases
and non-enzymatic amavadin [8] which is a vanadium(IV) complex produced by
the mushroom genus amanita [9].
1.3.1. Vanadium-based haloperoxidases
Vanadium-based haloperoxidases (V-HPO) are found in fungi, marine
macroalgae, lichen and streptomyces bacteria. V-HPO consists of ligated Lewis-
acidic V(V) ion as vanadate in their active sites. They utilize the hydrogen
peroxide to catalyze the 2-electron oxidation of halide (i.e., chloride, bromide, and
iodide) to the corresponding hypohalous acid, HOX (Eqgn. 1). Further, HOX
combines with a wide range of organic substrates to form different halogenated
natural compounds [3d]. Peroxo vanadate complex is the key intermediate for
halide oxidation in V-HPO (Fig. 1). In the case of various oxidative reactions, the
use of vanadium was primarily inspired by the reactivity of vanadium-dependent
natural enzymes, i.e., haloperoxidases (V-HPOs) [3a,b,c,e,f,g].

H202 + X+H" —H20 + HOX (1)

peroxo vanadate complex

oH H,0, Ser Q
| o II Ho\Uw\“\f
O—V —_—
/N
N
J) NS G
(b) | ()

Hox — a0 RX +H,0

Fig. 1. Proposed catalytic cycle for vanadium-based haloperoxidases.
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1.3.2. Vanadium nitrogenase (VNases)

Vanadium nitrogenase (VNases) exists in the nitrogen fixation bacteria of the
genus azotobacter and in the cyanobacterium anabaena variabilis. It catalyzes the
atmospheric dinitrogen to ammonia and the overall stoichiometry can be

summarized as follows (Eqn. 2).
N2+ 12 + 14H* + 24MgATP — 2NHs" + 3H; + 24MgADP + 24HPO* (2)

Binary vanadium(V)-nitrogenase system is comprised of the Fe protein and
vanadium iron (VFe) protein. Ferredoxin type [FesS4] clusters are bridged by two
Fe protein subunits which serves as an electron donor for the vanadium iron (VFe)
protein of vanadium nitrogenase. Additionally, Fe protein holds two binding sites
for MgATP. The VFe protein has o2P204 subunit structure, and contains two
different metal clusters: P-cluster and FeV cofactor. In a possible structure of
vanadium site in FeV cofactor, the vanadium is part of a complex iron—sulfur
system, attached with the three iron centers and further linked three times by
bridging sulfide and also coordinated with a histidine and the vicinal alkoxide
along with carboxylate of homocitrate. In the plausible catalytic mechanism,
electrons are sequentially transferred from the [FesS4] cluster (of the Fe protein),
through the P-cluster, to the catalytic center at the FeV cofactor (of VVFe protein),

where substrate binding and reduction eventually occur (Fig. 2) [5].

Fe Protein FeV Protein

{ | MgatP ) . s _COOH

| o B - Fe_ o CH;

\ > = / & = N 0

[ e o Fe SV | “~{CH,), COOH
= Fe.sy [ " RN N

£ / \ & Fe—S N “o

[y i — d |

\ | MgaTP |/ & NN

A /
- | FeVco

N

N, + 14H* 2NH,* +3H,

z

e

Fig. 2. Schematic representation of the catalytic unit of V-nitrogenase and the

possible structure of the V site in the FeV cofactor.



Chapter 1 Introduction

1.3.3. Amavadin

Amavadin is a natural vanadium(lVV) complex which is found in 3 species of
poisonous amanita mushrooms: A. regalis, A. muscaria, and A. velatipes. In this
complex anion V(S,S-HIDPA),]%, vanadium(IV) is octa-coordinated and bonded
to two fully deprotonated tetradentate N-hydroxyimino-2,2'-dipropionic acid,
Hs(HIDPA) (Fig. 3) [8].

S

o N
S N
OIII/,/// /\\\

OH H OH

O
/
o—=

\O

o

/

(©)
e\
m///// \O /\
J

Fig. 3. Ligand precursor found in amavadin (left) and molecular structures of the

amavadin complex (right).
1.4. Vanadium in catalysis

Coordination complexes of vanadium with a wide range of ligands have found
significant applications as catalysts in a variety of organic transformation
reactions [6]. In addition, a large number of oxovanadium(V) (VO®*") and
dioxovanadium(V) (VO2") complexes have been also found to be very useful as
catalysts in various oxidation reactions of different substrates in presence of
peroxides [10]. Vanadium-catalyzed reactions involve a variety of chemical
processes such as contact process for the industrial production of sulfuric acid
[11], oxidations of alcohols, aldehydes, ketones, alkanes, alkenes, arenes, and
sulfur species, as well as oxidative C—O and C—C bond cleavage, olefin
epoxidation, carbon-carbon bond formation, cyanation, deoxydehydration,
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dehydrogenation, hydrogenation, oxo/imido heterometathesis and ring-opening
metathesis polymerization [12], and in the reduction of sulphur and nitrogen oxide
emissions resulting from human activities [13]. They are active catalysts under
heterogeneous or homogeneous conditions. Numerous VOyx based organic—
inorganic nanocomposites have potential photocatalytic properties [14]. Dioxygen
activation by biomimetic vanadium complexes and vanadate dependent
haloperoxidases, amavadin and vanadium nitrogenase exemplify the significant
role of biologically relevant catalytic functions of vanadium compounds [9]. The
relevance of vanadate-dependent enzymes in a variety of biological catalytic
processes motivated numerous researchers to continue the research on vanadium-
based catalysis and develop more efficient catalysts for various organic
transformation reactions [15].

1.5. Vanadium in energy storage devices

Energy storage devices such as batteries are gaining increasing importance due to
the dramatic increase of personal digital devices such as mobile phones, laptops,
iPad, renewable energy technologies and electric vehicles [16]. Vanadium
batteries are a type of redox battery also known as vanadium redox batteries,
which is cost effective, safer and have longer storage duration compared to
lithium-ion batteries. Abundance of vanadium is also more than lithium in the
earth crust. Vanadium can form ions of four different valence states (VZ*, V3%,
V#, and V°*) which is the prime requirement of an electrolyte in the redox flow
batteries. Vanadium redox batteries use the redox couple V#*/V°* in the positive
half-cell electrolyte, whereas V?*\V** couple is used in the negative half-cell
electrolyte. These are stored in a mild sulfuric acid solution. hydrogen-ion
permeable polymer membrane allows the exchange of the H™ ions between two
electrolyte tanks during the charge/discharge cycles. The reactions are expressed

here in a simple way, V3* + e = V?* at the negative electrode while at the same
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time V* =2V°" + ¢ at the positive electrode during the charging cycle and energy
is stored as chemical energy in the cell. This process is reversed during
discharging cycle and stored chemical energy is converted into electrical energy
[7]. In the case of lithium-ion batteries where every time lithium charges and
discharges, it is plating and deplating lithium metal on the cathode. Their

performances decrease due to degradation after few thousand such cycles [17].
1.6. Coordination chemistry of vanadium

Vanadium is a transition metal with a broad range of oxidation state (-1 to +5) and
it can adopt a variety of coordination geometries and coordination numbers. In
general, bis(acetylacetonato)oxovanadium(lV), [VO(acac).] [18] has been used as
a common precursor to synthesize vanadium complexes with a variety of organic
ligands. Here, [VO(acac)2] undergoes ligand exchange reaction by replacing one
or both acac™ ligands. Generally, oxovanadium(IV) complexes are formed when
ligands react with [VO(acac)2] in inert condition, but under aerobic condition
vanadium gets oxidized and vanadium(V) complexes are isolated [19]. In these
oxidized complexes, vanadium exists as [VO]**, [VO2]* or [V20s]** cores. Ligand
to metal ion precursor ratio, number and strength of donor atoms in the ligand,
steric as well as electronic properties of the ligands decide the replacement of one
or both acac™ groups leading to the formation of the new complex [20]. The VO?,
is classified as a hard acid and thus the vanadium most effectively binds hard
bases like O and N donor organic ligands relative to soft bases such as S donor
ligands. For the same reason, very few structurally characterized complexes of
oxovanadium(V) moieties (VO*" VO," and V03*3*) with sulfur coordinating
ligands are known [21]. Nature of the final complexes and their stoichiometry are
influenced by several factors such as solvents, nature of ligands, pH of the

reaction medium etc.



Chapter 1 Introduction

1.6.1. Complexes with bidentate ligands

Generally, monomeric [V'VOL,] type complexes are produced when a bidentate ligand
reacts with [VO(acac),] under anaerobic condition. For example, reaction of monobasic
bidentate ligand 2-(2’-hydroxyphenyl)benzoxazole (HL) and [VO(acac),] leads to the
formation of [V'VOL,] [22]. Another example, where dibasic bidentate ligand 2-
(salicylideneamine)-1-hydroxyethane (H.sal-EA) reacted with [VO(acac),] in 2:1 molar
ratio and formed [VO(Hsal-EA):] (Fig. 4) [23]. In the structure of the latter complex
azomethine-N and phenolate-O coordinate to the vanadium while alcoholic group
remains free. Similarly, 2(a-hydroxyalkyl/aryl)benzimidazole (HL) reacted with
[VO(acac)z] and formed [VOL:] type complex. But in the presence of KOH under
aerobic condition it slowly oxidizes to a dioxovanadium(V) species. Addition of KOH
enhances the rate of oxidation and stabilizes the dioxovanadium(V) complexes such as
K[VO.L2]-2H,O (Fig. 4) [24]. 8-Hydroxyquinoline (HL) reacts with [VO(acac),] in
acetone under aerobic condition to yield the p-oxo complex [(VOL;)2(u-0O)] [25].

HOo- A\ —'l e
,\4 0 o R o)
=N N
V\ H i \V/i
/ N=— HNT Y ;__4[--\-45
° N
><L"
H
H R
HO
R = Me, Ph

Fig. 4. Molecular structures of [VO(Hsal-EA)2] (left) and K[VOL;]-2H.0
(right).
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1.6.2. Complexes with tridentate ligands

Under anaerobic condition, [VOL] type of oxovanadium(lV) complexes are
produced with various dibasic tridentate ligands (Fig. 5). Generally, these types of
complexes of formula [(VVOL)2(u-0)] stabilize through dimerization where two
[VOL] units are bridged through one of the oxygen atoms of each ligand and an
oxo group (Fig. 6) [23,26].

OH

OH
X_
C—N—NH
C— OH
Y/ ’ k/‘
H
(o)

X = H,3-OMe, 4-C1,5,6-C,H,
Y = H,C;H,
R=H, OMe OH

OH
O
Y/ |
(o)

X = H,3-OMe,5-Br,5,6-C ;H,

COOH

X = H, 5-Cl
Y =H, Me

H4C

OH
\C—OH
% X
COOH
C— C— OH
e’ N

Ri Ry
X = H, 3-OMe,5-Br,5-OH,5-t-but,5,6-C ;H,
R,=R,=H,Me

Fig. 5. Examples of tridentate O,N,O-donor ligands.
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Fig. 6. Molecular structures of [(VO(u-L))2(u-O)] type complexes.

Very often oxovanadium(IV) complexes are oxidized to [(VVOL)2(u-O)] species
in solvents under aerobic condition [23,27]. Sometimes, complexes having the
[(VO)2(u-0O)]** core have been formed directly from non-protic media. Such kind

of complexes are shown in Fig. 7 [28,29].

Fig. 7. Examples of [(VVOL)2(u-0)] type complexes.

In general, oxovanadium complexes containing the {VO(OMe)}?** core are
synthesized with tridentate ligands in methanolic medium [30]. Selected examples
are shown in Fig. 8. In these examples, deprotonated benzoylhydrazones of 2-
hydroxy-5-methoxy-benzaldehyde (H2bhsOMe) and 2-hydroxy-5chloroBenzalde-
-hyde(H2bhsCI) were used as ligands.
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/
—0 o)
Cl N .|z
\ \
(0]

Fig. 8. Mononuclear complex [VO(bhsCIl)(OMe)(HOMe)] (left) and a dinuclear
species [VO(bhsOMe)(OMe)]2 (right).

The N,N,O-donor ligands such as monoanionic deprotonated N-(4-R-aroyl)-N'-
(picolinylidene)hydrazines (HL) are found to be very efficient in stabilizing the
pervanadyl VO," unit. In this case, under aerobic conditions, in acetonitrile
medium, one equivalent of [VO(acac)z] reacted with one equivalent of HL and
mononuclear pervanadyl (VO2") complexes having the general formula [VO2L]
were isolated (Fig. 9)[31].

Fig. 9. Molecular structure of [VO2(paph)] (R=H)

Another example where an analogous ligand, N-(anisoyl)-N’-(picolinylidene)-
hydrazine (Hpic-anh) combined with [VO(acac).] in acetonitrile under aerobic
conditions and formed dimeric pervanadyl (VO:") complex, [VO2(pic-anh)]..
There is a distinct tendency towards dimerization which led to [VO(u-O)L]. with

an octahedral arrangement around each metal center as shown in Fig.10 [32].
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Fig. 10. Example of dimeric complex having monobasic tridentate ligand.

[VO(acac)2] and O,N,N-donor ligand such as (Hacpy-inh) in equimolar amounts
in dry, refluxing methanol produced oxovanadium(lV) complex [VO(acpy-
inh)(acac)]. Aerial oxidation of the complex in presence of a few drops of water in
methanol provides the corresponding [VO:L] type mononuclear dioxovanadium-
(V) complexes [VOz(acpy-inh)]. Treatment of [VO(acpy-inh)(acac)] with excess
of 30% H20- yields the peroxo complex [VO(O2)L] (Fig. 11). [33].

P

O o
U/ / 0%\\/ N/ ?\3/
/ o// ) °o///¢

Fig. 11. Structures of [VOL] (left), [VO.L] (middle) and [VO(O2)L] (right).

N,N,S donor ligands (HL) are derived from 2-acetylpyridine and S-
benzyldithiocarbazate (Hacpy-shdt, 1) or S- methyldithiocarbazate (Hacpy-smdt,
I1). When equimolar amount of HL (I or Il) and [VO(acac),] are reacted in dry
methanolic solution under anaerobic condition oxovanadium(lV) complexes
[VO(acac)L] are produced. Pentacoordinated dioxovanadium(V) complexes
[VO.L] were isolated by reacting ligands HL (I or Il) with [VO(acac)z] in
presence of air and KOH in methanol. [VO(O2)L], oxo-(peroxo)vanadium(V)

12
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complexes are derived by oxidation of [VO(acac)L] in presence of the strong
oxidant H>O,. Malonato(oxo)vanadium(V) complex [VO(malonate)(acpy-smdt)]
has been synthesized by addition of a few drops of water to a methanol solution of
[VO(acac)2], KOH and Hacpy-smdt under aerobic condition [34]. These

complexes are shown in the following figure.

(0] S—
R
\||/° O%U/S |
/ o= N/ )
/N—N

Fig. 12. Oxovanadium(IV), dioxovanadium(V) and oxo-(peroxo)vanadium(V)

complexes with N,N,S-donor ligands.
1.6.3. Mixed-valent complexes

A novel mixed-valence (p-oxo)divanadium(lV,V) complex (BzimH)[(LVO)2(p-
0)] was synthesized by using the mononuclear oxovanadium complexes
[VVOL(OEt)] and [V'VOL(Bzim)] of the tridentate ONS-donor ligand S-methy! 3-
((2-hydroxyphenyl)methyl)dithiocarbazate (H.L) (Fig. 13). The X-ray crystal
structure of the complex reveals an oxo-bridged dinuclear oxovanadium(I\VV/V)

monoanion and protonated benzimidazole (BzImH) as cation [35].

13
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EtO (|:|’ ﬁ |0|
o)
N S\_/ -ROH / N

Fig. 13. Reaction scheme for the synthesis of (BzimH)[(LVO)2(u-0)] complex.

Nishizawa et. al reported a mixed-valence binuclear oxovanadium(1VV/V) complex
[VO(nta)-O-VO(nta)]* (nta = nitrilotriacetate) [36]. The structure of the complex
is shown below (Fig. 14).

Fig. 14. Molecular structure of [VO(nta)-O-VO(nta)]*"
1.6.4. Complexes with tetradentate ligands

The reaction of [VO(acac),] with a tetradentate ligand, N-(2-
pyridylmethyl)iminodiacetic acid (Hzpmida) in acetonitrile produced a hexa-
coordinated vanadium(lVV) complex of formula [VO(pmida)H.O] (Fig. 15) [37].
Other tetradentate ligands like Hjsalen = N,N’-ethylenebis(salicylideneamine)
leads to [VO(salen)] and related complexes [38]. A broad range of complexes
were obtained depending on the nature of solvent, pH and aerobic/anaerobic
reaction conditions [39].

14
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Fig. 15. Molecular structure of [VO(pmida)H20O].

Few other complexes containing vanadium amide bond are reported with some
tetradentate ligands. These amides containing tetradentate ligands are shown in
Fig. 16. Reactions of [VO(acac)2] with Hzpycac [40], Hshybeb, Hzhypyb and
Hophepca [41] in presence of base produced these complexes. The base facilitates

the deprotonation of the amide nitrogen and its coordination to vanadium [40,41].

o 0 Qc @

O¢C—NH HN—C —NH

Hshypyb Hophepca
O QO @
N
/c NH  HN—C_
o NH
HC C= ScH,
Hopycac Hzhybeb

Fig. 16. Amide containing tetradentate ligands.
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The tribasic tetradentate ligands (HsL) generally produce various [VOL]2 type
dinuclear oxovanadium(V) complexes under aerobic conditions (Fig. 17) [42]. X-
ray structures reveal that one of the CH2OH groups of each ligand remains
uncoordinated in both complexes. In first complex (X = OMe), two vanadium
atoms are bridged through two alkoxo group of the two ligands and another
alkoxo group of each ligand is coordinated to other vanadium and vice versa. In
the second complex (X = H), the ligand is in reduced form. Here also two alkoxo
groups of the two ligands bridge in a similar way as in the first complex but the

other alkoxo group of each ligand is coordinated to the same metal.

OH
XN
o\\ )

X=0OMe, H HO

€Y (b)

Fig. 17. (a) Tribasic tetradentate ligand system (HsL) and (b) its oxovanadium(V)
complex and (c) the analogous complex with the reduced unsubstituted form of
the ligand.
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Similar to the [VO(salen)] type complex, K.S. Murray group have reported a
[VVO(tsalen)] complex with a SNNS-donor ligand where tsalen is N,N’-
ethylenebis(thiosalicylideneaminate) (Fig. 18). This complex was synthesized by
reacting 2-mercaptobenzaldehyde (tsal), ethylenediamine and [VO(acac)] in 2-

methoxyethanol [43].

Anthony W. Addison group synthesized the first oxovanadium(V) thiolate
complex, [VO{N(CH2CHS)3}] (Fig. 18). It was prepared by reacting [VO(acac):]
with the thio ligand [44]. X-ray structure reveals a slightly distorted trigonal
bipyramidal coordination geometry around the metal center where the three S-

atoms occupy the equatorial positions.

Fig. 18. Mononuclear oxovanadium(IV) complex of NNSS-donor ligand (left)
and molecular structure of [VO{N(CH2CH2S)3}] (right).
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Part: B

1.7. Overview
1.7.1. Ligands used for polynuclear complexes and coordination clusters

Various types of polydentate ligands have been prepared and successfully used to
synthesize polynuclear complexes. These polydentate ligands contain more than
two donor atoms and they are excellent hosts of multiple metal ions [45]. A
decade ago, Robson started a series of studies concerned with a rational synthetic
approach to polynuclear complexes. He initiated the concept of a macrocyclic
dinucleating ligand that can bind two metal ions in close proximity [46]. The area
of binuclear complexation has seen extensive growth, stimulated by interest with
important implications in catalysis, magnetochemistry, and bioinorganic
chemistry [47]. Generally, compartmental ligands are used to synthesize these
multinuclear complexes. They can bind two or more metal ions in close proximity
using two or more identical or different compartments. Similar or different metals
inside the compartments are known as homo- and hetero-nuclear, respectively
[48]. These ligand systems are generally Schiff bases formed by the condensation
of aldehyde or ketone and primary amine precursors under specific conditions. In
the recent past, a large variety of macrocyclic [1+1], [2+2], [3+3], [4+4] and
acyclic [1+2], [2+1] Schiff bases have been successfully prepared (Fig. 19).
Acyclic compartmental systems are classified into two categories: acyclic end off
and acyclic side off. Ring sizes can vary based on the shape of the formyl- and the
amine precursors and the metal ions during the cyclization reactions [49].
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Fig. 19. Various precursors and the macrocyclic [1+1], [2+2], [3+3], [4+4]
and acyclic [1+2], [2+1] compartmental ligands.
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Among many different polydentate ligands, the phenol-based systems are more
popular for synthesizing the polynuclear transition metal complex (Fig. 20). This
is due to their multiple electronic and structural characteristics like (i) capability
to bind two metal centers in close proximity, (ii) tunability of the phenolate-O
basicity by varying the substituents at the para position and (iii) the benzene ring

that allows synthetic flexibility via the side arms [50].

CH, CH;3
H H H H
CN OH N} N OH N
NH, H,N j
/N\ /T
CHj, CH;3
H H H H
N
HN”

R |N OH N
N N——
7\

\_/

Fig. 20. Common acyclic compartmental ligands used to synthesize polynuclear
complexes.
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1.8. Importance of polynuclear complexes

The coordination chemistry of polynuclear transition metal complexes assembled
from cyclic and acyclic compartmental ligands has received considerable attention
due to their potential applications in biological systems, catalysis, magnetism,
material science, and photochemistry [51]. Their versatile applications arise from
their physical properties which come from their molecular architectures. Synthesis
of such clusters is either by serendipity or self-assembly [52]. The nuclearity and
topology of the final structure of the coordination clusters depend on the types of
polydentate ligands (cyclic or acyclic) and the nature of the ancillary bridging

ligands such as hydroxide, oxide, halide, alkoxide, and carboxylate [51a,b].

1.8.1. Polynuclear complexes as a single molecular magnet (SMM)

Single-molecule magnets (SMMs) or molecular nanomagnets are attractive
candidates for the application in high-density information storage., quantum
computation and spin-based devices (spintronics) [53]. SMMs are discrete
polynuclear complexes that contain the magnetic core (exchanged coupled core)
surrounded by organic entities, which prevent the core from interacting with the
neighbour spins by reducing the intermolecular interactions. The magnetic
moment of the molecule primarily depends on the magnetic core. These materials
become magnetized upon introducing an external magnetic field and retain their
magnetization even after removing the magnetic field for a significant period.
These molecules show magnetic hysteresis below a specific temperature known as
blocking temperature. Magnetic anisotropy is an important parameter to be
understood while studying SMMs. It depends upon zero-field splitting and spin-
orbit coupling [54]. Explosive growth in research on molecular magnetic
materials in the last two decades has been started with the discovery of a Mn-
based coordination cluster having the formula [Mn12012(0Ac)16(H20)4] (Mn12Ac)
in 1980 by Lis [55]. This cluster has been termed as a Single Molecular Magnet
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(SMM) in 1993 by Roberta Sessoli and co-workers [56]. This type of molecules
comprised of multiple transition metals display slow relaxation of magnetization
at low temperatures. After the discovery of [Mn12012(OAC)16(H20)4] (Mn12Ac),
several efforts have been devoted to synthesize similar coordination clusters with
multiple 3d metal ions to acquire maximum energy barriers for slow relaxation of
magnetization. [Fes(tacn)sO2(0OH)12]%*, {where tacn = 1,4,7-triaza cyclononane},
was reported by Wieghardt and co-workers in 1984 [57]. This complex was found
to display SMM property. Later, numerous SMMs based on multiple 3d transition
metals with polynucleating ligands have been studied extensively [58].
Researchers tried to combine the 3d and 4f metals to improve the performance of
SMMs in terms of ground spin states and magnetic anisotropy, responsible for a
large energy barrier for slow relaxation of magnetization [59]. In 1996, Jean-
Pierre costes and co-workers reported the first heterometallic 3d-4f coordination
cluster having the formula [LCuGd(NOs)s], {where L is 1,2-bis((3-
methoxysalicylidene)diamino)-2-methylpropane which shows the SMM feature
[60]. After this, various heterometallic 3d-4f coordination clusters with different
polydentate ligands were synthesized and investigated for SMM property [61].
Despite many efforts, SMMs remain only accessible at a very low (liquid-helium)
temperature range. Substantial attempts to synthesize new clusters are still
required to increase the blocking temperature and effective energy barrier for
practical use [62]. Recently, a new class of nanomagnets named single-chain
magnets (SCMs) was reported [63]. The motivation for constructing these
nanomagnets is to increase the blocking temperature and effective energy barrier
that fulfil the condition for effective application as high-density information
storage memory devices. These challenges make this field always active to find

new nanomagnets with exceptional magnetic behaviour for practical use.
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1.8.2. Polynuclear complexes as catalysts

Application of various polynuclear complexes of transition metals in catalysis and
the presence of multimetallic active sites in a variety of enzymes inspired several
research groups to develop new and effective bio-mimicking catalysts [64]. Over
the past decades, considerable research efforts have been devoted to synthesize
homogenous and heterogeneous catalysts to mimic the well-known water
oxidation process in photosystem Il (PSII) [65]. In natural photosynthesis, the
oxygen-evolving complex (OEC) oxidizes water to molecular oxygen on its
embedded active site that is a manganese—calcium cluster. Nature’s water
oxidizing catalyst is a cubane like represents a penta-oxygen tetramanganese-
calcium cofactor which is bound in the PS 11 protein (Fig. 21) [65b,66].

W3 W4

Fig. 21. Oxygen-evolving complex of photosystem 1, the site of catalytic water

oxidation.
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One of the major concerns in the current scenario is having clean and green
energy sources. Hydrogen has gained immense attention as an alternative source
for fossil fuels with zero emission of carbon dioxide. It is a well-known
environment-friendly and renewable source of energy [67]. To achieve this, there
are different methods [68]. Among them electrochemical water splitting can be
considered the most widely accepted and relatively easy method for producing
pure hydrogen gas at a large scale. Water splitting is two half-reactions: water
oxidation or oxygen evolution reaction (OER) represented as 2H20 — Oz + 4H™ +
4e” and hydrogen evolution reaction, i.e., 2H" + 2e” — H, (HER). Both OER and
HER require high overpotentials due to sluggish reaction kinetics. The tricky part
is to design stable, efficient, and cost-effective electrocatalyst for both the half-
reactions [69]. A considerable amount of work has been done applying several
mono- and polynuclear complexes as molecular catalysts for OER and HER
[65,70]. Among these complexes, the CosO4 cubane core containing OER
catalysts inspired by the OEC in PS Il is of particular interest [71]. O2 and H>
evolution via water splitting can occur in acidic, neutral, and alkaline mediums.

The corresponding equations are given below:
Total reaction

H,O— H, +1/20,
In acidic solution
Anode H,O — 2H* + 1/20; + 2¢e

Cathode 2H* +2e — H>

In alkaline and neutral solutions
Anode 20H - H,O+% O, +2 €

Cathode 2H,0 +2e" — H>+20H"
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1.9. Background of coordination polymers (CPs)

In Greek, the polymer term means ‘many part.” Polymers are giant molecules or
macromolecules composed of a combination of small molecules named
‘monomers’ linked with covalent bonds [72]. In comparison, coordination
polymer is a coordination compound having metal cation centers connected by
organic ligands with repeating coordination entities extending to one, two, or
three dimensions via coordination bonds [73]. In a simple word, it is a polymer
whose monomeric units are coordination complexes which are linked to another
one by a bridging organic ligand. In 1964, J.C.J. Bailar used the “Coordination
Polymer” term for the first time when he compared infinite linear inorganic chain
compounds with organic polymers and considered them a polymeric species [74].
Coordination polymers (CPs) which are porous are also known as metal-organic
frameworks (MOFs) [75]. In the -eighteenth century, German chemists
accidentally discovered Prussian blue dye, the first member of CPs [76]. In 1936,
crystallographic studies revealed the 3-D polymeric nature of Prussian blue dye,
having the formula {[Fe"'sFe''s(CN)1s]-11H20}n. In this polymeric structure, the
cyanide ions are bridged by alternating Fe** and Fe?* [77]. Formation of a CP or
MOF from the individual components in solution generally follows the following
steps (Fig. 22). The building blocks interact through coordination bonds and
weaker forces such as m-m stacking, van der Waals forces or hydrogen bonds
giving some small units, followed by self-assembly of these small units to the
final CP or MOF [78]. Robson and coworkers had initiated this field by their work
in the early 1990s [79]. Later, Kitagawa and coworkers [80] and Yaghi and
coworkers [81], demonstrated that it is possible to adapt the idea put forward by
Robson to synthesize an extensive library of compounds with specific structural

topologies.
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Organic ligands

Fig. 22. 1D(top), 2D(middle) and 3D(bottom) coordination polymers.
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1.9.1. Coordination polymers (CPs) vs. metal organic frameworks (MOFs)

Coordination polymer and metal-organic framework are two of the most widely
investigated areas of material chemistry. Both have lot of similarities in their
structures. They are prepared from a combination of metal ions and ligands with
bridging features to attach metal centers and create infinite polymeric structures in
one, two, and three dimensions. A basic understanding of coordination chemistry
is required for the researchers to design both the polymeric framework materials.
The similarities create confusion to differentiate between coordination polymers
and metal-organic frameworks. Generally, inorganic chemists prefer to use the CP
term, while solid-state chemists prefer the term MOF. As a result, there is a
confusion and literature searches on them has become difficult. However, a
unanimous agreement has eliminated this confusion and frustration regarding this
topic among the researchers [82]. In 2009, Jagadese J. Vittal group published an
article about the CP vs. MOF. It concluded that the coordination polymers are
restricted to 1 or 2 dimensions and it is appropriate to describe them as 1D or 2D
extended structures, while MOF term is much more appropriate for only three-
dimensional structures [83]. In a recent paper, the Janet L. Scott group has
distinguished the definition for CPs and MOFs [84]. Accordingly, coordination
polymers are coordination compounds that form 1-D extended chains, 2D sheets,
or 3D frameworks. These are classified into two sub-classes: “coordination
networks,” which are 2D, 3D, or crosslinked 1D CPs, and “metal-organic
frameworks” (MOFs) (also referred to as “porous coordination polymers”), which

are coordination networks that contain potential voids [73,84].

1.9.2. Interaction involved in coordination polymers
Coordination bonds mainly govern coordination polymers. Here ligand (Lewis
base) donate its lone pair to the metal cation (Lewis acid). In addition, interactions

such as van der Waals forces, n-n interactions and hydrogen bonding also affect
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the structures and dimensionalities of coordination polymers [85]. Self-assembly
based on these interactions between the building blocks leads to network structure

[86]. Various types of these interactions are summarized in Table 1 [86Db].

Table 1 Strength of different types of intra- and intermolecular forces

S. No. Type of forces Strength/kJmol* | Reference
1 Van der Waals 1-5 [87]
2 7-7 interaction 5-10 [88]
3 Hydrogen bonding 15-40 [89]
4 Hydrophobic/hydrophilic 12-15 [90]
5 lon-pairing 12-20 [90]
6 Coordinate bond 40-120 [90, 91]
7 Covalent bond 150-1000 [86b,92]

1.10. Synthesis of coordination polymers

Literature survey shows four principle synthetic methodologies for synthesis of

coordination polymers [93]. These methodologies are as follows:

1.10.1 Saturation method
A solution of different reagents are kept for crystal formation. Molecular
recognition allows the formation of the product following some pre-determined

rules. Convenient conditions are essential for this method. The crystal growth may
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occur in a saturated solution (ideal concentration) after the slow evaporation of
the mother liquor. Temperature rise increases the solubility of the product
followed by cooling allows the crystal formation. This process has to be well-
controlled as far as final temperature and speed of cooling concerned.

1.10.2. Diffusion method

This method is preferred to get a single crystal for X-ray diffraction analysis. The
idea behind this method is to bring into contact the different media slowly. It is
possible via liquid-liquid diffusion between the two layers. One layer contains the
precipitant solvent and the other one contains the product in a suitable solvent.
Crystal growth occurs at the interface when precipitant solvent slowly diffuses
into the product containing layer. Another approach very similar to the above is
the slow mixing of the reactants, dissolved separately in the two layers. Crystal
appears at the junction of the two layers. Sometimes gels are used as

crystallization media instead of liquid solvents to slow down the diffusion.

1.10.3. Hydro(solvo)thermal methods

Hydrothermal/solvothermal reactions are generally carried out in a sealed Teflon
coated autoclave (steel pressure vessel) with aqueous/organic solvent under
autogenous pressure at a range of 100-250 °C. In this condition, at high
temperature the reduced viscosity of solvents affects the solubilities of the

reactants and facilitates the crystal growth process of the product.
1.10.4. Microwave and ultrasonic methods

As, in hydrothermal process, here also the solubility of the reactants increases and

influences the formation of the crystalline product.
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1.11. Building blocks of coordination polymers

Coordination polymers are basically derived from four different building blocks
namely organic ligands, metal ions, solvents, and counter ions [93d]. We have

discussed all the building blocks very briefly below:
1.11.1. Organic ligands

In a coordination polymer, ligands act as bridges between multiple metal centers
in neutral or anionic form. It has to be multidentate with at least two donor atoms
like N, O, and S. Their shape (rigid or flexible), length, functionalities, and
sometimes chirality and symmetry are the deciding factors to determine the
structure of the coordination polymer. An example of flexible ligand is 1,2-bis(4-
pyridyl)ethane, which can exist in either gauche or anti conformations. Some

common neutral and anionic bridging ligands are shown in Fig. 23 [78].

— N\ —

Gauche Anti
N o o N N o N N/\/N
\ /7 \ /7 7/ .Y
4,4’-bipyridine Pyrazine 1,4-diaza-bicyclo[2,2,2]octane

o o [o] O
€ <O
o (o]
Oxalate benzene-1, 4-dicarboxylate  benzene-1,35-tricarboxylate

Fig. 23. Few common neutral and anionic ligands as a building block for CPs.
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The carboxylate functional group has a versatile coordination behavior. Various
mode of its coordination to a single metal ion and two metal ions are shown in
Fig. 24. Its ability to shift from one mode to another makes this functional group
unique for synthesizing coordination polymers with a variety of network

structures [94].
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Fig. 24. Common coordinating modes of carboxylate (a) monodentate (b)
chelating (c) syn-syn (d) syn-anti (e) anti-anti.

1.11.2. Metal centers

The oxidation state, size, softness/ hardness, ligand field strength, coordination
number, and coordination geometry of the metal ions play crucial roles in
determining the structural intricacies of a coordination polymer. Additionally, the
counter anions of the (nitrate, acetate, perchlorate, sulfates, halides, and so on)
metal salts used for the synthesis of a coordination polymer may also participate
in the network structure formation. Metal ions with the low coordination number
prefer 1- and 2D structures, while metal ions with higher coordination number
form 3D structures According to HSAB, small, non-polarizable, hard metals tend

to coordinate with small, non-polarizable, hard ligands, while the larger, more
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polarizable soft metals will coordinate with the larger, more polarizable soft
ligands [92,93d]. Thus, the hard-soft acid-base (HSAB) characters of the metal

ion and ligand can also decide the stability of the final structure.

1.11.3. Counterion

It is present in the structure to balance the overall charge obtained by ligating
neutral ligands to metal ions. Generally, counterions are the anions and they are
coordinated to metal ions. However, they can influence the overall structure and
metal ion environment via some weak interactions or act as a guest molecule in a

void spaces in the solid-state structure of the coordination polymers [95].

1.11.4. Solvents

Empty space in the form of pores and channels in the structure of coordination
polymers is thermodynamically unfavorable. In general, the solvent molecules act
as space fillers in the form of guest molecules. They are held in the pores via a

variety of weak interactions with the host molecules [96].

1.12. Importance of coordination polymers (CPs)

Coordination polymers are promising candidates for researchers due to their
interesting solid-state assembly patterns and the consequent electronic, optical and
magnetic properties [97]. Their crystalline nature, network structures, long-range
materials with stiffness, and the physical properties have led to their applications
in a wide variety of research areas such as catalysts; molecule-based conductors;
and separation and storage, luminescent and nonlinear optical materials [98]. As
a result, there is a constant effort to design and synthesize new coordination

polymers for various applications.
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1.12.1. Catalyst

Coordination polymers as catalysts play a prominent role in various organic
reactions [98a]. They have been classified into two categories one is

homometallic, and the other one is heterometallic.

1.12.2. Homometallic CPs

In 2008, Karabach and coworkers introduced an inorganic 1D CP having the
formula [Cuz(Hstea)2(ps-pma)]n. This CP was synthesized through the self-
assembly of triethanolamine (Hstea), Cu(ll) nitrate, lithium hydroxide, and
pyromellitic acid (Hspma) in aqueous medium. This 1D CP and the related 2D CP
[Cuz(p-Hatea)2{p3-Naz(H20)a}(He-pma)]n10H20  mimic the alkane partial
oxidation activity of the multicopper particulate methane monooxygenase. They
act as catalyst precursors for the oxidation of cyclohexane into cyclohexanol and
cyclohexanone by hydrogen peroxide in acidic MeCN/H>O medium at room
temperature (Fig. 25) [99].
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[Cuz(Hstea)2(ps-pma)]n [Cuz(p-Hatea){ps-Naz(H20)4}Hs-pma)]n10H.0
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q -H20; +
MeCN/H,O0, r.t.

Fig. 25. Oxidation of cyclohexane catalyzed by the CPs shown above.
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In 2014, Lymperopoulou and co-workers reported the catalytic activity of a Mn-
based 1D CP having the formula [Mn(LH)(H20)]» {where LH? is the dianion of
N-(4-carb-oxybenzyl)iminodiacetic acid} in the epoxidation of alkenes (Fig. 26)
[100].

H R, H,0/CH,COONH,/  H, o Rz
\ / [Mn(LH)(H,0)]n %, S
/ \ acetone/MeOH

R1 R3 R1 R3

Fig. 26. Olefin epoxidation catalyzed by [Mn(LH)(H20)]x.

A recent paper by L. Mandal reports a 1D CP [{{Cu2" L(p11-N3)}2(u1,1-Ns)2}(
M1,3-N3)2]» formed by a Schiff base ligand (HL; 1:2 condensation product of 3-
morpholinopropylamine and 4-ethyl-2,6-diformylphenol). This compound is able
to mimic the behavior of catechol oxidase, which catalyzes the oxidation of
catechols to quinones (Fig. 27) [101].

OH

OH o

[HCu" LGy 1N} (1,1-N3)23 (11,3-Nadaln
e
-

MeCN or DMF, Air

t-Bu t-Bu t-Bu t-Bu

Fig. 27. Catalytic catechol oxidation

The catalytic activity of CPs as catalysts is not limited only to oxidation reactions.
In a recent paper, Wani and co-workers reported that a series of three 1D CPs
with transition metals (Cd, Zn, and Co) and their catalytic efficiencies in the

transesterification reaction (Fig. 28) [102].

0

0
J\ [Zn(TPPZ)(HCCB)],.DMF-H,0 |
R2 + R}'OH > R, * Rz'OH
. 3 -
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1

Fig. 28. Transesterification reaction by [Zn(TPPZ)(HCCB)]yDMF-H0.
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Another example reported by C.A. Downes group is a cobalt dithiolene polymer.
It was synthesized by reacting cobalt(l1) acetate with sulfur based ligand benzene-
1,2,4,5-tetrathiol in presence of a base and the generated polymer was
immobilized onto glassy carbon electrodes (GCE) to form a stable metal—organic
surface (MOS 1|GCE).This surface coated material was stable in acidic aqueous
solution and it was able to exhibit efficient hydrogen evolution activity (Fig. 29)
[103].
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Fig. 29. A schematic representation of the Co-based 1D CP capable of catalysing

H» evolution reaction.

1.12.3. Heterometallic CPs

The idea behind the heterometallic system by use of two or more different metals
was the enhancement of the catalytic performance through synergy and
cooperativity effects. Alexander M. Kirillov and co-workers reported the first
relevant examples of 1D and 3D Cu'/Na coordination polymers which efficiently
promote mild hydrocarboxylation of butane and propane by H.O and CO to the
corresponding carboxylic acids [104]. Another heterometallic 1D lanthanide-
based CP has been reported by G. Kumar and co-workers in a recent study. It
contains a Co(lll)/Eu(lll) core and shows catalytic activity in various ring-
opening reactions of epoxides [105]. A recent paper published by N. Kuwamura
and co-workers describes the synthesis of a Pt(I11)—Pd(I1)-Ni(ll) heterotrimetallic
CP which shows cooperative effect on catalytic activity for hydrogen evolution
[106].
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1.12.4. Nonlinear optical materials

NLO materials depend on the nonlinear processes resulting from the nonlinear
relationship between the electric field of incident light and the dielectric
polarization. Nonlinear processes like second harmonic generation (SHG) and
third harmonic generation (THF) have a broad range of applications in the laser
industry, high-resolution optical microscopy, and optoelectronics technologies in
biological and medical applications [107]. Non-centrosymmetric arrangement in
the solid-state is required for the construction of nonlinear optical materials. These
materials also require organic ligands with large molecular first
hyperpolarizability B, ordered structure, and ideal chromophores with a suitable
electron donor and acceptor connected through a conjugated bridge. In principle,
SHG is limited only to non-centrosymmetric materials, while THG occurs in all
materials. There are numerous reports on the 1D CPs of cobalt, zinc, and
cadmium that can show either SHG or THG, depending on their crystal symmetry
[108]. Several 2D and 3D CPs and MOFs were reported to exhibit SHG, THG, or
multiphoton absorption [109]. Huang group in 2008 reported a 3D-diamond-like
tetrazole-based Zn(Il) CP having the formula [Zn(tzf)2], (Htzf = 1H-tetrazole-5-
formic acid) which shows the nonlinear optical effect and luminescent property
[110]. In a recent paper, Min Liu and coworkers have reported a 1D CP that
shows multiple nonlinear optical functions concurrently. It can efficiently
generate multi-photon-excited photoluminescence (PL), SHG, and THG

properties [107].

1.12.5. Luminescence

Luminescence is a phenomenon that involves the spontaneous emission of
radiation from an excited state which may be generated in various ways, such as,
by applying mechanical forces, photonic excitation, from
chemical/electrochemical reactions, etc. [111]. The mechanism involves the
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transition of an electron from ground to an excited state by absorption of a photon
and then back to the ground state with simultaneous photon emission via various
relaxation processes like fluorescence and phosphorescence [112]. Luminescent
materials can be classified based on the origin of emission, that is metal-based
emission or ligand-based emission. Luminescent materials are widely applied in
optoelectronic devices, fluorescent sensors and optical probes [113]. Coordination
polymers can be very good luminescent materials due to the tunability of their
chemical composition by changing the metal centers or metal clusters and the
coordinating organic ligands. Mechanism of luminescence in CPs is based on d-d
or f-f transitions, ligand-centered (LC) transitions and various charge transfer
including metal-to-ligand charge transfer (MLCT), ligand-to-metal charge transfer
(LMCT), ligand-to-ligand charge transfer (LLCT), and metal-to-metal charge
transfer (MMCT) transitions [98f]. There are plenty of reports on transition metal-
based CPs showing excellent luminescent properties because of the variation of

the coordination numbers and the coordination abilities of the metal ions [114].

1.12.6. Magnetic properties

Magnetic coordination polymers are divided into two classes: one shows long-
range ordering, and the other one displays spin cross-over. Long-range ordering
comes from the cooperative exchange interaction (coupling) between the spins of
the paramagnetic metal centers through the superexchange pathway. The magnetic
materials have different categories based on the spin alignment of unpaired
electrons. These are ferromagnetic, antiferromagnetic, and ferrimagnetic.
Ferromagnetism arises when all magnetic spins are aligned in the same direction,
resulting in significant increase in net magnetic moment. On the other hand, in
antiferromagnetism, antiparallel alignment of spins displays no net magnetic
moment. Ferrimagnetism arises when the magnetic moments of the domains in

the substance are aligned in parallel and antiparallel directions in unequal
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numbers [98c]. Plenty of reports on transition metal-based CPs showed
ferromagnetism, antiferromagnetism, and ferrimagnetism [115]. CPs are ideal for
the single-chain magnet (SCM), similar to a single molecular magnet (SMM). To
design the SCM the primary requirement is to increase the blocking temperature
of SMM. Hence, it can increase their potential applications in recording media or
molecular memory devices [116]. Synthetic methodology to construct SCM
includes two main aspects: (i) utilization of the bridging ligands as effective
magnetic couplers to link uniaxial anisotropic spin carriers like Ni®*, Mn®", Fe?*,
Co?*, and lanthanide ions into 1D chains and (ii) use of appropriate diamagnetic
separators to make these chains magnetically well isolated [117]. There are
several reports on transition metal-based CPs which display SCM property [118].
Another class of magnetic CPs has spin-crossover (SCO) properties. These
magnetic materials are a class of molecules where the spin state can switch
reversibly between a diamagnetic low spin (LS) state and paramagnetic high spin
(HS) state upon physical stimuli such as light irradiation, temperature, or pressure
change. Vibrational, electronic, and structural properties of the compound will
change after spin transition (ST). As a result, there is a constant effort to
synthesize SCO materials due to their potential applications in sensors or memory
devices [119]. In 1996, Takafumi Kitazawa and coworkers reported a transition
metal-based coordination polymer Fe''(CsHsN)2Ni(CN)s which displays SCO
behavior [120]. A recent report published in 2018, where Charles Lochenie and
coworkers synthesized a spin-crossover CP having a formula of [Fe(L)(bipy)]a
(L% = N0, donar Schiff base like ligand which contains a phenazine fluorophore
and bipy = 4,4'- bipyridine) [121].
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1.12.7. Conductivity

Electrically conductive coordination polymers have received immense attention
worldwide due to its versatile potential in material science. These polymers are
hybrid multifunctional materials consisting of organic ligands linked with metal
ions or clusters. Designing and synthesizing highly conductive CPs require a basic
understanding of their electronic structures and charge transport mechanisms
[122]. 1D CPs constructed from stacked macrocyclic metal complexes of the type
[ML)(u-L)]n {M = Fe, Ru, Os; L = octaethylporphyrinato (oep),
phthalocyaninato (pc); and L = pyz, 4,4"-bipy, dabco} have been evaluated for
their conductivity. Their conductivity abruptly increased after iodine doping. The
conductivity of CPs depends on the interaction between the m* level of the
bridging ligand and metal d-orbitals. Conductivity is more remarkable for the
more mr-acidic bridging ligand pyz > bpy » dabco and through better m-bonding
metals Os > Ru > Fe [123]. Another example where Daofeng Sun and coworkers
have synthesized a 3D CP having the formula [{Ag(H2btc)2}{Ag2(Hbtc)}] which

shows increase of conductivity with temperature [124].

1.13. Present investigation

In part A, the coordination chemistry of vanadium(IVV/V) was explored with some
hydrazine-based ligands. We have successfully synthesized six novel ternary
oxovanadium(V) complexes of formula [VO(acac)(L")] by using a-diketone
bis(4-R-benzoylhydrazones) (H2L" (n = 1-6). In another work of part A, we were
able to synthesize one dimeric oxomethoxovanadium(V) complex [VO(u-
OMe)(HL)]2 and a pervanadyl complex K[VO2(HL)]'MeOH by using
biacetylmonoxime salicyloylhydrazone (HsL). The photocatalytic activities of the
latter two complexes in degradation of the organic dye rhodamine B (RhB) have
been also evaluated. Molecular structures of all these complexes have been

confirmed by X-ray crystallography. All the complexes have been characterized
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by mass spectrometric, elemental analysis, various spectroscopic (IR, UV-Vis,
and M NMR), solution electrical conductivity and cyclic voltammetric
measurements. The ligands and their corresponding complexes are presented in
Fig. 30.
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Fig. 30. Oxovanadium and pervanadyl complexes discussed in the present study.

In part B, we have synthesized and characterized a tetranuclear mixed-valent
complex of molecular formula [Co"Co"'(u-OAc)(us-OH)(1-L)]2, 1D
Mn(I)Mn(I11), Fe(111) and Mn(l11) based coordination polymers having formulas
{[Mn2L(OAC)2]CIOs}n, {[Fe(salen)(p-bipy)]ClOs}n and {[Mn(salophen)(p-
bipy)]ClOa4}n, respectively (Fig. 31). X-ray crystallographic studies confirmed
their molecular and polymeric structures. The physical properties and catalytic
applications of the tetranuclear complex and the mixed-valent coordination

polymer are discussed.
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Fig. 31. Chemical structure diagrams of Co cluster and Mn and Fe based one

dimensional CPs.
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Chapter 2

Unusual pentagonal-bipyramidal oxovanadium(V)
complexes having five- and six-membered chelate
rings: Syntheses, structures and propertiess

2.1. Abstract

Reactions of bis(acetylacetonato)oxovanadium(lV) [VO(acac)2] with isolated
or in-situ generated a-diketone bis(para-R-benzoylhydrazones) (H.L" (n =
1-6), where 2 H represent the two dissociable amide protons) in methanol or
chloroform-methanol (1:3) mixture afford six novel oxovanadium(V)
complexes of formula [VO(acac)(L")] (1-6) in 51-64% vyields. All the
complexes have been characterized by elemental analysis, mass spectrometric,
solution electrical conductivity, various spectroscopic (IR, UV—-Vis, and H
NMR) and cyclic voltammetric measurements. They are diamagnetic and non-
electrolytes. Molecular structures of all six complexes have been determined
by single crystal X-ray crystallography. The metal center in each complex is in
a distorted pentagonal-bipyramidal N2Os coordination sphere. The fused 5,5,5-
membered chelate rings forming ON.O-donor (L")>~ and one of the
acetylacetonate-O form a N.O3 pentagonal plane around the vanadium atom,
while the second acetylacetonate-O and the oxo atom occupy the two axial
positions. In the crystal lattice, the complexes form one-dimensional chain-,
ladder- and ribbon-like supramolecular structures via various types of
intermolecular non-covalent interactions such as trifurcated O—H:--(0,0,0),
bifurcated C-H---O--H-C and C-H-+(0,0), simple C-H--O, n—n, C-H-'nt
and O--O interactions. All the complexes are redox active and display a quasi-
reversible vanadium(V) to vanadium(lV) reduction in the potential range
—0.80 to —0.92 V (vs. Ag/AgCl).

8 This work has been published in Inorg. Chim. Acta 483 (2018) 329.
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2.2. Introduction

Generally, the ionic radius of a metal ion and the nature of the coordinating
ligands play crucial roles in deciding the coordination number of the metal ion
in its complex [1-5]. Coordination number more than six is very uncommon in
complexes of 3d transition metal ions, particularly of 3d higher-valent
transition metal ions. The primary reason for the scarcity of such 3d metal ion
complexes is the small ionic radius of the metal center and hence its inability
to accommodate more than six coordinating atoms due to steric congestion.
Examples of higher coordinated species are mostly with only small
monoatomic ligands and sometimes with one or two chelating ligands and
remaining small monoatomic ligands. Discrete mononuclear heptacoordinated
complexes with specially designed pentadentate macrocyclic [1,6] or
hexadentate ethylenediamine tetraacetic acid type primary ligands [2,7,8] and
monodentate ancillary ligands are also reported. Pentavalent vanadium, one of
the early 3d metal ions, has an ionic radius of 0.54 A [9]. There are several
reports on structurally characterized heptacoordinated pentagonal-bipyramidal
multi-ligand complexes of oxovanadium(V) [10-21]. However, essentially all
these complexes contain at least one sterically less hindering three-membered
chelate ring forming N,O-donor hydroxyamido/oximato ligand [10—14] or
bidentate  peroxo group [15-20].  Tris(N,N-diethyldithiocarbamato)
oxovanadium(V) is the rare example which does not have any three-membered
chelate ring [21]. It has three four-membered chelate rings formed by the three
S,S-coordinating N,N-diethyldithiocarbamates. To the best of our knowledge,
there is no report on pentagonal-bipyramidal oxovanadium(V) complexes with
five- and six-membered chelate ring forming ligands. Herein, we report a
series of six such ternary oxovanadium(V) complexes of general molecular
formula [VO(acac)(L")] where (acac)” and (L")>~ represent the 6-membered
chelate ring forming acetylacetonate and the fused 5,5,5-membered chelate
rings forming a-diketone bis(para-R-benzoylhydrazonates), respectively

(Chart 1). Molecular structures of all the complexes have been confirmed by
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single crystal X-crystallographic studies. Synthesis, characterization, physical
properties and structures of these complexes have been described in the

following sections.

Ar\ / 0 O\ - Ar . R

C
an

R R Ar O/ | \O
0]

H2Ln \ / Me
n=1for R =Me and Ar = Ph
n =2 for R = Me and Ar = p-Me-Ph Me
n =3 for R =Me and Ar = p-OMe-Ph
B B B [VO(L")(acac)]
=4 for R =Me and Ar = p-CI-Ph
n of cancar—p 1-6 forn=1-6

n=>5 for R =Me and Ar = p-NO,-Ph
n=6 for R = Ph and Ar = Ph

2[VO(acac)z] + 2H2L" + 1/202 — 2[VO(acac)(L")] + 2Hacac + H20

Chart 1. Chemical structure diagrams of a-diketone bis(p-R-
benzoylhydrazones) (H2L") and the complexes [VO(acac)(L")] derived

therefrom.

2.3. Experimental

2.3.1. Materials

The Schiff bases HoL! and H.L® were prepared in 70-80% vyields by
condensation reactions of two mole equivalents of benzoylhydrazine with one
mole equivalent of the corresponding a-diketones (diacetyl for H,L! and
benzil for HL®) by following reported methods [22,23]. The remaining Schiff
bases H2L2-° were generated in-situ from diacetyl and the appropriate para-R-
benzoylhydrazines. Bis(acetylacetonato)oxovanadium(lV), [VO(acac).], was

synthesized by using a literature procedure [24].
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2.3.2. Physical measurements

A Thermo Finnigan Flash EA1112 series elemental analyzer was used for the
microanalytical (CHN) measurements. High resolution mass spectra were
recorded with a Bruker Maxis (ESI-TOF analyzer) spectrometer. A Sherwood
Scientific balance was used for room temperature magnetic susceptibility
measurements. The solution electrical conductivities were measured with the
help of a Digisun DI-909 conductivity meter. The infrared spectra were
recorded on a Bruker TENSOR Il FT-IR spectrophotometer. A Jasco-V-770
UV-Vis spectrophotometer was employed to collect the electronic spectra.
The H-NMR (400 MHz) spectra were recorded on a Bruker NMR
spectrometer. Cyclic voltammetric measurements were performed with the

help of a CH Instruments model 620A electrochemical analyzer.

2.3.3. Synthesis of [VO(acac)(LY)] (1)

A methanol solution (8 ml) of [VO(acac).] (100 mg, 0.38 mmol) was added to
a suspension of HzL! (122 mg, 0.38 mmol) in methanol (7 ml) and the mixture
was boiled under reflux for 6 h. It was then cooled to room temperature (298
K). The complex precipitated as a brown solid was collected by filtration and
dried in air. Yield: 110 mg (60%). Anal. Calcd for C23H23N4OsV (%): C,56.79;
H, 4.77; N, 11.52. Found: C, 56.68; H, 4.73; N, 11.62. HRMS in CH2Cl> m/z
found (calcd) for [M+H]*: 487.1186 (487.1186). Selected IR bands: v (cm™?) =
1589 (C=N), 988 (V=0). UV-Vis in CH3CN: Amax (nM) (¢ (10° M-t cmY)) =
515% (3.1), 436 (5.4), 296 (18.1), 231 (23.5). *H NMR in CDCls: & (ppm) (J
(Hz)) =8.12 (8, 2) (dd, 4H, ortho Hs of benzoyl Ph groups), 7.52 (8, 2) (tt, 2H,
para Hs of benzoyl Ph groups), 7.44 (8) (dd—t, 4H, meta Hs of benzoyl Ph
groups), 5.42 (s, 1H, methine H), 2.60 (s, 6H, protons of the two Me groups of
the a-diketimine moiety), 2.32 (s, 3H, protons of MeC(O) of (acac) at cis to
the oxo atom), 1.73 (s, 3H, protons of MeC(O) of (acac)™ at trans to the oxo
atom). CV in CH3CN: Ey2 (V) (AE, (mV)) = -0.88 (120).

60



Chapter 2 Unusual pentagonal-bipyramidal...

2.3.4. Synthesis of [VO(acac)(L?)] (2)

A methanol solution (10 ml) of [VO(acac):] (53 mg, 0.2 mmol) was added to a
solution of diacetyl (17 mg, 0.2 mmol) and para-methylbenzoylhydrazine (60
mg, 0.4 mmol) in methanol (10 ml) and the mixture was boiled under reflux
for 4 h. The reaction mixture was then kept at low temperature (5 °C). The
dark brown crystalline material separated in about one week was collected by
filtration and dried in air. Yield: 60 mg (58%). Anal. Calcd for C2sH27N4OsV
(%): C, 58.37; H, 5.29; N10.89. Found C, 58.26; H, 5.23; N,10.82. HRMS in
CH2Cl; m/z found (calcd) for [M+H]*, [M+Na]*, [M+K]*: 515.1479
(515.1499), 537.1319 (537.1319) and 553.1045 (553.1058). Selected IR
bands: v (cm™1) = 1583 (C=N), 949 (V=0). UV-Vis in CH3CN: Amax (M) (&
(10% Mt cm™1)) = 525%" (3.1), 440 (6.0), 297 (17.1), 233 (23.6). 'H NMR in
CDCls: 6 (ppm) (J (Hz)) = 8.01 (8) (d, 4H, ortho Hs of para-methylbenzoyl
groups), 7.23 (8) (d, 4H, meta Hs of para-methylbenzoyl groups), 5.39 (s, 1H,
s, methine H), 2.58 (s, 6H, protons of the 2 Me groups of the a-diketimine
moiety), 2.43 (s, 6H, protons of the two Me groups at para positions of the
benzoyl moieties), 2.31 (s, 3H, protons of MeC(O) of (acac)~ at cis to the oxo
atom), 1.71 (s, 3H, protons of MeC(O) of (acac)™ at trans to the oxo atom). CV
in CH3CN: E12 (V) (AEp (mV)) =-0.89 (120 mV).

2.3.5. Synthesis of [VO(acac)(L3)] (3)

This complex has been synthesized in methanolic medium in 62% yield by
following the same procedure as described above for 2 using [VO(acac)],
diacetyl and para-methoxybenzoylhydrazine in 1:1:2 mole ratio. Anal. Calcd
for CasH27N4O7V (%): C, 54.95; H, 4.98; N, 10.25. Found C, 54.85; H, 5.06;
N, 10.18. HRMS in CH2Cl> m/z found (calcd) for [M+H]", [M+Na]*, [M+K]":
547.1386 (547.1398), 569.1215 (569.1217), 585.0944 (585.0956). Selected IR
bands: v (cm™1) = 1602 (C=N), 948 (V=0). UV-Vis in CH3CN: Amax (M) (&
(10° M- cm™)) = 530°" (1.2), 447 (2.5), 293°" (10.3), 242 (22.3). *H NMR in
CDCls: 6 (ppm) (J (Hz)) = 8.07 (9) (d, 4H, ortho Hs of para-methoxybenzoyl
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groups), 6.94 (9) (d, 4H, meta Hs of para-methoxybenzoyl-benzoyl groups),
5.39 (s, 1H, s, methine H), 3.88 (s, 6H, protons of the 2 OMe groups at para
positions of the benzoyl moieties), 2.56 (s, 6H, protons of the two Me groups
of the a-diketimine moiety), 2.30 (s, 3H, protons of MeC(O) of (acac)™ at cis
to the oxo atom), 1.72 (s, 3H, protons of MeC(O) of (acac)™ at trans to the oxo
atom). CV in CHsCN: E12 (V) (AEp (MmV)) =-0.92 (120).

2.3.6. Synthesis of [VO(acac)(L*)] (4)

The same procedure described for 2 has been used to synthesize 4 in
methanolic medium in 64% vyield using [VO(acac).], diacetyl and para-
chlorobenzoylhydrazine in 1:1:2 mole ratio. Anal. Calcd for C23H21CI2N4OsV
(%): C, 49.75; H, 3.81; N, 10.09. Found: C, 49.68; H, 3.76; N, 10.16. HRMS
in CHxCl, m/z found (calcd) for [M+H]", [M+Na]*, [M+K]": 555.0383
(555.0407), 577.0227 (577.0226), 592.9956 (592.9966). Selected IR bands: v
(cm=1) = 1582 (C=N), 949 (V=0). UV-Vis in CH3CN: Amax (nm) (e (10 M-t
cm1)) = 515%" (3.5), 434 (6.6), 295 (17.5), 231 (21.3). 'H NMR in CDCls: &
(ppm) (J (Hz)) = 8.05 (9) (d, 4H, ortho Hs of para-chlorobenzoyl groups),
7.41 (9) (d, 4H, meta Hs of para-chlorobenzoyl groups), 5.42 (s, 1H, s,
methine H), 2.59 (s, 6H, protons of the two Me groups of the a-diketimine
moiety), 2.31 (s, 3H, protons of MeC(O) of (acac)™ at cis to the oxo atom),
1.74 (s, 3H, protons of MeC(O) of (acac) at trans to the oxo atom). CV in
CH3CN: E12 (V) (AEp (mV)) =-0.85 (110).

2.3.7. Synthesis of [VO(acac)(L®)] (5)

This complex has also been synthesized in methanolic medium in 60% yield
from [VO(acac):], diacetyl and para-nitrobenzoylhydrazine taken in 1:1:2
mole ratio by following the same procedure used for 2. Anal. Calcd for
C23H21NsOgV (%): C, 47.93; H, 3.67; N, 14.58. Found C, 47.85; H, 3.62; N,
14.65. HRMS in CH2Cl, m/z found (calcd) for [M+H]*, [M+Na]*: 577.0889
(577.0888), 599.0708 (599.0707). Selected IR bands: v (cm?) = 1589 (C=N),
952 (V=0), 1520 and 1342 (NO2). UV-Vis in CH3CN: Amax (nm) (¢ (10° M
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cmY)) = 515 (2.0), 440 (3.2), 294 (16.0), 252 (16.0). 'H NMR in CDCl3: &
(ppm) (J (Hz)) = 8.34-8.23 (AA’'BB’' m, 8H, ortho and meta Hs of para-
nitrobenzoyl groups), 5.47 (s, 1H, s, methine H), 2.66 (s, 6H, protons of the
two Me groups of the a-diketimine moiety), 2.34 (s, 3H, protons of MeC(O)
of (acac)™ at cis to the oxo atom), 1.76 (s, 3H, protons of MeC(O) of (acac)™ at
trans to the oxo atom). CV in CH3CN: Epc (V) = -0.87.

2.3.8. Synthesis of [VO(acac)(L?)] (6)

A solution of H,L® (100 mg, 0.22 mmol) in chloroform (5 ml) was added to a
solution of [VO(acac).] (60 mg, 0.23 mmol) in methanol (15 ml) and the
mixture was boiled under reflux for 10 h. After reducing the volume to 10 ml
the reaction mixture was kept at low temperature (5 °C). The complex
separated as a brown solid was collected by filtration and dried in air. Yield:
70 mg (51%). Anal. Calcd for CasH27N4OsV (%):C, 64.92; H, 4.46; N, 9.18.
Found: C; 64.85 H; 4.41, N; 9.23. HRMS in CH.Cl> m/z found (calcd) for
[M+H]*, [M+Na]*, [M+K]*; 611.1499 (611.1499), 633.1320 (633.1319),
649.1041 (649.1058). Selected IR bands: v (cm) = 1583 (C=N), 950 (V=0).
UV-Vis in MeCN: Amax (M) (¢ (10° M~t cm™)) = 495 (3.2), 375 (6.3), 287
(18.0), 232 (20.2). *H NMR in CDCls: & (ppm) (J (Hz)) = 8.02 (8, 3) (dd, 4H,
ortho Hs of benzoyl Ph groups), 7.50-7.45 (m, 6H, Hs of Ph groups),
7.42-7.33 (m, 10H, Hs of Ph groups), 5.47 (s, 1H, methine H), 2.36 (s, 3H,
protons of MeC(O) of (acac)™ at cis to the oxo atom), 1.81 (s, 3H, protons of
MeC(O) of (acac) at trans to the oxo atom). CV in CH3CN: Ei2 (V) (AEp
(mV)) = —0.80 (140).
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2.3.9. X-ray crystallography

Single crystals of [VO(acac)(LY)] (1) and [VO(acac)(L®)] (6) were grown by
slow evaporation of the corresponding methanol solutions. Single crystals of
[VO(acac)(L?*°)] (2-5) were collected from the crystalline products obtained
from their synthetic reaction mixtures. The first complex crystallizes as
1-0.25MeOH, while each of 2—6 crystallizes as it is without any solvent
molecule. A BRUKER D8 QUEST diffractometer equipped with a PHOTON
100 CMOS area detector and an INCOATEC microfocus source for graphite
monochromated Mo Ko Radiation (4 = 0.71073 A) was used for unit cell
determination and intensity data collection at 298 K for each of 1-0.25MeOH
and 2—6. Data collection, integration, reduction and absorption correction were
performed using the APEX3 software package [25]. The structures were
solved by direct method and refined on F? by full matrix least-squares
procedures. In the case of 1-0.25MeOH, the methanol C and O atoms having
partial occupancies were refined isotropically with geometric restraint. The
remaining non-hydrogen atoms of 1:0.25MeOH and all the non-hydrogen
atoms of 2—6 were refined with anisotropic thermal parameters. The hydrogen
atoms were included at idealized positions using a riding model. The SHELX-
97 programs [26] provided in the WinGX software suite [27] were used for
structure solution and refinement. The Mercury package [28] was used to
search for intermolecular non-covalent interactions and molecular graphics.
Selected crystallographic data for 1-0.25MeOH and 2—-6 is summarized in
tables 1 and 2. Detailed X-ray crystallographic data for 1-0.25MeOH, 2-5 and
6 have been deposited with the Cambridge crystallographic data center under
the deposition numbers 1836523, 1842288-1842291 and 1836524

respectively.
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Table 1 Selected crystallographic data

Complex

1-0.25MeOH 2 3
Chemical formula C23.25H24N40525V |  CasH27N4OsV CasH27N4O7V
Formula weight 494.40 514.45 546.45
Crystal system Triclinic Triclinic Triclinic
Space Group P1 P1 P1
a(A) 8.2071(8) 7.9483(3) 7.8843(4)
b (A) 14.6476(15) 12.3434(4) 12.5167(7)
c (A) 20.201(2) 13.6255(4) 13.5651(7)
a(°) 89.902(4) 103.713(1) 99.478(2)
B) 84.279(4) 96.219(1) 94.723(2)
7(°) 84.278(4) 96.823(1) 95.263(2)
V (A% 2404.3(4) 1276.51(7) 1308.35(12)
VA 4 2 2
p(gcm) 1.366 1.338 1.387
u (mm) 0.454 0.430 0.430
Reflins collected 86415 47625 46719
Reflns unique 8443 5235 5330
Reflns [I > 26(1)] 6130 4343 4526
Data / restr. / param. 8443 5235 5330
111612 107322 107340
R1, wR2 [l > 25(1)] 0.0629, 0.0391, 0.0380,
0.1566 0.0997 0.0978
R1, wR2 [all data] 0.0926, 0.0518, 0.0492,
0.1702 0.1057 0.1040
GOF on F? 1.071 1.049 1.083
Largest diff. peak / 1.035/ 0.255/ 0.401/
hole (e A-3) —0.407 —0.247 -0.324
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Table 2 Selected crystallographic data

Complex 4 5 6
Chemical formula C23H21N4OsCloV | C2sH2iNeOoV | CazH27N4OV
Formula weight 555.28 576.40 610.53
Crystal system Triclinic Monoclinic Triclinic
Space Group P1 P2i/c P1
a(A) 7.1920(4) 11.6717(10) 11.1240(4)
b (A) 11.0218(6) 7.0841(5) 12.3131(4)
c(A) 16.3414(9) 30.637(3) 13.4539(5)
a (%) 81.987(2) 90 113.527(1)
B 78.321(2) 94.814(3) 108.436(1)
7(°) 84.245(2) 90 98.184(2)

V (A% 1252.69(12) 2524.2(3) 1524.56(9)

VA 2 4 2
p(gcm™) 1.472 1.517 1.330
2 (mm) 0.651 0.458 0.372
Reflns collected 33840 40278 49430
Reflns unique 5098 5208 5347
Reflns [I > 25(1)] 4387 4741
Data / restr. / param. 5098 / 5208 / 5347 /

0/320 0/356 0/388
R1, WR2 [ > 20(1)] 0.0409, 0.0504, 0.0475,

0.1073 0.1270 0.1298
R1, wR2 [all data] 0.0490, 0.0852, 0.0542,

0.1129 0.1457 0.1351
GOF on F? 1.052 1.074 1.092
Largest diff. peak / 0.583/ 0.504 / 1.191/
hole (e A-?) -0.410 —0.349 -0.385
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2.4. Results and discussion

2.4.1. Synthesis and characterization

Six oxovanadium(V) complexes (1-6) having the general molecular formula
[VO(acac)(L™)] were synthesized in moderate to good yields (51-64%) by
reacting equimolar amounts of [VO(acac).] with the corresponding isolated or
in-situ generated tetradentate «a-diketone bis(para-R-benzoylhydrazones)
(H2L", where n = 1-6) (Chart 1). The reactions were carried out aerobically
under reflux conditions in methanol for 1-5 and in chloroform-methanol (1:3)
mixture for 6. The elemental (CHN) analysis data of all the complexes are in
good agreement with their molecular formulas. The ESI mass spectra of 1-6
recorded in dichloromethane confirms their molecular formulas. The spectrum
of 1 shows [M+H]" as the only major peak. On the other hand, the spectra of
2-4 and 6 display three prominent peaks corresponding to [M+H]*, [M+Na]*
and [M+K]*. The spectrum of 6 is depicted in Fig. 1. In contrast, 5 displays
two major peaks due to the [M+H]" and [M+Na]" ions. The complexes are
dark brown in color. The oxygen in air is the most likely oxidant for the
oxidation of vanadium(lV) to vanadium(V) during their synthesis from
[VO(acac)].

611.1499
633.1320

Intensity

649.1041

. ‘ \. L " L

N L
m/z 550 G(IJO 650 700 750

Fig. 1. ESI mass spectrum of [VO(acac)(L®)].
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2.4.2. Description of X-ray molecular structures

Each of [VO(acac)(L?)-0.25MeOH (1-0.25MeOH), [VO(acac)(L**)] (2-4) and
[VO(acac)(L®)] (6) crystallize in the triclinic space group P1, while
[VO(acac)(L®)] (5) crystallizes in the monoclinic space group P2i/c. The
asymmetric unit of 1-0.25MeOH contains two independent complex molecules
and a methanol molecule with half occupancy. On the other hand, the
asymmetric unit of each of 2-6 contains one complete molecule of the
corresponding complex. The perspective views of the asymmetric unit of
1-0.25MeOH s illustrated in Fig.2 and [VO(acac)(L?®)] six structures are
illustrated in Figs. 3, 4 and 5.

Fig. 2. The asymmetric unit of [VO(acac)(L1)]-0.25MeOH (1-0.25MeOH).
The non-hydrogen atoms are shown by their 40% probability thermal

ellipsoids and the carbon atoms are not labeled for clarity.
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Fig. 3. Perspective views of the molecular structures of [VO(acac)(L?)] (2)
(top) and [VO(acac)(L®)] (3) (bottom). For all structures, thermal ellipsoids of
the non-hydrogen atoms are drawn at the 40% probability level and only the

non-carbon atoms are labeled for clarity.
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Fig. 4. Perspective views of the molecular structures of [VO(acac)(L*)] (4)
(top) and [VO(acac)(L®)] (5) (bottom). Thermal ellipsoids of the non-
hydrogen atoms are drawn at the 40% probability level for 4 and non-
hydrogen atoms are drawn at the 30% probability level for 5 and only the non-

carbon atoms are labeled for clarity.
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Fig. 5. Molecular structures of and [VO(acac)(L®)](6). The thermal ellipsoids

are at 40% probability level. Only the non-carbon atoms are labeled for clarity.

The bond lengths and angles associated with the metal center in 1-0.25MeOH
are listed in Table 3, while those for 2—6 are given in Table 4. Very similar
geometric parameters of the two complex molecules (Table 3) present in the
asymmetric unit of 1-0.25MeOH indicate that structurally they are essentially
identical. In each of 1-6, the metal center is in pentagonal-bipyramidal
coordination environment. The tetradentate ligand (L")>~ coordinates the metal
center through the two amidate-O and two azomethine-N atoms and forms
fused 5,5,5-membered chelate rings. The ON2O-donor (L™? and one of the
two O-atoms of the 6-membered chelate ring forming (acac)~ assemble a N2O3
pentagonal plane (rms deviations: 0.003—0.035 A) around the metal atom. The
second O-atom of (acac)~ and the oxo atom satisfy the two axial positions and
complete the N.Os pentagonal-bipyramidal coordination sphere of the
vanadium center. In each of the six complex molecules, the metal atom is
slightly shifted (by ~0.17 A) from the pentagonal plane towards the axial oxo
atom. The whole of (L")?" moiety in 1-5 is reasonably planar (rms deviations:

0.10-0.23 A). However, in 6, excluding the C-atoms of the two phenyl groups
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of the a-diketimine fragment, the remaining atoms including the two benzoyl
phenyl rings of (L®)> are only satisfactorily planar (rms deviation: 0.11 A).
The dihedral angles between this plane and the a-diketimine phenyl ring
planes are 52.79(9) and 48.17(9)°. The dihedral angle between the o-
diketimine phenyl ring planes is 58.29(12)°. In all of 1-6, the trans
0O=V-O(acetate) bond angle (172.83(9)-175.94(13)°) (Tables 3 and 4) is
somewhat shorter than the ideal value of 180°. The chelate bite angles formed
by (L™? and (acac) are unexceptional. The C—O and the C—N bond lengths
of the two amidate (-N=C(O)-) fragments of (L")>~ in 1-6 are in the ranges
1.278(5)-1.294(2) and 1.295(5)-1.313(3) A, respectively. These values are
comparable with the corresponding values reported for amidate-O coordinated
complexes [22,23,29-34]. The remaining intraligand bond parameters for
(LM? are unexceptional [22,23,29]. The V=0 bond length (Tables 3 and 4) in
each of 1-6 is comparable with that found in oxovanadium(V) complexes
reported earlier [30—37]. In all six structures, the axial V—O bond is noticeably
longer than the three equatorial V—O bonds due to the trans effect of the oxo
atom (Tables 3 and 4). Between the two O-atoms of (acac)-, O(3) and O(4),
O(4) is at trans to the oxo atom, while O(3) is at cis to the oxo atom. The
V-0(3) bond length is ~0.1 A shorter than the V—O(4) bond length. In the
O(3)CC(H)CO(4) fragment, at the O(3) side the O-C and C-C(H) bond
lengths are ~0.01 longer and shorter than the corresponding bond lengths at
the O(4) side. These intra-acetylacetonate bonds lengths and the short V—0(3)
bond indicate that the negative charge is somewhat localized at the O(3) atom.
In general, all the V-0 and the V-N bond lengths in 1-6 are within the ranges
observed for oxovanadium(V) complexes with ligands having similar

coordinating atoms [30-37].
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Table 3 Selected bond parameters (A and °) for [VO(acac)(L')]-0.25MeOH

Molecule 1
V(1)-0(1)
V(1)-0(3)
V(1)-0(5)
V(1)-N(3)
0(1)-V(1)-0(2)
O(1)-V(1)-0(4)
O(1)-V(1)-N(2)
0(2)-V(1)-0@3)
0(2)-V(1)-0(5)
0(2)-V(1)-N@)
O(3)-V(1)-0(5)
O(3)-V(1)-N@®)
O(4)-V(1)-N(2)
O(5)-V(1)-N(2)
N(2)-V(1)-N(@3)
Molecule 2
V(2)-0(6)
V(2)-0(8)
V(2)-O(10)
V(2)-N(7)
0O(6)-V(2)-0(7)
0O(6)-V(2)-0(9)
O(6)-V(2)-N(6)
O(7)-V(2)-0(8)
O(7)-V(2)-0(10)
O(7)-V(2)-N(7)
0O(8)-V(2)-0(10)
0O(8)-V(2)-N(7)
0(9)-V(2)-N(6)
0(10)-V(2)-N(6)
N(6)-V(2)-N(7)

2.004(3)
1.988(3)
1.578(3)
2.137(3)
146.23(11)
85.98(11)
70.84(12)
73.94(11)
94.30(14)
70.86(11)
95.61(14)
144.26(12)
85.32(12)
92.50(14)
69.92(12)

2.018(3)
2.003(3)
1.590(3)
2.143(3)
145.81(12)
87.10(12)
71.34(13)
73.35(11)
94.56(14)
71.02(12)
98.29(14)
143.37(12)
80.93(12)
94.12(14)
70.13(14)

V(1)-0(2)
V(1)-0(4)
V(1)-N(2)

O(1)-V(1)-0(3)
O(1)-V(1)-0(5)
O(1)-V(1)-N(@3)
0(2)-V(1)-0(4)
0(2)-V(1)-N(2)
O@)-V(1)-0(4)
O@)-V(1)-N(2)
O(4)-V(1)-0(5)
O(4)-V(1)-N(3)
O(5)-V(1)-N(3)

V(2)-0(7)
V(2)-0(9)
V(2)-N(6)

0(6)-V(2)-0(8)
0(6)-V(2)-0(10)
0(6)-V(2)-N(7)
0(7)-V(2)-0(9)
O(7)-V(2)-N(6)
0(8)-V(2)-0(9)
0O(8)-V(2)-N(6)
0(9)-V(2)-0(10)
0(9)-V(2)-N(7)
0(10)-V(2)-N(7)

2.024(3)
2.073(3)
2.136(3)

73.24(11)
96.56(13)
139.92(12)
85.25(11)
140.47(11)
88.15(13)
143.83(12)
175.94(13)
83.02(11)
93.01(13)

1.994(3)
2.094(3)
2.137(4)

72.74(11)
94.46(14)
141.19(13)
87.30(12)
140.51(13)
87.64(11)
142.72(13)
174.06(14)
82.48(12)
92.78(14)
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Table 4 Selected bond parameters (A and °) for [VO(acac)(L?%)] (2—6)

Complex 2 3 4 5 6
V(1)-0(1) 2.0085(15) | 2.0045(14) | 2.0297(16) | 2.0369(19) | 2.0165(18)
V(1)-0(2) 2.0162(14) | 2.0142(14) | 2.0310(16) | 2.022(2) | 2.0072(18)
V(1)-0(3) | 2.0013(13) | 2.0051(13) | 1.9862(15) | 1.971(2) | 1.9895(18)
V(1)-0(4) | 2.0953(13) | 2.1026(14) | 2.0861(16) | 2.078(2) | 2.0983(18)
V(1)-0(5) | 1.5921(14) | 1.5909(14) | 1.5897(16) | 1.590(2) | 1.5880(19)
V(1)-N(2) | 2.1396(16) | 2.1389(16) | 2.1513(18) | 2.138(2) | 2.146(2)
V(1)-N(3) | 2.1354(16) | 2.1376(16) | 2.1415(18) | 2.150(3) | 2.147(2)
O(1)-V(1)-O(2)| 145.53(6) | 145.27(6) | 146.30(7) | 146.14(9) | 145.20(8)
0(1)-V(1)-0(3)| 72.78(6) 72.78(6) 73.41(6) 73.30(8) 72.90(8)
O(1)-V(1)-O(4)| 86.57(6) | 86.10(6) | 86.19(7) | 86.40(9) | 86.46(8)
O(1)-V(1)-O(5)| 96.13(7) | 95.68(7) | 96.63(8) | 96.43(10) | 95.44(9)
O(1)-V(1)-N(2)| 71.04(6) | 71.14(6) | 70.67(6) | 71.14(8) | 71.33(8)
O(1)-V(1)-N(3)| 140.67(6) | 140.95(6) | 139.67(7) | 140.17(9) | 140.51(8)
0(2)-V(1)-O(3)| 73.27(6) | 73.16(6) | 74.05(6) | 73.70(9) | 73.08(8)
0(2)-V(1)-O(4)| 86.48(6) | 86.04(6) | 84.37(7) | 85.86(9) | 85.68(8)
0(2)-V(1)-0(5)| 94.11(7) 95.31(7) 95.42(8) | 94.75(10) | 96.53(9)
0(2)-V(1)-N(2)| 140.81(6) | 140.23(6) | 139.87(7) | 140.04(10) | 140.67(8)
0(2)-V(1)-N(3)| 71.28(6) | 71.31(6) | 71.11(7) | 71.18(9) | 71.40(8)
O(3)-V(1)-O(4)| 88.04(5) | 87.73(6) | 88.35(6) | 89.32(10) | 88.73(8)
0@3)-V(1)-0(B)| 97.70(7) | 97.71(7) | 96.41(8) | 96.81(11) | 98.43(9)
O(3)-V(1)-N(2)| 142.89(6) | 142.72(6) | 143.69(7) | 143.98(9) | 143.63(8)
O(3)-V(1)-N(3)| 143.68(6) | 143.89(6) | 144.85(7) | 144.51(9) | 143.82(8)
0(4)-V(1)-0(5)| 174.17(7) | 174.56(7) | 175.00(7) | 173.77(11) | 172.83(9)
0(4)-V(1)-N(2)| 81.91(6) | 80.83(6) | 84.21(7) | 82.96(9) | 82.77(7)
O(4)-V(1)-N(3)| 82.21(6) 83.69(6) 83.88(7) 83.25(9) 82.03(7)
O(5)-V(1)-N(2)| 94.05(7) | 94.86(7) | 92.81(8) | 92.68(11) | 91.28(9)
O(5)-V(1)-N(@3)| 92.47(7) | 91.73(7) | 91.32(8) | 91.07(11) | 92.19(9)
N(2)-V(1)-N(3)| 70.12(6) | 70.05(6) | 69.49(7) | 69.47(9) | 69.82(8)
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2.4.3. Self-assembly and supramolecular structures

All of 1-0.25MeOH and 2—6 contain classical and non-classical hydrogen bond
donors and acceptors as well as aromatic fragments. Therefore, all the
structures were scrutinized for intermolecular non-covalent interactions and
the resulting self-assembled supramolecular structures. The interactions found
and the self-assembly guided by them are described below.

In the case of 1-0.25MeOH, two types of furcated hydrogen bonding
interactions have been found. These are trifurcated O—H---(0,0,0) interaction
[38-40] and bifurcated C—H:-O-+-H-C interaction [41,42]. The trifurcated
interaction involves the methanol O—H as the single donor and the metal
bound facially oriented oxo, amidate-O and enolate-O atoms as the three
acceptors. The O--O distances and the O—H--O angles are in the ranges
3.124(12)-3.291(12) A and 138-153°, respectively. This interaction only
connects the methanol molecule to one of the two complex molecules present
in the asymmetric unit and plays no further role in the self-assembly process
(Fig. 2). The bifurcated C—H---O---H-C interaction involves ortho C—H of one
benzoyl phenyl ring and the meta C—H of another benzoyl phenyl ring as the
two donors and a metal bound oxo atom as the single acceptor. The C:-O

distances are 3.410(6) and 3.501(6) A, the C—H--O angles are 174 and 149°

formation of discrete tetranuclear 14-MeOH units in the crystal lattice (Fig. 6,
top). Each of these tetranuclear units is connected to its two adjacent neighbors
by a pair of reciprocal C—H---O interactions on either side involving one of the
a-diketimine methyl-CH as the donor and an equatorially coordinated
acetylacetonate-O as the acceptor. The C--O distance and the C—H:--O angle
are 3.454(6) A and 162°, respectively. As a result of this inter-tetranuclear
C-H--O interaction a one-dimensional assembly of 14-MeOH is formed (Fig.

6, bottom).
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Fig. 6. The tetranuclear [VO(acac)(L!)]&-MeOH (14-MeOH) unit assembled via
trifurcated O—H-+(0,0,0) and bifurcated C—H---O---H-C interactions (top) and
the one-dimensional ordering of 14-MeOH via reciprocal C-H---O interactions
(bottom).

interactions have been found in the case of 2. Both methyl groups of the a-
diketimine fragment participate as donors in these interactions. One of the two
methyl groups utilizes one H-atom for the bifurcated interaction and another
H-atom for the C—H---O interaction, while the other methyl group is involved
only in the bifurcated interaction. In the C-H--O--H-C interaction, the
acetylacetonate-O coordinated to the metal atom at the equatorial position acts
as the acceptor. Here, the C--O distances are 3.500(3) and 3.375(3) A, the

C—H---O interaction, the metal bound oxo atom acts as the acceptor.

76



Chapter 2 Unusual pentagonal-bipyramidal...

The C--O distance and the C—H--O angle are 3.292(3) A and 129°,
respectively. The bifurcated C—H---O---H-C interaction helps to form a one-
dimensional chain of 2. Two such inversion symmetry related parallel chains
are connected by the C—H---O interaction in a reciprocal manner and a ribbon-
like supramolecular structure is formed (Fig. 7, top).

The molecules of 3 form discrete dimeric units via a pair of reciprocal
C—H:--O interactions involving the C—H of a methyl group of the a-diketimine
fragment as the donor and the metal bound oxo atom as the acceptor (Fig. 7,
middle). In this C—H---O interaction, the C---O distance and the C-H---O angle
are 3.498(3) A and 154°, respectively. The two para-methoxybenzoy! rings on
either side of each dimer participate in two n—m interactions with the
corresponding rings of the two neighboring dimers. In this n—r interaction, the
Cy-Cq distance and the slip angle (angle between the Cy—Cq vector and the
normal to the ring planes) [43] are 3.761(1) A and 21.3°, respectively. This
inter-dimer n—m interaction leads to a one-dimensional chain-like arrangement
of the hydrogen bonded dimers of 3 in the crystal lattice (Fig. 7, middle).

A bifurcated C—H--+(O,0) and a C—H---= [44] intermolecular interactions direct
the self-assembly of the molecules of 4 in the crystal lattice. The bifurcated
interaction involves the C—H of a methyl group of the a-diketimine fragment
as the single donor and the metal coordinated amidate-O of (L*)?>~ and the oxo
atom as the two acceptors. The C--O(amidate) and the C---O(oxo) distances
are 3.516(3) and 3.337(3) A and the corresponding C—H-O angles are 141
and 152°, respectively. In the C-H-xn interaction, the C—H of the second
methyl group of the a-diketimine fragment acts as donor and a para-
chlorobenzoyl ring acts as the acceptor. The C--Cq and H---Cy distances are
3.509 and 2.994 A, respectively and the C—H--Cq angle is 115°. In the crystal
lattice, both interactions assist in the formation of a one-dimensional ordering
of 4 (Fig. 7, bottom).
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Fig. 7. One-dimensional supramolecular assemblies of [VO(acac)(L?)] (2) via
C-H--O--H-C and C-H--O interactions (top), [VO(acac)(L®)] (3) via
C-H+O and n-m interactions (middle) and [VO(acac)(LY)] (4) via
C-H-+(0,0) and C—H--rt interactions (bottom).

A one-dimensional chain-like ordering of the molecules of 5 occurs through an
intermolecular C—H---O interaction involving the C—H of a methyl group of
the a-diketimine fragment as the donor and the metal coordinated oxo atom as
the acceptor. The C--O distance and the C—H---O angle are 3.147(4) A and
116°, respectively. The para-nitrobenzoyl rings on one side of each chain are
involved in n—m interactions (Cq-+Cqy distance = 3.989(2) A and the slip angle
= 24.5° [43]) with the para-nitrobenzoyl rings of the inversion symmetry
related parallel chain. In addition, an oxygen-oxygen interaction (O--O
distance = 2.856(7) A) [45-48] involving an O-atom of the nitro substituent of
the same para-nitrobenzoyl ring that participates in the n—m interaction

provides a second type of connection between the two-inversion symmetry
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related parallel chains. These two inter-chain interactions form a one-
dimensional ribbon-like supramolecular assembly of 5 (Fig. 8, top).

Two types of intermolecular interactions namely n—r and C-H---n have been
detected for 6 [44]. The n—= interactions between the benzoyl phenyl rings
lead to a one-dimensional chain-like assembly of 6. In this n—m interaction, the
Cgy-Cq distance is 3.959(3) A and the slip angle is ~31.3° [43]. Two such
inversion symmetry related parallel chains are connected by C-H-=m
interactions in a reciprocal way involving the ortho C—H of one of the two
phenyl groups of the a-diketimine fragment as the donor and one benzoyl
phenyl ring C-atom as the acceptor. The C---C and H---C distances are 3.463(4)
and 2.862 A, respectively and the C—H---C angle is 123°. The resulting overall

supramolecular assembly appears to be somewhat ladder-like (Fig. 8, bottom).
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Fig. 8. One-dimensional ribbon-like array of [VO(acac)(L®)] (5) via C-H---O,
n—n and O--O interactions (top), and n—n and C—H---n interactions assisted
ladder-like ordering of [VO(acac)(L®)] (6) (bottom).
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2.4.4. Spectroscopic characteristics

The infrared spectra of 1-6 were recorded by using KBR pellets in the range
4000-400 cm™*. Each spectrum displays a large number of bands with various
intensities. No attempt has been made to assign all the bands except for the
following few. The Schiff bases of the type HoL" are known to display the
typical amide N-H and C=0O stretching bands at ~3200 and ~1650 cm,
respectively [22,23,29,30,32,33]. The spectra of 1-6 are devoid of these two
characteristic amide bands. Thus, the amide functionalities of the Schiff bases
are deprotonated in their corresponding complexes. All the complexes display
a medium to strong band in the range 1582-1602 cm. This band is attributed
to the -C=N-N=C- fragments of the (L"?> [22,23,29-34,36]. The spectrum
of 5 shows two strong bands at 1520 and 1342 cm~L. These two bands are most
likely due to the asymmetric and symmetric stretches of the nitro substituent
on the aroyl moiety. The V=0 stretching vibration appears as a strong band at
988 for 1 and at ~950 cm~! for 2-6 [11-14,16,17,20,30-37].
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Fig. 9. Infrared spectrum of [VO(acac)(L®)] (6).
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The electronic spectra of 1-6 were recorded using their acetonitrile solutions.
The spectroscopic profiles of all the complexes are quite comparable. The
spectra of 1 and 6 are represented in Fig. 10. In the visible region, the
complexes display two moderately intense absorptions, a shoulder in the range
515-530 nm and a band within 434—447 nm for 1-5 and at 375 nm for 6. In
the ultraviolet region, two strong absorption bands in the ranges 293—-297 nm
and 231-252 nm are observed. The free Schiff bases (H2L! and H.L®) display
only a strong band at ~310 nm. Thus, the two visible region absorptions are
assigned to ligand-to-metal charge transfer transitions, while the two strong
absorptions below 300 nm are attributed to ligand centered transitions
[30-36].

25

20+

225 300 375 450 525 600 675
ﬂ.(nm)
Fig. 10. Electronic spectra of [VO(acac)(L))] (1) (—) and [VO(acac)(L®)] (6)

(----) in acetonitrile.

The 'H NMR spectra of 1-6 were recorded in the CDCls solvent using
tetramethylsilane as internal standard. The chemical shifts with tentative
assignments have been listed in the experimental section under the respective

complexes. None of the six complexes display any signal assignable to the
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amide-NH of the free Schiff bases [22,23]. Absence of this signal is consistent
with the deporotonation of both amide functionalities and the dianionic (L")
form of the ligands in the complexes. The spectra also indicate that the two
halves of (L™? in each complex are equivalent. The four ortho protons of the
two benzoyl phenyl rings resonate as a doublet of doublet at 68.12 and 8.02
ppm for 1 and 6, respectively. The remaining sixteen aromatic protons of 6 are
observed as two multiplets of six and ten protons in the ranges 6 7.50-7.45
ppm and & 7.42—7.33 ppm, respectively. In contrast, the two para protons and
the four meta protons of the benzoyl phenyl rings in 1 are observed as two
well resolved signals. The para protons resonate as a triplet of triplet at 6 7.52
ppm, while the meta protons are observed as a triplet at 6 7.44 ppm. On the
other hand, both ortho and meta protons of the two para-substituted benzoyl
rings in 2—4 resonate as doublets each of four protons in the ranges &
8.01-8.07 and 6.94-7.41 ppm, respectively. In the case of 5, these eight

protons of the two para-nitrobenzoyl rings appear as an AA'BB’ type.
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Fig. 11. *H-NMR spectrum of [VO(acac)(L1)] (1).
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2.4.5. Redox properties

Electron transfer behaviors of 1-6 were investigated by cyclic voltammetry.
The measurements were carried out at room temperature (298 K) using about 1
x 10~ M solutions of the complexes in acetonitrile containing tetra-n-
butylammonium perchlorate (TBAP) as the supporting electrolyte under
nitrogen atmosphere using a glassy carbon disk working electrode, a platinum
wire auxiliary electrode and an Ag/AgCI reference electrode. Under identical
condition the E1, and AE, values of the ferrocenium/ferrocene (Fc*/Fc) couple
were found as 0.19 V and 170 mV, respectively. All six complexes display a
reduction response at potentials cathodic to the reference electrode. The
reduction is quasi-reversible for all the complexes except for 5, where it is
irreversible. The cyclic voltammograms of 1 and 6 are shown in Fig. 12. The
E1 values for 1-4 are in the range —0.85 to —0.92 V and the AE, values are
110 or 120 mV. For 6, the Ey is —0.80 V and the AEp is 140 mV. The Epc
value for the irreversible reduction of 5 is —0.87 V. The peak currents for all
six complexes are comparable with those observed for Fc*/Fc couple and other
known one-electron redox couples under similar conditions [49,50]. The free
Schiff bases (HzL! and HL® do not show any such reduction in the above
potential range. Thus, the single electron reduction response observed for 1-6
is assigned to a metal centered process. The Epc values of 1-5 show a cathodic
shift with the increase in the electron donating ability of the substituent R at
the para position of the benzoyl fragment of (L*-°)?. A satisfactory linear fit
has been obtained (Fig. 12, inset) when the E,c values are plotted against the
Hammett substituent constants [51]. The cathodic shift of reduction potential
indicates that the pentavalent state of the metal center becomes more stable

with the increase in the electron donating ability of the substituent.
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Fig. 12. Cyclic voltammograms of [VO(acac)(LY)] (1) (—) and
[VO(acac)(L®)] (6) (----) in acetonitrile (0.1 M TBAP) using the experimental
conditions described in the text. Inset: Correlation between the Epc values of
the reduction responses of 1-5 and the Hammett substituent constants. The
straight line represents a linear least-squares fit.

2.5. Conclusions

A series of six ternary oxovanadium(V) complexes with the bidentate six-
membered chelate ring forming acetylacetone (Hacac) and the tetradentate
fused 5,5,5-membered chelate rings forming Schiff base system a-diketone
bis(para-R-benzoylhydrazones) (H.L") have been synthesized. The
pentavalent character of the metal center in these complexes and the
[VO(acac)(L™] as their general molecular formula have been established by
elemental analysis, mass spectrometric, magnetic susceptibility and solution
electrical conductivity measurements. The molecular structures of all six
complexes determined by X-ray crystallographic studies revealed the hepta-

coordination of the vanadium(V) atom and a distorted pentagonal-bipyramidal
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N20s coordination geometry assembled by the fused 5,5,5-membered chelate
rings forming ON2O-donor (L"), 6-membered chelate ring forming O2-donor
(acac)- and the oxo atom. There is no other example of structurally
characterized pentagonal-bipyramidal complex of oxovanadium(V) with more
than four-membered chelate ring forming ligands. Several intermolecular non-
covalent interactions such as trifurcated O-H--(0,0,0), bifurcated
C-H--0O-*H-C and C-H---(0,0), simple C-H:-O, n—n, C-H--7w and O--O
interactions are detected in the crystal lattices of these complexes. Self-
assembly of them via these interactions lead to one-dimensional chain-,
ladder- and ribbon-like supramolecular structures in the corresponding crystal
lattices. The spectroscopic characteristics of the six complexes corroborate
their similar molecular structures. The electrochemically active complexes
display a quasi-reversible metal centered one-electron reduction which is
sensitive to the electronic nature of the substituent on the tetradentate (L")
Currently we are engaged in synthesizing analogous high coordinated (>6)

vanadium(V) complexes with various Schiff base ligands.
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Chapter 3

Ambidentate coordination of oximate in complexes of
VO(OMe)?* and VO3 cores with biacetylmonoxime
salicyloylhydrazone: Structural confirmation,
properties and photocatalytic applicationss

3.1. Abstract

Reaction of equimolar amounts of bis(acetylacetonato)oxovanadium(IV)
[VO(acac),] with biacetylmonoxime salicyloylhydrazone (HsL, where three
dissociable protons represent the oxime, the amide and the phenol protons) in
methanol produced the dimeric oxomethoxovanadium(V) complex [VO(u-
OMe)(HL)]2 (1) in 55% yield, while the same reaction in presence of two mole
equivalents of KOH afforded a pervanadyl complex K[VO2(HL)]-MeOH
(2:MeOH) in 60% vyield. Both complexes were characterized by elemental
analysis, mass spectrometry, magnetic susceptibility and electrical
conductivity measurements, differential scanning calorimetry, various
spectroscopy (IR, UV-Vis and *H NMR) and cyclic voltammetry. In solution,
1 is non-electrolytic, while 2:MeOH behaves as 1:1 electrolyte. X-ray crystal
structures of both 1 and 2:MeOH were determined. In the centrosymmetric
edge-shared bioctahedral 1, (HL)> acts as fused 5,6-membered chelate rings
forming amidate-O, imine-N and oximate-O donor. In contrast, (HL)> acts as
fused 5,5-membered chelate rings forming amidate-O, imine-N and oximate-N
donor in trigonal-bipyramidal [VO2(HL)]". Cyclic voltammograms of the
complexes and HsL in acetonitrile solutions show irreversible reduction
responses with the Epc values in the potential range —0.9 to —-1.5 V (vs.
Ag/AgCl). Both complexes show decent catalytic activity for
photodegradation of rhodamine B (RhB) under visible light irradiation.

8 This work has been published in Inorg. Chim. Acta 502 (2020) 119344.
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3.2. Introduction

Coordination complexes of vanadium are of continued interest because of their
relevance to several biological processes such as haloperoxidation [1-4],
nitrogen fixation [5-7], insulin mimicking [8-10] and anticancer activity
[11,12]. In addition, a large number of vanadium complexes with a variety of
ligands have found significant applications as catalysts in a wide range of
organic transformation reactions [13,14]. As a consequence, synthesis of new
coordination complexes of vanadium is receiving considerable attention to
develop better functional and structural mimics of vanadium containing
metalloenzymes and more efficient catalysts [15-18]. We have been working
on oxovanadium(I\VV/V) complexes with tri- and tetradentate Schiff bases
derived by condensation reactions of acid hydrazides with ortho-hydroxy-aryl-
aldehydes, pyridine-2-aldehyde and a- and S-diketones during the past couple
of decades [19-23]. This type of hydrazine-based Schiff base ligands are
known to exhibit non-innocent character [24,25]. These ligands being amide-O
coordinating also provide the scope to study the effect of amide protonation
state on the geometric and redox features of their complexes [26,27]. The
ambidentate oxime containing ligands are well known to provide high-valent
highly reactive metal ion complexes as well as oximate bridged polynuclear
complexes [28—33]. The Schiff base 2-hydroxy-N'-(3-(hydroxyimino)butan-2-
ylidene)benzohydrazide (IUPAC name) or biacetylmonoxime
salicyloylhydrazone (HsL) contains both the O-coordinating amide and the
oxime functionalities (Chart 1). Several structurally characterized transition
metal ion (V(V), Fe(lll), Ni(ll), Zn(11) and Ru(Il)) [34—41] and one rare earth
metal ion (Dy(lll)) [42] complexes have been reported with this Schiff base.
The tridentate ligand coordinates the metal center via the amidate-O, imine-N
and oxime- or oximate-N and forms fused 5,5-membered chelate rings in all

these complexes [36—42] except for the vanadium(V) complexes [34,35]. In
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the vanadium(V) complexes, it acts as fused 5,6-membered chelate ring
forming amidate-O, imine-N and oximate-O donor. It may be noted that
vanadium(V) has the smallest effective ionic radius when compared with that
of the other five metal ions [43]. It is generally observed that the large metal
ions prefer to form 5-membered chelate ring, while 6-membered chelate ring is
more stable with small metal ions [44,45]. Thus, the oximate-O coordination
and formation of the fused 5,6-membered chelate ring only in the
vanadium(V) complexes is not inexplicable. In this work, we report a dimeric
oxomethoxodovanadium(V) complex [VO(u-OMe)(HL)]2 (1) and a solvated
dioxovanadium(V) complex K[VO2(HL)]‘MeOH (2-MeOH) with HsL (Chart
1). In these two complexes, the oxime functionality of the tridentate ligand
(HL)?* exhibits the rare ambidentate behavior for the same metal ion. In the
following sections, synthesis, X-ray crystal structures and physical properties
of 1 and 2-MeOH are described. The photocatalytic activities of the two
complexes in degradation of the organic dye rhodamine B (RhB) have been

also evaluated.

OH

Me s M
N. _o
=
Me N’f

HO

(Hal) [VO{-OMe)(HL]J2 (1) [WO2(HL) (anion in 2)

Chart 1. Chemical structure diagrams of  Dbiacetylmonoxime
salicyloylhydrazone (HsL) and the complexes [VO(u-OMe)(HL)]2 (1) and
[VO2(HL)]™ (2) derived from it.
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3.3. Experimental

3.3.1. Materials

As reported in literature, biacetylmonoxime salicyloylhydrazone (HsL) was
prepared in ~70% yield by condensation reaction of equimolar amounts of
biacetyl monoxime and salicyloylhydrazine in  methanol [37].
Bis(acetylacetonato)oxovanadium(lV), [VO(acac)z], was synthesized by
following a literature procedure [46]. All other reagents and solvents used in
this work were of analytical grade available commercially and were used as

received without further purification.

3.3.2. Physical measurements

A Thermo Finnigan Flash EA1112 series elemental analyzer was used for the
microanalytical (CHN) measurements. High resolution mass spectra were
recorded with a Bruker Maxis (ESI-TOF analyzer) spectrometer. A Sherwood
Scientific balance was used for the measurement of magnetic susceptibilities.
The solution electrical conductivities were measured using a Digisun DI-909
conductivity meter. Powder X-ray diffraction experiments were performed
using a Bruker D8 Advance X-ray diffractometer. A TA Instruments
Discovery DSC 250 was used for differential scanning calorimetric (DSC)
measurements. The infrared spectra were collected on a Bruker TENSOR 11
FT-IR  spectrophotometer. A  Shimadzu UV-3600 UV-Vis-NIR
spectrophotometer was used for electronic spectroscopic measurements. The
'H-NMR (400 MHz) spectra were collected on a Bruker NMR spectrometer. A
CH Instruments model 620A electrochemical analyzer was used for the cyclic

voltammetric experiments.

3.3.3. Synthesis of [VO(u-OMe)(HL)]2 (1)

A methanol solution (10 ml) of [VO(acac)2] (80 mg, 0.3 mmol) was added to a
methanol solution (10 ml) of HsL (70 mg, 0.3 mmol) and the mixture was
stirred at room temperature under aerobic conditions for 6 h. The resulting
brown solution was allowed to evaporate slowly at room temperature (298 K)

in air. The dark brown crystalline material separated in about 4-5 days was
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collected by filtration, washed with cold methanol and dried in air. Yield: 55
mg (55%). Anal. Calcd for C24H28NeO10V2 (%): C, 43.52; H, 4.26; N, 12.69.
Found: C, 43.58; H, 4.29; N, 12.61. HRMS in MeCN m/z found (calcd) for
C24H20NsO010V2 ([M+H]"): 663.4496 (663.0824). Selected IR bands: v (cm1)
= 3225 (O-H), 1623 & 1589 (C=N), 1254 (N-0), 974 (V=0). UV-Vis in
MeCN: Amax (nm) (e (10* M~ cm1)) = 375" (1.05), 270 (2.85), 207 (2.97). *H
NMR in CDCls: ¢ (ppm) (J (Hz)) = 10.02 (s, 1H, phenolic-OH), 7.34 (6)
(dd—t, 1H, H at para to amide), 7.33 (6) (d, 1H, H at ortho to amide), 6.92 (6)
(d, 1H, H at ortho to phenolic-OH), 6.65 (6) (dd—t, 1H, H at para to phenolic-
OH), 3.42 (s, 3H, OCHj), 2.56 (s, 3H, HsCC=NO), 1.94 (s, 3H, H3CC=N). CV
in MeCN: Epc (V) = —1.34.

3.3.4. Synthesis of K[VO2(HL)]-MeOH (2-MeOH)

A methanol solution (5 ml) of KOH (34 mg, 0.6 mmol) was added dropwise to
a methanol solution (5 ml) of HsL (70 mg, 0.3 mmol) with stirring. To the
resulting light yellow solution, [VO(acac).] (80 mg, 0.3 mmol) was added and
the mixture was stirred at room temperature (298 K) under aerobic conditions
for 6 h. The brown reaction mixture was then kept at room temperature (298
K) in air for slow evaporation. The brown crystalline material precipitated in
about 4-5 days was collected by filtration, washed with cold methanol and
dried in air. Yield: 70 mg (60%). Anal. Calcd for C12H1sN3OsKV (%): C,
37.21; H, 3.90; N, 10.85. Found C, 37.28; H, 3.86; N, 10.92. HRMS in MeOH
m/z found (calcd) for C11H11N3OsV ([M]"): 316.0138 (316.0138). Selected IR
bands: v (cm™) = 3260 (O-H), 1621 & 1590 (C=N), 1253 (N-0O), 939 & 915
(VO2). UV-Vis in MeCN: Amax (nm) (¢ (10° Mt cm1)) = 452 (5.8), 320 (7.8),
252 (10.4, 207 (23.3). *H NMR in (CD3)>S0: & (ppm) (J (Hz)) = 11.78 (s, 1H,
phenolic-OH), 7.72 (6, 2) (dd, 1H, H at ortho to amide), 7.37 (6, 2), (td, 1H, H
at para to amide), 6.94 (6) (d, 1H, H at ortho to phenolic-OH), 6.90 (6, 2) (td,
1H, H at para to phenolic-OH), 2.43 (s, 3H, H3CC=NO), 1.84 (s, 3H,
HsCC=N). CV in MeCN: Ep (V) = -0.9.
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3.3.5. X-ray crystallography

Single crystals of both [VO(u-OMe)(HL)]> (1) and K[VO2(HL)]-MeOH
(2:MeOH) were collected from the crystalline materials obtained during their
syntheses. Unit cell determination and intensity data collection for both 1 and
2:MeOH were performed using a BRUKER D8 QUEST diffractometer
equipped with a PHOTON 100 CMOS area detector and an INCOATEC
microfocus source for graphite monochromated Mo Ko Radiation (4 =
0.71073 A). The APEX3 software package [47] was used for data collection,
integration, reduction and absorption correction. Each structure was solved by
direct method and refined on F? by full matrix least-squares procedures. The
non-hydrogen atoms were refined with anisotropic thermal parameters. The
hydrogen atoms of the phenolic hydroxyl group in each of 1 and 2-MeOH and
the hydrogen atom of the methanolic hydroxyl group in 2-MeOH were found
in the corresponding difference maps and refined with Uiso = 1.5 X Ueq of the
oxygen atoms to which they are attached. All other hydrogen atoms in both
structures were included at idealized positions using a riding model. The
SHELX-97 programs [48] accessed via the WinGX software suite [49] were
used for structure solution and refinement. Structural illustrations were
prepared using the Mercury package [50]. Selected crystallographic data are
listed in Table 2.

Detailed X-ray crystallographic data for 1 and 2-MeOH have been deposited
with the Cambridge crystallographic data center under the deposition numbers
1943839 and 1943840 respectively.

3.3.6. Photocatalysis

Organic dye rhodamine B (RhB) was chosen for the heterogeneous
photodegradation experiment. The powdered complex catalyst (10 mg) was
suspended in a 1 M aqueous solution of the dye (20 ml) and the suspension
was magnetically stirred under aerobic conditions for %2 h in dark to establish
the adsorption/desorption equilibrium between the dye and the surface of the

catalyst. The mixture was then irradiated with visible light with continuous
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stirring. After every 15 min of interval about 1 ml of the suspension was
collected and centrifuged to remove the catalyst particulates and the clear
solution obtained was used for spectrophotometric analysis. The degradation
of RhB with the increase of irradiation time was monitored by measuring the

change in the absorbance of its characteristic absorption band at 554 nm.

3.4. Results and discussion

3.4.1. Synthesis and characterization

The reaction of biacetylmonoxime salicyloylhydrazone (HsL) and [VO(acac)2]
in 1:1 mole ratio in methanol in presence of air produced [VO(x-OMe)(HL)]2
(1) in decent yield. On the other hand, if two mole equivalents of KOH was
added in the above reaction mixture the product formed was
K[VO2(HL)]-MeOH (2:MeOH) in similar yield. The elemental (CHN) analysis
data of both complexes are in good agreement with their molecular formulas.
The high-resolution electrospray ionization mass spectra of both species
further confirm their molecular formulas (Fig. 1). The base peak appeared at
m/z = 663.4496 in the spectrum of 1 recorded in the positive ionization mode.
This value is consistent with the protonated species [1+H]". The spectrum of
2-MeOH collected in negative ionization mode displayed the base peak at m/z
= 316.0138 corresponding to the complex anion [VO2(HL)]". Room
temperature (298 K) magnetic susceptibility measurements with the powdered
samples of the two complexes showed their diamagnetic character. Both
complexes are brown in color and highly soluble in methanol, acetonitrile,
dimethylformamide and dimethylsulfoxide. In acetonitrile solution, 1 is
electrically non-conducting, whereas the molar conductivity (Aw = 130 Q1
cm? mol-?) of 2:-MeOH indicates 1:1 electrolytic behavior [51]. The molecular
formulas, diamagnetic character and the solution electrical conductivity
behaviors suggest the +5 oxidation state of the vanadium centers in both 1 and
2:MeOH. As the complexes were synthesized under aerobic conditions,

oxygen in air is the most likely oxidizing agent for the oxidation of the
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tetravalent vanadium of the starting material to the pentavalent state in the
products. In this context, it may be noted that although no base was used for
the synthesis of 1, but in all likelihood, the initial neutral synthesis reaction
mixture became basic with the progress of the reaction due to complete
reduction of oxygen and generation of the weak base (acac)” from the
dissociation of the starting material [VO(acac).]. This basicity appears to be
strong enough for the deprotonation of both HsL and the bridging methanol
leading to the formation of the methoxo bridged dinuclear 1.
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Fig. 1. ESI mass spectra of [VO(x-OMe)(HL)]2 (1) (left) and K[VO2(HL)]
‘MeOH (2-MeOH) (right).

3.4.2. Description of X-ray molecular structures

The dimeric complex [VO(u-OMe)(HL)]2 (1) crystallizes in the monoclinic
P2:/c space group with one half of the molecule in the asymmetric unit. On the
other hand, the solvated mononuclear ionic complex K[VO2(HL)]-MeOH
(2:-MeOH) crystallizes in the triclinic P1 space group and here the asymmetric
unit contains the complete formula unit and one methanol molecule. The
thermal ellipsoid plots of 1 and 2-MeOH are illustrated in Figs. 2 and 3(a),

respectively. The metal centered bond parameters of 1 and 2-MeOH are listed
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in Tables 3 and 4, respectively. In general, the V=0 and the vanadium to other
coordinating atom bond lengths in both complexes are comparable with the
corresponding bond lengths in the vanadium(V) complexes with analogous
ligands [19-23,34,35]. For further support of the pentavalent state of
vanadium in each of 1 and 2-MeOH, the bond valence sum calculations were
performed using the EXPO2014 software [52]. The values for the oxidation

state of vanadium in 1 and 2 were found to be 5.12 and 5.04, respectively.

Fig. 2. The molecular structure of [VO(x~-OMe)(HL)]. (1).Thermal ellipsoids
of the non-hydrogen atoms are drawn at the 40% probability level and the

carbon atoms are not labeled for clarity.
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(@) (b)
Fig. 3. (a) The asymmetric unit of K[VO2(HL)]-MeOH (2:MeOH). Thermal
ellipsoids of the non-hydrogen atoms are drawn at the 40% probability level
and the carbon atoms are not labeled for clarity. (b) The coordination
polyhedron observed (left) and the calculated gyrobifastigium geometry shown
by solid lines (right) around K in K[VO2(HL)]'MeOH (2:MeOH). Symmetry
transformations used to generate the equivalent atoms: ' —x, =y, =z + 1; " —x +

1,-y,-z+1land ' x, y-1, z.

Fig. 4. Two-dimensional network structure of K[VO2(HL)]-MeOH (2-MeOH).
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The two halves of the dimeric molecule of 1 are related by an inversion center
(Fig. 2). In the asymmetric unit, the meridionally spanning (HL)?~ coordinates
to the metal center via the amidate-O, the imine-N and the oximate-O atoms
(O(2), N(2) and O(1)) and forms fused 5,6-membered chelate rings. The
methoxo-O (O(5)) occupies the fourth equatorial position of a NOs square-
plane (rms deviation = 0.03 A) and the oxo group (O(4)) occupies the apical
position to complete a square-pyramidal NOs coordination environment
around the metal center. As generally observed in square-pyramidal geometry,
here also the vanadium atom is shifted towards the apical oxo group by 0.33
A. Two such inversion symmetry related square-pyramidal units form the
dimeric molecule where the sixth coordination sites trans to the oxo groups of
the metal centers are occupied by the methoxo-O atoms in a reciprocal manner
(Fig. 2). As a result, a divanadium(V) core, {OV(u-OMe).VO}*, is formed at
the center of 1 and each metal center in it resides in a distorted octahedral NOs
coordination sphere. On the whole, two (HL)?, two methoxo groups and the
two oxo O-atoms constitute an edge-shared bioctahedral coordination
geometry (NO3VO2VOsN). The central V2(1~-OMe)2 moiety has a pair of short
(1.8307(11) A) and a pair of long (2.3256(11) A) V-O bond lengths. The
longer ones are trans to the corresponding oxo groups. The V-V distance is
3.3422(5) A. The uncoordinated phenolic-OH groups of the two (HL)?* are
involved in intramolecular strong hydrogen bonds with the uncoordinated
amidate-N atoms. In this O—H--N hydrogen bond, the O-‘N distance and the
O-H-N angle are 2.5653(18) A and 146(3)°, respectively.

The perspective view of the asymmetric unit of 2-MeOH is depicted in Fig.
3(a). In contrast to 1, here the vanadium atom of the anion [VO2(HL)] is
penta-coordinated and the (HL)? coordinates to the metal center through the
amidate-O, the imine-N and the oximate-N atoms (O(2), N(2) and N(1)) and
creates fused 5,5-membered chelate rings. The two oxo groups (O(4) and

0O(5)) occupy the other two coordination sites. Based on the value of 7 (0.61)
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[53], the N20s coordination geometry around vanadium center is best
described as trigonal bipyramidal, where N(2), O(4) and O(5) create the
trigonal equatorial-plane and N(1) and O(2) occupy the axial positions. In the
asymmetric unit, the counter cation K* is coordinated by the two oxo groups
and a methanol oxygen (O(6)). In addition to these three O-atoms, five more
symmetry related O-atoms coordinate to the potassium atom. These are one
oximate-O (O(1)), one phenol-O (O(3)), one more methanol-O and two more
oxo groups. The K—O distances are in the range 2.7203(17)-3.0740(18) A.
The KOs polyhedron is shown in Fig. 3(b). It has one tetragonal plane and ten
trigonal planes. Continuous shape measures (CShM) calculations were
performed to classify the observed polyhedron using the SHAPE 2.1 software
[54]. The best description of the geometry around potassium is found to be
distorted gyrobifastigium or Johnson solid J26 (Fig. 3(b)) and Table 1, [55].
As observed in 1, here also an intramolecular O—H:N hydrogen bond
involving the phenolic-OH and the amidate-N atom is present (Fig. 3(a)). The
O-N distance and the O-H--N angle are 2.590(2) A and 145(3)°,
respectively. The methanol-OH is also involved in hydrogen bonding with the
uncoordinated oximate-O atom. Here the O--O distance and the O—-H--O
angle are 2.745(2) A and 174(3)°, respectively.

The crystal packing of 2-MeOH reveals a two-dimensional coordination
network structure (Fig. 4). The KOg polyhedra are interconnected in a linear
fashion. In this chain structure, the K-~-K distance is alternating between
3.8104(10) and 4.2245(10) A due to alternating four and two bridging atoms.
In the first case, the bridging atoms are two vanadium-bound oxo and two
methanol-O atoms, while, in the second case, these are two vanadium-bound
oxo atoms. The complex anions are in a one-dimensional stacked columnar
structure in between the (KOg)n chains. As a result, alternating interconnected
(KOg)n and {[VO2(HL)]"}» chains assemble a two-dimensional network

structure.
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Table 1

Continuous shape measurement for K in K[VO2(HL)]-MeOH (2:MeOH).
S.No. | Geometry Symmetry CShM
value
1 Octagon Dan 29.030
2 Heptagonal pyramid Cw 18.356
3 Hexagonal bipyramid Deh 8.728
4 Cube On 13.127
5 Square antiprism Dad 8.965
6 Triangular dodecahedro D2d 9.747
7 Johnson gyrobifastigium J26 D2d 6.351
8 Johnson elongated triangular Dan 22.088

bipyramid J14

9 Biaugmented trigonal prism J50 Cav 9.515
10 Biaugmented trigonal prism Cav 8.948
11 | Snub diphenoid J84 D2g 10.231
12 | Triakis tetrahedron Tq 13.767
13 | Elongated trigonal bipyramid Dan 19.063
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Table 2 Selected crystallographic data for 1 and 2-MeOH.

Complex 1 2:MeOH
Chemical formula C24H28N6O10V2 C12H15N306KV
Formula weight 662.40 387.31
Crystal system Monoclinic Triclinic
Space Group P2i/c P1
a(A) 7.4157(4) 7.0018(11)
b (A) 18.5212(10) 11.234(2)
c (A) 10.5562(5) 11.442(2)
a(°) 90 106.503(5)
BC) 101.830(2) 106.104(5)
7(°) 90 96.228(5)
V (A3) 1419.07(13) 811.7(3)
Z 2 2
p(gecm3) 1.550 1.585

2 (mmY) 0.724 0.900
Reflins collected 36866 26078
Reflns unique 2882 3338
Reflns [I > 25(1)] 2752 3058
Data / parameters 2882 /196 3338/ 217

R1, WR2 [1 > 20(1)]

R1, wR2 [all data]

GOF on F?
Largest diff. peak / hole (e A-3)

0.0291, 0.0834

0.0305, 0.0845

1.078
0.388/-0.325

0.0298, 0.0801

0.0330, 0.0823

1.056
0.410/-0.348
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Table 3 Selected bond parameters (A and °) for 1.
V-0(1) 1.8217(12) V-0(2) 1.9652(11)
V-0(4) 1.5818(13) V-0(5) 1.8307(11)
V-0(5')* 2.3256(11) V-N(2) 2.1054(13)
O(1)-V-0(2) 148.82(5) 0(1)-V-0(4) 99.90(7)
O(1)-V-0(5) 106.81(5) O(1)-V-O(5')* | 79.89(5)
O(1)-V-N(2) 80.42(5) 0(2)-V-0(4) | 100.64(6)
0(2)-V-0(5) 90.98(5) 0(2)-V-O(5')* | 80.99(4)
O(2)-V-N(2) 74.70(5) O(4)-V-0(5) 103.21(6)
O(4)-V-0(5')* 176.47(6) O(4)-V-N(2) 94.86(6)
O(5)-V-0(5')* 73.56(5) 0(5)-V-N(2) 158.81(5)
0(5')*-V-N(2) 88.59(4)

2 Symmetry transformation used: 1- x, 1-y, 1-z.

Table 4 Selected bond parameters (A and °) for 2:-MeOH.

V-0(2)
V-0(5)

V-N(2)
0(2)-V-0(4)
0(2)-V-N(1)
0(4)-V-0(5)
0(4)-V-N(2)
0(5)-V-N(2)

1.9647(13)
1.6242(14)

2.0844(14)
103.03(6)
146.74(6)
110.38(8)
120.45(7)
128.71(7)

V-0(4)
V-N(1)

0(2)-V-0(5)
0(2)-V-N(2)
O(4)-V-N(1)
0(5)-V-N(1)
N(1)-V-N(2)

1.6202(13)
2.0846(16)

102.01(7)
73.94(5)
96.89(6)
95.52(7)
73.02(6)
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To examine whether the bulk material is composed of only the X-ray
structurally characterized complex or a mixture of more than one complex,
room temperature powder X-ray diffraction patterns of the bulk samples of
both 1 and 2-MeOH were recorded using Cu Ka. radiation (1 = 1.5406 A) and
the experimental patterns were compared with the corresponding simulated
patterns generated from the single crystal X-ray structures (Fig. 5). Essentially,
in each case, there is a one-to-one correspondence between the peaks in the
calculated pattern and those in the experimental pattern. This similarity clearly
indicates the phase purity of the bulk materials for both 1 and 2-MeOH.

Intensity (a. u.)

H l I ‘ Simulated
T
10

T T T
20 0 40 50

3
26 (deg)

Experimental

Intensity (a. u.)

l H I‘ h Simulated

1‘0 Z‘D 3‘0 4!0 50
26 (deg)

Fig. 5. Experimental and simulated powder X-ray (1 = 1.5406 A)
diffractograms of [VO(x~-OMe)(HL)]> (1) (top) and K[VO2(HL)]-MeOH
(2:MeOH) (bottom).
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3.4.3. Thermal studies

Thermal stability of both complexes has been investigated by differential

scanning calorimetry under nitrogen over the temperature range of 30 to 400

°C at a scan rate of 5°C min. The thermograms of 1 and 2-MeOH are

depicted in Fig. 6. Complex 1 shows an exothermic peak at 169°C preceded by

a shoulder at ~158°C, a relatively much less intense peak at 215°C, a broad

peak centered at ~280°C and another small peak at 325°C. On the other hand,

2:-MeOH displays a sharp exothermic peak at 271°C followed by a very weak

shoulder like peak at ~280°C. In each case, the first major peak is likely to be

associated with the thermal decomposition process of the complex. Thus, the

ionic 2:-MeOH is thermally much more stable than the neutral 1.

Exo —>

Heat Flow (a.u.)

-----

<€— Endo

———————————

5 100 150 200

Temperature (°C)

Fig. 6. DSC thermograms of [VO(x-OMe)(HL)]:

K[VO2(HL)]-MeOH (2-MeOH) (- - - -).
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3.4.4. Spectroscopic characteristics

Infrared spectra of 1 and 2-MeOH were recorded in the ATR mode (Fig. 7).
Both spectra show a broad band at ~3240 cm=! due to the hydrogen bonded
hydroxyl groups. Two medium intensity bands are observed at ~1620 and
~1590 cm~L. Similar bands are assigned to the C=N(imine) and C=N(oxime)
stretches, respectively [38,41]. A strong band observed at ~1254 cm! is most
likely associated with the oxime N—O stretching [28]. A strong band at 974
cm! displayed by 1 is attributed to the V=0 stretching [19,22,23,34,35]. The
asymmetric and symmetric stretching bands of VO2* unit in 2-MeOH appear

as two strong bands at 939 and 915 cm~* [20,21].

90+

~
]
1

Transmittance (%)
@
o
1

B
8]
1

304
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100

904

80+

704

Transmittance (%)

60

50
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm ')

Fig. 7. Infrared spectra of [VO(u-OMe)(HL)]> (1) (top) and
K[VO2(HL)]-MeOH (2:MeOH) (bottom).
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Electronic spectra of both complexes collected using their corresponding
acetonitrile solutions are illustrated in Fig. 8. The spectrum of 1 displays a
strong absorption shoulder at 375 nm with a long tail extending into the visible
region and two very strong bands at 270 and 207 nm. In contrast, 2-MeOH
shows three strong bands at 452, 320 and 262 nm and a very strong band at
207 nm. The absorptions observed above 300 nm are attributed to ligand-to-
metal charge transfer bands and the two higher energy bands observed below

300 nm are assigned to ligand-centered transitions [19-23,34,35].

0.0

T T T T T T T T
200 300 400 500 600
A (nm)

Fig. 8. Electronic spectra of [VO(u#-OMe)(HL)]2 (1) (——) and
K[VO2(HL)]'MeOH (2:MeOH) (- - - -) in acetonitrile.
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The 'H NMR spectra of 1 and 2:-MeOH were recorded in CDCls and
(CD3)2S0, respectively (Fig. 9). The chemical shift data with the tentative
assignments are listed in the experimental section with the respective
complexes. The spectrum of 1 is consistent with its centrosymmetric dimeric
structure. The free Schiff base (HsL) is known to display three singlets each of
one-proton at 611.33, 11.62 and 11.72 ppm for the amide-NH, oxime-OH and
phenolic-OH protons, respectively [42]. In contrast, both 1 and 2:MeOH show
only one sharp singlet at 610.02 and 11.78 ppm, respectively. Appearance of a
single peak is consistent with the deprotonation of the amide-NH and oxime-
OH and the protonated state of the phenol functionality of the tridentate ligand
(HL)?* in both complexes. Two three-proton singlets observed at & 1.94 and
2.56 ppm for 1 and 6 1.84 and 2.43 ppm for 2-MeOH are attributed to the
protons of the methyl groups at the imine and the oxime ends, respectively.
The protons of the metal coordinated methoxo group of 1 are observed as a
three-proton singlet at 6 3.42 ppm. The four aromatic ring protons of 1 and
2-MeOH appear with the expected splitting patterns in the chemical shift
ranges ¢ 6.65—7.34 and 6.90—7.72 ppm, respectively. No signal assignable to
the methanol methyl protons is observed in the spectrum of 2-MeOH. Perhaps
it is masked by the intense water signal at ¢ 3.33 ppm. Overall, the spectra of
the two complexes are consistent with their corresponding molecular

structures.
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Fig. 9. 'H NMR spectra of [VO(u-OMe)(HL)]z (1) in CDCIlz and
K[VO2(HL)]:MeOH (2-MeOH) in (CD3)2S0 (bottom).
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3.4.5. Redox properties

Electron transfer characteristics of 1, 2:-MeOH and the Schiff base HsL were
examined by cyclic voltammetry. Each three-electrode measurement was
carried out at room temperature (298 K) with 1 x 10~ M acetonitrile solution
of the compound containing BusNCIO4 (0.1 M) as the supporting electrolyte
using a glassy carbon working electrode, a Pt-wire auxiliary electrode and an
Ag/AgCI reference electrode at a scan rate of 100 mV s~1. Under identical
conditions, the ferrocenium/ferrocene (Fc*/Fc) couple was observed at Ei =
0.58 V (AEp = 150 mV). The cyclic voltammograms of 1, 2-MeOH and the
Schiff base HsL are illustrated in Fig. 10. Complex 1 displays an irreversible
reduction at Epc = —1.34 V. However, 2-MeOH shows a broad reduction peak
near —0.9 V followed by a continuous increase of current. The free Schiff base
HsL also displays two irreversible broad reduction responses at —0.9 and —1.5
V. Thus, the reductions observed for the complexes are very likely to be ligand

centered rather than metal centered.

T — T T T T
0.0 -0.2 -04 -06 -08 1.0 12 -1.4 -6 -18 20
E (V) vs. Ag/AgCI

Fig. 10. Cyclic voltammograms of HiL (———-), [VO(x- OMe)(HL)]2 (1)
( ) and K[VO2(HL)]-MeOH (2:MeOH) (- - - -) in acetonitrile.
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3.5. Photocatalytic activities

Photocatalysts are of immense contemporary interest because of their
applications in effective handling of environmental pollution problems. They
can be used for removal of various toxic pollutants by their degradation,
generation of bio-fuels and valuable chemicals by degradation of plant
biomass and for water splitting to produce clean fuel hydrogen [56—65]. In
recent times, oxovanadium(V) complexes and divanadium(V) pentoxide have
found visible light driven photocatalytic applications in degradation of lignin
like molecules and organic dyes [59-65]. A shoulder band at 375 nm with the
tail extending up to ~450 nm is the lowest energy optical absorption for 1,
while that for 2-MeOH is at 452 nm (vide supra). Because of these
absorptions, both complexes have been examined for their photocatalytic
activities in degradation of the organic dye rhodamine B (RhB) under visible
light irradiation. The degradation reactions performed were heterogeneous in
nature. The water insoluble powdered catalyst (1 or 2-MeOH) was added to the
aqueous solution of RhB solution and the suspension was stirred and irradiated
with visible light. The dye degradation was monitored spectrophotometrically.
The variation of the spectroscopic profile of RhB with time in presence of the
catalyst 1 is depicted in Fig. 11, while that for 2-MeOH as catalyst is shown in
Fig. 12. In 2 h, the extents of degradation of RhB are 84% and 91% for 1 and
2-MeOH, respectively. In the control experiment without catalyst, the decrease
in the concentration of RhB solution in 2 h of exposure to light is significantly
smaller (13%). The changes in the dye concentrations with the increase of
irradiation time in absence and in presence of catalysts are shown in Fig. 13.
Assuming pseudo-first-order degradation of RhB, the degradation rate
constants (k) for the two catalysts have been calculated using the equation —
In(C/Ci) = kt (Ci = initial concentration and C = concentration at time t). The k
values obtained are 0.012(2) and 0.016(2) min? for 1 and 2:-MeOH,
respectively. These rates are comparable with the rates reported for vanadium-
doped nanomaterials catalyzed RhB degradation reactions under visible light
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irradiation [62—-65]. The first absorption maxima (452 nm) of 2:MeOH is in
the visible region, while that (375 nm) of 1 is in the violet end of the visible
light. The band gap energies for these ligand-to-metal charge transfer bands
calculated using the Tauc plot method are 2.87 and 2.42 eV for 1 and
2-MeOH, respectively. Slightly better photocatalytic activity of 2:MeOH than
1 is likely to be due to the difference in their absorption maxima, and hence

the corresponding band gap energies [66].

0.35

0.304

Absorbance

—_—— T T T T T T LE— T
450 480 510 540 570 600 630
A (nm)

Fig. 11. Visible light driven catalytic degradation of rhodamine B (RhB)
in presence of [VO(x-OMe)(HL)]2 (1) as catalyst using the experimental
conditions described in the text.
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Fig. 12. Visible light driven catalytic degradation of rhodamine B (RhB) in

presence of K[VO2(HL)]-MeOH (2-MeOH) as catalyst using the experimental

conditions described in the text.
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Fig. 13. Change of rhodamine B (RhB) concentration in absence and in
presence of catalysts (1 and 2:MeOH) as a function of irradiation time. C and

Ci represent the dye concentrations after and before irradiation, respectively.
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Close to 90% of each of the two complex catalysts was collected after the
catalytic reaction by filtration. The infrared and 'H NMR spectra of the
recovered samples showed no significant variation when compared with the
corresponding spectra of the complexes before the reactions. Therefore, both
complexes are recyclable and they can be reused for further catalytic cycles.
Each of the two recovered catalysts was used for second time in the
degradation reaction of RhB. In this second cycle, the degradation percentages
of the dye were found to be 2-3% lower (82 and 88% for 1 and 2-MeOH,

respectively) than those observed in the first cycle.

It has been proposed that in photocatalytic dye degradation using
oxovanadium(V) species as catalyst, the first step is an electron transfer from
the photoexcited dye (RhB*) to the oxovanadium(V) species and hydrogen
abstraction leading to the formation of oxovanadium(IV) species, dye radical
cation and water [61]. In the present system, it is very likely that the
degradation of the dye begins in a similar fashion. Here, the catalytic reactions
were performed under aerobic conditions and therefore the dissolved oxygen
can regenerate the catalyst by oxidizing the reduced complex (1 or 2) and itself
getting reduced to reactive oxygen species such as superoxide or peroxide.
These reactive species can complete the oxidative degradation of the dye
radical cation. In the control experiment using either of the two catalysts under
nitrogen atmosphere in presence of light, there is no significant variation of the
absorption spectrum of the dye. Thus, aerobic conditions are crucial for

effective degradation of the dye.

3.6. Conclusions

Two complexes having the formulas [VO(x#-OMe)(HL)]2 (1) and
K[VO2(HL)]"MeOH (2-MeOH) with the Schiff base biacetylmonoxime
salicyloylhydrazone (HsL) have been reported. The X-ray molecular structures
of 1 and 2:-MeOH revealed the ambidentate coordination behavior of the

oximate group (O and N) of (HL)>. The centrosymmetric dimeric 1 is an
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edge-shared bioctahedral complex. Here (HL)?>~ has a fused 5,6-membered
chelate rings forming amidate-O, imine-N and oximate-O coordination mode.
On the other hand, in 2:MeOH, the distorted trigonal bipyramidal monoanionic
complex [VO2(HL)]~ contains the fused 5,5-membered chelate rings forming
amidate-O, imine-N and oximate-N donor (HL)?>~. The counter cation K* in
2:MeOH is in distorted gyrobifastigium Og coordination sphere. In the crystal
lattice, 2-MeOH forms two-dimensional coordination polymeric network
structure. Physical and spectroscopic characteristics of the two complexes are
in good agreement with their molecular formulas and structures. Both
complexes are photocatalytically active and visible light induced
photodegradation of rhodamine B up to 84 and 91% has been achieved in 2 h
using 1 and 2-MeOH, respectively as catalysts.
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Chapter 4

Mixed-valent tetracobalt(l1/111) cluster as a bifunctional
heterogeneous electrocatalyst for water splitting at
neutral pH

4.1. Abstract

The reaction of 2,6-diformyl-4-methylphenol, 4-methoxybenzoyl-hydrazine and
cobalt(Il) acetate tetrahydrate in 1:2:2 mole ratio in methanol under aerobic
conditions produced in 61% yield a tetranuclear complex having the molecular
formula [Co"Co"'(x-OAC)(1s-OH)(1-L)]. where OAc™ and L* represent acetate
and N’,N”-(5-methyl-2-oxido-1,3-phenylene)bis(methan-1-yl-1-ylidene)bis(4-
methoxybenzoylhydrazonate), respectively. The X-ray structure shows that each
cobalt(ll) center has a square-pyramidal NO4 coordination sphere, while each
cobalt(111) center is in octahedral NOs environment. The four metal atoms and the
four bridging O-atoms form an open cubane type Co4O4 motif. The infrared and
electronic spectroscopic features of the complex are consistent with its molecular
structure. Cryomagnetic measurements together with theoretical calculations
suggest presence of easy-axis anisotropy for the square-pyramidal cobalt(ll)
centers. The complex is redox-active and displays metal centered oxidation and
reduction responses on the anodic and cathodic sides, respectively, of Ag/AgCI
electrode. Bifunctional heterogeneous electrocatalytic activities of the complex in
H> and O evolution reactions (HER and OER) in neutral aqueous medium have

been explored in detail.
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4.2. Introduction

The growing concerns about the global warming caused by the continuously
increasing air pollution and the impending energy crisis are due to the excessive
dependence on fossil-based fuels and hence their rapid depletion. As a
consequence, there is a worldwide effort to find a clean combustible alternative to
fossil fuel. Hydrogen is well known as an environment friendly energy source
because of the zero-emission of greenhouse gases [1]. Electrochemical water
splitting is the most widely accepted and relatively simple strategy for the
production of pure hydrogen gas at a large scale compared to various other
methods [2-5] The challenging part in electrochemical water splitting is to
develop efficient, stable and cost-effective electrocatalyst for its two half-
reactions: oxidation of water or oxygen evolution reaction (OER), i.e., 2H20 —
O + 4H" + 4¢™ and reduction of water or hydrogen evolution reaction (HER), i.e.,
2H"+ 2e” — H». Both processes have sluggish reaction kinetics and therefore they
require high overpotentials. As a result, large scale production of either of the two
gases becomes difficult. Electrocatalysts are expected to reduce the overpotential
for efficient water splitting. Till now, low overpotential Pt-group metal [6] based
catalysts are well known for efficient HER, while RuO2 and IrO, are most
effective catalysts for OER [7]. However, these metals are of very low abundance
and hence very expensive. Thus, there is a continuous quest for exploration of
earth abundant low-cost transition metal based electrocatalysts capable of
showing HER and OER with low overpotential, low Tafel slope, and high
turnover frequency. In this effort, various earth abundant transition metal
carbides, borides, nitrides, phosphides and chalcogenides have been successfully
used as efficient heterogeneous electrocatalysts for HER [2-4], while the above-
mentioned materials as well as transition metal oxides, hydroxides, phosphates,

and perovskites have been shown to exhibit excellent electrocatalytic OER
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[3,4,7]. Some of these materials are bifunctional as they are able to electrocatalyze
both HER and OER [3,4]. Recently, there has been considerable interest in cobalt
analogs of the above-mentioned materials as heterogeneous electrocatalysts [4]
for water splitting because of its high abundance and hence low cost and the very
high aqueous cobalt(I11)/cobalt(Il) reduction potential (1.83 V vs. RHE) [8]. A
significant amount of work has also been reported on the application of various
mono- and polynuclear coordination complexes of cobalt as molecular catalysts
for both HER and OER [9]. Among these complexes, the Co4O4 cubane core
containing OER catalysts are of particular interest with regard to the oxygen
evolving center of the photosystem Il [9h-m]. In comparison, very few cobalt
complexes attached to an electrode surface have been employed as heterogeneous
electrocatalyst for HER or OER [10]. Herein, we report a teranuclear mixed-valent
complex of formula [Co"Co™(1~OAc)(us-OH)(-L)]> (HOAC = acetic acid and
HsL= N',N"-(2-hydroxy-5-methyl-1,3-phenylene)bis(methan-1-yl-1-ylidene)bis(4-
methoxybenzoylhydrazone), where 3 Hs denote the dissociable phenol and two
secondary amide protons) having an open cubane Co04O4 core (Chart 1) and its
heterogeneous electrocatalytic activities in both O, and H2 evolution reactions

(OER and HER) in neutral aqueous buffer medium.

[Co"CoM(1-OAC)(z23-OH)(ze-L)],

Chart 1. Chemical diagrams of HsL and the mixed-valent tetracobalt complex.
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4.3. Experimental section
4.3.1. Materials

2,6-diformyl-4-methylphenol was synthesized by following a reported
procedure.!* All other chemicals and solvents used in this work were of analytical
grade available commercially and were used as received without further
purification.

4.3.2. Physical measurements

Elemental analysis (CHN) data were obtained with a Thermo Finnigan Flash
EA1112 series elemental analyzer. Mass spectrum was recorded using a Bruker
Maxis (ESI-TOF analyzer) spectrometer. A Digisun DI-909 conductivity meter
was used to measure the solution electrical conductivity. The infrared spectrum
was recorded in ATR mode on a Thermo Scientific Nicolet iS5 FT-IR
spectrophotometer. A Shimadzu UV-3600 UV-Vis-NIR spectrophotometer was
used to collect the electronic spectrum. Cyclic and differential pulse voltammetric
measurements with N,N-dimethylformamide (DMF) solution of the complex were
performed with a CH Instruments model 620A electrochemical analyzer. Variable
temperature magnetic susceptibility measurements were performed using a
Quantum Design SQUID-VSM magnetometer. Varian 720-ES and Perkin Elmer
Sciex ELAN DRC spectrometers were used for ICP-OES and ICP-MS
measurements, respectively. Gas chromatographic experiments were performed
with a Shimadzu Nexis GC-2030 gas chromatograph equipped with a thermal
conductivity detector and a molecular sieve 5 A column. Field emission scanning
electron microscopy (FESEM) was carried out with a Carl Zeiss Ultra 55
microscope. Energy dispersive X-ray (EDX) spectra and elemental mappings
were recorded using Oxford Instruments X-MaxN SDD (50 mm?) system and

INCA analysis software.
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4.3.3. Synthesis of [Co"'Co™ (u-0Ac)(us-OH)(u-L)]-

A methanol solution (5 mL) of 4-methoxybenzoylhydrazine (66 mg, 0.4 mmol)
was added dropwise to a methanol solution (15 mL) of 2,6-diformyl-4-methyl
phenol (33 mg, 0.2 mmol) and the mixture was stirred at room temperature (298
K) for % h. To the resulting yellow solution, solid Co(OAc).-4H,0 (100 mg, 0.4
mmol) was added and stirring continued at 298 K under aerobic conditions for 6
h. The brown solid separated was collected by filtration, washed with cold
methanol, and finally dried in air. Yield: 80 mg (61%). Anal. Calcd (%) for
Cs4Hs0NgO16C04 (1302.77): C, 49.79; H, 3.87; N 8.60. Found: C, 49.61; H, 3.78;
N, 8.54. ESI-MS in DMF (m/z) Calcd. for CssHsiNgO16Cos™ (M + H)™:
1303.0751. Found: 1303.0750. Selected IR bands (v (cm™1)): 3360 (O-H), 1606
(C=N), 1563 and 1410 (COO"). UV-Vis in DMF (Amax (nm) (¢ (M~cm))): 600"
(68), 415" (3.7 x 10%), 345 (10.5 x 10%). CV in DMF (V): Epa = 0.48 and 0.82, Epc
=-0.96. DPV in DMF (V): Ep = 0.42, 0.77 and -0.78, -0.88.

4.3.4. Electrocatalytic studies

All the electrochemical hydrogen and oxygen evolution experiments were
performed using a Zahner Zanium electrochemical workstation operated with
Thales software using a [Co"Co™(u-OAc)(us-OH)(u-L)]2, carbon-black (CB), and
Nafion coated fluorine-doped tin oxide (FTO) glass plate as the working
electrode, Ag/AgCI reference electrode, and a Pt wire as the counter electrode in
0.1 M aqueous sodium phosphate buffer of neutral pH at ambient temperature
(298 K). Method for the coating on FTO glass plates was as follows: Nafion
solution (5 wt%, 10 pL) was added to a mixture of [Co"Co™(1-OAc)(us-OH)(u-
L)]2 (4 mg) and CB (1 mg) in 1 mL of a mixture of ethanol-water (3:2, v/v) and
the whole mixture was sonicated for 2 h. A 30 uL portion of this mixture was
spread over the surface of a FTO glass plate of area 0.2 cm? by drop casting

method and then the surface was dried by heating with an IR lamp. The open
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circuit potential was used as the initial potential for all cyclic voltammetric
measurements. All the electrode potentials obtained were converted to the normal
hydrogen electrode (NHE) scale by using the relation Enve = Eagiagel + 0.2 V.
Constant current electrolysis (CCE) experiments were preformed using a locally
designed and constructed electrolysis cell (Fig. 1) [12].

4.3.5. Quantitative estimation of electrocatalytically produced hydrogen/oxygen
The quantitative estimation of the evolved gas was
performed by constant current electrolysis (CCE)
with a locally designed and constructed electrolysis
cell, where the working electrode and the counter
electrode were placed in two separate chambers
(Fig. 1). Bulk electrolysis at a constant current of
-500 pA (for HER) or 500 pA (for OER) was

carried out for 6 h using the two-electrode system

and 0.1 M sodium phosphate buffer of pH 7 as the

electrolyte. Surface coated (with [Co"Co™(1-OAc)(us-OH)(u-L)]2, carbon-black
and Nafion) FTO electrode with surface area of 0.5 cm? was used as the working
electrode (cathode for HER/anode for OER) and a spiral platinum wire was used
as the counter electrode (anode for HER/cathode for OER). The loading of the
catalyst on FTO was maintained at 0.6 mg/cm?. During electrolysis gas bubbles
were formed at the surface coated FTO electrode which steadily accumulated in
the graduated tube by displacing the electrolyte solution. The cell was designed in
such a way that the gas bubbles formed at the counter electrode could no way

interfere with those formed at the working electrode.

Fig. 1. Locally designed and constructed electrolysis cell. Samar K. Das et al,
Angew. Chem. Int. Ed. 2018, 57, 1918 —1923.
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4.3.5.1. Calculations of faradaic efficiency and turnover frequencies for OER

using complex, CB, and Nafion mixture coated FTO electrode
Faradaic efficiency (OER)

In the CCE experiment for OER, 0.53 mL of oxygen was evolved at ambient
temperature and pressure in 6 h. Therefore, the number of moles of oxygen
evolved in 1 h = 0.53/(6 x 22400) mol = 3.94 x 10-° mol.

In the controlled experiment performed using carbon-black and Nafion coated
FTO electrode keeping all other experimental conditions identical the amount of
oxygen evolved in 6 h was ~0.04 mL. Hence, the number of moles oxygen
evolved in 1 h = 0.04/(6 x 22400) mol = 0.3 x 10-° mol.

Hence, the amount of oxygen actually evolved = (3.94 — 0.3) x 10-° mol

=3.64 x 10° mol.

The ideal number of moles of oxygen expected to be evolved is Q/nF, where Q is
the total charge employed, n is the number of electrons involved for Oz production
and F is the Faraday constant. The value of n for OER is 4 as it is a four-electron
process and since we employed 500 pA current, Q/nF in 1 h = (0.5 x 102 x
3600)/(4 x 96500) = 4.66 x 10-° mol.

The expression used for the calculation of the Faradaic Efficiency is as follows:

. . Moles of oxygen evolved experimentally in 1 h
Faradaic Efficiency = . . x 100
Moles of oxygen ideally expected in 1 h

={(3.64 x 1075)/(4.66 x 10} x 100 = 78%

Turnover frequency (OER)

Here, the equation used for the calculation of TOF was TOF = I/4mF, where, | (=
24 x 10° A) is the steady state current in the constant potential (1.05 V)
electrolysis (CPE) plot for OER (Fig. 15), F is the Faraday constant (in C mol1),

m is the number of active sites (in mol), and 4 is the number of electrons required

126



Chapter 4 Mixed-valent tetracobalt(II/III) cluster as a...

to form one oxygen molecule from two water molecules. The number of active
sites m was calculated using the equation, m = Q/2F, where, Q (3.97 x 10> C) is
the charge calculated by integrating the current vs time plot (within the potential
range 0.5 to 1.1 V) generated from the cyclic voltammogram trace (in Fig. 10)
recorded using [Co"Co™(1-OAc)(us-OH)(u-L)]2, carbon-black, and nafion coated
FTO as the working electrode under non-catalytic conditions (THF medium rather
than the neutral sodium phosphate buffer medium) and the factor % is for the 2
electron oxidation of the catalyst [Co"Co"(u-OAc)(us-OH)(u-L)]2. Now,
replacing m by Q/2F in the equation for TOF (in h™1) we get:

TOF (in h™1) = (1/4mF) x 3600 = (1/2Q) x 3600

={(2.4 x 10°)/(2 x 3.97 x 10~°)} x 3600

=1088=1.1x10°

4.3.5.2.Calculations of the faradaic efficiencies and turn over frequency for
HER using complex, CB, and Nafion mixture coated FTO electrode

Faradaic efficiency (HER)

In the CCE experiment for HER, it was found that 1.4 mL of hydrogen was
evolved at ambient temperature and pressure in 6 h. Therefore, the number of
moles of hydrogen evolved in 1 h = 1.4/(6 x 22400) mol = 10.41 x 10-° mol.

The controlled experiment was performed using carbon-black and nafion coated
FTO electrode keeping all other experimental conditions identical. The total
amount of hydrogen evolved in 6 h was ~0.22 mL. Therefore, in terms of number
of moles, the amount of hydrogen evolved in 1 h = 0.22/(6 x 22400) mol = 1.63 X
10-6 mol.

Thus, the amount of hydrogen actually evolved in 1 h = (10.41 — 1.63) x 10-% mol

=8.78 x 10° mol.

The ideal number of moles of hydrogen expected to be evolved is Q/nF, where Q

is the total charge employed, n is the number of electrons involved for H:
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production and F is the Faraday constant. The value of n for HER is 2 as it is a
two-electron process and since we employed —500 YA current, Q/nFin 1 h = (0.5
x 103 x 3600)/(2 x 96500) = 9.33 x 10~° mol.

The expression used for the calculation of faradaic efficiency is as follows:

. . Moles of hydrogen evolved experimentally in 1 h
Faradaic Efficiency = . . x 100
Moles of hydrogen ideally expected in 1 h

= {(8.78 x 1076)/(9.33 x 1075)} x 100 = 94%

Turnover frequency (HER)

The TOF was calculated using the following equation: TOF = I/2mF, where, | (=
2.55 x 10* A) is the steady state current in the constant potential (-1.05 V)
electrolysis (CPE) plot for HER (Fig. 15), F is the Faraday constant (in C mol?),
m is the number of active sites (in mol), and 2 is the number of electrons required

to form one hydrogen molecule from two protons.

The number of active sites m can be calculated using the equation, m = Q/2F,
where, Q (1.96 x 10~ C) is the charge calculated by integrating the current vs
time plot (within the potential range —0.8 to —1.2 V) generated from the cyclic
voltammogram trace (in Fig. 11) recorded using [Co"Co™(u-OAc)(us-OH)(u-
L)]2, carbon-black, and Nafion coated FTO as the working electrode under non-
catalytic conditions (THF medium rather than the neutral sodium phosphate buffer
medium) and the factor % is for the 2 electron reduction of the catalyst
[Co""Co™(1-OAc)(1s-OH)(1-L)]2. Now, replacing m by Q/2F in the equation for
TOF (in h™t) we get:

TOF (in h™1) = (I/2mF) x 3600 = (1/Q) x 3600

= {(2.55 x 10%)/(1.96 x 10~%)} x 3600

=4683=4.6x10°
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4.3.5.3. Calculations of the faradaic efficiency and turnover frequency for OER

using pure complex coated FTO electrode
Faradaic efficiency (OER)

In the CCE experiment for OER, 0.51 mL of oxygen was evolved at ambient
temperature and pressure in 6 h. Therefore, the number of moles of oxygen
evolved in 1 h = 0.51/(6 x 22400) mol = 3.8 x 10-° mol.

In the controlled experiment performed using pristine FTO electrode keeping all
other experimental conditions identical, the amount of oxygen evolved in 6 h was
~0.05 mL. Hence, the number of moles oxygen evolved in 1 h = 0.05/(6 x 22400)
mol = 0.4 x 10-° mol.

Hence, the amount of oxygen actually evolved = (3.8 — 0.4) x 10~ mol

=3.4x 10-° mol.

The ideal number of moles of oxygen expected to be evolved is Q/nF, where Q is
the total charge employed, n is the number of electrons involved for O production
and F is the Faraday constant. The value of n for OER is 4 as it is a four-electron
process and since we employed 500 pA current, Q/nF in 1 h = (0.5 x 103 x
3600)/(4 x 96500) = 4.66 x 10° mol.

The expression used for the calculation of Faradaic Efficiency is as follows:

, . Moles of oxygen evolved experimentally in 1 h
Faradaic Efficiency = : . x 100
Moles of oxygen ideally expected in 1 h

= {(3.4 x 105)/(4.66 x 10} x 100 = 73%

Turnover frequency (OER)

Here, the equation used for the calculation of TOF was TOF = I/4mF, where, | (=
6.8 x 10° A) is the steady state current in the constant potential (1.28 V)
electrolysis (CPE) plot for OER (Fig. 21), F is the Faraday constant (in C mol1),
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m is the number of active sites (in mol), and 4 is the number of electrons required
to form one oxygen molecule from two water molecules.

The number of active sites m was calculated using the equation, m = Q/2F, where,
Q (3.6 x 10 C) is the charge calculated by integrating the current vs time plot
(within the potential range 0.5 to 1.1 V) generated from the cyclic voltammogram
trace recorded using only [Co"Co™(1-OAc)(us-OH)(u-L)]2 coated FTO as the
working electrode under non-catalytic conditions (THF medium rather than the
neutral sodium phosphate buffer medium) and the factor % is for the 2 electron
oxidation of the catalyst [Co"Co'™(1~OAc)(us-OH)(~L)]2. Now, replacing m by
Q/2F for m in the equation for TOF (in h™1) we get:

TOF (in h™Y) = (1/4mF) x 3600 = (1/2Q) x 3600

= {(6.8 x 105)/(2 x 3.6 x 1075} x 3600

=3400=3.4x 10°

4.3.5.4. Calculations of the faradaic efficiency and turnover frequency for HER
using pure complex coated FTO electrode

Faradaic efficiency (HER)

In the CCE experiment for HER, it was found that 1.33 mL of hydrogen was
evolved at ambient temperature and pressure in 6 h. Therefore, the number of
moles of hydrogen evolved in 1 h = 1.33/(6 x 22400) mol = 9.89 x 10-¢ mol.

The controlled experiment was performed using pristine FTO electrode keeping
all other experimental conditions identical. The total amount of hydrogen evolved
in 6 h was ~0.20 mL. Therefore, in terms of number of moles, the amount of
hydrogen evolved in 1 h = 0.20/(6 x 22400) mol = 1.48 x 10~ mol.

Thus, the amount of hydrogen actually evolved in 1 h = (9.89 — 1.48) x 10~ mol
=8.41 x 10° mol.

The ideal number of moles of hydrogen expected to be evolved is Q/nF, where Q

is the total charge employed, n is the number of electrons involved for H>
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production and F is the Faraday constant. The value of n for HER is 2 as it is a
two-electron process and since we employed —500 YA current, Q/nFin 1 h = (0.5
x 103 x 3600)/(2 x 96500) = 9.33 x 10-° mol.

The expression used for the calculation of Faradaic Efficiency is as follows:

. . Moles of hydrogen evolved experimentally in 1 h
Faradaic Efficiency = . - x 100
Moles of hydrogen ideally expected in 1 h

={(8.41 x 1075)/(9.33 x 10} x 100 = 90%

Turnover frequency (HER)

The TOF was calculated using the following equation: TOF = I/2mF, where, | (=
7.57 x 10 A) is the steady state current in the constant potential (-1.28 V)
electrolysis (CPE) plot for HER (Fig. 21), F is the Faraday constant (in C mol1),
m is the number of active sites (in mol), and 2 is the number of electrons required
to form one hydrogen molecule from two protons. The number of active sites m
can be calculated using the equation, m = Q/2F, where, Q (1.77 x 10* C) is the
charge calculated by integrating the current vs time plot (within the potential
range —0.8 to —1.2 V) generated from the cyclic voltammogram trace recorded
using [Co""Co™(-OAc)(us-OH)(u-L)]> coated FTO as the working electrode
under non-catalytic conditions (THF medium rather than the neutral sodium
phosphate buffer medium) and the factor % is for the 2 electron reduction of the
catalyst [Co"Co™(u-OAc)(us-OH)(u-L)]2. Now, replacing m by Q/2F in the
equation for TOF (in h™1) we get:

TOF (in h™1) = (I/2mF) x 3600 = (1/Q) x 3600

= {(7.57 x 104)/(1.77 x 10)} x 3600

= 15396 = 1.53 x 10*
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4.3.6. X-ray crystallography

X-ray quality single crystals of the complex were grown by slow evaporation of
its acetonitrile solution. The complex crystallizes as a solvated species
[Co'Co™(1-OAc)(1s-OH)(1-L)]2-1.5MeCN. A Bruker D8 QUEST diffractometer
equipped with a PHOTON 100 CMOS area detector and an Incoatec microfocus
source for graphite monochromated Mo Ka Radiation (1 = 0.71073 A) was used
for the X-ray crystallographic measurements. The APEX3 software package [13]
was used for data collection, integration and reduction. The data were corrected
for absorption effects using the empirical multi-scan method implemented in the
SADABS program [14]. The structure was solved by the direct method and
refined on F? using full-matrix least-squares procedures. The full occupancy as
well as the half occupancy acetonitrile molecules were refined with geometric
restraints. All the non-hydrogen atoms were refined anisotropically, except for
those of the half occupancy acetonitrile, which were refined isotropically. All the
hydrogen atoms were placed at idealized positions and were refined as riding
atoms. Structure solution and refinement were performed using the SHELX-97
programs [15] as contained in the WinGX software suite [16]. Structural
illustrations were prepared with the help of the Mercury package [17] and
EXP02014 software [18]. Significant crystal and refinement data for [Co"Co™(-

OAc)(13-OH)(u-L)]2:1.5MeCN are summarized in Table 1. Detailed X-ray
crystallographic data for 1 have been deposited with the Cambridge
Crystallographic Data Center under the deposition number 2035075.
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Table 1 Selected Crystallographic Data

Chemical formula
Formula weight
Crystal system
Space Group

a (R)

b (A)

c (A)

B

V (A%

z
p(gcm)

p (mm)
Reflections collected
Reflections unique
Reflections [I > 2o(1)]
Data / restraints / parameters
R1, wR2 [I > 25(1)]

R1, wR2 [all data]
GOF on F2
Largest diff. peak / hole (e A=)

Cs7H545N95016C04
1364.32
Monoclinic
P21/n
14.5982(6)
23.6769(10)
17.7661(8)
101.349(2)
6020.6(4)

4
1.505
1.158
95043
10532
8885
10532 /6 /788
0.0540, 0.1431
0.0659, 0.1542
1.050
0.912/-0.416
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4.4. Results and discussions

4.4.1. Synthesis and some properties

The complex [Co'Co™(u-OAc)(us-OH)(u-L)]2 was synthesized in good yield
(61%) through an in-situ method by reacting 2,6-diformyl-4-methylphenol, 4-
methoxybenzoylhydrazine and Co(OAc)2:4H20 in 1:2:2 mole ratio in methanol
under aerobic conditions. The complex is brown in color and highly soluble in
N,N-dimethylformamide and Dimethyl sulfoxide, sparsely soluble in methanol
and acetonitrile, and insoluble in chloroform, dichloromethane, and hexane. In
solution, it behaves as non-electrolyte. The molecular formula of the bulk sample
was confirmed by elemental analysis and high-resolution electrospray ionization
mass spectrometry. The mass spectrum displays the molecular ion as the base
peak with the expected isotopic pattern at an m/z value of 1303.0750 (Fig. 2). In
consistence with the presence of two high-spin cobalt(Il) centers known for large
orbital contribution, the effective magnetic moment (6.93 ug) at room temperature
(300 K) of the complex in powder phase is considerably higher than the spin only
value (5.48 us) (vide infra).

48,2472 12040532 | 13580495

. 500 2958
10351788
ookl TV A l xl.] luLJJlAlA
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600 70 Tmz

Fig. 2. ESI mass spectrum of [Co"'Co™(1-OAc)(15-OH)(1-L)]2 in DMF.
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4.4.2. X-ray structure

The structure of [Co"Co™(u-OAc)(us-OH)(u-L)]2-1.5MeCN was solved in the
monoclinic P21/n space group. The asymmetric unit comprises of one complete
tetranuclear complex, one full occupancy acetonitrile and another half occupancy
acetonitrile molecules. The acetonitrile N-atoms are somewhat close to the metal
coordinated polarized azomethine-C—H groups indicating weak intermolecular
hydrogen bonding interactions [19]. The C---N distance and the C-H---N angle are
3.761(17) A and 153° for the full occupancy acetonitrile, while they are 4.149(19)
A and 143° for the half occupancy acetonitrile. The structure of [Co"Co™"(u-
OAc)(3-OH)(w-L)]2 is illustrated in Fig. 3 and the bond lengths and angles
associated with the metal centers are listed in Table 2. Each of the two
compartmental L% is bridging two metal centers via the phenolate-O atom and
satisfies two more coordination sites of each bridged metal center via the
azomethine-N and the amidate-O atoms. In addition to the phenolate-O atom of L3
an acetate group is also bridging the metal centers. Thus L® and acetate satisfy four
coordination sites of each metal center and form a dinuclear {Co2(x-OAc)(u-L)}
unit. Two such dinuclear units are linked by two triply bridging hydroxo groups and
the tetranuclear complex molecule is formed (Chart 1 and Fig. 3). In this
tetranuclear molecule, two Co-centers (Col and Co3) are in distorted octahedral
NOs coordination spheres, while the other two Co-centers (Co2 and Co4) are in
square-pyramidal NO4 coordination spheres. For each octahedral metal center, the
bridging acetate-O and one of the two triply bridging hydroxo-O atoms occupy the
axial sites, while the equatorial sites are satisfied by the bridging phenolate-O and
one NO-donor arm of L®* and the second triply bridging hydroxo-O atom. This
second triply bridging hydroxo-O and the bridging phenolate-O and the other NO-
donor arm of L% constitute the basal plane and the bridging acetate-O atom

occupies the apical position of the square-pyramidal metal center. Interestingly, the
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bridging phenolate-O atoms O2 and O7 are near the vacant coordination sites of the
square-pyramidal metal centers Co4 and Co2, respectively (Fig. 3). However, they
are too far away (Co2---07 2.603(3) A and Co4---02 2.579(3) A) for any kind of
interaction. Thus, the four metal centers, the doubly bridging phenolate-O atoms
(02 and O7), and the triply bridging hydroxo-O atoms (O11 and O12) constitute an
open cubane type Co0s0s4 motif (Fig. 3, inset). The large variation of the
metal---metal distances (2.9244(7)-3.7008(8) A) reflects the irregularity of the
open cubane structure of this Co4O4 core. For the phenoxo-hydroxo bridged metal
pairs the Co---Co distances are shortest (Col---Co2, 2.9244(7) A and Co3---Co4,
2.9386(7) A), while that for the dihydroxo bridged metal pair is slightly longer
(Col---Co3, 2.9798(7) A). Compared to these distances in the di-atom bridged
dicobalt fragments the Co---Co distances in the mono-hydroxo bridged fragments
are ~0.4 A longer (Col---Co4, 3.2972(8) A and Co2:---Co3, 3.3231(8) A) and the
distance between the unbridged metals Co2 and Co4 is the longest (3.7008(8)
A).The bond lengths associated with the octahedral metal centers (Col and Co3)
are significantly smaller than those associated with the square-pyramidal metal
centers (Co2 and Co4) (Table 2). This difference is consistent with the trivalent
state of Col and Co3 and the bivalent state of Co2 and Co4. Bond valence sum
calculations were carried out with EXPO2014 [18] software for further
confirmation of the oxidation states. The values obtained are 3.04 and 2.85 for Col
and Co3, respectively, while those are 1.78 and 1.77 for Co2 and Co4, respectively.
Continuous shape measurement (CShM) calculations were also performed to
scrutinize the polyhedron around each metal center using the SHAPE 2.1 software
[20]. The calculations clearly show that Col and Co3 are in distorted octahedral
geometry, while Co2 and Co4 are in distorted square-pyramidal coordination
sphere (Table 3).
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014

o
Fig. 3. The molecular structure of [Co Co (,u—OAc)(y3-OH)(,u—L)]2. All non-

hydrogen atoms are represented by their 30% probability ellipsoids. Only the non-
carbon atoms are labelled for clarity. Inset: Open cubane arrangement of
Co 4O ,core.

Table 2 Selected bond parameters (A and °) for Co"Co"'(1-OAc)(us-OH)(u-
L)]2-1.5MeCN.

Co(1)-0(1) 1.878(3) Co(1)-0(2) 1.918(3)
Co(1)-0O(4) 1.896(3) Co(1)-0(11) 1.965(2)
Co(1)-0(12) 1.905(3) Co(1)-N(2) 1.844(3)
Co(2)-0(2) 2.071(3) Co(2)-0(3) 1.967(3)
Co(2)-0(5) 2.051(3) Co(2)-0(11) 2.050(3)
Co(2)-N(3) 2.020(3) Co(3)-0(6) 1.885(3)
Co(3)-0(7) 1.934(3) Co(3)-0(9) 1.914(3)
Co(3)-0(11) 1.939(3) Co(3)-0(12) 1.984(3)
Co(3)-N(6) 1.886(3) Co(4)-0(7) 2.076(3)
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Co(4)-0(8)

Co(4)-0(12)
O(1)-Co(1)-0(2)
O(1)-Co(1)-O(11)
N(2)-Co(1)-O(1)
0(2)-Co(1)-O(11)
0(2)-Co(1)-N(2)
0(4)-Co(1)-0(12)

0(11)-Co(1)-0(12)

0(12)-Co(1)-N(2)
0(2)-Co(2)-0(5)
0(2)-Co(2)-N(3)
0(3)-Co(2)-0O(11)
0(5)-Co(2)-0O(11)
0(11)-Co(2)-N(3)
0(6)-Co(3)-0(9)
0(6)-Co(3)-0(12)
0(7)-Co(3)-0(9)
0(7)-Co(3)-0(12)
0(9)-Co(3)-0(11)
N(6)-Co(3)-0(9)
0(11)-Co(3)-N(6)
0(7)-Co(4)-0(8)
O(7)-Co(4)-0(12)
0(8)-Co(4)-0(10)
0(8)-Co(4)-N(7)
0(10)-Co(4)-N(7)

1.983(3)
2.057(3)
175.85(12)
96.87(11)
83.90(14)
85.64(11)
93.34(14)
175.14(12)
80.55(11)
94.85(15)
92.50(13)
86.99(12)
111.23(11)
87.60(12)
164.22(12)
88.70(14)
98.97(11)
96.69(13)
85.36(10)
171.11(13)
91.22(15)
97.17(13)
160.23(12)
79.96(10)
102.75(14)
79.30(12)
106.63(14)

Co(4)-0(10)
Co(4)-N(7)
O(1)-Co(1)-O(4)
0(1)-Co(1)-0(12)
0(2)-Co(1)-O(4)
0(2)-Co(1)-0(12)
O(4)-Co(1)-O(11)
O(4)-Co(1)-N(2)
0(11)-Co(1)-N(2)
0(2)-Co(2)-0(3)
0(2)-Co(2)-0(11)
0(3)-Co(2)-0(5)
0(3)-Co(2)-N(3)
0(5)-Co(2)-N(3)
0(6)-Co(3)-0(7)
0(6)-Co(3)-O(11)
0(6)-Co(3)-N(6)
0(7)-Co(3)-0(11)
0(7)-Co(3)-N(6)
0(9)-Co(3)-0(12)
0(11)-Co(3)-0(12)
0(12)-Co(3)-N(6)
0(7)-Co(4)-0(10)
O(7)-Co(4)-N(7)
0(8)-Co(4)-0(12)
0(10)-Co(4)-0(12)
N(7)-Co(4)-O(12)

2.039(3)
2.018(3)
87.91(13)
90.81(12)
95.18(13)
86.34(11)
94.95(12)
89.67(15)
175.34(15)
159.34(12)
79.65(10)
105.13(14)
79.14(13)
101.44(14)
172.96(12)
89.43(12)
82.78(13)
85.92(11)
92.55(12)
92.44(13)
79.27(10)
175.98(13)
93.93(12)
85.87(12)
110.95(11)
87.53(12)
160.66(12)
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Metal S, No. Geometry Symmetry CShM
atom value
1 Hexagon Dén 30.776
2 Pentagonal pyramid Csy 27.439
Col 3 Octahedron Oh 0.426
4 Trigonal prism Dan 14.389
5 Johnson pentagonal pyramid J2 Csv 31.198
1 Pentagon Dsh 26.788
2 Vacant octahedron (Johnson square pyramid J1) Cav 1.791
Co2 3 Trigonal bipyramid Dsn 6.025
4 Spherical square pyramid Cav 1.831
5 Johnson trigonal bipyramid J12 Dan 8.109
1 Hexagon Dén 30.679
2 Pentagonal pyramid Csv 25.914
Co3 3 Octahedron Oh 0.626
4 Trigonal prism Dan 12.916
5 Johnson pentagonal pyramid J2 Csv 29.769
1 Pentagon Dsh 25.170
2 Vacant octahedron (Johnson square pyramid J1) Cav 1.971
Co4 3 Trigonal bipyramid Dsn 7.114
4 Spherical square pyramid Cav 1.864
5 Johnson trigonal bipyramid J12 Dan 9.215

Table 3 Continuous shape measurement for Co-centers in [Co"Co™(1-OAc)(us-

OH)(u-L)]2.
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The extent of distortion of the square-pyramidal geometry around each of Co2 and
Co4 toward a trigonal-bipyramidal geometry has been measured by calculating
the parameter 7 which is defined as (£ — «)/60, where £ is the larger and « is the
smaller trans bond angles in the basal plane [21]. The value of zwill be 0 or 1 for
an ideal square-pyramid or trigonal-bipyramid, respectively. The 7 has been found
to be 0.08 for Co2 and 0.01 for Co4. Thus, there is very little distortion for Co2
and essentially no distortion for Co4. As generally observed for square-pyramidal
complexes, here also Co2 and Co4 are shifted by 0.234(2) and 0.262(2) A,
respectively from the basal plane toward the corresponding apical acetate-O
atoms. The spherical square-pyramid shape of the polyhedron around Co4 found
in CShM calculations (Table 3) is consistent with the less distortion and slightly
larger shift of Co4 toward the apical atom. One edge of the basal plane of each
CoNOg4 square-pyramid is shared with the CoNOs octahedron and a di-polyhedral
motif is formed. The octahedral sides of two such di-polyhedral motifs share one

edge and form the discrete tetra-polyhedral aggregate (Fig. 4).

Fig. 4. The edge-shared tetra-polyhedral aggregate.

The structure of [Co"Co™(1-OAc)(u3-OH)(1-L)]2-1.5MeCN was scrutinized for
intermolecular hydrogen bonding interactions and the resulting self-assembly

pattern. As mentioned before the acetonitrile molecules are connected to the
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azomethine-CH fragments of the complex molecule via non-classical C-H---N
interactions. There is no other involvement of the solvent molecules in any other
interaction and hence in the self-assembly process. On the other hand, both z3-OH
groups (011 and 0O12) of the complex molecule are involved in strong
intermolecular classical hydrogen bonds with the O-atoms (O15 and O16) of the
methoxy substituents of one of the two L3~ The O---O distance and the O-H---O
angle are 2.735(4) A and 170°, respectively for O11-H---O16 interaction and
those are 2.744(4) A and 168°, respectively for 012—H---015 interaction. Two
tetranuclear complex molecules form a dimeric unit via a pair of reciprocal O12—
H---015 interactions (Fig. 5, top). Each of these dimeric units are connected to
four more dimeric units via the O11-H---016 interactions and a two-dimensional
network structure is formed in the crystal lattice (Fig. 5, bottom).

Fig. 5. Hydrogen bonded dimer of [Co""Co™(1-OAc)(15-OH)(u-L)]2 (top) and the
two-dimensional assembly of these dimeric units viewed along the a-axis
(bottom).
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4.4.3. Infrared and electronic spectra

The infrared spectrum of [Co"'Co™(1~OAc)(us-OH)(u~L)]2 was collected within
the range 4000-500 cm™. The spectrum shows a large number of bands with
various intensities (Fig. 6). No attempt has been made to assign all the bands
except for the following few. The broad band centered at ~3360 cm™ is attributed
to the 43-OH groups [22]. The lower wavenumber and the broadness of the band
are very likely due to the participation of these OH groups in strong
intermolecular hydrogen bonding interactions (vide supra) [23]. The metal
coordinated azomethine (-HC=N-) group appears as a sharp and medium
intensity band at ~1606 cm™ [24] The strong bands at 1563 and 1486 cm™! are
ascribed to the asymmetric and symmetric stretching vibrations of the bridging
carboxylate [25,26].
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Fig. 6. Infrared spectrum of [Co"Co™(1-OAc)(1s-OH)(u-L)]2 in powder phase.

142



Chapter 4 Mixed-valent tetracobalt(II/III) cluster as a...

A DMF solution of [Co"Co™(1~OAc)(us-OH)(-L)]> was used to record the
electronic absorption spectrum (Fig. 7). In the visible region, the complex displays
a very weak shoulder at ~600 nm followed by another shoulder of moderate
intensity at ~415 nm. In the ultraviolet region, it shows a very strong and
somewhat broad band at 345 nm. The weak shoulder is assigned to a d-d
transition [26]. The second moderately intense shoulder and the strong and broad
absorption in the ultraviolet region are attributed primarily to ligand-to-metal
charge transfer (LMCT) and ligand centered transitions, respectively [24b,26,27].
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Fig. 7. Electronic spectrum of [Co"Co™(u-OAc)(us-OH)(-L)]2 in N,N-

dimethylformamide. Inset: Enlarged low-energy portion.
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4.4.4. Magnetic properties

The magnetic susceptibility of a polycrystalline sample of [Co"Co™(1-OAc)(us-
OH)(x-L)]2 was measured in the temperature range of 2-300 K under an external

magnetic field of 0.1 T. The room temperature (300 K) x,,T value (y,, = molar

magnetic susceptibility) was found to be 6.00 cm® mol™ K (Fig. 8) which is
higher than the spin only value (3.75 cm® mol* K) for two cobalt centers. The
higher value indicates considerable contribution from the orbital angular

momentum as expected for cobalt(ll) high spin system. Upon cooling, the y,, T

remained almost constant (5.82 cm® mol?* K) down to 80 K indicating no
exchange interaction between the paramagnetic cobalt(ll) centers which are not
directly bridged and 3.7008(8) A apart from each other as discussed in the
structural analysis (vide supra). On further lowering of the temperature, it
decreased very quickly and reached to the minimum value of 3.61 cm3 mol K at
2 K. This sudden decrease at low temperature is attributed mainly to the
anisotropy of the cobalt(ll) centers due to zero-field splitting (ZFS). The spin
Hamiltonian used for quantification of the ZFS parameters is given in equation 1,
where the axial and the rhombic anisotropic components are represented by D and

E, respectively. The fitting of the y,,T vs. T plot (Fig. 8) keeping the g tensor as
isotropic was performed using the PHI software [28]. The best fit
H = gugS-B + D[S” — S(S + 1)/3] + E(S - S,?) (1)

gives D = —23.59 cm™?, |E| = 0.03 cm™ and g= 2.52. The negative sign of D
indicates the presence of easy-axis anisotropy in the studied complex. In recent
times, the ab initio theoretical calculations have been found to be a very useful
tool in evaluating the magnetic anisotropy for transition metal complexes [29].
Thus, the ab initio calculation with ORCA 4.0 software package [30] was carried

out to check the nature of the magnetic anisotropy in the present complex. The
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calculation shows negative sign of the anisotropic parameter D which signifies the

presence of easy-axis anisotropy.

T (em® mol™" K)

0 50 100 150 200 250 300
T (K)

Fig. 8. xyT (O) and 1/y,, (A) as functions of temperature for[Co"Co™(1~OAc)(us-

OH)(u-L)]2. Solid lines represent the best fits.

4.4.5. Theoretical calculations to determine the magnetic anisotropy

The ab initio calculations were performed using the coordinates obtained from X-
ray crystal structure without optimization. The diamagnetic Co(lll) atoms were
replaced by Ga(lll) atoms in all the calcualtions. In these calculations, ZORA
(zeroth-order regular approximation) was employed for both first principles and
ZFS calculations. The basis sets def2-TZVPP for Co, def2-TZVP for Ga, def2-
TZVP for N and O, and def2-SV(P) for C and H with the auxiliary basis set
def2/JK for all the atoms were used for all calculations. Using the configuration
interaction (CI) procedure, 10 quartet and 40 doublet spin states with the active
space containing 7 electrons distributed over 5 d-orbitals (CAS 7, 5) were
computed. In addition, to introduce the effect of dynamic correlation N-electron
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valence perturbation theory (NEVPT2) was employed on top of the CASSCF
wave function. Further, the spin-orbit coupling was included by using quasi-
degenerate perturbation theory (QDPT) approach. Both second-order perturbation
theory and an effective Hamiltonian approach (EHA) were used to calculate the
ZFS parameters D and E.

Table 4 The SH parameters obtained from fitting of experimental data and ab

initio calculations

Complex Dexp |E|exp gexp Dtheo IEltheo gtheo

(em™)  (em™) em™)  (em™)

[Co"Co(1-OAc)(1s-OH) (L), 2359 0.03 252 -67.34 030 247

4.4.6. Redox properties

The electron transfer behavior of [Co""Co™(1-OAc)(us-OH)(u-L)]2 was studied by
cyclic and differential pulse voltammetry at scan rates of 100 and 10 mVsY,
respectively. The experiments were performed with a DMF solution (~1 mM) of
the complex containing n-BusNCIO4 (TBAP) (0.1 M) as the supporting electrolyte
using a glassy-carbon working electrode, a Pt-wire auxiliary electrode, and an
Ag/AgCI reference electrode at room temperature (298 K) under a nitrogen
atmosphere. Under identical conditions, the cyclic voltammogram (CV) of a DMF
solution (~1 mM) of ferrocene (Fc) displayed the Fc*/Fc couple at Ei» = 0.58 V
(AEp = 130 mV). The voltammograms of the complex are illustrated in Fig. 9. On
the anodic side, the CV displays two irreversible oxidation responses at 0.48 and
0.82 V. Corresponding peak potentials are 0.42 and 0.77 V in the differential
pulse voltammogram (DPV). Metal centered oxidation potentials for X-ray
structurally characterized square-pyramidal cobalt(ll) complexes are very rarely

reported. Thus, it is very difficult to compare the potentials observed for the
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present complex with those for complexes having comparable coordinating atoms.
Extensive literature search provided only one report on the redox properties of a
series of X-ray structurally characterized high spin square-pyramidal ternary
cobalt(Il) complexes with tridentate facial Nz-coordinating tris(pyrazolyl)borates
and bidentate No-coordinating bis(imidazolyl)borates [31]. These complexes show
an irreversible cobalt(ll) to cobalt(Ill) oxidation response. Depending on the
electronic nature of the substituent on the tridentate ligand the Epa value varies
from 0.07 to 0.52 V (vs. Ag*/Ag). The coordinating atoms in this system are much
better binder and hence cobalt(Il) to cobalt(lll) oxidation should be easier than
that for the NOs-coordinated cobalt(I1) centers in the present complex. Thus, the
observed peaks having the Epa values at the higher end of the above range indicate
that these are due to successive oxidations of the two cobalt(Il) centers to two
cobalt(I11) centers. In contrast to the anodic side of the reference electrode, the CV
on the cathodic side shows an irreversible and somewhat broad reduction peak
with a very high current at -0.96 V (Fig. 9). In the DPV, this reduction peak
resolves into two closely spaced peaks at —0.78 and —0.88 V. These values are
within the potential range observed for octahedral cobalt(l11l) complexes with
N,O-donor Schiff bases known to display metal centered reductions [32].
Therefore, the two closely spaced reduction responses displayed by the present
complex are assigned to the successive reductions of its two cobalt(l1) centers to

two cobalt(l1) centers.
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Fig. 9. CVs (——) and DPVs ( ) of [Co"'Co™(1-OAc)(us-OH)(-L)]2 on the
anodic side (top) and the cathodic side (bottom) under the experimental conditions
described in the text.

4.5. Electrocatalytic oxygen evolution

The oxygen evolution experiment was also carried out in 0.1 M sodium phosphate
buffer of pH 7 using the [Co"Co™(u-OAc)(us-OH)(u-L)]2, CB, and Nafion
mixture coated FTO working electrode. On anodic scan, the CV displays a broad
oxidation response centered at ~0.9 V followed by a sharp increase in the current
(Fig. 10). This increase indicates catalytic OER on the electrode surface.
Comparing with the electron transfer behavior of the complex in homogeneous
non-aqueous medium on the anodic side of the reference electrode, the broad
oxidation response is assigned to the cobalt(ll) centers of the complex coated on
the electrode surface. No catalytic current was observed with the same working
electrode when dry THF containing TBAP as the supporting electrolyte was used
as medium instead of the neutral phosphate buffer (Fig. 10). As observed on the
cathodic side, the CV recorded on the anodic side using CB and Nafion coated
FTO electrode in aqueous phosphate buffer (pH 7) also displays flat curves with
very low currents during both forward and reverse scans (Fig. 10). This
observation clearly indicates that [Co"Co™(u-OAc)(us-OH)(u-L)]2 is only

responsible for the electrocatalytic OER.
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Fig. 10. CVs at the anodic side (at a scan rate of 100 mV s) using:
complex/CB/Nafion coated FTO working electrode in sodium phosphate buffer of
pH 7 (——) and in THF (0.1 M TBAP) (----) and CB/Nafion coated FTO
working electrode in the neutral phosphate buffer (- . -.-).

4.6. Electrocatalytic hydrogen evolution

The CV recorded using a [Co"Co™(u-OAc)(us-OH)(u-L)]2, CB, and Nafion
mixture coated FTO working electrode within the potential range 0 to —1.0 V in
0.1 M aqueous sodium phosphate buffer of pH 7 shows a reduction response at
Epc = —0.91 V with the corresponding oxidation peak at Epa = —0.61 V (vs. NHE)
(Fig. 11, Inset). This reduction response is very similar to that observed for the
complex in homogeneous non-aqueous medium except for the anodic peak on
reverse scan (vide supra). Thus, in all likelihood this response is due to the
reduction of the cobalt(I11) centers of the complex coated on the electrode surface.
On further cathodic scan up to —1.3 V there is a sharp increase in the current
indicating initiation of the HER on the electrode surface (Fig. 11). The CV
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recorded using the same working electrode but in dry tetrahydrofuran (THF) (0.1
M TBAP) shows a broad irreversible reduction peak at around —1.0 V but no
increase in the current after this reduction response (Fig. 11). To verify whether
the complex, [Co"Co™(u-OAc)(us-OH)(1-L)]2, is the electrocatalyst or not,
another CV was recorded in the same neutral buffer medium using only CB and
Nafion coated FTO electrode. It displays essentially very low currents curves with
during the forward and the reverse scans and confirms that HER activity takes

place in the presence of the complex only (Fig. 11).

1 -

2]

Current density (mA Cm'2)

Current density (mA cm?)

'3 -1 -0.9 T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0

E (V) vs NHE

42 40 08 06 -04 02 00

E (V) vs NHE
Fig. 11. CVs at the cathodic side using: complex/CB/Nafion coated FTO working
electrode in sodium phosphate buffer of pH 7 (——) and in THF (0.1 M TBAP) (
______ ) and CB/Nafion coated FTO working electrode in phosphate buffer of pH 7
(=----). Inset: CV using CB/Nafion/complex coated FTO working electrode in
phosphate buffer of pH 7 in the potential window of 0 to -1.0 V (——). All CVs

were recorded at a scan rate of 100 mV s,
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4.7. Catalytic efficiency

The efficiency of an electrocatalyst is generally evaluated by measuring the
overpotential (), exchange current density (io, current density at » = 0) and the
Tafel slope (b) from the Tafel plot generated using the equation = a + blog(i),
where i is the measured current density. A large io and low 7 and b indicate a
promising electrocatalyst for HER/OER [2,33]. The Tafel plots for the
electrocatalytic HER as well as OER using [Co"Co™(z-OAc)(us-OH)(u~L)]2 as
catalyst are shown in Fig. 12. The values of 7 (corresponding to a current density
of 1 mA cm2), i, and b obtained are 690 mV, 2.8 pA cm2, and 270 mV dec™,
respectively for HER and 768 mV, 4.0 pA cm2, and 320 mV dec™?, respectively
for OER. These values indicate rather slow charge transfer through the
electrocatalytic interface presumably due to poor conductibility of the coating

material despite the use of better conducting carbon black in the mixture.

0.84+

0.784

0.72+

0.66+

Overpotential (V)

0.60+

0.54+
T T T X T o T . T ) T
-3.6 -3.4 -3.2 -3.0 -2.8 -2.6
log(i (MA cm™2))

Fig. 12. Tafel plots for HER (O) and OER (0). The solid lines represent the best

linear least-squares fits.
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Another measure for the effectiveness of an electrocatalyst is the measurement of
the Faradaic efficiency and the TOF value [2,33]. CCE experiments with the
complex, CB, and Nafion mixture coated FTO working electrode in 0.1 M sodium
phosphate buffer of pH 7 were performed to determine the Faradaic efficiencies of
the complex catalyst in OER and HER. The Faradaic efficiencies have been found
to be 78% for OER and 94% for HER. The turnover frequencies (TOF) were
calculated using the equations TOF = 1/12Q for OER and TOF = 1/Q for HER [34],
where | is the steady state current (in A) in the constant potential electrolysis
(CPE at 1.05 V for OER and at -1.05 V for HER) plots (vide infra) and Q is the
charge (in C) calculated from the reduction (for HER) or oxidation (for OER)
response in the corresponding CV recorded in non-catalytic THF medium with the
complex, CB, and Nafion mixture coated FTO working electrode. The values of
TOF obtained are 1.1 x 10% h™* and 4.6 x 10° h™! for OER and HER, respectively (
Experimental section, 4.3.5.1 and 4.3.5.2). Chromatographic analyses of the gases
evolved in these electrolysis experiments confirmed both OER and HER (Fig. 13
and Fig. 14).

The Faradaic efficiency and the TOF values of [Co"Co™(x-OAc)(us-OH)(u-L)]2
for both OER and HER are comparable to or better than the corresponding values
of the previously reported cobalt complex catalysts immobilized on an electrode
surface [10].

152



Chapter 4 Mixed-valent tetracobalt(II/III) cluster as a...

Chromatogram
uv
7500004 1 TCDY
f
1
i
S00000 [ ||
| |I
| I'\\
|
\ A
250000+ | [\
1 \
i \
1 | \
\
|\ -\
o I
T L T T I I T
1.0 15 20 25 30 35 40 45 50
mun
Peak Table
TCD1
Peak# | Tt Time Alea P’eﬁ% Areats Rame
| pE YL 3521731 ] 5 ITT|O7
P 1563 I548059]  3IE[30 SUTSE|R2
Tota] TOB9901 T090030 | 100.000
Chromatogram
uVv
600000 17D
500000 [\
I
400000+ . |
i \
300000+ il
200000 | ‘
1
100000 { \ \
[ [\
A\
o] \ J N
T T T T T T T
1.0 1.5 20 H 30 35 4.0 45 5.0
min
Peak Table
TCD
Peak® Eet.Time Area Hesght Area’s Name
] 1337026 385667 20 765|002
2 3537 5483514 552706 79.235[N2
Tot: 6920540 938573 100.000

Fig. 13. Chromatograms of the gas evolved in the oxidative electrolysis (top) and

air (bottom). The nitrogen peak in the first chromatogram is due to contamination
by air during sample collection.
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Fig. 14. Chromatograms of the gas evolved in the reductive electrolysis (top) and
hydrogen (bottom). The oxygen peaks are due to contamination by air during

sample collection.

4.8. Stability of the catalyst

A good and effective electrocatalyst should be stable and have a long-term
durability. To assess the stability and performance of the present catalyst over a
long period of time CPE experiments were performed in 0.1 M sodium phosphate
buffer of pH 7 with the complex, CB, and Nafion mixture coated FTO working
electrode. For HER, electrolysis was conducted at the onset potential of -1.05 V
(vs. NHE), while for OER, it was conducted at the onset potential of 1.05 V/(vs.
NHE). Electrolysis was performed for a period of 10 h for each of HER and OER.

154



Chapter 4 Mixed-valent tetracobalt(II/III) cluster as a...

In both cases, essentially constant currents were observed throughout the duration
of 10 h (Fig. 15). The CVs were recorded with the coated FTO electrode before
and after its use in the above mentioned reductive and oxidative CPE experiments.
In case of OER, very similar CVs are obtained except for a slight decrease of
current density after the oxidative electrolysis (Fig. 16). However, for HER a
completely different CV was obtained after the reductive electrolysis (Fig. 17).
ICP-OES analyses of the electrolyte solutions after 10 h of reductive as well as
oxidative electrolysis were performed. No cobalt content was detected in either
case. We have also performed ICP-MS analyses of both electrolyte solutions
mentioned above. In the latter analyses, the cobalt content was found to be 4.5 and
7.2 ppb after reductive and the oxidative electrolysis, respectively. These
concentrations indicate insignificant (approximately 0.2 and 0.3%, respectively)

leaching of the complex from the electrode surface for HER and OER.

2

Current (mA)

_______________________________________________________

-2 T T T
0 2 4 6 8 10

Time (h)
Fig. 15. Constant potential electrolysis (CPE) plots for HER (------- ) and OER (
) using the [Co"Co™(u-OAc)(us-OH)(u-L)]2, CB, and Nafion mixture

coated FTO electrode in 0.1 M sodium phosphate buffer of pH 7.
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Fig. 16. CVs using [Co"Co™(u-OAc)(us-OH)(u-L)]2, CB, and Nafion mixture
coated FTO as working electrode before and after its use in CPE experiments and
the CV using cobalt oxide/hydroxide/phosphate coated FTO as working electrode.
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Fig. 17. CVs using [Co"Co™(x-OAc)(us-OH)(u~L)]2, CB, and Nafion mixture
coated FTO as working electrode before and after reductive CPE experiment.
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Cobalt complexes with N,N’-bis(salicylidene)ethylenediamine (Hzsalen) and
analogous Schiff bases [10f,35] and also with porphyrins [10h] used for
electrocatalytic OER from aqueous alkaline medium (pH = 9.2) have been shown
to be not the actual catalysts but precatalysts for formation of the active cobalt
oxide coating on the electrode surface due to decomposition of the complex. It is
well known that electrolysis of cobaltous salt solution in aqueous phosphate
buffer of neutral pH causes the formation of a film of an amorphous material
composed of cobalt oxide/hydroxide and phosphate which is very active in
electrocatalytic OER [36]. To examine whether there is any change in the
complex, CB, and Nafion mixture coating on the FTO surface due to the
formation of such amorphous material after 10 h of oxidative CPE in neutral
sodium phosphate buffer or not, the FESEM images of the coated FTO electrode
surface before and after CPE were recorded and compared with the FESEM image
of the cobalt oxide/hydroxide/phosphate coated FTO electrode surface prepared in
neutral sodium phosphate buffer by following the reported method [36]. There is
no noticeable difference in the morphologies of the present electrode coating
before and after CPE and they are completely dissimilar to that of the cobalt
oxide/hydroxide/phosphate coating (Fig. 18). EDX analyses were also done to
determine the elemental compositions of the coatings (Fig. 19). As observed for
the morphologies, the elemental compositions of the present electrode coating
before and after CPE are also similar and entirely different than that of the cobalt
oxide/hydroxide/phosphate coating. In this context, it may be noted that in the
present work sodium phosphate buffer was used instead of the reported potassium
phosphate  buffer as electrolysis medium to prepare the cobalt
oxide/hydroxide/phosphate coating. However, both the morphology and the
approximate Co:P:Na ratio of 2:1:1 observed for the present coating are
comparable with the morphology and the Co:P:K ratio of the reported coating
indicating formation of analogous material [36a,b].
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In addition to the above, the CV using the cobalt oxide/hydroxide/phosphate
coated FTO electrode in neutral sodium phosphate buffer was recorded and
compared with the almost identical CVs recorded in the same medium with the
complex, CB, and Nafion mixture coated FTO electrode before and after its use in
the oxidative CPE (Fig. 16). There is no similarity between the first CV profile
and the two identical CV profiles.

Fig. 18. FESEM images of FTO electrode coatings: CB/Nafion/complex before
(top) and after (middle) CPE and electrodeposited  cobalt
oxide/hydroxide/phosphate material (bottom).
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Fig. 19. EDX spectra and elemental compositions of FTO electrode
coatings: complex/CB/Nafion before CPE (top) and after CPE (middle)
and the electrodeposited cobalt oxide/hydroxide/phosphate material
(bottom).
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The above-described experiments indicate that the complex remains unchanged
after its use as an electrocatalyst in OER. However, considering that the FTO
surface coating also had Nafion and CB with the complex, the difference in
morphology due to any small change/decomposition of the complex catalyst after
electrolysis may not be reflected clearly in the FESEM image. Therefore, as
reported earlier for cobalt salen and porphyrin complexes [10fh], the FTO
electrode surface was coated with only the complex catalyst without Nafion and
CB by the following procedure. A 30 pL portion of a 1 mL DMF solution of the
complex (4 mg) was spread over the surface of the FTO glass plate of area 0.2
cm? by drop casting method and the solvent was evaporated by heating with an IR
lamp. The loading of the catalyst on FTO was 0.6 mg/cm?. The CV recorded with
this complex coated FTO electrode in 0.1 M aqueous sodium phosphate buffer of
pH 7 displays a broad oxidation response centered ~0.95 V followed by a sharp
rise in the current due to the catalytic OER (Fig. 20). Using this FTO electrode
coated with the pure complex, 10 h of oxidative CPE was performed at 1.28 V
(Fig. 21) and the FESEM images of the electrode surface before and after CPE
were recorded. Using a 0.5 cm? FTO working electrode coated with pure complex
(0.6 mg/cm?) oxidative CCE using 500 pA current for 6 h was also performed and
the FESEM image after CCE was collected. These FESEM images have been
compared with the FESEM image of the electrodeposited cobalt
oxide/hydroxide/phosphate material [36] coated FTO electrode surface (Fig. 22).
The morphologies of the unused complex coated FTO electrode surface and after
its use in CPE and CCE are identical and completely dissimilar to that of the
cobalt oxide/hydroxide/phosphate coated electrode surface. In addition, the EDX
spectra and the elemental compositions of the complex coated FTO electrode
surface before its use in any electrolysis experiment and after its use in the above-
mentioned CPE (Fig. 23) are also very similar and different from that of the cobalt
oxide/hydroxide/phosphate coat (Fig. 19). Thus, these FESEM and EDX
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experiments with pure complex coating do not indicate any decomposition of the
complex after its use as heterogenous electrocatalyst for OER in neutral phosphate
buffer.
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Fig. 20. CVs with complex coated FTO as working electrode: before and after
its use in CPE (at 1.28 V) and water and DMF washed FTO working electrode.
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Fig. 21. Constant potential electrolysis (CPE at 1.28 V for OER and at —1.28V

for HER) plots for OER ( ) and HER (---mm-- ) using [Co"Co™(u-

OAc)(uz-OH)(u-L)]2 coated FTO electrode in 0.1 M sodium phosphate buffer

of pH 7 (top).
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Fig. 22. FESEM images of pure complex coated FTO electrode surface: (a)
unused, (b) after oxidative CPE at 1.28 V (c) electrodeposited cobalt
oxide/hydroxide/phosphate material coating.
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Fig. 23. EDX spectra and elemental compositions of the pure complex coated
FTO electrode surface: (a) unused (b) after oxidative CPE at 1.28 V.
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Earlier it has been demonstrated through cyclic voltammetry that the activity of
the FTO electrodes coated with complexes of cobalt with salen and porphyrin
increases with time during electrocatalytic OER in alkaline medium due to
decomposition of the complex and deposition of the active cobalt oxide catalyst
on the electrode surface [10f,h]. In contrast, in the present case, instead of an
increase in the catalytic current an overall decrease in the current density was
observed in the CV recorded using the complex coated FTO electrode after 10 h
of oxidative CPE (Fig. 20) in neutral aqueous medium than that in the CV
recorded before it uses in the CPE. This decrease in current density and hence the
catalytic activity is very likely due to leaching of the complex from the electrode
surface as detected earlier by ICP-MS measurements for the complex, CB, and
Nafion coated electrode (vide supra). After using the complex coated electrode for
oxidative CPE, it was thoroughly washed with water to remove the electrolyte and
then with DMF to remove the complex. The CV recorded with this washed
electrode displays essentially flat curves with very low current density throughout
the scanned potential window without any trace of catalytic current indicating no
deposition of catalytically active cobalt oxide/hydroxide/phosphate material due
to decomposition of the complex (Fig. 20).
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Fig. 24. CVs using [Co"Co™(1-OAc)(us-OH)(u-L)]2 coated FTO as working
electrode: 2" and 250™ cycles in 250 consecutive CV cycles and water and DMF

washed FTO electrode. All CVs were recorded at a scan rate of 100 mV s
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Fig. 25. FESEM images and EDX spectra of pure complex coated FTO
electrode before (top) and after (bottom) its use in 250 consecutive CV cycles.
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In order to further check the stability of the catalyst, 250 consecutive CV scans
using the complex coated FTO electrode in 0.1 M aqueous sodium phosphate
buffer of pH 7 were performed. The 2" and the 250" cycles are illustrated in Fig.
24. As observed in the CVs with the complex coated electrode before and after its
use in oxidative CPE, here also the 250" CV scan shows no increase of the
catalytic current but an overall slight decrease of the current density throughout
the scanned potential range compared to that of the 2" CV scan. The FESEM
images and the EDX spectra of the complex coated FTO electrode before and
after its use in 250 consecutive CV scans are illustrated in Fig. 25. No difference
is visible between the images and the spectra. The used electrode was then washed
with water followed by DMF to remove the electrolyte and the complex,
respectively and then a CV was recorded with this washed electrode in neutral
phosphate buffer. This CV shows essentially flat current responses for both
forward and reverse scans indicating no redox active material on the electrode
surface (Fig. 24).
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Fig. 26. CVs using [Co"Co™(u-OAc)(us-OH)(u-L)]2 coated FTO as working
electrode: before and after its use in reductive CPE (at —1.28 V). Both CVs were

recorded at a scan rate of 100 mV s
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Fig. 27. CVs using [Co"Co™(1~OAc)(us-OH)(1~L)]2 coated FTO as working
electrode: 2" and 250" cycles in 250 consecutive CV cycles. Both CVs were

recorded at a scan rate of 100 mV s

The Faradaic efficiency and the TOF for OER were determined by using the pure
complex coated FTO electrode in oxidative electrolysis experiments (CCE using
500 pA current and CPE at 1.28 V, respectively) in 0.1 M neutral sodium
phosphate buffer (Experimental section, 4.3.5.3). The values of the Faradaic
efficiency and the TOF are found to be 73% and 3.4 x 10° h™%, respectively. The
Faradaic efficiency is slightly lower than that (78%) obtained with the complex,
CB, and Nafion mixture coated FTO working electrode; however, here the TOF
was determined at a higher potential (1.28 V) and hence it is 3 times higher than
that (1.1 x 10° h-1) determined at a lower potential (1.05 V) with the complex, CB,

and Nafion mixture coated FTO working electrode (vide supra).
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Unlike in oxidative CPE, the CVs recorded with the complex coated FTO
electrode before and after its use in reductive CPE are dissimilar. After
electrolysis, there are anodic shifts of the reduction peak and the onset potentials
with a significant increase in the catalytic current (Fig. 26). Thus, the complex
catalyst is not stable and it is transformed to a more stable and active species
during HER. Instability of the catalyst during HER was further confirmed by
using the complex coated FTO electrode in 250 consecutive CV scans in 0.1 M
aqueous sodium phosphate buffer of pH 7. As observed in the CVs with complex
coated FTO electrode before and after its use in reductive CPE, here also the
initial scan and the 250" scan are completely different (Fig. 27). Compared to the
2" scan the 250" scan shows anodic shifts of the reduction peak and the onset
potentials and an increased catalytic current.

The Faradaic efficiency and the TOF for HER were also determined by using the
pure complex coated FTO electrode in reductive electrolysis experiments (CCE
using —500 uA current and CPE at —1.28 V, respectively) in 0.1 M neutral sodium
phosphate buffer (Experimental section, 4.3.5.4). The Faradaic efficiency has
been found to be 90 % which is somewhat lower than that (94%) found with the
complex, CB, and Nafion mixture coated FTO working electrode. However, as
observed for the TOF values for OER using the pure complex coated FTO
electrode and complex, CB, and Nafion mixture coated FTO electrode, here also
the TOF value (1.53 x 10* h™1) determined at (—1.28 V) is much higher than that
(4.6 x 10% hY) determined at a relatively higher potential (—1.05 V) with the

complex, CB, and Nafion mixture coated FTO working electrode (vide supra).

168



Chapter 4 Mixed-valent tetracobalt(II/III) cluster as a...

The above-described CPE, CCE, FESEM, EDX, and CV experiments with the
complex coated FTO electrode, the used and washed electrodes, and the pristine
FTO electrode indicate that the catalyst [Co"Co™(1-OAc)(us-OH)(u-L)]2 does
not decompose during OER in neutral phosphate buffer medium to form any
redox active inorganic material or the well-known OER catalyst the cobalt
oxide/hydroxide/phosphate material [36]. In the previously reported examples of
electrocatalytic OER using cobalt complex coated electrodes, the complexes acted
as precatalysts and the catalytically active cobalt oxide material [36] was formed
due to decomposition of the complexes [10fh]. These complexes were
mononuclear and the electrolysis experiments were performed in aqueous medium
of pH = 9.2. It is well known that cobalt(ll) is very labile [37]. Thus, it is very
likely that the lability of the metal ion and the harsh alkaline aqueous environment
together result into the formation of the cobalt oxide in these cases. In contrast,
the present complex is a mixed-valent tetracobalt(11/111) species having a tightly
congregated open cubane Co0404 core and the electrolysis was performed in
relatively milder aqueous medium of pH = 7. It has been demonstrated earlier that
as one moves from mononuclear cobalt(ll) complex to triple helical dicobalt(Il)
complex lability decreases due the rigidity of the triple helix structure [37b]. It
appears that here also the rigidity of the tetranuclear structure assembled by the
two each of the doubly bridging L* and OAc™, and two triply bridging OH"
makes the cobalt(ll) centers of the open cubane Co0404 core inert. In addition, the
neutral aqueous buffer medium is also not very conducive for the cobalt oxide
formation. Therefore, unlike the previous mononuclear complexes [10f,h],
[Co""Co™(1-OAc)(1s-OH)(1-L)]2 does not decompose to form the cobalt oxide
material during the electrocatalytic OER. However, as observed for the
[Co"'Co™(1-OAc)(15-OH)(1-L)]2, CB and Nafion coated FTO electrode, here also

the long-term reductive CPE and consecutive multiple CV scans with pure
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complex coated FTO electrode revealed the transformation of the complex to
some active species responsible for the catalytic HER and hence its pre-
electrocatalyst character. Similar pre-electrocatalytic behavior of cobalt(I1l)
complexes, cobalt containing metallopolymers and chalcogenides in HER has
been reported earlier [38].

4.9. Conclusion

A tetranuclear mixed-valent complex of molecular formula [Co"Co™(-OAc)( -
OH)(u-L)]2 was synthesized and characterized. X-ray crystallography confirmed a
dimer of dinuclear Co'Co'' structure where the cobalt(ll) centers and the
cobalt(111) centers are in square-pyramidal NO4 and octahedral NOs coordination
spheres, respectively. The structure shows an open cubane Co4O4 motif assembled
by the four metal atoms, two doubly bridging phenolate-O atoms from two L,
and the two triply bridging hydroxo-O atoms. Microanalytical, mass
spectrometric, and spectroscopic data are in good agreement with the molecular
formula and the structure of the complex. The magnetic studies revealed an easy-
axis anisotropy for the cobalt(ll) centers. In non-aqueous solvent, the complex
displayed two oxidation and two reduction responses, both being metal centered.
In electrocatalytic water splitting in neutral agueous medium, it exhibited decent
Faradaic efficiencies in the range 73-78% (OER) and 90-94% (HER) and
turnover frequencies in the order of 10° h™! (OER) and 10°*-10* h™' (HER)
depending upon the composition of the electrode surface coating. Various control
and long-term electrolysis experiments followed by FESEM, EDX and
electrochemical characterization indicated no sign of degradation and hence
implied the true electrocatalytic nature of [Co"Co™(u-OAc)(us-OH)(1-L)]2 in
OER condition. In contrast, long-term CV and reductive electrolysis experiments

revealed the pre-electrocatalyst character of the complex in HER.
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Chapter 5

A cationic one-dimensional Mn(11)Mn(I11)
coordination polymer with a macrocyclic
compartmental ligand: Structure, properties and
catecholase like activity®

5.1. Abstract

Reaction of 2,6-diformyl-4-methylphenol, 1,3-diaminopropane,
Mn(ClO4)2:6H20 and CH3COONa-3H20 in 1:1:1:1 mole ratio in methanol
afford a linear coordination polymer of formula {{Mn"Mn''L(OACc)2]CIO4}
(L2 represents the Robson-type ligand) in 64% yield. The complex has been
characterized by elemental (CHN) analysis, magnetic susceptibility,
spectroscopic (IR and UV-Vis) and solution electrical conductivity
measurements. The linear polymeric structure and the mixed-valent character
of the complex have been confirmed by single crystal X-ray crystallography.
In the repetitive dinuclear unit, both metal centers are in N2O4 coordination
spheres assembled by the compartmental macrocyclic N2O2N2-donor L2, an
intra-dinuclear bridging acetate and an inter-dinuclear bridging acetate.
Variable temperature magnetic susceptibility measurements indicate a weak
intra-dinuclear ferromagnetic (J = 1.12(3) cm™) interaction as well as a weak
inter-molecular antiferromagnetic (zJ” = —0.679 (3) cm™) interaction. CV of
the complex displays a metal centered quasi-reversible reduction at —0.03 V
and an irreversible ligand centered reduction at —1.16 V (vs Ag/AgCl). The
complex efficiently catalyzes the aerobic oxidation of 3,5-di-tert-butylcatechol

to 3,5-di-tert-butylbenzoquinone with a turnover number (Keat) 1.2 x 10* h~2.,

8 This work has been published in Polyhedron 172 (2019) 112-119113.
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5.2. Introduction

The sustained interest in dinuclear complexes stems from their diverse
physicochemical properties such as metal-metal interaction, redox
characteristics and cooperative bimetallic reactivities, which enable them for
applications in a large variety of research areas ranging from bioinorganic
modelling to medicinal chemistry to materials science to catalysis [1-10].
Since the first report on the dinuclear transition metal ion complexes with the
compartmental macrocyclic tetraiminodiphenolate ligand formed through
metal ion assisted template 2 + 2 cyclocondensation of 1,3-diaminopropane
and 2,6-diformyl-4-methylphenol [11], a vast literature is now available on
this and analogous macrocyclic Schiff base ligands and their dinuclear
complexes [12-19]. Generally, in a discrete dinuclear complex of this type, the
dianionic macrocyclic N2O2N»-donor compartmental ligand satisfies four
equatorial positions of each of the two proximate di-phenoxo bridged metal
ions and the remaining apical/axial sites of them are occupied by various
ancillary monodentate ligands or bidentate bridging ligands such as mono-
carboxylates [14-23]. Thus, the bare Robson-type dinuclear unit
{N2MO2MN_} with unoccupied apical/axial sites can be used as the building
block for the formation of one-dimensional coordination polymers via self-
assembly process in presence of polynucleating bridging ligands. The
polynucleating ligands are expected to occupy the apical/axial positions of the
metal ions of the building blocks and propagate the polymeric chain. There are
a few reports on such one-dimensional coordination polymers with the
following polynucleating bridging ligands: 1,3-diaminopropane [24], 4,4'-
bipyridine [25,26], terephthalic acid [26], acetylene-dicarboxylate [27],
isonicotinonitrile [28] and perchlorate [29]. All these polymeric complexes are

of nickel(l1), copper(ll) and zinc(ll).
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Although several X-ray structurally characterized discrete dimanganese
complexes with various macrocyclic Robson-type ligands have been reported
so far [20,21,30—-35], but to the best of our knowledge there is only one report
on a polymeric dimanganese(ll) complex with a N2O2N2-donor ligand where
acetate acts as the polynucleating bridging ligand [36]. In this one-dimensional
polymer, each metal center is in N203 square-pyramidal environment
constituted by the compartmental ligand and the inter-dinuclear bridging
acetate. In most of the dinuclear manganese complexes, the macrocyclic
ligands are derived from triamines and they are N3OxNs-donor [20]. About
nine dinuclear manganese complexes are known where the macrocyclic
ligands are N2O2N-donors [21,30—35]. Out of these nine complexes, six are
dimanganese(ll) species, while the other three are mixed-valent
manganese(ll)-manganese(l11) complexes. In the dimanganese(ll) complexes,
two bidentate or bridging acetates complete the distorted hexacoordination of
the manganese centers in three of them [31-33,35] and the metal atoms are
square-pyramidal with chloride or thiocyanate at the apical positions in the
other two [30,34]. In contrast, the metal centers in all three mixed-valent
complexes are hexacoordinated. In one of these three complexes, one chloride
and one bromide both being monodentate and a bridging chloride complete the
hexacoordination of the metal centers [30]. On the other hand, a bridging
mono-carboxylate satisfies the fifth coordination site of each metal center and
monodentate O-coordinating water, methanol or perchlorate occupy the sixth
coordination sites of both metal centers in the remaining two mixed-valent
complexes [21]. In our attempt to synthesize a Robson-type dimanganese
complex, we have isolated a one-dimensional mixed-valent manganese(ll)-
manganese(l1l) coordination polymer, {[Mn2L(OAC)2]ClOs}n (1), where the
Robson dinuclear units are interconnected by the acetates (Chart 1). Herein,
we describe its synthesis, X-ray structure, physicochemical properties and its

application as catalyst in catechol oxidation reaction.
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HoN(CH,)3NH, N\ (y)oo Il
+ MeOH AN 1/
+  Mn(ClO4),6H,0 T——» }nn< /M__n\ ClO,~
+ N o” 3N
| cH,cooNa:3H,0 | *|.,,»O»¢1L
OH O r

Chart 1. Synthesis of {{Mn2L(OAC)2]CIOs}n (1).

5.3. Experimental
5.3.1. Materials
All the chemicals and the solvents used in this work were of analytical grade

available commercially and were used as received without further purification.

5.3.2. Physical measurements

A Thermo Finnigan Flash EA1112 series elemental analyzer was used for
elemental (CHN) analysis. Powder X-ray diffraction pattern was recorded on a
Bruker D8 Advance X-ray diffractometer using Cu Ka radiation (4 = 1.5406
A) generated at 40 kV and 30 mA. Solid state variable temperature magnetic
susceptibility measurements were carried out with a Quantum Design PPMS-
VSM instrument at 10 kG. The solution electrical conductivity was measured
using a Digisun DI-909 conductivity meter. The infrared spectrum was
recorded in ATR mode on a Thermo Scientific Nicolet iS5 FT-IR
spectrophotometer. A Shimadzu UV-3600 UV-Vis-NIR spectrophotometer
was used to collect the electronic spectrum. A Jeol JES-FA200 spectrometer
was used to record the EPR spectrum. Cyclic voltammetric measurements
were performed with the help of a CH Instruments model 620A
electrochemical analyzer. In all the measurements with solutions of 1, the
molar concentration was calculated using the formula weight of the repetitive

dinuclear unit.
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5.3.3. Synthesis of {[Mn2L(OACc)2]ClO4}n (1)

A solution of 2,6-diformyl-4-methylphenol (100 mg, 0.6 mmol) in methanol
(15 ml) was added dropwise over a period of 10 min to a solution of 1,3-
diaminopropane (45 mg, 0.6 mmol) in methanol (15 ml) and the mixture was
stirred in presence of air at room temperature for %2 h. To the above mixture,
solid Mn(Cl0O4)2-6H20 (217 mg, 0.6 mmol) was added and stirred for another
Y% h under aerobic conditions. The reaction mixture turned from yellow to
brown. Solid CH3COONa-3H20 (82 mg, 0.6 mmol) was added to this brown
reaction mixture and stirring was continued for 24 h. The complex precipitated
as a microcrystalline solid was collected by filtration, washed with cold
methanol and dried under vacuum. The volume of the brown filtrate was
reduced to about 10 ml on a steam bath and then it was kept at low
temperature (278 K) for slow evaporation. The complex separated as a dark
brown crystalline material was filtered off and dried in air. The combined
yield was 140 mg (64%). Anal. Calcd for C2gH32N4O10CIMn2: C, 46.07; H,
4.42; N, 7.68. Found: C, 46.15; H, 4.38; N, 7.76. Selected IR data (v (cm™1)):
1635 (C=N), 1542 and 1412 (COO"), 1084 and 621 (ClO47). UV—-Vis data
(Amax(nm) (e (10* Mt cm1))): 373 (1.20), 260 (2.15).

5.3.4. X-ray crystallography

An X-ray quality single crystal of {[Mn2L(OACc)2]ClO4}n (1) was collected
from the crystalline material obtained by slow evaporation of the synthetic
reaction mixture filtrate. Unit cell determination and intensity data collection
at 298 K were performed on a BRUKER D8 QUEST diffractometer equipped
with a PHOTON 100 CMOS area detector and an INCOATEC microfocus
source for graphite monochromated Mo Ko. Radiation (1 = 0.71073 A). Data
collection, integration, reduction and absorption correction were performed
using the APEX3 software package [37]. The structure was solved by direct
method and refined on F2 by full matrix least-squares procedures. All the non-
hydrogen atoms were refined with anisotropic thermal parameters. The

hydrogen atoms were included at idealized positions using a riding model. The
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SHELX-97 programs [38] accessible in the WinGX software suite [39] were
used for structure solution and refinement. The Mercury package [40] was
used to search for intermolecular non-covalent interactions and make graphical
representations. Selected crystal and refinement data are listed in Table 1.
Detailed X-ray crystallographic data for {{Mn"Mn''L(OAc)2]ClOs}n 1 have
been deposited with the Cambridge crystallographic data center under the

deposition numbers 1890524 respectively.

Table 1 Selected crystal and refinement data

Complex {[Mn2L(OAC)2]CIO4}n (1)
Chemical formula C28H32N4010CIMn2
Formula weight 729.91
Crystal system Monoclinic
Space Group P2i/c

a (A) 12.6528(6)

b (A) 15.6463(6)
c(A) 15.6504(7)
£ 93.388(2)

V (A% 3092.9(2)

YA 4
p(gecm) 1.568
p(mm) 0.965
Reflins collected 25030
Reflns unique 5471

Reflns [I = 25(1)] 4427

Data / restraints / parameters 5471/0/410
R1, WR2 [l > 25(1)] 0.0430, 0.1076
R1, wR2 [all data] 0.0577, wR2 = 0.1163
GOF on F? 1.050
Largest diff. peak / hole (e A~%) 0.751/-0.627
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5.4. Results and discussion

5.4.1. Synthesis and characterization

The brown polymeric complex {{Mn2L(OACc)2]CIO4}n (1) was synthesized in
64% vyield by reacting equimolar amounts of 2,6-diformyl-4-methylphenol,
1,3-diaminopropane, Mn(ClO4)2-6H.0 and CH3COONa-3H2O in methanol
under aerobic conditions (Chart 1). About 85-90% of the yield was
precipitated as a microcrystalline solid during the stirring of the reaction
mixture. The remaining yield was obtained as X-ray quality single crystalline
material by reducing the volume of the filtrate followed by its slow
evaporation at low temperature. The elemental (CHN) analysis data of the
complex are in good agreement with its formula. The magnetic moment of the
repetitive dinuclear unit at 300 K is 7.64 ug. This value is very close to the
calculated spin-only magnetic moment (7.69 ug) of a dinuclear complex
having metal centers with S = 5/2 and S=2 spin states. The complex is
moderately soluble in methanol, dimethylformamide and dimethylsulfoxide;
sparingly soluble in acetonitrile and insoluble in chloroform, dichloromethane
and hexane. In solution, the complex is electrically conducting. Using the
formula weight of the repetitive dinuclear unit, the molar conductivity (Am)
value in methanol has been obtained as 110 Q' cm? mol-t. This value falls
within the range expected for a 1:1 electrolyte [41]. Thus the Am value
indicates that the one-dimensional polymeric structure of {[Mn2L(OAc)2] "
found in the solid state (vide infra) breaks down in solution and discrete
dinuclear monocationic species are formed. In solution, the vacant
coordination site available due to the breakage of the polymeric structure
(Chart 1) may be occupied by a solvent molecule as observed before [21] or
both acetates may act as bidentate bridging ligands to form the dinuclear

monocationic species.
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The magnetic moment at 300 K and the molar conductivity together with the
elemental analysis data of 1 are consistent with its mixed-valent (I1-111) state
and the dinuclear formula of the repetitive unit. The aerial oxygen is the most
likely oxidant for the oxidation of one of the metal center from bivalent to
trivalent state during the synthesis of 1 using the manganese(ll) starting

material.

5.4.2. Description of X-ray structure

The structure of the monocationic dinuclear repetitive wunit of
{[Mn2L(OAC)2]CIO4}n (1) has been illustrated in Fig. 1. The bond lengths and
the bond angles associated with the two metal centers are listed in Table 2.
The complex crystallizes in the P2:/c space group and the asymmetric unit
contains one moncationic dinuclear unit [Mn2L(OAc).]* and a perchlorate
counter anion. In the dinuclear unit, the compartmental macrocyclic ligand L
coordinates the two metal centers through the four azomethine-N atoms and
the two bridging phenoxo-O atoms and forms two N2O- square-planes around
the two manganese atoms. Around Mn(1), an almost perfect N2O. square-
plane (rms deviation 0.01 A) is formed and there is essentially no deviation
(0.04 A) of Mn(1) from this plane. On the other hand, the N,O, square-plane
(rms deviation 0.19 A) around Mn(2) has a slight tetrahedral distortion and the
metal center is significantly shifted (by 1.08 A) from the mean plane. The
average Mn-O(phenoxo) and Mn-N(azomethine) bond lengths involving
Mn(1) are shorter by ~0.37 and ~0.23 A, respectively, when compared with
the corresponding bond lengths involving Mn(2). These differences in the
bond lengths and no shift of Mn(1) and a large shift of the Mn(2) from the
corresponding N20- square-planar environment clearly indicate that the Mn(1)

is smaller than Mn(2) and their oxidation states are +3 and +2, respectively.
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Fig. 1. Perspective view of the dinuclear [Mn,L(OAcC)2]" repetitive unit.
Thermal ellipsoids of the non-hydrogen atoms are drawn at the 50%

probability level and only the non-carbon atoms are labeled for clarity.

Fig. 2. The linear polymeric structure of {{Mn2L(OAC)2] }n.
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Table 2
Selected bond parameters (A and °) for {[Mn2L(OAC)2]CIOs}n (1)

Mn(1)-O(1)
Mn(1)-0(2)
Mn(1)-0(3)
Mn(1)-0(5)
Mn(L)-N(1)
Mn(1)-N(2)

0(1)-Mn(1)-0(2)
O(1)-Mn(1)-O(3)
O(1)-Mn(1)-O(5)
O(1)-Mn(1)-N(1)
O(1)-Mn(1)-N(2)
0(2)-Mn(1)-0(3)
0(2)-Mn(1)-0(5)
0(2)-Mn(L)-N(1)
0(2)-Mn(1)-N(2)
0(3)-Mn(1)-O(5)
0(3)-Mn(L)-N(1)
0(3)-Mn(1)-N(2)
0(5)-Mn(1)-N(1)
0(5)-Mn(1)-N(2)
N(1)-Mn(1)-N(2)
Mn(L)-O(1)-Mn(2)

1.939(2)
1.909(2)
2.142(2)
2.154(2)
2.015(3)
2.023(3)
83.92(9)
93.77(10)
94.22(9)
88.69(10)
175.22(10)
90.06(10)
95.13(9)
171.97(10)
91.49(11)
170.88(10)
87.29(11)
84.87(12)
88.52(10)
87.50(12)
95.82(12)
100.71(9)

Mn(2)-O(1)
Mn(2)-0(2)
Mn(2)-O(4)
Mn(2)-0(6)?
Mn(2)-N(3)
Mn(2)-N(4)

0(1)-Mn(2)-0(2)

O(1)-Mn(2)-O(4)

0(1)-Mn(2)-0(6)?
O(1)-Mn(2)-N(3)

O(1)-Mn(2)-N(4)

0(2)-Mn(2)-O(4)

0(2)-Mn(2)-0(6)?
0(2)-Mn(2)-N(3)

0(2)-Mn(2)-N(4)

0(4)-Mn(2)-0(6)?
O(4)-Mn(2)-N(3)

O(4)-Mn(2)-N(4)

0(6)>-Mn(2)-N(3)
0(6)*-Mn(2)-N(4)
N(3)-Mn(2)-N(4)
Mn(1)-O(2)-Mn(2)

2.217(2)
2.366(2)
2.153(3)
2.104(2)
2.204(3)
2.301(3)
68.22(7)
100.60(10)
106.19(9)
131.04(9)
79.53(9)
77.17(9)
162.29(9)
77.21(8)
113.79(9)
87.77(11)
104.37(11)
167.72(11)
116.13(10)
80.46(10)
84.15(10)
96.56(9)

& Symmetry transformation used to generate the equivalent atom: x, -y + 1/2, z — 1/2.
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The dihedral angle (55.2(1)°) between the two mean planes (rms deviations
0.05 A) constituted by the two 2,6-dimethine-4-methylphenolate moieties
indicate the non-planarity of the macrocyclic ligand L>. The coordination of
the larger manganese(ll) is likely to be the reason for this distortion from
planarity. A bridging acetate occupies the fifth coordination site of each metal
center in the dinuclear unit (Fig. 1). The O-atoms of a second acetate satisfies
the sixth coordination sites of Mn(1) and Mn(2) of another repetitive dinuclear
unit. As a result of this inter-dinuclear bridging acetates, the one-dimensional
polymeric structure of {{Mn2L(OACc)2]"}» propagates along the c-axis (Fig. 2)
and in each dinuclear unit, both metal centers have hexacoordinated N2Os
coordination environment. The manganese(lll) center, Mn(1l), has a
tetragonally elongated coordination geometry where the macrocycle provides
the N2O> square-plane and the O-atoms (O(3) and O(5)) of the two acetates are
at the tetragonally elongated axial sites (Fig. 3 and Table 2). In each of the
previously reported analogous dimanganese(ll/111) complexes, the trivalent
metal center has similar tetragonally elongated octahedral geometry [21,30].
However, the coordination geometry around the manganese(ll) center in the
present complex (1) is not distorted trigonal prismatic as reported before
[21,30]. Here, the coordination geometry around the manganese(ll) atom,
Mn(2), is closer to distorted octahedron rather than trigonal prism (Fig. 3).
One azomethine-N and one phenoxo-O (N(4) and O(2)) atoms from the
macrocycle and the acetate-O atoms (O(4) and O(6)) from the two acetates
constitute a satisfactory NOs square-plane (rms deviation 0.05 A) around
Mn(2) and the remaining two mutually trans sites are occupied by another
azomethine-N and the second phenoxo-O (N(3) and O(1)) atoms of the
macrocycle (Fig. 3). The metal center is shifted from the NOs square-plane

towards N(3) by a very small amount (0.14 A).
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The distortion from the octahedral geometry is primarily due to a very large
deviation (by ~49°) of the trans N(3)-Mn(2)—O(1) angle from the ideal value
of 180° (Fig. 3). The intra-dinuclear bis(phenoxo)-acetato bridged
Mn(1)--Mn(2) distance (3.2057(7) A) in [Mn:L(OAc).]* is slightly longer
than that (3.168(3)—3.187(1) A) reported for previously reported mixed-valent
complexes with N2O2N2-donor macrocyclic Robson-type ligands [21,30]. The
inter-dinuclear acetato-bridged Mn(1)--Mn(2) distance is 5.3006(7) A. Thus,
the one-dimensional chain-like structure of 1 has alternating short and long
metal---metal distances (Fig. 2). The bond parameters associated with the
central {Mnz(u-O(phenoxo))z2(u-OAc)}?* core in 1 are comparable with those
observed for the same core stabilized by a N2O2N2-donor macrocycle that is
analogous to the present macrocycle L2 [21]. Overall, the Mn(11/111)-N and
Mn(11/111)-O bond lengths and the bond parameters of L> in 1 are within the
ranges reported for dimanganese (I1/11 and I1/111) complexes with N2O2No-
donor Robson-type macrocycles [21,30—36]. The bond parameters associated
with the two acetates and the perchlorate are unexceptional [36,42—45].

The crystal packing of {[Mn2L(OACc)2]CIOs}n is shown in Fig. 4. The
perchlorate counter anions are located in between the {[Mn:L(OAC)2]'}n
chains and they are involved in several C-H--O hydrogen bonding
interactions with various types of C—H groups of the macrocyclic ligand L%
and the acetate moieties (Table 3). These C—H groups are phenolate ring meta
C-H, azomethine C—H, methylene C—H and acetate methyl C—H. In these
interactions, the C:--O distances are in the range 3.376-3.589 A and the
C-HO angles are within 148-163°. The parallel chains of
{[Mn2L(OAC)2]"}n are inter-connected by the perchlorates through these

C—H:--O interactions and as a result a three-dimensional network is formed
(Fig. 4).
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Fig. 3. The coordination spheres around the manganese(lll) (top) and

manganese(ll) (bottom) in [Mn2L(OAC)2]".
Fig. 4. The three-dimensional network structure of {[Mn2L(OACc)2]CIOs}n

viewed along the c-axis.
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Table 3 Intermolecular C—H--O interactions in {[Mn2L(OACc)2]ClOs}n (1)2

Type of C-H Interaction D-A (A) [£D-H--O [Symm. Transf. used to
generate the C-H
Phenolate meta-CH C(15)-H(15)--07 3.564 159 1-x,1-y,1-2
—N=CH- C(18)-H(18)0O(7) | 3.580 158 1-x1-y,1-z2
—CHa— C(8)-H(8A)~O(8) | 3.580 161 1-XY%+y,%h-12
—~N=CH- C(7)-H(7)--O(8) 3.553 155 1-X, % +y, Y2—z
Acetate-CHs C(28)-H(28A)O(8) | 3.589 163 X, Y,z
Phenolate meta-CH | C(13)-H(13)--O(10) 3.376 148 1+x,y,2

2 Interactions having D—A distances < 3.6 A and D—H---O angle >140°, are only considered.

Powder X-ray diffraction pattern of the microcrystalline solid was collected
and compared with the powder diffraction pattern simulated from the single
crystal X-ray structure (vide infra). The essentially one-to-one correspondence
between the experimental and the simulated patterns confirms that both

materials are of the same complex (Fig. 5).

U i
TET N R

5 10 15 20 25 30 35 40
20

Fig. 5. Experimental (top) and simulated (bottom) powder X-ray diffraction
patterns of {{Mn2L(OAC)2]CIO4}"(1).
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5.4.3. Magnetic properties

Magnetic susceptibility (ym) measurements in the temperature range 300-3 K
were performed with a powdered sample of 1. The ywmT values for the
dinuclear repetitive unit [Mn2L(OAC)2]JCIO4 vs T plot is shown in Fig. 6. The
omT at 300 K is 7.294 cm® mol K. This value is very close to the calculated
spin only value of 7.38 cm® mol* K. The ywT increases gradually with the
decrease of temperature. It reaches a maximum value of 8.506 cm® mol K at
100 K. After this increase, there is a gradual decrease and at 55 K it becomes
8.304 cm® mol~! K. Below 55 K there is a sharp decrease and the final value of
omT at 3 K is 2.26 cm® mol* K. The data were fitted using an isotropic
dinuclear model (H = —2JS1S», where S; = 2 and Sz = 5/2) with a molecular
field correction (zJ’) to account for the intra-chain and inter-chain interactions
[46,47]. The least-squares fitting of the data provides J = 1.12(3) cm?, zJ’ =
—0.679(3) cm™! and g = 2.155(5) with a least-square error of 2.2 x 10, Using
this simple model a reasonable fit has been obtained in the low temperature
range but not in the high temperature range (Fig. 6). For a better understanding
of the magnetic characteristics of 1, an improved theoretical model including
the zero-field splitting effects on the manganese(ll) and manganese(lll)
centers and variable field measurements will be carried out in future.
Nevertheless, the weak intra-dinuclear ferromagnetic and inter-molecular
antiferromagnetic interactions are consistent with the observed ymT vs T curve
profile. Similar weak interaction is also reported for complexes of the same
mixed-valent {Mn2(-O(phenoxo))2(u-carboxylate)}>* core with analogous
N202N2-donor Robson macrocycle [21] where the geometric parameters of the

tribridged dimetal core are very similar to those of 1.
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Fig. 6. The product of molar paramagnetic susceptibility and temperature vs

temperature plot for {{Mn2L(OAC)2]CIO4}n. The solid line was generated

from the best fit parameters given in the text.

5.4.4. Spectroscopic characteristics

The infrared spectrum of 1 was collected within the range 4000-500 cm™
(Fig. 7). Absence of any band assignable to the phenolic-OH is consistent with
the deprotonated state of the two phenol functionalities of the macrocyclic
ligand. A large number of bands having various intensities have been observed
between 1650-500 cm~. Except for the following few, no attempt has been
made to assign the remaining bands. A strong band observed at 1635 cm= is
attributed to the azomethine (HC=N) double bond [20,21,31,34,35]. Two more
strong bands appeared at 1543 and 1412 cm! are assigned to the acetate
asymmetric and symmetric stretches, respectively [21,35,42,43]. The presence
of the uncoordinated perchlorate counter anion is indicated by a very strong
band and a sharp medium intensity band at 1084 cm™' and at 621 cm™,

respectively [21,35,36,44,45].
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Fig. 7. Infrared spectrum of {{Mn.L(OACc)2]CIOs}n (1).

The electronic spectrum of 1 was recorded in methanol. The spectrum displays
two strong and bands centered at 370 and 260 nm (Fig. 8). The lower energy
strong band is likely to be primarily due to ligand-to-metal charge transfer
transition with some contribution from the manganese(lll) (S = 2) centered
d—d transition in its long tail in the visible region [21,31,33,48]. The higher
energy very strong broad band is attributed to the macrocyclic ligand centered
7 to * transition [20,21,31,34].
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Fig. 8. Electronic spectrum of {{Mn2L(OAC)2]ClO4}n (1) in methanol.
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X-band EPR spectrum of 1 was recorded in frozen methanol solution at 77 K.
The spectrum is typical for a complex of high-spin manganese(ll) (Fig. 9). It
shows a strong six-line hyperfine structure at g = 2.0 due to the allowed AM, =
0 transitions. In between the six lines there are some weak fine structures. The
forbidden AM, = 1 transitions are expected to appear as weak ten-line structure
together with the six-line pattern [30,32]. The spectrum clearly indicates that
there is essentially no or very weak spin-coupling between the manganese(ll)
and manganese(l11) centers in 1. Thus, the spectrum is consistent with the very
small spin-coupling constants obtained from the variable temperature magnetic
susceptibility data of 1 (vide supra). It may be noted that analogous weakly
coupled mixed-valent manganese(ll)-manganese(lll) complexes in frozen

solution display very similar EPR spectra [30,32,48].

I T T T I T T T T
2500 3000 3500 4000 4500
Magnetic field (G)

Fig. 9. EPR spectrum of {[Mn2L(OAC)2]ClOs}n (1) in frozen (77 K) methanol.
5.4.5. Redox properties

Cyclic voltammetric measurements were performed at room temperature (298
K) with a methanol solution of 1 (1 x 10~ M) containing BusNCIO4 (0.1 M) as
the supporting electrolyte using a glassy-carbon working electrode, a Pt-wire
auxiliary electrode and an Ag/AgCI reference electrode at a scan rate of 100
mV s, Under identical condition the ferrocenium/ferrocene (Fc*/Fc) couple

was observed at E12 = 0.19 V (AEp = 190 mV). There is no oxidation response

194



Chapter 5 A cationic one-dimensional Mn(1)Mn(llI) ...

for the complex on the anodic side of the reference electrode. However, on the
cathodic side, it displays a quasi-reversible reduction at E1» = —-0.03 V (AE, =
230 mV) and an irreversible reduction at —1.16 V (Fig. 10). The peak currents
of the quasi-reversible response are comparable with those of the Fc*/Fc
couple and other known one-electron redox processes under comparable
conditions [49-51]. In contrast, the irreversible response has relatively much
larger cathodic peak current. There is no report of any ligand reduction near
0.0 V for dimanganese complexes with analogous macrocyclic Schiff base
ligands [20,30-32]. On the other hand, metal centered one-electron redox
response having an Ei» value at a little higher potential range (0.03 V vs
Fc*/Fc, 0.08 V vs Ag/Ag, 0.6 V vs NHE and 0.11-0.29 V vs SCE) has been
reported for analogous Robson-type dimanganese(ll,Il) complexes
[20,30-32,48]. Thus, the first quasi-reversible reduction of 1 is assigned to a
metal centered Mn(IDMn(HID/Mn(IDMn(11) redox couple. The second
irreversible reduction at —1.16 V with high peak current is attributed to the

reduction of the azomethine fragments of L~ [48].
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Fig. 10. CV of {[Mn,L(OACc)2]CIO4}n using the experimental conditions

described in the text. Inset: The quasi-reversible metal centered reduction.
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5.5. Catecholase like activity

The catecholase mimicking activity of 1 was investigated using 3,5-di-tert-
butylcatechol (3,5-DTBC) as the model substrate. The reactions were carried
out by adding 3,5-DTBC to 1 x 10~* M solutions of the complex in methanol
at 298 K under aerobic conditions. The formation of the 3,5-di-tert-butyl-1,2-
benzoquinone (3,5-DTBQ) was followed spectrophotometrically over a period
of 1 h (Fig. 11). Dependence of the reaction rate and the various Kinetic
parameters on the substrate concentration has been determined by treating the
catalyst with 25, 50, 100, 200 and 300 molar equivalents of 3,5-DTBC. The
rates of the reactions were calculated from the change in absorbance (at 382
nm) against time plots. Using Michaelis—-Menten equation and the
Lineweaver-Burk plot (Fig. 12), the kinetic parameters Michaelis—Menten
constant (Km), maximum velocity (Vmax) and the turnover number (Kca) were
calculated as 33.6 x 10° M, 20.3 x 10° M min? and 1.2 x 10* h?
respectively. Till now a large number of manganese(ll/111/1V) complexes
having a variety of nuclearities and two mixed-valent manganese(ll/111)
polymeric complexes have been reported to exhibit low to high catecholase
activities with turnover numbers (kea) in the range 1.7 to 1.32 x 10° h!
[21,52-55]. The keat value of 1 displays its catalytic efficiency in oxidation of
catechol to quinone is the fifth best amongst the above-mentioned complexes
[54]. =

Absorbance

0.5
3,5-DTBC

0.0

" T T T T T T T T
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Fig. 11. Change of absorbance of 3,5-DTBQ band around 390 nm. The spectra

were recorded at time intervals of 5 min.
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Fig. 12. Lineweaver—Burk plot. The straight line represents a linear least-

squares fit.

5.6. Conclusions
A one-dimensional coordination polymer of a monocationic bis(phenoxo)-

acetato bridged dimanganese(11/111) complex with a Robson-type macrocyclic
L2 as the principal ligand, acetate as coligand and perchlorate as counter
anion was synthesized and structurally characterized. In this polymeric
complex, {[Mn""Mn'"L(OACc)2]CIO4}n, half of the acetates act as intra-
dinuclear bridges, while the other half provide the inter-dinuclear bridges. In
the chain-like structure, the Mn--Mn distance alternates between long and
short values. The microanalytical data and the spectroscopic features are
consistent with the formula of the complex. Magnetic susceptibility
measurements reveal that the bis(phenoxo)-acetato bridged metal centers in
the repetitive dinuclear unit of the polymeric chain are weakly
ferromagnetically coupled, while a weak antiferromagnetic interaction is
operative in and between the polymeric chains. The complex is redox active
and shows a metal centered and a ligand centered reduction responses. It
exhibits an excellent catalytic activity in aerobic oxidation of 3,5-di-tert-
butylcatechol to 3,5-di-tert-butyl-1,2-benzoquinone.
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Chapter 6

One-dimensional Mn(111) and Fe(l11) coordination
polymers based on mixed ligands: Syntheses, structures
and propertiest

6.1. Abstract

Reactions of Mn(ClO4)2-6H20 and Fe(ClO4)s:6H20 with the tetradentate
N202-donor Schiff bases N,N ~bis(salicylidine)-ortho-phenylenediamine and
N,N ~bis(salicylidine)ethylenediamine (Hzsalophen and Hosalen, where 2 Hs
represent the two dissociable phenolic protons) and the bridging ligand 4,4'-
bipyridine (bipy) in presence of triethyl amine in methanol under ambient
conditions produce one dimensional coordination polymers
{[Mn(salophen)(u-bipy)]ClOs}n (1) and {[Fe(salen)(u-bipy)]ClOs}n (2) in
~60% yields. Both complexes have been characterized by elemental analysis
and spectroscopic (IR and DR) measurements. The linear polymeric structures
of 1 and 2 have been confirmed by single crystal X-ray crystallography. The
metal centres in these polymers are in distorted octahedral N4O coordination
spheres. Each of the two dibasic tetradentate ligands (salophen?  and salen®)
forms an ONNO square-plane around the metal centre, while the two axial
coordination sites are occupied by N-atoms of the two bridging bipy ligands.
Variable temperature magnetic susceptibility measurements reveal the high-
spin configuration of manganese(lll) and iron(l1l) and Curie paramagnetic

behaviour of each of the two coordination polymers.

+ This work has been published in J. Chem. Sci. 133 (2021) 73.
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6.2. Introduction

Since the first classification of infinite linear inorganic chain compounds as
coordination polymers in 1964[1] the design and synthesis of polymeric
coordination compounds have attracted immense attention due to their
interesting solid state assembly patterns and the consequent electronic, optical
and magnetic properties [2-11]. The network structures and the physical
properties of these compounds have led to their applications in a wide variety
of research areas such as gas absorption, separation and storage; molecule-
based conductors, magnets and sensors; nonlinear optical materials and
catalysis [6-11]. As a result, there is a constant effort for new coordination
polymers having potential for use as functional materials and efficient
catalysts. We have been working on structural aspects and catalytic
applications of coordination polymers involving some 3d metal ions for quite
some time [12-14]. Herein, we report two analogous one-dimensional
coordination polymers of manganese(lll) and iron(lll) having the formulas
{[Mn(salophen)(u-bipy)]CIOs}n (1) and {[Fe(salen)(u-bipy)]ClOs}n (2)
assembled from square-planar N2O. coordination geometry forming Schiff
bases N,N “bis(salicylidine)-ortho-phenylenediamine (Hzsalophen) and N,N -
bis(salicylidine)ethylene-diamine (Hzsalen), respectively and the bridging
ligand 4,4'-bipyridine (bipy) (Chart 1). In the following account, syntheses,
single crystal X-ray structures and the physical properties of 1 and 2 have been

described.
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Chart 1. Chemical structure diagrams of the teradentate Schiff bases and the
corresponding one-dimensional manganese(lll) and iron(l1l) coordination

polymers.

6.3. Experimental

6.3.1 Materials

The Schiff bases Hzsalen and H.salophen were prepared from two mole
equivalents of salicylaldehyde and one mole equivalent of ethylene diamine
and ortho-phenylenediamine, respectively in methanol by following a reported
procedure [15]. All other chemicals used in this work were of analytical grade
available commercially and were used as received without any further

purification. Solvents used were purified by standard methods [16].
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6.3.2 Physical measurements

Elemental (CHN) analyses were performed with the help of a Thermo
Finnigan Flash EA1112 series elemental analyser. A Quantum Design
SQUID-VSM instrument was used for solid state variable temperature
magnetic susceptibility measurements. The infrared spectra were recorded in
ATR mode on a Thermo Scientific Nicolet iS5 FT-IR spectrophotometer. The
electronic spectra were recorded in the solid-state diffuse-reflectance
spectroscopy (DRS) mode with the help of a Shimadzu UV-2600

spectrophotometer equipped with an integrating sphere.

6.3.3. Synthesis of {[Mn(salophen)(-bipy)]ClOa4}n (1)

To a suspension of Hzsalophen (95 mg, 0.3 mmol) in 10 mL of methanol NEts
(60 mg, 0.6 mmol) and 4,4'-bipyridine (bipy) (47 mg, 0.3 mmol) were added
and stirred for 10 min. To the resulting mixture a methanol solution (10 mL)
of Mn(ClO4)2:6H20 (110 mg, 0.3 mmol) was added and stirred in air at room
temperature (298 K) for 2 h. The brown solution obtained was filtered and the
filtrate was kept for slow evaporation. The dark crystalline material separated
in about 7-10 days was collected by filtration and dried in vacuum. Yield: 120
mg (64%). Anal. Calcd for CzoH22N4OeCIMn: C, 57.66; H, 3.55; N, 8.97.
Found: C, 57.62; H, 3.56; N, 8.91. Selected IR bands: v (cm™) = 1599
(azomethine-CN), 1064 and 621 (ClO4"). UV-Vis (diffuse reflectance) bands:
Amax (Nnm) = 570", 450%", 350, 252

6.3.4. Synthesis of {[Fe(salen)(u-bipy)]ClOas}n (2)

The iron(lll) coordination polymer was also synthesized in methanolic
medium by using Hasalen, NEts, 4,4'-bipyridine (bipy) and Fe(ClOa4)3-6H20 in
the same mole ratio and the same procedure as described for 1. Yield: 105 mg
(60%). Anal. Calcd for CosH22N4OsClFe: C, 54.05; H, 3.84; N, 9.70. Found:
C, 54.15; H, 3.86; N, 9.62. Selected IR bands: v (cm?) = 1617 (azomethine-
CN), 1083 and 618 (ClO4"). UV-Vis (diffuse reflectance) bands: Amax (nm) =
580°", 442, 345, 248.
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6.3.5. X-ray crystallography

A single crystal of {[Mn(salophen)(u-bipy)]ClOs}n (1) suitable for X-ray data
collection was collected from the crystalline material obtained from its
synthesis reaction mixture. On the other hand, X-ray quality crystals of
{[Fe(salen)(u-bipy)]ClO4}n (2) were grown by slow evaporation of its solution
in acetonitrile. Complex 1 crystallized as it is without any solvent molecule,
while complex 2 formed an acetonitrile solvate 2:CH3CN. X-ray intensity data
for both crystals were collected at 298 K on a Bruker D8 QUEST
diffractometer equipped with a PHOTON 100 CMOS area detector and an
INCOATEC microfocus source for graphite-monochromated Mo Ka radiation
(A =0.71073 A). Data collection and reduction were performed with the help
of APEX3 package [17]. Absorption corrections were applied using the
SADABS program [18]. Each of the two structures was solved by direct
method and refined on F? by full-matrix least-squares procedures. All non-
hydrogen atoms of 1 and except for the isotropically refined non-hydrogen
atoms of the two half-occupancy CHsCN molecules the remaining non-
hydrogen atoms of 2-CHsCN were refined with anisotropic thermal
parameters. All hydrogen atoms of both structures were included in the
structure factor calculations at idealized positions by using a riding model. The
SHELX-97 programs [19] available in the WinGX package [20] were used for
structure solution and refinement. The structural illustrations were prepared
using the Mercury package [21]. Selected crystal data and refinement
summary for both structures are listed in Table 1. Detailed X-ray
crystallographic data for 1 and 2:CH3CN have been deposited with the
Cambridge crystallographic data center under the deposition numbers 2077457
and 2077458 respectively.
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Table 1 Selected crystal data and structure refinement summary

Complex

1

2-CH3CN

Chemical formula
Formula weight
Crystal system

Space group
a(A)
b (A)
c (A)
a (%)
B ()
(%)
Volume (A3
V4
p(gecm=)
#(mm™)
Reflections collected
Reflections unique
Reflections [1 > 2o(1)]
Data / restr. / param.
R1, WR2 [I = 25(1)]
R1, wR2 [all data]
GoF on F?
Max. / Min. Ap (e A=)

C30H22N406CIMN
624.91
Monoclinic
P2i/c
11.7703(5)
30.1432(16)
16.4637(8)
90
99.697(2)
90
5757.8(5)
8
1.442
0.602
208861
10099
8068
10099 /0/ 757
0.0648, 0.1945
0.0813, 0.2063
1.062
1.698 / —0.688

C28H25NsO6ClFe
618.83
Triclinic
P1
9.6938(18)
11.533(3)
15.084(3)
102.352(13)
102.883(12)
105.925(13)
1511.2(5)
2
1.360
0.635
49255
5285
3800
5285/0/ 369
0.0950, 0.2421
0.1283, 0.2594
1.095
1.222 /-0.586
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6.4. Results and discussion

6.4.1. Synthesis and characterization

{[Mn(salophen)(u-bipy)]ClOs}n (1) and {[Fe(salen)(u-bipy)]ClOs}n (2) were
synthesized in decent vyields (64 and 60%, respectively) by reacting
hexahydrated manganese(ll) and iron(lll) perchlorates, the corresponding
Schiff bases Hasalophen and Hasalen, 4,4'-bipyridine and triethylamine in
1:1:1:2 mole ratio in methanol at room temperature (300 K) under aerobic
conditions. The elemental (CHN) analysis data of the two compounds are in
good agreement with their molecular formulas. In the solid state, room
temperature (300 K) magnetic moments of the repetitive mononuclear units
are 4.61 and 6.02 ug for 1 and 2, respectively. These values are close to the
spin-only magnetic moments of 4.89 and 5.92 g calculated for S=2and S =
5/2 spin states for the manganese(lll) and iron(lll) centres in 1 and 2,
respectively. In the case of 1, it is very likely that the oxygen in air oxidized
the manganese centre from bivalent state to the trivalent state during it

synthesis from manganese(ll) perchlorate under aerobic conditions.

6.4.2. X-ray structures

The structures of 1 and 2-CH3CN were solved in the space groups P2i/c and
P1, respectively. The asymmetric unit of 1 contains two repetitive units of the
polymer, while that of 2-:CH3CN contains one repetitive unit of the polymer
and two half occupancy acetonitrile molecules. In both coordination polymers,
the perchlorate ions are somewhat close to the metal coordinated polarized
azomethine C-H groups indicating hydrogen bonding interactions. The
shortest C---O distances and the corresponding C—H---O angles are in the
ranges 3.360(14)-3.618(16) A and 123-163°, respectively. However, no
significant close contact could be detected for the two half-occupancy
acetonitrile molecules with the complex cation or perchlorate ion in 2:CH3CN.
The structures of the asymmetric units of 1 and 2-CH3CN are illustrated in t. 1

and 2, respectively. Metal centred geometric parameters of both are listed in
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Table 2 and 3. In the asymmetric unit of 1, the bond lengths and angles
associated with the manganese centres of the two repetitive cations are very
similar. In each of [Mn(salophen)(u-bipy)]* and [Fe(salen)(u-bipy)]*, the
metal ion is in a distorted octahedral N4O> coordination sphere assembled by
the N2O»-donor Schiff base ligand and two N-atoms of the two bridging 4,4'-
bipyridine molecules. The tetradentate Schiff base forms an ONNO square-
plane around the metal centre. There is no deviation of the metal ion from this
square-plane. The rms deviations from the mean plane constituted by the metal
centre and the four coordinating atoms are about 0.03 and 0.07 A for 1 and 2,
respectively. The N-atoms of two symmetry related 4,4’-bipyridine molecules
satisfy the two axial positions of the metal centre in each of the planar
{Mn(salophen)}" and {Fe(salen)}" units. As a result infinite linear chains of
[Mn(salophen)(u-bipy)]* and [Fe(salen)(u-bipy)]* are formed in the crystal
lattices of 1 and 2-CH3sCN, respectively (Fig. 3). The bridging 4,4'-bipyridine
moieties are twisted in both complexes. The twisting is relatively more in 1
than in 2. In the asymmetric unit of 1, the dihedral angles between the two
pyridine rings are 49.7(2)° and 37.8(2)° in the first and the second
[Mn(salophen)(u-bipy)]* units, respectively, whereas, in [Fe(salen)(u-bipy)]*,
the dihedral angle is 28.2(4)°. The metal to coordinating atom distances
observed for [Mn(salophen)(u-bipy)]” and [Fe(salen)(u-bipy)]” are
comparable with bond lengths reported for manganese(lll) and iron(l1)
complexes, respectively, having similar coordinating atoms [22-25]. Bond
valence sum calculations were also carried out using the EXP0O2014 [26]
software for further confirmation of the oxidation states. The values obtained
are 3.21 and 3.19 for the two metal centres of the two [Mn(salophen)(u-
bipy)]" units present in the asymmetric unit of 1, whereas that is 2.99 for iron

in [Fe(salen)(u-bipy)]* present in the asymmetric unit of 2:CH3CN.
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Fig. 1. The asymmetric unit of 1 with the atom labelling scheme. Thermal
ellipsoids of all non-hydrogen atoms are drawn at the 50% probability level.

For clarity only the non-carbon atoms are labelled.

Fig. 2. The asymmetric unit of 2-:CH3CN with the atom labelling scheme.
Thermal ellipsoids of all non-hydrogen atoms except for those of the two
half-occupancy CH3CN molecules are drawn at the 50% probability level. For

clarity the carbon atoms are not labelled.
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Table 2 Selected bond parameters for {{Mn(salophen)(u-bipy)]CIO4}n (1)

Mn(1)-O(1)
Mn(1)-0(2)
Mn(1)-N(1)
Mn(1)-N(2)
Mn(1)-N(3)
Mn(1)-N(4')?
O(1)-Mn(1)-0(2)
O(1)-Mn(1)-N(1)
O(1)-Mn(1)-N(2)
O(1)-Mn(1)-N(3)
O(1)-Mn(1)-N(4")*
0(2)-Mn(1)-N(1)
0(2)-Mn(1)-N(2)
0(2)-Mn(1)-N(3)
0(2)-Mn(1)-N(4')?
N(1)-Mn(1)-N(2)
N(1)-Mn(1)-N(3)
N(1)-Mn(1)-N(4")®
N(2)-Mn(1)-N(3)
N(2)-Mn(1)-N(4")®

N(3)-Mn(1)-N(4')?

1.871(3)
1.879(3)
1.984(3)
1.983(3)
2.315(3)
2.396(3)
95.05(13)
91.91(13)
173.09(14)
90.74(13)
89.19(12)
172.87(13)
91.41(13)
92.10(12)
91.52(12)
81.70(14)
89.32(12)
87.06(12)
86.57(13)

93.09(12)

176.38(12)

Mn(2)-0(3)
Mn(2)-O(4)
Mn(2)-N(5)
Mn(2)-N(6)
Mn(2)-N(7)
Mn(2)-N(8')?
O(3)-Mn(2)-0(4)
0(3)-Mn(2)-N(5)
0(3)-Mn(2)-N(6)
0(3)-Mn(2)-N(7)
O(3)-Mn(2)-N(8")*
0(4)-Mn(2)-N(5)
0(4)-Mn(2)-N(6)
0(4)-Mn(2)-N(7)
O(4)-Mn(2)-N(8")*
N(5)-Mn(2)-N(6)
N(5)-Mn(2)-N(7)
N(5)-Mn(2)-N(8')*
N(6)-Mn(2)-N(7)
N(6)-Mn(2)-N(8")®

N(7)-Mn(2)-N(8')?

1.886(3)
1.865(3)
1.977(3)
1.994(3)
2.334(3)
2.390(3)
94.10(12)
91.80(13)
172.84(13)
91.72(12)
89.32(12)
172.81(13)
92.69(13)
94.21(12)

88.72(12)

81.27(13)
89.73(12)
87.23(12)
90.02(12)
88.59(12)

176.82(12)
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Table 3 Selected bond parameters for (2-:CH3CN)

Fe(1)-O(1) 1.871(4) Fe(1)-0(2) 1.906(4)

Fe(1)-N(1) 2.123(6) Fe(1)-N(2) 2.097(5)

Fe(1)-N(3) 2.231(5) Fe(1)-N(4")° 2.232(5)
O(1)-Fe(1)-0(2) 105.9(2) O(1)-Fe(1)-N(1) | 88.7(2)
O(1)-Fe(1)-N(2) 165.0(2) O(1)-Fe(1)-N(3) | 90.24(19)
O(1)-Fe(1)-N(4') 88.80(19) O(2)-Fe(1)-N(1) | 164.5(2)
O(2)-Fe(1)-N(2) 89.0(2) O(2)-Fe(1)-N(3) | 86.6(2)
0(2)-Fe(1)-N(4") 90.8(2) N(1)-Fe(1)-N(2) | 76.8(2)
N(1)-Fe(1)-N(3) 88.1(2) N(1)-Fe(1)-N(4")° | 94.8(2)
N(2)-Fe(1)-N(3) 92.9(2) N(2)-Fe(1)-N(4")° | 88.8(2)

\

AT

_-&

’ ‘ r r’

-

Fig. 3. One-dimensional linear structures of {{Mn(salophen)(u-bipy)]*}n (top)
and {[Fe(salen)(u-bipy)]"}n (bottom).
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6.4.3. Spectroscopic properties

Infrared spectra of 1 and 2 were recorded in the range 4000-400 cm. Both
spectra display a large number of bands of various intensities (Fig. 4). No
attempt was made to assign all the bands except for a selected few. The free
Schiff bases Hosalophen and Hsalen are reported to show the phenolic-OH
stretches as a broad band centred at 3450 and 3318 cm™, respectively [27,28].
As expected no such band is present in the spectra of 1 and 2 due to the
deprotonation of the phenolic-OH groups in both compounds. A sharp and
strong band observed at 1599 cm! for 1 is assigned to the azomethine C=N
group. This C=N stretching band in 1 is about 11 cm™ lower than that in the
free Hosalophen[27]. Similarly, 2 displays a sharp and strong band at 1617
cm-1, which is about 15 cm™ lower than that in the corresponding free Schiff
base [28]. The shift of the C=N stretch to lower energy in each of the two
polymers is consistent with the coordination of the azomethine-N atom to the
metal centre. The presence of the perchlorate ion in 1 and 2 is indicated by a

very strong and broad band centred at ~1070 cm™ and a sharp strong band at
~620 cm L,

Transmittance (%) —

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm‘1)

Fig. 4. Infrared spectra of (a) {[Mn(salophen)(u-bipy)]CIOs}n (1) and (b)
{[Fe(salen)(u-bipy)]CIO4}n (2).
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The optical features of 1 and 2 were determined by UV-Vis diffuse
reflectance spectroscopy using BaSOs as the reference. The spectral profiles
are very similar except for some shift in the band positions and variations in
their relative intensities (Fig. 5). Both compounds display a weak shoulder at
~575 nm, followed by another relatively strong absorption at ~455 nm and two
very strong absorptions at ~348 and ~250 nm. The electronic spectra of
Hzsalophen and Hsalen are known to show three strong absorptions in the
range 368-214 nm [27,29]. A ligand centred absorption band of the 4,4'-
bipyridine has been reported to be observed at 363 nm [30]. Thus, for 1 and 2,
the two bands in the ultraviolet region (~348 and ~250 nm) are assigned to
ligand centred transitions and the two visible region absorptions (~575 and
~455 nm) are attributed to ligand-to-metal charge transfer (LMCT) transitions.
Previously reported manganese(lll) and iron(l1l) complexes with salen type
ligands display LMCT bands in the comparable wavelength range [ 24,25,31].
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Fig. 5. Diffuse reflectance spectra of {[Mn(salophen)(u-bipy)]CIO4}n (1) (solid
trace) and {[Fe(salen)(u-bipy)]ClOs}n (2) (dashed trace).
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6.4.4. Magnetic properties

The magnetic properties of 1 and 2 were investigated by variable temperature
magnetic susceptibility measurements with their powdered samples in the
temperature range 5-300 K at a constant magnetic field of 1000 Oe. The
effective magnetic moment (pefr) of the repetitive unit of 1 is found to be 4.61
us at 300 K, which is somewhat lower than the calculated spin-only value
(4.89 ug) of high-spin manganese(lll) (S = 2). There is essentially no change
in the magnetic moment with lowering of temperature down to 65 K, where
uefr 1S 4.59 pg (Figure 6). On further lowering the temperature it increases
slightly and becomes 4.65 ug at 20 K and then decreases rapidly to a value of
4.34 ug. In case of the repetitive unit of 2, the pefr is 6.02 ug at 300 K, which is
very close to the spin-only value (5.92 ug) of high-spin iron(lll) (S = 5/2).
With lowering of temperature, the pess decreases and reaches the value of 5.91
us at 50 K and then increases slightly to 5.94 ug at 20 K (Fig. 6). Below 20 K
the perr decreases rather sharply to a value of 5.68 pug at 5 K. The extents of
overall decrease of the pef values due to lowering of temperature from 300 to
5 K are 0.27 and 0.34 ug for 1 and 2, respectively. Thus, it appears that there is
no significant spin-spin interaction in either of the two coordination polymers.
The inverse molar magnetic susceptibility values of the repetitive units of 1
and 2 are plotted against temperature (Figure 6). A near perfect linear plot has
been obtained for each of 1 and 2. In both cases, the data were fitted using the
expression for the Curie—~Weiss law. The Curie (C in cm® K mol™) and Weiss
(6 in K) constants obtained are 2.65 and —0.40 for 1 and 4.55 and —1.87 for 2.
The linear plots and the intercepts very close to the origin indicate the Curie
paramagnetic behaviour of both coordination polymers. The pes calculated
from the above-mentioned values of C are 4.60 and 6.03 ug for 1 and 2,
respectively. Generally, very weak or no spin-spin interactions are reported for
4,4'-bipyridine bridged complexes [23,32]. A possible explanation proposed

for such magnetic behaviour is as follows [32]. The single bond character of
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the C—C bond (1.477(5) and 1.491(5) A in 1 and 1.482(9) A in 2) between the
two pyridine rings of the bridging 4,4'-bipyridine allows unhindered twisting
of the two pyridine rings around this C—C bond (vide supra) and therefore
prevents the super-exchange pathway via the pyridine ring =-electrons for

effective spin-spin interaction between the bridged metal ions.
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Fig. 6. Inverse molar magnetic susceptibility as a function of temperature for

{[Mn(salophen)(u-bipy)]ClO4}n (1) (O) and {[Fe(salen)(u-bipy)]ClOs}n (2)

(A). The straight lines represent linear least-squares fits. Inset: Variation of

effective magnetic moments with temperature for {[Mn(salophen)(u-
bipy)]CIOs}n (1) (O) and {[Fe(salen)(u-bipy)]ClOa}n (2) (A).

6.5. Conclusions

Syntheses and characterization of two one-dimensional coordination polymers
of formulas {[Mn(salophen)(u-bipy)]CIOs}n (1) and {[Fe(salen)(u-
bipy)]ClO4}n (2) with N2O2-donor Schiff base ligands (salophen? and salen?)
and 4,4'-bipyridine (bipy) are reported. Structures of both coordination
polymers were determined by single crystal X-ray crystallography. In each

structure, the twisted 4,4'-bipyridine molecules act as bridges by occupying
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the axial coordination sites of the metal ions of the planar
{M(salophen/salen)}* units and assemble the one-dimensional linear structures
of {[M(salophen/salen)(u-bipy)]*}n. Microanalytical and the solid state
infrared and electronic spectroscopic characteristics of both polymeric
compounds are consistent with their structures. Variable temperature magnetic
susceptibility studies revealed the S = 2 and 5/2 spin states of the metal ions in
1 and 2, respectively and their Curie paramagnetic character due to twisting of
the bridging 4,4'-bipyridine, which does not allow any super-exchange

induced spin-spin interaction between the metal ions.
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Appendix

Tables for atomic coordinates (x 104) and equivalent isotropic displacement
parameters (A2 x 103). U(eq) is defined as one third of the trace of the
orthogonalized U] tensor.

Table A.1. [VO(acac)(LY)] (Chapter 2)

Atom X y z U(eq)
V(1) 10056(1) 2350(1) 9052(1) 45(1)
0(1) 8667(3) 3555(2) 9060(1) 57(1)
0(2) 10767(3) 1150(2) 8562(1) 52(1)
0(3) 9339(4) 2518(2) 8145(1) 61(1)
O(4) 7878(3) 1781(2) 9327(2) 59(1)
O(5) 11768(3) 2746(2) 8886(1) 57(1)
N(1) 8962(4) 3768(2) 10151(2) 57(1)
N(2) 9756(4) 2910(2) 10037(2) 49(1)
N(@3) 11019(4) 1364(2) 9731(2) 44(1)
N(4) 11657(4) 510(2) 9503(2) 49(1)
C@) 8399(5) 4044(3) 9591(2) 51(1)
C(2) 7389(5) 4928(3) 9572(2) 59(1)
C(3) 6610(7) 5166(3) 9027(3) 85(2)
C4) 5562(8) 5971(4) 9022(3) 107(2)
C(5) 5323(8) 6531(4) 9571(3) 102(2)
C(6) 6114(7) 6307(3) 10115(3) 85(2)
C(7) 7141(6) 5509(3) 10120(3) 69(1)
C(8) 10401(5) 2485(3) 10525(2) 55(1)
C(©9) 10412(8) 2903(4) 11200(2) 91(2)
C(10) 11132(5) 1570(3) 10348(2) 52(1)
C(11) 11946(6) 932(3) 10819(2) 72(1)
C(12) 11454(4) 476(3) 8870(2) 45(1)
C(13) 12068(5) -372(3) 8493(2) 50(1)
C(14) 12791(8) -1128(3) 8810(3) 91(2)
C(15) 13338(10) -1903(4) 8437(3) 125(3)
C(16) 13201(8) -1946(4) 7770(3) 90(2)
c(@7) 12498(7) -1212(4) 7465(2) 78(1)
C(18) 11923(5) -423(3) 7824(2) 61(1)
C(19) 7707(9) 2835(4) 7282(3) 113(2)
C(20) 7901(7) 2479(3) 7966(3) 71(1)
C(21) 6637(7) 2128(4) 8339(3) 86(2)
C(22) 6677(5) 1755(3) 8976(3) 68(1)
C(23) 5269(6) 1289(4) 9281(4) 106(2)
V(2) 8225(1) 2296(1) 4638(1) 48(1)
0O(6) 7638(4) 3270(2) 3971(1) 62(1)
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o(7) 7528(3) 1713(2) 5500(1) 59(1)
0(8) 5916(3) 2831(2) 4915(1) 54(1)
0(9) 9025(3) 3337(2) 5197(1) 57(1)
0(10) 7814(4) 1471(2) 4193(1) 60(1)
N(5) 10280(5) 3140(3) 3501(2) 62(1)
N(6) 10405(4) 2535(2) 4018(2) 56(1)
N(7) 10314(4) 1512(2) 4985(2) 53(1)
N(8) 10074(4) 960(2) 5523(2) 59(1)
C(24) 8751(6) 3492(3) 3524(2) 55(1)
C(25) 8234(6) 4176(3) 3031(2) 60(1)
C(26) 6600(8) 4465(3) 3016(2) 80(2)
C(27) 6065(9) 5117(4) 2565(3) 100(2)
C(28) 7216(11) 5486(4) 2130(3) 108(2)
C(29) 8835(10) 5215(4) 2138(3) 97(2)
C(30) 9369(8) 4544(4) 2578(2) 81(2)
C(31) 11843(5) 2145(3) 4123(2) 60(1)
C(32) 13419(6) 2305(4) 3719(3) 87(2)
C(33) 11779(5) 1526(3) 4684(2) 59(1)
C(34) 13274(6) 975(4) 4903(3) 78(1)
C(35) 8542(5) 1116(3) 5755(2) 53(1)
C(36) 7898(5) 613(3) 6344(2) 54(1)
C(37) 6308(6) 828(3) 6622(2) 73(1)
C(38) 5690(8) 376(4) 7170(3) 92(2)
C(39) 6637(8) -316(4) 7430(3) 91(2)
C(40) 8221(8) -551(4) 7168(3) 89(2)
C(41) 8865(6) -90(3) 6624(2) 69(1)
C(42) 3601(6) 3721(4) 5407(3) 90(2)
C(43) 5444(5) 3507(3) 5299(2) 60(1)
C(44) 6463(6) 4038(3) 5609(3) 74(1)
C(45) 8155(6) 3944(3) 5539(2) 57(1)
C(46) 9048(6) 4609(4) 5901(3) 82(2)
0(11) 12770(14) 2084(8) 7330(5) 144(4)
C(47) 12008(19) 2091(11) 6739(6) 133(5)
Table A.2. [VO(acac)(L?)] (Chapter 2)
Atom X y z U(eq)
V(1) 2745(1) -475(1) 7647(1) 37(1)
0(1) 2534(2) 1036(1) 8543(1) 49(1)
0() 1761(2) -1667(1) 6358(1) 46(1)
0@3) 509(2) -63(1) 7143(1) 43(1)
0(4) 3900(2) 417(1) 6704(1) 44(1)
0(5) 2048(2) -1200(1) 8381(1) 48(1)
N(1) 5260(2) 1203(2) 9333(1) 49(1)
N(2) 5119(2) 196(1) 8623(1) 41(1)
N(3) 4623(2) -1537(1) 7235(1) 40(1)
N(4) 4190(2) -2475(1) 6436(1) 46(1)
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c(1) 3810(3) 1585(2) 9218(2) 45(1)
C(2) 3619(3) 2707(2) 9840(2) 52(1)
C(3) 2292(4) 3239(2) 9554(2) 77(1)
C(4) 2164(4) 4320(3) 10090(3) 91(1)
C(5) 3328(4) 4893(2) 10928(2) 79(1)
C(6) 4619(4) 4343(3) 11221(2) 81(1)
c(7) 4796(3) 3269(2) 10688(2) 66(1)
C(8) 6458(2) -305(2) 8541(2) 44(1)
C(9) 8150(3) 135(2) 9187(2) 62(1)
C(10) 6159(3) -1330(2) 7730(2) 44(1)
c(11) 7504(3) -2058(2) 7490(2) 62(1)
C(12) 2633(3) -2457(2) 6011(2) 43(1)
C(13) 1849(3) -3351(2) 5102(2) 45(1)
C(14) 2813(3) -4081(2) 4550(2) 57(1)
C(15) 2050(3) -4882(2) 3683(2) 65(1)
C(16) 326(3) -5000(2) 3338(2) 59(1)
c(17) -636(3) -4280(2) 3908(2) 61(1)
C(18) 111(3) -3470(2) 4775(2) 53(1)
C(19) 3163(6) 6083(3) 11488(3) 113(1)
C(20) -508(4) -5882(2) 2393(2) 82(1)
C(21) -1543(3) 862(3) 6470(3) 93(1)
C(22) 265(3) 614(2) 6603(2) 57(1)
C(23) 1482(3) 1131(3) 6149(3) 89(1)
C(24) 3206(3) 1010(2) 6205(2) 55(1)
C(25) 4334(4) 1622(3) 5629(3) 83(1)
Table A.3. [VO(acac)(L?%)] (Chapter 2)
Atom X y z U(eq)
V(1) 7875(1) 4394(1) 12658(1) 34(1)
o(1) 7518(2) 5823(1) 13486(1) 43(1)
0(2) 7036(2) 3297(1) 11415(1) 43(1)
0(@3) 5612(2) 4802(1) 12138(1) 41(1)
0(4) 9020(2) 5324(1) 11685(1) 42(1)
0(5) 7185(2) 3662(1) 13424(1) 44(1)
0(6) 7444(3) 10458(2) 16082(2) 95(1)
o(7) 5394(3) -687(2) 7815(1) 74(1)
N(1) 10256(2) 6009(1) 14218(1) 41(1)
N(2) 10196(2) 5035(1) 13579(1) 35(1)
N(3) 9845(2) 3370(1) 12308(1) 35(1)
N(4) 9479(2) 2467(1) 11573(1) 39(1)
c(1) 8753(3) 6359(2) 14104(2) 39(1)
C(2) 8440(3) 7418(2) 14681(2) 44(1)
C(3) 6901(3) 7835(2) 14489(2) 60(1)
C(4) 6610(4) 8840(2) 14976(2) 74(1)
C(5) 7853(4) 9453(2) 15663(2) 65(1)
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C(6) 9379(4) 9042(2) 15885(2) 62(1)
C(7) 9665(3) 8029(2) 15391(2) 53(1)
C(8) 11576(2) 4547(2) 13537(1) 35(1)
C©9) 13215(3) 4960(2) 14158(2) 47(1)
C(10) 11359(2) 3552(2) 12796(2) 36(1)
C(11) 12747(3) 2837(2) 12607(2) 49(1)
C(12) 7949(3) 2518(2) 11134(2) 38(1)
C(13) 7249(3) 1671(2) 10273(2) 40(1)
C(14) 8223(3) 870(2) 9867(2) 54(1)
C(15) 7563(3) 98(2) 9052(2) 62(1)
C(16) 5917(3) 114(2) 8619(2) 52(1)
C(17) 4934(3) 903(2) 9010(2) 53(1)
C(18) 5608(3) 1670(2) 9841(2) 49(1)
C(19) 8656(6) 11141(3) 16785(3) 103(1)
C(20) 3780(4) -690(3) 7290(2) 76(1)
C(21) 3493(3) 5696(3) 11431(3) 99(1)
C(22) 5331(3) 5484(2) 11579(2) 59(1)
C(23) 6552(3) 6035(3) 11124(3) 94(1)
C(24) 8295(3) 5930(2) 11181(2) 57(1)
C(25) 9416(4) 6583(3) 10598(3) 89(1)
Table A.4. [VO(acac)(L*)] (Chapter 2)
Atom X y z U(eq)
V(1) 13948(1) 400(1) 7794(1) 37(1)
Cl(1) 4545(1) 6017(1) 8455(1) 74(1)
Cl(2) 21893(2) -5559(1) 5999(1) 94(1)
0(1) 11724(2) 1686(1) 7782(1) 44(1)
0() 15713(2) -850(2) 7151(1) 46(1)
0@3) 12726(2) 141(2) 6852(1) 45(1)
0(4) 15564(2) 1688(1) 6968(1) 45(1)
0(5) 12849(2) -588(2) 8475(1) 46(1)
N(1) 12541(3) 2523(2) 8845(1) 44(1)
N(2) 13969(3) 1618(2) 8712(1) 38(1)
N(3) 16460(3) 4(2) 8327(1) 39(1)
N(4) 17769(3) -900(2) 8052(1) 45(1)
c@) 11428(3) 2481(2) 8307(1) 40(1)
C@2) 9749(3) 3372(2) 8325(1) 42(1)
C@3) 8366(3) 3245(2) 7867(1) 44(1)
C(4) 6762(3) 4053(2) 7904(2) 48(1)
C(5) 6561(4) 5000(2) 8395(2) 51(1)
C(6) 7929(4) 5156(3) 8844(2) 63(1)
c(7) 9517(4) 4340(2) 8809(2) 59(1)
C(8) 15262(3) 1493(2) 9176(1) 39(1)
C(9) 15239(4) 2260(2) 9862(2) 50(1)
C(10) 16726(3) 535(2) 8950(1) 39(1)
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C(11) 18375(3) 191(2) 9376(2) 49(1)
C(12) 17237(3) -1287(2) 7417(1) 42(1)
C(13) 18457(4) -2277(2) 7007(2) 46(1)
C(14) 20266(4) -2608(3) 7183(2) 64(1)
C(15) 21340(5) -3601(3) 6853(2) 73(1)
C(16) 20597(5) -4253(3) 6356(2) 63(1)
c@7) 18857(5) -3913(3) 6143(2) 65(1)
C(18) 17783(4) -2917(2) 6471(2) 54(1)
C(19) 11713(5) 303(3) 5579(2) 80(1)
C(20) 12994(4) 667(2) 6108(2) 49(1)
C(21) 14313(5) 1524(3) 5770(2) 62(1)
C(22) 15533(4) 1974(2) 6194(2) 49(1)
C(23) 16926(5) 2879(3) 5725(2) 78(1)
Table A.5. [VO(acac)(L®)] (Chapter 2)
Atom X y z U(eq)
V(1) 2894(1) 288(1) 8595(1) 44(1)
0(1) 2259(2) 2287(3) 8987(1) 49(1)
0(2) 2801(2) -881(3) 7991(1) 61(1)
0@3) 1966(2) 2026(3) 8207(1) 59(1)
0(4) 1416(2) -1248(3) 8687(1) 53(1)
0(5) 4101(2) 1279(3) 8551(1) 58(1)
0(6) 3432(3) -3841(7) 5893(1) 121(2)
o(7) 3475(3) -6721(6) 6121(1) 123(2)
0(8) 719(3) 9393(5) 10374(1) 112(1)
0(9) 919(3) 7459(5) 10910(1) 105(1)
N(1) 3053(2) 732(3) 9589(1) 45(1)
N(2) 3336(2) -459(3) 9264(1) 42(1)
N(3) 3696(2) -2445(3) 8638(1) 48(1)
N(4) 3837(2) -3415(4) 8258(1) 55(1)
N(5) 3433(3) -5048(8) 6180(1) 88(1)
N(6) 960(3) 7868(5) 10524(1) 68(1)
c(1) 2471(2) 2137(4) 9403(1) 41(1)
c(2) 2053(2) 3620(4) 9691(1) 40(1)
C@3) 1582(3) 5279(4) 9513(1) 47(1)
C(4) 1224(3) 6689(4) 9782(1) 52(1)
C(5) 1348(3) 6389(4) 10231(1) 49(1)
C(6) 1813(3) 4760(4) 10415(1) 51(1)
c(7) 2167(3) 3382(4) 10145(1) 48(1)
C(8) 3916(2) -1973(4) 9377(1) 45(1)
C(9) 4316(3) -2459(5) 9833(1) 56(1)
C(10) 4131(2) -3142(4) 9004(1) 45(1)
c(11) 4785(3) -4940(5) 9046(1) 63(1)
C(12) 3323(3) -2454(5) 7937(1) 53(1)
C(13) 3344(3) -3174(5) 7482(1) 58(1)
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C(14) 3643(3) -5024(6) 7404(1) 75(1)
C(15) 3661(3) -5635(6) 6971(2) 81(1)
C(16) 3398(3) -4378(7) 6639(1) 71(1)
C(17) 3102(3) -2547(6) 6707(1) 75(1)
C(18) 3070(3) -1956(6) 7135(1) 69(1)
C(19) 460(5) 3558(7) 7815(2) 111(2)
C(20) 886(3) 1988(6) 8108(1) 62(1)
C(21) 146(3) 633(6) 8241(1) 70(1)
C(22) 413(3) -880(5) 8517(1) 56(1)
C(23) -514(3) -2194(6) 8633(1) 80(1)
Table A.6. [VO(acac)(L®)] (Chapter 2)
Atom X y z U(eq)
V(1) 3889(1) 3278(1) 6817(1) 43(1)
0(1) 2670(2) 2806(2) 7513(2) 53(1)
0(2) 5790(2) 3793(2) 7040(2) 53(1)
0@3) 5026(2) 3721(2) 8484(2) 53(1)
0(4) 4049(2) 1474(2) 6282(2) 50(1)
0(5) 3652(2) 4584(2) 7053(2) 54(1)
N(1) 897(2) 2044(2) 5744(2) 48(1)
N(2) 1917(2) 2301(2) 5433(2) 43(1)
N(3) 3915(2) 2924(2) 5128(2) 42(1)
N(4) 5114(2) 3205(2) 5069(2) 47(1)
c@) 1407(3) 2367(2) 6876(2) 45(1)
C@2) 497(3) 2250(3) 7451(3) 51(1)
C@) 1005(3) 2718(3) 8671(3) 64(1)
C(4) 146(4) 2659(4) 9214(4) 83(1)
C(5) -1192(4) 2156(4) 8559(4) 85(1)
C(6) -1698(4) 1689(4) 7352(4) 84(1)
C(7) -866(3) 1724(3) 6787(3) 65(1)
C(8) 1633(2) 2118(2) 4348(2) 42(1)
C(©9) 260(3) 1718(2) 3448(2) 45(1)
C(10) -728(3) 718(3) 3238(3) 57(1)
C(11) -2006(3) 397(3) 2423(3) 74(1)
C(12) -2325(3) 1083(4) 1841(3) 83(1)
C(13) -1353(4) 2074(3) 2044(3) 76(1)
C(14) -68(3) 2381(3) 2828(3) 57(1)
C(15) 2830(3) 2440(2) 4156(2) 42(1)
C(16) 2807(3) 2198(2) 2981(2) 47(1)
c(17) 2048(3) 1056(3) 1996(3) 61(1)
C(18) 2046(4) 810(3) 901(3) 82(1)
C(19) 2773(4) 1712(4) 773(3) 88(1)
C(20) 3522(4) 2865(3) 1752(3) 76(1)
C(21) 3543(3) 3100(3) 2842(3) 57(1)
C(22) 6049(3) 3660(2) 6140(2) 46(1)
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C(23) 7459(3) 4024(2) 6321(3) 50(1)
C(24) 7800(3) 3796(3) 5367(3) 63(1)
C(25) 9127(4) 4109(3) 5563(4) 76(1)
C(26) 10104(3) 4651(3) 6695(4) 77(1)
C(27) 9776(3) 4892(3) 7643(4) 70(1)
C(28) 8454(3) 4572(3) 7459(3) 58(1)
C(33) 4570(4) -281(3) 6359(3) 74(1)
C(32) 4623(3) 1063(3) 6960(3) 50(1)
C(31) 5277(3) 1761(3) 8201(3) 60(1)
C(30) 5451(3) 3012(3) 8879(2) 54(1)
C(29) 6198(4) 3651(4) 10210(3) 84(1)
Table A.7. [VO(u-OMe)(HL)]2 (Chapter 3)
Atom X y z U(eq)
Vv 6429(1) 5606(1) 5845(1) 35(1)
0(1) 4612(2) 6282(1) 5686(1) 47(1)
0(2) 7655(2) 4756(1) 6749(1) 40(1)
0(3) 8213(2) 4532(1) 10759(1) 62(1)
0(4) 8145(2) 6113(1) 5841(1) 55(1)
0(5) 6126(2) 5139(1) 4287(1) 38(1)
N(1) 4683(2) 6952(1) 6240(2) 51(1)
N(2) 6405(2) 5775(1) 7814(1) 34(1)
N(3) 7039(2) 5210(1) 8630(1) 37(1)
Cc(1) 5287(3) 7719(1) 8065(2) 67(1)
C(2) 5270(2) 6977(1) 7477(2) 45(1)
C@3) 5861(2) 6353(1) 8319(2) 38(1)
C(4) 5872(3) 6394(1) 9736(2) 49(1)
C(5) 7717(2) 4705(1) 7977(1) 34(1)
C(6) 8518(2) 4061(1) 8684(2) 37(1)
C(7) 8680(2) 4000(1) 10027(2) 44(1)
C(8) 9312(3) 3360(1) 10648(2) 62(1)
C(9) 9793(3) 2791(1) 9950(2) 66(1)
C(10) 9724(3) 2852(1) 8642(2) 65(1)
C(11) 9087(3) 3481(1) 8007(2) 51(1)
C(12) 7518(3) 5049(2) 3549(2) 74(1)
Table A.8. K[VO2(HL)]-MeOH (2-MeOH) (Chapter 3)
Atom X y z U(eq)
\% 2489(1) 2679(1) 5438(1) 28(1)
K 2911(1) -391(1) 5681(1) 41(1)
0(1) 113(2) 820(1) 2905(2) 49(1)
0(2) 3763(2) 4154(1) 7005(1) 34(1)
0(3) 4275(2) 7882(1) 6902(2) 45(1)
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0(4) 4340(2) 1952(1) 5326(1) 41(1)

0(5) 867(2) 1887(1) 5857(2) 49(1)
0(6) 3065(3) -602(2) 3077(2) 61(1)
N(1) 829(2) 2030(1) 3480(2) 35(1)
N(2) 2254(2) 4272(1) 4859(1) 28(1)
N(3) 3125(2) 5451(1) 5779(1) 30(1)
c(1) -456(3) 2423(2) 1421(2) 44(1)
C(2) 570(3) 2832(2) 2839(2) 33(1)
c@) 1406(2) 4148(2) 3656(2) 29(1)
C(4) 1292(3) 5225(2) 3149(2) 40(1)
C(5) 3884(2) 5279(2) 6892(2) 27(1)
C(6) 4876(3) 6387(2) 8052(2) 30(1)
c(7) 5023(3) 7628(2) 8007(2) 34(1)
c(8) 5960(3) 8647(2) 9139(2) 45(1)
C(9) 6698(3) 8448(2) 10293(2) 52(1)
C(10) 6535(4) 7231(2) 10358(2) 52(1)
C(11) 5650(3) 6212(2) 9243(2) 41(1)
C(12) 2254(4) -1803(2) 2139(2) 61(1)

Table A.9. [Co"Co"(u-OAc)(u3-OH)(u-L)]2 (Chapter 4)

Atom X y z U(eq)
Co(d) 2372(1) 1754(1) 4368(1) 42(1)
Co(2) 3007(1) 2819(1) 3815(1) 47()
Co(3) 4403(1) 1940(1) 4969(1) 42(1)
Co(4) 3228(1) 2525(1) 5889(1) 47(1)
o@) 2569(2) 976(1) 4267(2) 49(1)
o) 2161(2) 2538(1) 4546(2) 45(1)
0(3) 3907(2) 3204(1) 3412(2) 58(1)
0(4) 1607(2) 1737(1) 3373(2) 57(1)
0(5) 2116(2) 2515(1) 2864(2) 66(1)
0(6) 4696(2) 1208(1) 4674(2) 55(1)
o(7) 4118(2) 2720(1) 5148(2) 44(1)
0@®) 2159(2) 2572(1) 6423(2) 56(1)
0(9) 5153(2) 1800(2) 5962(2) 64(1)
0(10) 4269(2) 2208(2) 6717(2) 67(1)
0(11) 3497(2) 2011(1) 4016(2) 41(1)
0(12) 3229(2) 1766(1) 5326(2) 43(1)
0(13) 1719(4) 11659(2) 4217(4) 115(2)
0(14) 6014(4) 5201(2) 2154(4) 144(2)
0(15) 6670(3) 912(1) 3616(2) 84(1)
0(16) -1301(2) 3535(2) 7702(2) 74(1)
N() 1279(3) 937(2) 4824(3) 68(1)
N(2) 1368(2) 1521(2) 4778(2) 55(1)
N(3) 2470(2) 3596(1) 3916(2) 50(1)
N(4) 2935(3) 4027(2) 3617(2) 56(1)
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N(5)

N(6)

N(7)

N(8)

c(1)

c(2)

c(@3)

C(4)

C(5)

C(6)

c(7)

Cc(8)

C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
c(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)

5891(2)
5468(2)
3186(2)
2454(2)
2546(3)
2518(4)
1835(4)
1206(6)
1233(5)
1920(3)
1931(3)

754(3)

671(3)
1346(3)
1169(3)

359(3)
-279(3)
-111(3)
1760(3)
3656(3)
4250(3)
3970(4)
4530(4)
5390(5)
5713(5)
5133(5)
2288(5)

-1125(4)

5760(6)
1665(3)
1129(5)
5248(4)
5566(4)
6392(4)
6905(4)
6584(4)
5766(3)
5434(3)
5840(3)
5535(3)
4716(3)
4510(3)
5110(3)
5901(3)
6098(3)
3718(3)
1971(3)

1680(1)
2137(1)
3364(1)
3534(2)
-210(2)
-789(2)
-1087(2)
-807(3)
-228(3)
78(2)
695(2)
1835(2)
2435(2)
2766(2)
3346(2)
3575(2)
3260(2)
2686(2)
3737(2)
3819(2)
4221(2)
4761(2)
5128(2)
4965(3)
4438(3)
4065(3)
-1963(3)
3534(3)
5834(3)
2064(2)
1886(3)
191(2)
-328(2)
-369(2)
106(2)
628(2)
671(2)
1217(2)
2624(2)
3128(2)
3158(2)
3671(2)
4131(2)
4111(2)
3605(2)
3760(2)
3087(2)

228

4277(2)
4574(2)
6076(2)
6426(2)
4122(3)
4029(3)
4267(4)
4618(6)
4700(5)
4446(3)
4519(3)
4997(3)
4908(3)
4639(2)
4514(2)
4712(3)
5010(3)
5089(3)
4203(3)
3375(2)
3046(3)
2826(3)
2515(3)
2440(4)
2714(6)
2991(4)
3793(5)
5234(4)
1892(5)
2817(3)
2048(3)
4172(3)
3991(3)
3745(3)
3648(3)
3848(3)
4114(3)
4373(3)
4562(3)
4900(2)
5205(2)
5547(2)
5543(3)
5229(3)
4915(3)
5911(2)
6568(2)

54(1)
45(1)
48(1)
53(1)
60(1)
67(1)
87(2)
141(4)
118(3)
60(1)
54(1)
60(1)
52(1)
48(1)
50(1)
61(1)
62(1)
61(1)
55(1)
48(1)
58(1)
68(1)
76(2)
94(2)
132(3)
100(2)
109(2)
88(2)
119(3)
58(1)
91(2)
64(1)
71(2)
71(2)
74(1)
66(1)
57(1)
51(1)
54(1)
47(1)
42(1)
44(1)
54(1)
59(1)
56(1)
49(1)
51(1)



C(44) 1140(3) 3208(2) 6904(2) 53(1)
C(45) 851(4) 3751(2) 6971(3) 70(1)
C(46) 44(4) 3879(2) 7234(3) 72(1)
C(47) -479(3) 3449(2) 7440(3) 61(1)
C(48) -194(4) 2892(2) 7395(3) 63(1)
C(49) 604(3) 2777(2) 7124(3) 58(1)
C(50) -1695(4) 4081(3) 7621(4) 88(2)
C(51) 6524(4) 4622(2) 5221(4) 86(2)
C(52) 7465(6) -986(3) 3285(4) 114(3)
C(53) 4910(3) 1889(2) 6601(3) 65(1)
C(54) 5468(5) 1578(3) 7291(4) 98(2)
N(9) 7480(11) 3260(6) 3406(8) 212(6)
C(55) 7903(10) 2837(5) 3379(7) 181(7)
C(56) 8308(12) 2282(6) 3362(8) 275(12)
N(10) 1803(12) 5028(8) 6067(11) 166(6)
C(57) 1073(14) 5148(11) 6220(14) 179(9)
C(58) 105(13) 5155(10) 6290(14) 181(9)
Table A.10. {{Mn2L(OACc)2]ClOs}n (Chapter 5)
Atom X y z U(eq)
Mn(1) 2560(1) 1851(1) 5643(1) 30(1)
Mn(2) 3528(1) 2555(1) 3931(1) 34(1)
Cl(1) 7726(1) 3226(1) 6945(1) 56(1)
0(1) 3820(2) 1663(1) 5021(1) 32(1)
0() 2578(2) 2956(1) 5126(1) 34(1)
0o@3) 1509(2) 1402(2) 4617(2) 52(1)
0(4) 1922(2) 2225(2) 3532(2) 57(1)
0(5) 3429(2) 2233(1) 6806(1) 41(1)
0(6) 4006(2) 3092(2) 7840(2) 48(1)
o(7) 7108(4) 3214(2) 6152(3) 100(1)
0(8) 7024(4) 3430(3) 7600(3) 122(2)
0(9) 8178(4) 2439(3) 7132(3) 122(2)
0(10) 8495(3) 3882(2) 6927(2) 82(1)
N(1) 2662(2) 632(2) 6053(2) 36(1)
N(2) 1220(2) 2133(2) 6228(2) 44(1)
N(3) 3562(2) 3962(2) 3875(2) 34(1)
N(4) 5335(2) 2682(2) 4155(2) 37(1)
c@) 4672(3) 1277(2) 5384(2) 31(1)
C@2) 5703(3) 1552(2) 5223(2) 34(1)
C@3) 6564(3) 1145(2) 5659(2) 41(1)
C4) 6470(3) 469(2) 6212(2) 43(1)
C(5) 5468(3) 167(2) 6314(2) 40(1)
C(6) 4564(3) 573(2) 5934(2) 33(1)
C(7) 3545(3) 236(2) 6130(2) 36(1)
C(@8) 1695(3) 175(2) 6281(3) 49(1)
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C(9) 1094(4) 699(3) 6904(4) 77(2)
C(10) 526(4) 1449(3) 6544(4) 79(2)
C(11) 880(3) 2898(2) 6300(2) 48(1)
C(12) 1306(3) 3671(2) 5941(2) 39(1)
C(13) 831(3) 4447(2) 6155(2) 47(1)
C(14) 1107(3) 5219(2) 5814(2) 46(1)
C(15) 1854(3) 5199(2) 5201(2) 43(1)
C(16) 2339(3) 4450(2) 4943(2) 35(1)
C(17) 2088(2) 3666(2) 5336(2) 31(1)
C(18) 3083(3) 4542(2) 4275(2) 37(1)
C(19) 4301(3) 4281(2) 3254(2) 40(1)
C(20) 5445(3) 4169(2) 3581(2) 46(1)
C(21) 5858(3) 3259(2) 3561(2) 47(1)
C(22) 5966(3) 2228(2) 46217(2) 39(1)
C(23) 7434(3) 96(3) 6696(3) 64(1)
C(24) 597(4) 6049(3) 6062(3) 66(1)
C(25) 1285(3) 1777(2) 3924(2) 45(1)
C(26) 202(4) 1665(3) 3552(3) 76(1)
C(27) 3919(3) 2881(2) 7070(2) 33(1)
C(28) 4478(3) 3432(3) 6460(2) 51(1)
Table A.11. {{Mn(salophen)(u-bipy)]ClOs}n (Chapter 6)
Atom X y z U(eq)
Mn(1) 4622(1) 3094(1) 5611(1) 28(1)
0(1) 4928(2) 3191(1) 6749(2) 39(1)
0(2) 4606(2) 3699(1) 5329(2) 35(1)
N(1) 4643(3) 2441(1) 5761(2) 33(1)
N(2) 4226(3) 2920(1) 4435(2) 33(1)
N(3) 2659(3) 3093(1) 5627(2) 36(1)
N(4) -3346(3) 3047(1) 5610(2) 34(1)
C(1) 5516(3) 2923(2) 7308(3) 38(1)
C(2) 6031(4) 3106(2) 8061(3) 52(1)
C@®3) 6646(5) 2841(2) 8671(3) 66(2)
C(4) 6790(5) 2394(2) 8541(3) 69(2)
C(5) 6280(4) 2202(2) 7796(3) 58(1)
C(6) 5630(4) 2462(2) 7179(3) 42(1)
C(7) 5130(4) 2244(2) 6438(3) 41(1)
C(8) 4165(4) 2205(2) 5040(3) 41(1)
C(9) 3930(5) 1756(2) 5008(4) 60(1)
C(10) 3467(7) 1573(2) 4242(4) 80(2)
C(11) 3229(7) 1823(2) 3568(4) 81(2)
C(12) 3447(5) 2271(2) 3590(3) 60(1)
C(13) 3927(4) 2465(1) 4322(3) 38(1)
C(14) 4237(4) 3190(2) 3805(3) 41(1)
C(15) 4486(4) 3646(2) 3859(3) 39(1)
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C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
Mn(2)
0(3)

O(4)

N(5)

N(6)

N(7)

N(8)

C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)

4549(5)
4770(6)
4912(6)
4844(5)
4648(3)
2220(4)
1064(3)
295(3)
753(4)
1921(4)
-959(3)
-1528(4)
-2703(3)
-2786(3)
-1611(3)
8103(1)
7755(2)
8263(2)
8091(3)
8516(3)
6152(3)
106(3)
7967(3)
7950(5)
8198(6)
8469(7)
8440(6)
8203(4)
8189(4)
8109(3)
7892(4)
7951(5)
8216(5)
8401(4)
8355(3)
8910(3)
9149(4)
9761(5)
10077(6)
9789(6)
9167(5)
8844(3)
5665(4)
4485(4)
3764(3)
4268(3)
5448(3)

3873(2)
4323(2)
4549(2)
4342(2)
3886(1)
2882(2)
2865(2)
3082(1)
3301(2)
3293(2)
3070(1)
2675(1)
2678(2)
3425(1)
3450(2)
4431(1)
4446(1)
3815(1)
5085(1)
4495(1)
4418(1)
4485(1)
4775(1)
4688(2)
5017(2)
5442(2)
5542(2)
5214(1)
5350(1)
5252(1)
5683(2)
5808(2)
5495(2)
5059(2)
4931(1)
4174(1)
3734(1)
3454(2)
3037(2)
2883(2)
3146(2)
3576(1)
4587(2)
4615(2)
4441(1)
4247(2)
4245(2)

231

3125(3)
3114(4)
3839(4)
4576(3)
4608(3)
6209(3)
6241(3)
5639(3)
5030(3)
5041(3)
5642(3)
5740(3)
5705(3)
5554(3)
5551(3)
7584(1)
6423(2)
7633(2)
7653(2)
8803(2)
7693(2)
7501(2)
5941(2)
5100(3)
4586(3)
4869(4)
5671(3)
6223(3)
7048(3)
8468(2)
8663(3)
9467(3)
10086(3)
9905(3)
9088(2)
9299(3)
9048(3)
9669(3)
9471(4)
8677(4)
8071(3)
8240(3)
8285(3)
8262(3)
7598(2)
6987(3)
7056(3)

57(1)
70(2)
71(2)
55(1)
37(1)
43(1)
42(1)
34(1)
52(1)
50(1)
34(1)
41(1)
39(1)
42(1)
46(1)
27(1)
36(1)
37(1)
30(1)
30(1)
34(1)
34(1)
36(1)
55(1)
76(2)
84(2)
66(2)
40(1)
38(1)
33(1)
46(1)
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57(1)
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31(1)
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58(1)
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70(2)
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35(1)
51(1)
51(1)
32(1)
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C(56) 2486(3) 4459(1) 7535(2) 31(1)
C(57) 1964(3) 4829(2) 7824(3) 40(1)
C(58) 785(4) 4828(2) 7789(3) 40(1)
C(59) 619(3) 4137(1) 7210(3) 37(1)
C(60) 1787(3) 4114(1) 7210(3) 35(1)
CI(1) 1362(2) 3230(1) 2360(1) 83(1)
0(5) 2387(7) 3164(2) 1985(4) 139(2)
0(6) 1249(9) 2839(2) 2777(5) 173(4)
o(7) 1591(6) 3580(2) 2917(4) 126(2)
0(8) 497(8) 3292(4) 1718(5) 201(4)
CI(2) 6540(4) 1018(1) 5792(2) 158(1)
0(9) 6846(11) 1461(4) 5839(12) 294(8)
0(10) 6300(17) 965(6) 5021(8) 364(12)
O(11) 7540(14) 773(4) 6067(6) 271(7)
0(12) 5988(14) 1106(5) 6366(8) 273(7)
Table A.12. {[Fe(salen)(u-bipy)]ClOs}n (Chapter 6)
Atom X y z U(eq)
Fe(1) 4365(1) 6610(1) 3158(1) 31(1)
CI(1) -557(3) -2367(2) 416(2) 67(1)
0o(1) 6113(5) 7298(4) 4196(3) 38(1)
0(2) 2734(5) 6249(4) 3682(3) 40(1)
0(3) -222(12) -1467(12) 1217(8) 180(6)
0(4) -1113(16) -2154(16) -374(8) 211(7)
0(6) 729(12) -2670(13) 320(10) 173(5)
N(1) 5738(7) 6653(6) 2241(4) 46(1)
N(2) 2803(6) 5987(5) 1800(4) 36(1)
N(3) 4382(6) 4671(5) 3125(4) 38(1)
N(4) 4311(6) -1444(5) 3263(4) 43(1)
C(1) 7569(8) 7670(6) 4268(5) 42(2)
C(2) 8615(9) 8091(8) 5167(6) 61(2)
C@®3) 10149(10) 8497(11) 5276(8) 88(3)
C(4) 10667(10) 8484(12) 4473(8) 90(3)
C(5) 9667(9) 8067(9) 3595(7) 70(3)
C(6) 8098(8) 7620(7) 3465(5) 45(2)
C(7) 7158(8) 7126(7) 2508(6) 52(2)
C(8) 4932(10) 6080(10) 1216(6) 67(2)
C(9) 3439(9) 6251(9) 1034(5) 58(2)
C(10) 1387(8) 5430(6) 1611(5) 41(2)
C(11) 606(8) 5154(7) 2288(5) 45(2)
C(12) -930(9) 4472(9) 1931(7) 65(2)
C(13) -1779(11) 4162(13) 2546(9) 104(4)
C(14) -1067(12) 4493(14) 3475(8) 117(5)
C(15) 417(10) 5186(12) 3852(7) 88(4)
C(16) 1306(8) 5550(7) 3281(5) 47(2)
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c(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
N(5)

c(27)
C(28)
N(6)

C(29)
C(30)

3525(10)
3473(10)
4303(8)
5211(7)
5209(7)
4280(7)
3045(9)
3102(8)
5454(10)
5488(10)
-4770(30)
-5600(30)
-6700(30)
13260(30)
12140(30)
10760(30)

3647(7)
2437(7)
2260(6)
3324(6)
4496(6)
982(6)
-81(7)
-1254(7)
-428(7)
776(7)
2330(20)
1460(30)
170(20)
10000(30)
9410(20)
8630(30)

2420(6)
2434(6)
3240(5)
3967(5)
3892(5)
3281(5)
2782(7)
2785(6)
3780(7)
3808(7)
579(17)
490(19)
383(19)
8023(19)
7952(18)
7960(20)

62(2)
68(3)
43(2)
37(2)
37(2)
40(2)
63(2)
56(2)
73(3)
70(3)
125(8)
104(8)
110(8)
138(9)
97(7)
139(11)
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“Workshop on Electronic Structure of Coordination Complexes” held
at Indian Institute of Technology Bombay during 16—18 May, 2016.

“Modern Trends in Molecular Magnets (MTMM) Conference” held at
Indian Institute of Technology Bombay during 19-21 May, 2016.

Winter school on “Computational Chemistry and Biology” held at UGC-
NRC, School of Chemistry, University of Hyderabad during 12-28
December, 2018.

Workshop on “Advance Simulation Methods: DFT, MD and Beyond”
held at Indian institute of Technology Delhi during 6-10 March, 2019.

Bruker Workshop on “X-Ray Diffraction” held at Department of
Chemistry, National Institute of Technology Raipur on 1% April, 2019.

“Science Communication 101 Workshop” held on 28" August, 2019 at
Tata institute of fundamental research, Hyderabad.

Workshop on “Academic and Professional Development for Young
Scientists” organized by Indian National Young Academy of Sciences on
15" February, 2020.

“Chemical Science Frontiers: The Virtual International Conference”
Organized by Department of Chemistry, Uka Tarsadia University, Gujrat
held on 29-30 may, 2020.

International webinar on “Recent Advances of Sensors: Bio-sensing for
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Metals” organized by Department of Chemistry and Internal Quality
Assurance Cell, Asansol Girls College, West Bengal held on 30 June, 2020.

“Rigaku School for Practical Crystallography” held online on 6-17
July, 2020.
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Ankit Kumar Srivastava, Sabari Ghosh, Subhendu Jana, Samudranil Pal*
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ARTICLE INFO ABSTRACT

Reactions of bis(acetylacetonato)oxovanadium(IV) [VO(acac),] with isolated or in-situ generated a-diketone bis
(para-R-benzoylhydrazones) (H,L" (n = 1-6), where 2H represent the two dissociable amide protons) in me-
thanol or chloroform-methanol (1:3) mixture afford six novel oxovanadium(V) complexes of formula [VO(acac)
(LM] (1-6) in 51-64% yields. All the complexes have been characterized by elemental analysis, mass spectro-
metric, solution electrical conductivity, various spectroscopic (IR, UV-Vis, and 'H NMR) and cyclic voltammetric
measurements. The complexes are brown in color. They are diamagnetic and non-electrolytes. Molecular
structures of all six complexes have been determined by single crystal X-ray crystallography. The metal center in
each complex is in a distorted pentagonal-bipyramidal N,Os coordination sphere. The fused 5,5,5-membered
chelate rings forming ON,O-donor (L™)?>~ and one of the acetylacetonate-O form a N,Os; pentagonal plane
around the vanadium atom, while the second acetylacetonate-O and the oxo atom occupy the two axial posi-
tions. In the crystal lattice, the complexes form one-dimensional chain-, ladder- and ribbon-like supramolecular
structures via various types of intermolecular non-covalent interactions such as trifurcated O—H~(0,0,0), bi-
furcated C—H~O~H—C and C—H~(0,0), simple C—H~O, 5t — 5, C—Hx and OO interactions. The spectroscopic
features of 1-6 are consistent with their molecular structures. All the complexes are redox active and display a
quasi-reversible to irreversible vanadium(V) to vanadium(IV) reduction in the potential range —0.80 to —0.92V

Keywords:

Oxovanadium(V) complexes

a-Diketone bis(para-R-benzoylhydrazones)
Crystal structures

Pentagonal-bipyramidal

Physicochemical properties

(vs. Ag/AgCD).

1. Introduction

Generally, the coordination number of a metal ion in its complex
is determined by its ionic radius and the nature of the coordinating
ligands [1-5]. Coordination number more than six is very uncommon
in complexes of 3d transition metal ions, particularly of early 3d
higher valent transition metal ions. The primary reason for the
scarcity of such 3d metal ion complexes is the small ionic radius of
the metal center and hence its inability to accommodate more than
six coordinating atoms due to steric congestion. Examples of higher
coordinated species are mostly with small monoatomic ligands and
sometimes with one or two chelating ligands and remaining small
monoatomic ligands. Discrete mononuclear heptacoordinated com-
plexes with specially designed pentadentate macrocyclic [1,6] or
hexadentate ethylenediamine tetraacetic acid type primary ligands
[2,7,8] and monodentate ancillary ligands are also reported. Penta-
valent vanadium, one of the early 3d metal ions, has an ionic radius
of 0.54 A [9]. There are several reports on structurally characterized
heptacoordinated pentagonal-bipyramidal multi-ligand complexes of

* Corresponding author.
E-mail address: spal@uohyd.ac.in (S. Pal).

https://doi.org/10.1016/j.ica.2018.08.036

oxovanadium(V) [10-21]. However, essentially all these complexes
contain at least one sterically less hindering 3-membered chelate ring
forming N,O-donor hydroxyamido/oximato ligand [10-14] or bi-
dentate peroxo group [15-20]. Tris(N,N-diethyldithiocarbamato)ox-
ovanadium(V) is the rare example which does not have any 3-mem-
bered chelate ring [21]. It has three 4-membered chelate rings
formed by the three S,S-coordinating N,N-diethyldithiocarbamates.
To the best of our knowledge, there is no report on pentagonal-bi-
pyramidal oxovanadium(V) complexes with only 5- and/or 6-mem-
bered chelate ring forming ligands. Herein, we report a series of six
such ternary oxovanadium(V) complexes of general molecular for-
mula [VO(acac)(L™)] where (acac)™ and (L")?>~ represent the 6-
membered chelate ring forming acetylacetonate and the fused 5,5,5-
membered chelate rings forming a-diketone bis(para-R-benzoylhy-
drazonates), respectively (Chart 1). Molecular structures of all the
complexes have been confirmed by single crystal X-crystallographic
studies. Synthesis, characterization, physical properties and struc-
tures of these complexes have been described in the following
sections.
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n = 3 for R = Me and Ar = p-OMe-Ph

n =4 for R = Me and Ar = p-CI-Ph

n =5 for R = Me and Ar = p-NO,-Ph

n =6 for R =Ph and Ar = Ph
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Me

[VO(acac)(L")]
1-6 forn=1-6

2[VO(acac),] + 2H,L" + 1/20, — 2[VO(acac)(L")] + 2Hacac + H,0

Chart 1. Chemical structure diagrams of a-diketone bis(para-R-benzoylhydrazones) (H,L") and the complexes [VO(acac)(L™)] derived therefrom.

2. Experimental
2.1. Materials

The Schiff bases H,L! and H,L® were prepared in 70-80% yields by
condensation reactions of two mole equivalents of benzoylhydrazine
with one mole equivalent of the corresponding a-diketones (diacetyl for
H,L' and benzil for H,L®) by following reported methods [22,23]. The
remaining Schiff bases H,L.2 > were generated in-situ from diacetyl and
the appropriate para-R-benzoylhydrazines. Bis(acetylacetonato)ox-
ovanadium(IV), [VO(acac),], was synthesized by using a literature
procedure [24]. All other chemicals and solvents used in this work were
of analytical grade available commercially and were used without
further purification.

2.2. Physical measurements

A Thermo Finnigan Flash EA1112 series elemental analyzer was
used for the microanalytical (CHN) measurements. High resolution
mass spectra were recorded with a Bruker Maxis (ESI-TOF analyzer)
spectrometer. A Sherwood Scientific balance was used for room tem-
perature magnetic susceptibility measurements. The solution electrical
conductivities were measured with the help of a Digisun DI-909 con-
ductivity meter. The infrared spectra were recorded on a Bruker
TENSOR II FT-IR spectrophotometer. A Jasco-V-770 UV-Vis spectro-
photometer was employed to collect the electronic spectra. The 'H
NMR (400 MHz) spectra were recorded on a Bruker NMR spectrometer.
Cyclic voltammetric measurements were performed with the help of a
CH Instruments model 620A electrochemical analyzer.

2.3. Synthesis of [VO(acac)(L)] (1)

A methanol solution (8 ml) of [VO(acac).] (100 mg, 0.38 mmol) was
added to a suspension of H,L! (122 mg, 0.38 mmol) in methanol (7 ml)
and the mixture was boiled under reflux for 6 h. It was then cooled to
room temperature (298 K). The complex precipitated as a brown solid
was collected by filtration and dried in air. Yield: 110 mg (60%). Anal.
Caled for Cy3H3N405V (%): C, 56.79; H, 4.77; N, 11.52. Found: C,
56.68; H, 4.73; N, 11.62. HRMS in CH,Cl, m/z found (calcd) for
[M + H]*: 487.1186 (487.1186). Selected IR bands: v (cm ™ 1) = 1589
(C=N), 988 (V=0). UV-Vis in CH3CN: Apa, (nm) (e (10> M~*
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ecm™ ) = 515 (3.1), 436 (5.4), 296 (18.1), 231 (23.5). H NMR in
CDCl3: 6 (ppm) (J (Hz)) = 8.12 (8, 2) (dd, 4H, ortho Hs of benzoyl Ph
groups), 7.52 (8, 2) (tt, 2H, para Hs of benzoyl Ph groups), 7.44 (8)
(dd — t, 4H, meta Hs of benzoyl Ph groups), 5.42 (s, 1H, methine H),
2.60 (s, 6H, protons of the two Me groups of the a-diketimine moiety),
2.32 (s, 3H, protons of MeC(O) of (acac) ™~ at cis to the oxo atom), 1.73
(s, 3H, protons of MeC(O) of (acac)™ at trans to the oxo atom). CV in
CH3CN: E; 5 (V) (AE, (mV)) = —0.88 (120).

2.4. Synthesis of [VO(acac)(IL?)] (2)

A methanol solution (10 ml) of [VO(acac)-] (53 mg, 0.2 mmol) was
added to a solution of diacetyl (17 mg, 0.2 mmol) and para-methyl-
benzoylhydrazine (60 mg, 0.4 mmol) in methanol (10ml) and the
mixture was boiled under reflux for 4 h. The reaction mixture was then
kept at low temperature (5°C). The dark brown crystalline material
separated in about one week was collected by filtration and dried in air.
Yield: 60 mg (58%). Anal. Caled for CosH,7,N4OsV (%): C, 58.37; H,
5.29; N, 10.89. Found C, 58.26; H, 5.23; N, 10.82. HRMS in CH,Cl, m/z
found (caled) for [M +H]*, [M+ Na]*, [M+K]*: 515.1479
(515.1499), 537.1319 (537.1319), 553.1045 (553.1058). Selected IR
bands: v (cm ™ 1) = 1583 (C=N), 949 (V=0). UV-Vis in CH3CN: Amax
(nm) (e (10° M~ em™1) = 525°" (3.1), 440 (6.0), 297 (17.1), 233
(23.6). 'H NMR in CDCls: 8§ (ppm) (J (Hz)) = 8.01 (8) (d, 4H, ortho Hs
of para-methylbenzoyl groups), 7.23 (8) (d, 4H, meta Hs of para-me-
thylbenzoyl groups), 5.39 (s, 1H, s, methine H), 2.58 (s, 6H, protons of
the 2 Me groups of the a-diketimine moiety), 2.43 (s, 6H, protons of the
two Me groups at para positions of the benzoyl moieties), 2.31 (s, 3H,
protons of MeC(O) of (acac)™ at cis to the oxo atom), 1.71 (s, 3H,
protons of MeC(O) of (acac) ™ at trans to the oxo atom). CV in CH3CN:
E1 /2 (V) (AE, (mV)) = —0.89 (120).

2.5. Synthesis of [VO(acac)(L?)] (3)

This complex has been synthesized in methanolic medium in 62%
yield by following the same procedure as described above for 2 using
[VO(acac),], diacetyl and para-methoxybenzoylhydrazine in 1:1:2 mol
ratio. Anal. Caled for Cys5Ho7N4O,V (%): C, 54.95; H, 4.98; N, 10.25.
Found C, 54.85; H, 5.06; N, 10.18. HRMS in CH,Cl, m/z found (calcd)
for [M + H]*, [M + Na]*, [M + K]*:547.1386 (547.1398), 569.1215
(569.1217), 585.0944 (585.0956). Selected IR bands: v (cm ™ 1) = 1602
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(C=N), 948 (V=0). UV-Vis in CH3CN: Ap., (nm) (¢ (10> M~!
em™ 1) = 530°" (1.2), 447 (2.5), 293" (10.3), 242 (22.3). 'H NMR in
CDCls: § (ppm) (J (Hz)) = 8.07 (9) (d, 4H, ortho Hs of para-methox-
ybenzoyl groups), 6.94 (9) (d, 4H, meta Hs of para-methoxybenzoyl
groups), 5.39 (s, 1H, s, methine H), 3.88 (s, 6H, protons of the 2 OMe
groups at para positions of the benzoyl moieties), 2.56 (s, 6H, protons of
the two Me groups of the a-diketimine moiety), 2.30 (s, 3H, protons of
MeC(O) of (acac)™ at cis to the oxo atom), 1.72 (s, 3H, protons of
MeC(O) of (acac)™ at trans to the oxo atom). CV in CH3CN: E; 5 (V)
(AE, (mV)) = —0.92 (120).

2.6. Synthesis of [VO(acac)(LY)] (4

The same procedure described for 2 has been used to synthesize 4 in
methanolic medium in 64% yield using [VO(acac)-], diacetyl and para-
chlorobenzoylhydrazine in 1:1:2mol ratio. Anal. Caled for
Cy3H51Cl,N4O5V (%): C, 49.75; H, 3.81; N, 10.09. Found: C, 49.68; H,
3.76; N, 10.16. HRMS in CH,Cl, m/z found (caled) for [M + H]™,
[M + Na]™, [M + K] *: 555.0383 (555.0407), 577.0227 (577.0226),
592.9956 (592.9966). Selected IR bands: v (cm ™ 1) = 1582 (C=N), 949
(V=0). UV-Vis in CH3CN: Ampax (nm) (¢ (10° M~! ecm™ 1)) = 515"
(3.5), 434 (6.6), 295 (17.5), 231 (21.3). 'H NMR in CDCls: 6 (ppm) (J
(Hz)) = 8.05 (9) (d, 4H, ortho Hs of para-chlorobenzoyl groups), 7.41
(9) (d, 4H, meta Hs of para-chlorobenzoyl groups), 5.42 (s, 1H, s, me-
thine H), 2.59 (s, 6H, protons of the two Me groups of the a-diketimine
moiety), 2.31 (s, 3H, protons of MeC(O) of (acac)™ at cis to the oxo
atom), 1.74 (s, 3H, protons of MeC(O) of (acac)™ at trans to the oxo
atom). CV in CH3CN: E; » (V) (AE, (mV)) = —0.85 (110).

2.7. Synthesis of [VO(acac)(L’)] (5)

This complex has also been synthesized in methanolic medium in
60% yield from [VO(acac),], diacetyl and para-nitrobenzoylhydrazine
taken in 1:1:2mol ratio by following the same procedure used for 2.
Anal. Calcd for Co3H21NgOgV (%): C, 47.93; H, 3.67; N, 14.58. Found C,
47.85; H, 3.62; N, 14.65. HRMS in CH,Cl, m/z found (calcd) for
[M + H]*, [M + Na]*: 577.0889 (577.0888), 599.0708 (599.0707).
Selected IR bands: v (cm™!) = 1589 (C=N), 952 (V=0), 1520 and
1342 (NO,). UV-Vis in CH3CN: Amay (nm) (¢ (103 M~ ! em ™ 1)) = 515
(2.0), 440 (3.2), 294 (16.0), 252 (16.0). 'H NMR in CDCls: & (ppm) (J
(Hz)) = 8.34-8.23 (AA’BB’ m, 8H, ortho and meta Hs of para-ni-
trobenzoyl groups), 5.47 (s, 1H, s, methine H), 2.66 (s, 6H, protons of
the two Me groups of the a-diketimine moiety), 2.34 (s, 3H, protons of
MeC(O) of (acac)™ at cis to the oxo atom), 1.76 (s, 3H, protons of
MeC(O) of (acac)™ at trans to the oxo atom). CV in CH3CN: E,.
(V) = -0.87.

2.8. Synthesis of [VO(acac)(L®)] (6)

A solution of H,L® (100 mg, 0.22 mmol) in chloroform (5ml) was
added to a solution of [VO(acac),] (60 mg, 0.23 mmol) in methanol
(15 ml) and the mixture was boiled under reflux for 10 h. After reducing
the volume to 10 ml the reaction mixture was kept at low temperature
(5°C). The complex separated as a brown solid was collected by fil-
tration and dried in air. Yield: 70mg (51%). Anal. Caled for
C33H27N4O5V (%): C, 64.92; H, 4.46; N, 9.18. Found: C, 64.85; H, 4.41;
N, 9.23. HRMS in CH,Cl, m/z found (calcd) for [M + H]*, [M + Na] ",
[M+K]*; 611.1499 (611.1499), 633.1320 (633.1319), 649.1041
(649.1058). Selected IR bands: v (cm ™ 1) = 1583 (C=N), 950 (V=O0).
UV-Vis in CH3CN: Amax (nm) (e (10> M™! em™ 1) = 495 (3.2), 375
(6.3), 287 (18.0), 232 (20.2). 'H NMR in CDCls: & (ppm) (J
(Hz)) = 8.02 (8, 3) (dd, 4H, ortho Hs of benzoyl Ph groups), 7.50-7.45
(m, 6H, Hs of Ph groups), 7.42-7.33 (m, 10H, Hs of Ph groups), 5.47 (s,
1H, methine H), 2.36 (s, 3H, protons of MeC(O) of (acac)~ at cis to the
oxo atom), 1.81 (s, 3H, protons of MeC(O) of (acac)~ at trans to the oxo
atom). CV in CH3CN: E, /5 (V) (AE, (mV)) = —0.80 (140).
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2.9. X-ray crystallography

Single crystals of [VO(acac)(L1)] (1) and [VO(acac)(L®)] (6) were
grown by slow evaporation of the corresponding methanol solutions.
Single crystals of [VO(acac)(L?~>)] (2-5) were collected from the
crystalline products obtained from their synthetic reaction mixtures.
The first complex crystallizes as 1-0.25MeOH, while each of 2-6 crys-
tallizes as it is without any solvent molecule. A BRUKER D8 QUEST
diffractometer equipped with a PHOTON 100 CMOS area detector and
an INCOATEC microfocus source for graphite monochromated Mo Ka
Radiation (A = 0.71073 f\) was used for unit cell determination and
intensity data collection at 298 K for each of 1-0.25MeOH and 2-6. Data
collection, integration, reduction and absorption correction were per-
formed using the APEX3 software package [25]. The structures were
solved by direct method and refined on F? by full matrix least-squares
procedures. In the case of 1-0.25MeOH, the methanol C and O atoms
having partial occupancies were refined isotropically with geometric
restraint. The remaining non-hydrogen atoms of 1-0.25MeOH and all
the non-hydrogen atoms of 2-6 were refined with anisotropic thermal
parameters. The hydrogen atoms were included at idealized positions
using a riding model. The SHELX-97 programs [26] provided in the
WinGX software suite [27] were used for structure solution and re-
finement. The Mercury package [28] was used to search for inter-
molecular non-covalent interactions and molecular graphics. Selected
crystallographic data are summarized in Table S1 (supplementary ma-
terial).

3. Results and discussion
3.1. Synthesis and characterization

Six oxovanadium(V) complexes (1-6) having the general molecular
formula [VO(acac)(L™)] were synthesized in moderate to good yields
(51-64%) by reacting equimolar amounts of [VO(acac),] with the
corresponding isolated or in-situ generated tetradentate a-diketone bis
(para-R-benzoylhydrazones) (H,L", where n = 1-6) (Chart 1). The re-
actions were carried out aerobically under reflux conditions in me-
thanol for 1-5 and in chloroform-methanol (1:3) mixture for 6. The
elemental (CHN) analysis data of all the complexes are in good agree-
ment with their molecular formulas. The ESI mass spectra of 1-6 re-
corded in dichloromethane confirm their molecular formulas. The
spectrum of 1 shows [M + H]* as the only major peak. On the other
hand, the spectra of 2-4 and 6 display three prominent peaks corre-
sponding to [M + H] ", [M + Na]* and [M + K]*. The spectrum of 6
is provided in Fig. S1 (supplementary material). In contrast, 5 displays
two major peaks due to the [M + H] " and [M + Na]* ions. Magnetic
susceptibility measurements at 298 K with powdered samples of 1-6
indicate their diamagnetic character. The complexes are dark brown in
color. They are soluble in methanol, ethanol, acetonitrile, chloroform,
dichloromethane, dimethylformamide and dimethylsulfoxide, and in-
soluble in benzene, toluene and n-hexane. Consistent with their neutral
molecular formulas, all of 1-6 are electrically non-conducting in solu-
tion. The molecular formula, diamagnetic character and the non-elec-
trolytic behavior suggest that the metal center in each of the six com-
plexes is in pentavalent state. In all probability, the oxygen in air is the
oxidant for the oxidation of the metal center from tetravalent to pen-
tavalent state during their synthesis from [VO(acac),] (Chart 1).

3.2. Description of X-ray molecular structures

Each of [VO(acac)(L')0.25MeOH (1:0.25MeOH), [VO(acac)(L*~ )]
(2-4) and [VO(acac)(L] (6) crystallize in the triclinic space group P1,
while [VO(acac)(L®)] (5) crystallizes in the monoclinic space group P2,/
c. The asymmetric unit of 1-0.25MeOH contains two independent com-
plex molecules and a methanol molecule with half occupancy. On the
other hand, the asymmetric unit of each of 2-6 contains one complete
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Fig. 1. The asymmetric unit of [VO(acac)(L})]-0.25MeOH (1-0.25MeOH). The
non-hydrogen atoms are shown by their 40% probability thermal ellipsoids and
the carbon atoms are not labeled for clarity.

Fig. 2. Perspective views of the molecular structures of [VO(acac)(LY] (4) (top)
and [VO(acac)(L®)] (6) (bottom). For both structures, thermal ellipsoids of the
non-hydrogen atoms are drawn at the 40% probability level and only the non-
carbon atoms are labeled for clarity.

molecule of the corresponding complex. The perspective view of the
asymmetric unit of 1-0.25MeOH is illustrated in Fig. 1. The molecular
structures of 4 and 6 are depicted in Fig. 2, whilst those of 2, 3 and 5 are
provided in Fig. S2 (supplementary material). The bond lengths and
angles associated with the metal center in 1-0.25MeOH are listed in
Table 1 and those for 2-6 are given in Table 2. Very similar geometric
parameters of the two complex molecules (Table 1) present in the
asymmetric unit of 1-0.25MeOH indicate that structurally they are es-
sentially identical. In each of 1-6, the metal center is in pentagonal-bi-
pyramidal coordination environment. The tetradentate ligand @2~
coordinates the metal center through the two amidate-O and two azo-
methine-N atoms and forms fused 5,5,5-membered chelate rings. The
ON,O-donor (L2~ and one of the two O-atoms of the 6-membered
chelate ring forming (acac)” assemble a N,O3; pentagonal plane (rms
deviations: 0.003-0.035 A) around the metal atom. The second O-atom

332

Inorganica Chimica Acta 483 (2018) 329-336

Table 1

Selected bond parameters (A and °) for [VO(acac)(L!)]-0.25MeOH

(1-0.25MeOH).
Molecule 1
V(1)-0(1) 2.004(3) V(1)-0(2) 2.024(3)
V(1)-0(3) 1.988(3) V(1)-04) 2.073(3)
V(1)-0(5) 1.578(3) V(1) —-N(2) 2.136(3)
V(1)—-N(3) 2.137(3)
O(1)-Vv(1)-0(2) 146.23(11) 0(1)-V(1)-0(3) 73.24(11)
o(1)-Vv(1)-04) 85.98(11) 0(1)-V(1)-0(5) 96.56(13)
O(1)-V(1)—-N(2) 70.84(12) O(1)-V(1)—-N(@3) 139.92(12)
0(2)-V(1)-0(3) 73.94(11) 0(2)-V(1)-04) 85.25(11)
0(2)-V(1)-0(5) 94.30(14) 0(2)-V(1)—-N(2) 140.47(11)
0(2)—-V(1)—-N(3) 70.86(11) 0(3)-V(1)-04) 88.15(13)
0(3)—-V(1)-0(5) 95.61(14) 0(3)-V(1)—-N(2) 143.83(12)
0(3)—-V(1)—-N(3) 144.26(12) 0(4)-V(1)-0(5) 175.94(13)
0(4)—-V(1)—-N(2) 85.32(12) 0(4)—-V(1)—-N(@3) 83.02(11)
0(5)—V(1)—N(2) 92.50(14) 0O(5)-V(1)—-N(3) 93.01(13)
N(2)-V(1)—-N(@3) 69.92(12)
Molecule 2
V(2)-0(6) 2.018(3) V(2)-0(7) 1.994(3)
V(2)—-0(8) 2.003(3) V(2)-0(9) 2.094(3)
V(2)-0(10) 1.590(3) V(2)-N(6) 2.137(49)
V(2)-N(7) 2.143(3)
0(6)-V(2)-0(7) 145.81(12) 0(6)-V(2)-0(8) 72.74(11)
0(6)-V(2)-0(9) 87.10(12) 0(6)-V(2)-0(10) 94.46(14)
0(6)-V(2)-N(6) 71.34(13) 0(6)-V(2)-N(7) 141.19(13)
0(7)-V(2)-0(8) 73.35(11) 0(7)-V(2)-0(9) 87.30(12)
0(7)-V(2)-0(10) 94.56(14) 0O(7)-V(2)-N(6) 140.51(13)
0O(7)-V(2)-N(7) 71.02(12) 0(8)-V(2)-0(9) 87.64(11)
0(8)-V(2)-0(10) 98.29(14) 0O(8)-V(2)-N(6) 142.72(13)
0(8)-V(2)-N(7) 143.37(12) 0(9)-V(2)-0(10) 174.06(14)
0(9)-V(2)-N(6) 80.93(12) 0(9)-V(2)-N(7) 82.48(12)
0(10)-V(2)-N(6) 94.12(14) 0(10)-V(2)-N(7) 92.78(14)
N(6)-V(2)-N(7) 70.13(14)

of (acac)™ and the oxo atom satisfy the two axial positions and complete
the N,Os pentagonal-bipyramidal coordination sphere of the vanadium
center. In each of the six complex molecules, the metal atom is slightly
shifted (by ~0.17 A) from the pentagonal plane towards the axial oxo
atom. The whole of (L)%~ moiety in 1-5 is reasonably planar (rms de-
viations: 0.10-0.23 10\). However, in 6, excluding the C-atoms of the two
phenyl groups of the a-diketimine fragment, the remaining atoms in-
cluding the two benzoyl phenyl rings of (L%)?~ are satisfactorily planar
(rms deviation: 0.11 10\). The dihedral angles between this plane and the
a-diketimine phenyl ring planes are 52.79(9) and 48.17(9)°. The dihedral
angle between the a-diketimine phenyl ring planes is 58.29(12)°. In all of
1-6, the trans O=V—O(acetate) bond angle (172.83(9) —175.94(13)°)
(Tables 1 and 2) is somewhat shorter than the ideal value of 180°. The
chelate bite angles formed by (L2~ and (acac) ™ are unexceptional. The
C—O and the C—N bond lengths of the two amidate (—N = C(O™)—)
fragments of (™2~ in 1-6 are in the ranges 1.278(5)—1.294(2) and
1.295(5)—1.313(3) 10\, respectively. These values are comparable with
the corresponding values reported for amidate-O coordinated complexes
[22,23,29-34]. The remaining intraligand bond parameters for @2~
are unexceptional [22,23,29]. The V=0 bond length (Tables 1 and 2) in
each of 1-6 is comparable with that found in oxovanadium(V) complexes
reported earlier [30-37]. In all six structures, the axial V—O bond is
noticeably longer than the three equatorial V—O bonds due to the trans
effect of the oxo atom (Tables 1 and 2). Between the two O-atoms of
(acac) ™, O(3) and O(4), O(4) is at trans to the oxo atom, while O(3) is at
cis to the oxo atom (Fig. 2-4). The V—0O(3) bond length is ~0.1 A shorter
than the V—0(4) bond length. In the O(3)CC(H)CO(4) fragment, at the O
(3) side the O—C and C—C(H) bond lengths are ~0.01 longer and shorter
than the corresponding bond lengths at the O(4) side. These intra-acet-
ylacetonate bonds lengths and the short V—0O(3) bond indicate that the
negative charge is somewhat localized at the O(3) atom. In general, all
the V—O and the V—N bond lengths in 1-6 are within the ranges ob-
served for oxovanadium(V) complexes with ligands having similar co-
ordinating atoms [30-37].
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Table 2

Selected bond parameters (A and °) for [VO(acac)(L?~)] (2-5).
Complex 2 3 4 5 6
V(1)-0(1) 2.0085(15) 2.0045(14) 2.0297(16) 2.0369(19) 2.0165(18)
V(1)-0(2) 2.0162(14) 2.0142(14) 2.0310(16) 2.022(2) 2.0072(18)
V(1)-0(3) 2.0013(13) 2.0051(13) 1.9862(15) 1.971(2) 1.9895(18)
V(1)-0(4) 2.0953(13) 2.1026(14) 2.0861(16) 2.078(2) 2.0983(18)
V(1)-0(5) 1.5921(14) 1.5909(14) 1.5897(16) 1.590(2) 1.5880(19)
V(1)-N(2) 2.1396(16) 2.1389(16) 2.1513(18) 2.138(2) 2.146(2)
V(1)—-N(3) 2.1354(16) 2.1376(16) 2.1415(18) 2.150(3) 2.147(2)
0(1)-V(1)-0(2) 145.53(6) 145.27(6) 146.30(7) 146.14(9) 145.20(8)
O(1)-V(1)-0(3) 72.78(6) 72.78(6) 73.41(6) 73.30(8) 72.90(8)
0(1)-V(1)-04) 86.57(6) 86.10(6) 86.19(7) 86.40(9) 86.46(8)
Oo(1)-Vv(1)-0(5) 96.13(7) 95.68(7) 96.63(8) 96.43(10) 95.44(9)
0(1)-V(1)-N(2) 71.04(6) 71.14(6) 70.67(6) 71.14(8) 71.33(8)
0O(1)-V(1)—-N(3) 140.67(6) 140.95(6) 139.67(7) 140.17(9) 140.51(8)
0(2)-V(1)-0(3) 73.27(6) 73.16(6) 74.05(6) 73.70(9) 73.08(8)
0(2)-V(1)—-0(4) 86.48(6) 86.04(6) 84.37(7) 85.86(9) 85.68(8)
0(2)-V(1)-0(5) 94.11(7) 95.31(7) 95.42(8) 94.75(10) 96.53(9)
0(2)-V(1)—-N(2) 140.81(6) 140.23(6) 139.87(7) 140.04(10) 140.67(8)
0(2)-V(1)—-N(3) 71.28(6) 71.31(6) 71.11(7) 71.18(9) 71.40(8)
0(3)-V(1)-0(4) 88.04(5) 87.73(6) 88.35(6) 89.32(10) 88.73(8)
0(3)-V(1)-0(5) 97.70(7) 97.71(7) 96.41(8) 96.81(11) 98.43(9)
0(3)-V(1)-N(2) 142.89(6) 142.72(6) 143.69(7) 143.98(9) 143.63(8)
0(3)-V(1)-N(3) 143.68(6) 143.89(6) 144.85(7) 144.51(9) 143.82(8)
0(4)—-V(1)-0(5) 174.17(7) 174.56(7) 175.00(7) 173.77(11) 172.83(9)
O0(4)—-V(1)—-N(2) 81.91(6) 80.83(6) 84.21(7) 82.96(9) 82.77(7)
0(4)-V(1)-N(3) 82.21(6) 83.69(6) 83.88(7) 83.25(9) 82.03(7)
0O(5)—-V(1)-N(2) 94.05(7) 94.86(7) 92.81(8) 92.68(11) 91.28(9)
0O(5)—-V(1)—N(3) 92.47(7) 91.73(7) 91.32(8) 91.07(11) 92.19(9)
N(2)-V(1)—-N(3) 70.12(6) 70.05(6) 69.49(7) 69.47(9) 69.82(8)

Fig. 3. The tetranuclear [VO(acac)(L})]+MeOH (1,MeOH) unit assembled via
trifurcated O—H(0,0,0) and bifurcated C—H-O~H—C interactions (top) and
the one-dimensional ordering of 1,,MeOH via reciprocal C—H~O interactions

(bottom).
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Fig. 4. One-dimensional supramolecular assemblies of [VO(acac)(L?)] (2) via
C—H~0~H—C and C—H~O interactions (top), [VO(acac)(LH] (4) via C—H-~
(0,0) and C—H~m interactions (middle) and [VO(acac)(L®)] (5) via C—H~O,

st—om and O~O interactions (bottom).
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3.3. Self-assembly and supramolecular structures

All of 1-0.25MeOH and 2-6 contain classical and non-classical hy-
drogen bond donors and acceptors as well as aromatic fragments.
Therefore, all the structures were scrutinized for intermolecular non-
covalent interactions and the resulting self-assembled supramolecular
structures. The interactions found and the self-assembly guided by them
are described below.

In the case of 1-0.25MeOH, two types of furcated hydrogen bonding
interactions have been found. These are trifurcated O—H-(0,0,0) in-
teraction [38-40] and bifurcated C—H-O-~H—C interaction [41,42].
The trifurcated interaction involves the methanol O—H as the single
donor and the metal bound facially oriented oxo, amidate-O and en-
olate-O atoms as the three acceptors. The OO distances and the
O—H~O angles are in the ranges 3.124(12)-3.291(12) A and
138 —153°, respectively. This interaction only connects the methanol
molecule to one of the two complex molecules present in the asym-
metric unit and plays no further role in the self-assembly process
(Fig. 1). The bifurcated C—H--O~H—C interaction involves ortho C—H of
one benzoyl phenyl ring and the meta C—H of another benzoyl phenyl
ring as the two donors and a metal bound oxo atom as the single ac-
ceptor. The C~O distances are 3.410(6) and 3.501(6) 1°\, the C—H-0O
angles are 174 and 149° and the H~O~H angle is 63°. This bifurcated
interaction is responsible for the formation of discrete tetranuclear
1,MeOH units in the crystal lattice (Fig. 3, top). Each of these tetra-
nuclear units is connected to its two adjacent neighbors by a pair of
reciprocal C—H~O interactions on either side involving one of the a-
diketimine methyl-CH as the donor and an equatorially coordinated
acetylacetonate-O as the acceptor. The C~O distance and the C—H-O
angle are 3.454(6) A and 1627, respectively. As a result of this inter-
tetranuclear C—H+O interaction a one-dimensional assembly of
1,MeOH is formed (Fig. 3, bottom).

A bifurcated C—H~O~H—C [41,42] and a simple C—H-O inter-
molecular interactions have been found in the case of 2. Both methyl
groups of the a-diketimine fragment participate as donors in these in-
teractions. One of the two methyl groups utilizes one H-atom for the
bifurcated interaction and another H-atom for the C—H-O interaction,
while the other methyl group is involved only in the bifurcated inter-
action. In the C—H+O~H—C interaction, the acetylacetonate-O co-
ordinated to the metal atom at the equatorial position acts as the ac-
ceptor. Here, the C~O distances are 3.500(3) and 3.375(3) A, the
C—H-O angles are 157 and 163° and the H~O-~H angle is 62°. In the
simple C—H~O interaction, the metal bound oxo atom acts as the ac-
ceptor. The C~O distance and the C—H+O angle are 3.292(3) A and
129°, respectively. The bifurcated C—H~O~H—C interaction helps to
form a one-dimensional chain of 2. Two such inversion symmetry re-
lated parallel chains are connected by the C—H-O interaction in a re-
ciprocal manner and a ribbon-like supramolecular structure is formed
(Fig. 4, top).

The molecules of 3 form discrete dimeric units via a pair of reciprocal
C—H~O interactions involving the C—H of a methyl group of the a-di-
ketimine fragment as the donor and the metal bound oxo atom as the
acceptor (Fig. S3, supplementary material). In this C—=H~O interaction,
the C+O distance and the C—H~O angle are 3.498(3) A and 154°, re-
spectively. The two para-methoxybenzoyl rings on either side of each
dimer participate in two st — interactions with the corresponding rings
of the two neighboring dimers. In this w—m interaction, the Cg~C, dis-
tance and the slip angle (angle betweoen the C;—Cg vector and the normal
to the ring planes) [43] are 3.761(1) A and 21.3°, respectively. This inter-
dimer m—um interaction leads to a one-dimensional chain-like arrange-
ment of the hydrogen bonded dimers of 3 in the crystal lattice (Fig. S3).

A bifurcated C—H~(0,0) and a C—H-m [44] intermolecular inter-
actions direct the self-assembly of the molecules of 4 in the crystal
lattice. The bifurcated interaction involves the C—H of a methyl group
of the a-diketimine fragment as the single donor and the metal co-
ordinated amidate-O of (L*)*>~ and the oxo atom as the two acceptors.
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The C-O(amidate) and the C-O(oxo) distances are 3.516(3) and
3.337(3) A and the corresponding C—H~O angles are 141 and 152°,
respectively. In the C—H- interaction, the C—H of the second methyl
group of the a-diketimine fragment acts as donor and a para-chlor-
obenzoyl ring acts as the acceptor. The C-Cg and H~Cg distances are
3.509 and 2.994 A, respectively and the C—H-C angle is 115°. In the
crystal lattice, both interactions assist in the formation of a one-di-
mensional ordering of 4 (Fig. 4, middle).

A one-dimensional chain-like ordering of the molecules of 5 occurs
through an intermolecular C—H--O interaction involving the C—H of a
methyl group of the a-diketimine fragment as the donor and the metal
coordinated oxo atom as the acceptor. The C~O distance and the
C—H~O angle are 3.147(4) A and 1167, respectively. The para-ni-
trobenzoyl rings on one side of each chain are involved in 5t — inter-
actions (Cg~Cg distance = 3.989(2) A and the slip angle = 24.5° [43])
with the para-nitrobenzoyl rings of the inversion symmetry related
parallel chain. In addition, an oxygen-oxygen interaction (OO dis-
tance = 2.856(7) [o\) [45-48] involving an O-atom of the nitro sub-
stituent of the same para-nitrobenzoyl ring that participates in the t—x
interaction provides a second type of connection between the two in-
version symmetry related parallel chains. These two inter-chain inter-
actions form a one-dimensional ribbon-like supramolecular assembly of
5 (Fig. 4, bottom).

Two types of intermolecular interactions namely wt—x and C—H-n
have been detected for 6 [44]. The m—m interactions between the
benzoyl phenyl rings lead to a one-dimensional chain-like assembly of 6
(Fig. S3, supplementa{y material). In this 5t —g interaction, the Cg+Cy
distance is 3.959(3) A and the slip angle is ~31.3° [43]. Two such
inversion symmetry related parallel chains are connected by C—H-n
interactions in a reciprocal way involving the ortho C—H of one of the
two phenyl groups of the a-diketimine fragment as the donor and one
benzoyl phenyl ring C-atom as the acceptor. The C--C and H-C distances
are 3.463(4) and 2.862 A, respectively and the C—H~C angle is 123".
The resulting overall supramolecular assembly appears to be somewhat
ladder-like (Fig. S3).

3.4. Spectroscopic characteristics

The infrared spectra of 1-6 were recorded by using KBR pellets in
the range 4000-400 cm ™. Each spectrum displays a large number of
bands with various intensities. No attempt has been made to assign all
the bands except for the following few. The Schiff bases of the type H,L"
are known to display the typical amide N—H and C=O0 stretching bands
at ~3200 and ~1650cm ™}, respectively [22,23,29,30,32,33]. The
spectra of 1-6 are devoid of these two characteristic amide bands. Thus
the amide functionalities of the Schiff bases are deprotonated in their
corresponding complexes. All the complexes display a medium to
strong band in the range 1582-1602 cm™'. This band is attributed to
the—C=N—-N=C—fragments of the LM%~ [22,23,29-34,36]. The
spectrum of 5 shows two strong bands at 1520 and 1342 cm ™. These
two bands are most likely due to the asymmetric and symmetric stret-
ches of the nitro substituent on the aroyl moiety. The V=0 stretching
vibration appears as a strong band at 988 for 1 and at ~950 cm ™! for
2-6 [11-14,16,17,20,30-37].

The electronic spectra of 1-6 were recorded using their acetonitrile
solutions. The spectroscopic profiles of all the complexes are quite
comparable. The spectra of 1 and 6 are represented in Fig. 5. In the
visible region, the complexes display two moderately intense absorp-
tions, a shoulder in the range 515-530nm and a band within
434-447 nm for 1-5 and at 375 nm for 6. In the ultraviolet region, two
strong absorption bands in the ranges 293-297 nm and 231-252 nm are
observed. The free Schiff bases (H,L' and H,L®) display only a strong
band at ~310 nm. Thus, the two visible region absorptions are assigned
to ligand-to-metal charge transfer transitions, while the two strong
absorptions below 300 nm are attributed to ligand centered transitions
[30-36].



A.K. Srivastava et al.

25

20

4%0
A(nm)

T T T
225 300 375 675
Fig. 5. Electronic spectra of [VO(acac)(L")] (1) (—) and [VO(acac)(L®)] (6)

(- = = -) in acetonitrile.

The 'H NMR spectra of 1-6 were recorded in the CDCl; solvent
using tetramethylsilane as internal standard. The chemical shifts with
tentative assignments have been listed in the experimental section
under the respective complexes. None of the six complexes display any
signal assignable to the amide-NH of the free Schiff bases [22,23].
Absence of this signal is consistent with the deprotonation of both
amide functionalities and the dianionic (L")~ form of the ligands in the
complexes. The spectra also indicate that the two halves of (L")?" in
each complex are equivalent. The four ortho protons of the two benzoyl
phenyl rings resonate as a doublet of doublet at § 8.12 and 8.02 ppm for
1 and 6, respectively. The remaining sixteen aromatic protons of 6 are
observed as two multiplets of six and ten protons in the ranges &
7.50-7.45 ppm and § 7.42-7.33 ppm, respectively. In contrast, the two
para protons and the four meta protons of the benzoyl phenyl rings in 1
are observed as two well resolved signals. The para protons resonate as
a triplet of triplet at § 7.52 ppm, while the meta protons are observed as
a triplet at § 7.44 ppm. On the other hand, both ortho and meta protons
of the two para-substituted benzoyl rings in 2-4 resonate as doublets
each of four protons in the ranges § 8.01-8.07 and 6.94-7.41 ppm,
respectively. In the case of 5, these eight protons of the two para-ni-
trobenzoyl rings appear as an AA’BB’ type multiplet centred at §
~8.29 ppm. The six protons of the two methyl groups of the a-diketi-
mine fragment of (L™2~ in each of 1-5 resonate as a singlet within &
2.36-2.66 ppm. Two singlets each of three protons are observed in the
ranges § 2.31-2.66 and 1.71-1.81 ppm in all six spectra. Most likely the
downfield and the upfield signals are due to the two MeC(O) groups of
the (acac) ™ that are cis and trans, respectively to the metal bound oxo
atom. The methyl protons of the para-methylbenzoyl groups in 2 and of
the para-methoxylbenzoyl groups in 3 appear as six-proton singlets at &
2.43 and 3.88 ppm, respectively. Overall, all the spectra are consistent
with pentagonal bipyramidal molecular structure of 1-6.

3.5. Redox properties

Electron transfer behaviors of 1-6 were probed by cyclic voltam-
metric measurements at 298 K under nitrogen atmosphere with their
acetonitrile solutions (~1 x 10~ M) containing tetra-n-butylammo-
nium perchlorate as the supporting electrolyte using a glassy carbon
disk working electrode, a platinum wire auxiliary electrode and an Ag/
AgCl reference electrode. Under identical condition the E;,, and AE,
values of the ferrocenium/ferrocene (Fc*/Fc) couple were found as
0.19V and 170 mV, respectively. Each complex displays a reduction
response at potential cathodic to the reference electrode. The reduction
is quasi-reversible for all of 1-6 except for 5, where it is irreversible.
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Fig. 6. Cyclic voltammograms of [VO(acac)(LH)] (1) (—) and [VO(acac)(L®)]
(6) (- — — -) in acetonitrile using the experimental conditions described in the
text. Inset: Correlation between the Ej,. values of the reduction responses of 1-5
and the Hammett substituent constants. The straight line represents a linear
least-squares fit.

The cyclic voltammograms of 1 and 6 are shown in Fig. 6. The E; ,» and
the AE;, values for 1-4 and 6 are in the ranges —0.80 to —0.92V and
110-140 mV, respectively. The E,. value for the irreversible reduction
of 5is —0.87 V. The peak currents for all six complexes are comparable
with those observed for Fc* /Fc couple and other known one-electron
redox couples under similar conditions [49,50]. The free Schiff bases
(H,L! and H,L®) are redox inactive in the above potential range. Thus,
the reduction observed for 1-6 is assigned to vanadium(V) to vanadium
(IV) process. The E,. values of 1-5 show a continuous cathodic shift
with the change of the substituent R on the benzoyl fragment of (L")~
from —NO, to —Cl to —H to —Me to —OMe. A satisfactory linear fit
has been obtained (Fig. 6, inset) when the Ej,. values are plotted against
the Hammett substituent constants [51]. Thus the pentavalent state of
the metal center becomes more stable with the increase in the electron
donating ability of the substituent R.

4. Conclusions

A series of six ternary oxovanadium(V) complexes with acet-
ylacetone (Hacac) and the Schiff base system a-diketone bis(para-R-
benzoylhydrazones) (H,L") are reported. Their general molecular for-
mula as [VO(acac)(L™)] and the pentavalent state of the metal center in
them have been established by various physical measurements. The X-
ray molecular structures of all six complexes revealed the hepta-co-
ordination of the vanadium(V) atom and a distorted pentagonal-bi-
pyramidal N,Os coordination geometry assembled by the fused 5,5,5-
membered chelate rings forming (L™)?>~, 6-membered chelate ring
forming (acac)” and the oxo atom. There is no other example of a
structurally characterized pentagonal-bipyramidal complex of ox-
ovanadium(V) without at least one less than 5-membered chelate ring
forming ligand. Supramolecular self-assembly of these complexes via a
variety of intermolecular non-covalent interactions leads to one-di-
mensional chain-, ladder- and ribbon-like structures in the corre-
sponding crystal lattices. The spectroscopic characteristics of these six
analogous complexes validate their similar molecular structures. The
electrochemically active complexes display a metal centered one-elec-
tron reduction, which is sensitive to the electronic nature of the sub-
stituent on the tetradentate (L)?~. Currently we are engaged in the
synthesis of similar higher coordinated (greater than 6) vanadium(V)
complexes with various Schiff base ligands.
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ABSTRACT

Reaction of 2,6-diformyl-4-methylphenol, 1,3-diaminopropane, Mn(ClO4),*6H,0 and CH;COONa-3H,0 in
1:1:1:1 mole ratio in methanol afford a linear coordination polymer of formula {{Mn"Mn"L(0Ac),]C104},
(L2~ represents the Robson-type ligand) in 64% yield. The complex has been characterized by elemental
(CHN) analysis, magnetic susceptibility, spectroscopic (IR, UV-Vis and EPR) and solution electrical con-
ductivity measurements. The linear polymeric structure and the mixed-valent character of the complex
have been confirmed by single crystal X-ray crystallography. In the repetitive dinuclear unit, both metal
centers are in N,O4 coordination spheres assembled by the compartmental macrocyclic N;O,N,-donor
L2-, an intra-dinuclear bridging acetate and an inter-dinuclear bridging acetate. The coordination geom-
etry around the manganese(Il) center (S =5/2) is severely distorted octahedral, while that around the
manganese(Ill) center (S =2) is tetragonally elongated octahedral. Variable temperature magnetic sus-
ceptibility measurements indicate a weak intra-dinuclear ferromagnetic (J=1.12(3) cm™!) interaction
as well as a weak inter-molecular antiferromagnetic (zJ' = —0.679 (3) cm™') interaction. Cyclic voltammo-
gram of the complex displays a metal centered quasi-reversible reduction at —0.03 V and an irreversible
ligand centered reduction at —1.16 V (vs Ag/AgCl). The complex efficiently catalyzes the aerobic oxidation
of 3,5-di-tert-butylcatechol to 3,5-di-tert-butylbenzoquinone with a turnover number (ke,) 1.2 x 104h~1.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The sustained interest in dinuclear complexes stems from their
diverse physicochemical properties such as metal-metal interac-
tion, redox characteristics and cooperative bimetallic reactivities,
which enable them for applications in a large variety of research
areas ranging from bioinorganic modelling to medicinal chemistry
to materials science to catalysis [1-10]. Since the first report on the
dinuclear transition metal ion complexes with the compartmental
macrocyclic tetraiminodiphenolate ligand formed through metal
ion assisted template 2 +2 cyclocondensation of 1,3-diamino-
propane and 2,6-diformyl-4-methylphenol [11], a vast literature
is now available on this and analogous macrocyclic Schiff base
ligands and their dinuclear complexes [12-19]. Generally, in a dis-
crete dinuclear complex of this type, the dianionic macrocyclic
N,0,N,-donor compartmental ligand satisfies four equatorial posi-
tions of each of the two proximate di-phenoxo bridged metal ions
and the remaining apical/axial sites of them are occupied by vari-

* Corresponding author.
E-mail address: spal@uohyd.ac.in (S. Pal).

https://doi.org/10.1016/j.poly.2019.04.003
0277-5387/© 2019 Elsevier Ltd. All rights reserved.

ous ancillary monodentate ligands or bidentate bridging ligands
such as mono-carboxylates [14-23]. Thus the bare Robson-type
dinuclear unit {N;MO,MN,} with unoccupied apical/axial sites
can be used as the building block for the formation of one-
dimensional coordination polymers via self-assembly process in
presence of polynucleating bridging ligands. The polynucleating
ligands are expected to occupy the apical/axial positions of the
metal ions of the building blocks and propagate the polymeric
chain. There are a few reports on such one-dimensional coordina-
tion polymers with the following polynucleating bridging ligands:
1,3-diaminopropane [24], 4,4’-bipyridine [25,26], terephthalic acid
[26], acetylene-dicarboxylate [27], isonicotinonitrile [28] and
perchlorate [29]. All these polymeric complexes are of nickel(Il),
copper(Il) and zinc(II). Although several X-ray structurally charac-
terized discrete dimanganese complexes with various macrocyclic
Robson-type ligands have been reported so far [20,21,30-35], but
to the best of our knowledge there is only one report on a
polymeric dimanganese(ll) complex with a N,O,N,-donor ligand
where acetate acts as the polynucleating bridging ligand [36]. In
this one-dimensional polymer, each metal center is in N;O3
square-pyramidal environment constituted by the compartmental
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ligand and the inter-dinuclear bridging acetate. In most of the din-
uclear manganese complexes, the macrocyclic ligands are derived
from triamines and they are N3O,N3-donor [20]. About ten dinu-
clear manganese complexes are known where the macrocyclic
ligands are N,O,N,-donors [21,30-35]. Out of these ten complexes,
seven are dimanganese(ll) species, while the other three are
mixed-valent manganese(ll)-manganese(Ill) complexes. In the
seven dimanganese(Il) complexes, two bidentate or bridging acet-
ates complete the hexacoordination of the manganese centers in
four [31-33,35] and the metal atoms are square-pyramidal with
chloride or thiocyanate at the apical positions in the other three
[30,34]. In contrast, the metal centers in all three mixed-valent
complexes are hexacoordinated. In one of these three complexes,
one chloride and one bromide both being monodentate and a
bridging chloride complete the hexacoordination of the metal cen-
ters [30]. On the other hand, a bridging mono-carboxylate satisfies
the fifth coordination site of each metal center and monodentate
0O-coordinating water, methanol or perchlorate occupy the sixth
coordination sites of both metal centers in the remaining two
mixed-valent complexes [21]. In our attempt to synthesize a Rob-
son-type dimanganese complex, we have isolated a one-dimen-
sional mixed-valent manganese(ll)-manganese(Ill) coordination
polymer, {{Mn,L(OAc),]Cl04}, (1), where the Robson dinuclear
units are interconnected by the acetates (Chart 1). Herein, we
describe its synthesis, X-ray structure, physicochemical properties
and its application as catalyst in catechol oxidation reaction.

2. Experimental
2.1. Materials

All the chemicals and the solvents used in this work were of
analytical grade available commercially and were used as received
without further purification.

2.2. Physical measurements

A Thermo Finnigan Flash EA1112 series elemental analyzer was
used for elemental (CHN) analysis. Powder X-ray diffraction pat-
tern was recorded on a Bruker D8 Advance X-ray diffractometer
using Cu Kot radiation (4=1.5406A) generated at 40kV and
30 mA. Solid state variable temperature magnetic susceptibility
measurements were carried out with a Quantum Design PPMS-
VSM instrument at 10 kG. The solution electrical conductivity
was measured using a Digisun DI-909 conductivity meter. The

H,N(CH,)3NH,

+
+ Mn(CIO4)26H20

+
CH3COONa-3H,0
OH

MeOH

—

infrared spectrum was recorded in ATR mode on a Thermo Scien-
tific Nicolet iS5 FT-IR spectrophotometer. A Shimadzu UV-3600
UV-Vis-NIR spectrophotometer was used to collect the electronic
spectrum. A Jeol JES-FA200 spectrometer was used to record the
EPR spectrum. Cyclic voltammetric measurements were performed
with the help of a CH Instruments model 620A electrochemical
analyzer. In all the measurements with solutions of 1, the molar
concentration was calculated using the formula weight of the
repetitive dinuclear unit.

2.3. Synthesis of {{Mn,L(0Ac),]ClO4},, (1)

A solution of 2,6-diformyl-4-methylphenol (100 mg, 0.6 mmol)
in methanol (15 ml) was added dropwise over a period of 10 min to
a solution of 1,3-diaminopropane (45 mg, 0.6 mmol) in methanol
(15 ml) and the mixture was stirred in presence of air at room tem-
perature for ¥ h. To the above mixture, solid Mn(ClO,4),-6H,0
(217 mg, 0.6 mmol) was added and stirred for another %2 h under
aerobic conditions. The reaction mixture turned from yellow to
brown. Solid CH3COONa-3H,0 (82 mg, 0.6 mmol) was added to
this brown reaction mixture and stirring was continued for 24 h.
The complex precipitated as a microcrystalline solid was collected
by filtration, washed with cold methanol and dried under vacuum.
The volume of the brown filtrate was reduced to about 10 ml on a
steam bath and then it was kept at low temperature (278 K) for
slow evaporation. The complex separated as a dark brown crys-
talline material was filtered off and dried in air. The combined
yield was 140 mg (64%). Anal. Calc. for CygH3;N4010CIMn,: C,
46.07; H, 4.42; N, 7.68. Found: C, 46.15; H, 4.38; N, 7.76. Selected
IR data (v (cm™")): 1635 (C=N), 1542 and 1412 (COO~), 1084 and
621 (ClOz). UV-Vis data (imax(nm) (¢ (10*°M~'cm™1))): 373
(1.20), 260 (2.15).

2.4. X-ray crystallography

An X-ray quality single crystal of {{Mn,L(OAc);]Cl04}, (1) was
collected from the crystalline material obtained by slow evapora-
tion of the synthetic reaction mixture filtrate. Unit cell determina-
tion and intensity data collection at 298 K were performed on a
BRUKER D8 QUEST diffractometer equipped with a PHOTON 100
CMOS area detector and an INCOATEC microfocus source for gra-
phite monochromated Mo Ko Radiation (/. = 0.71073 A). Data col-
lection, integration, reduction and absorption correction were
performed using the APEX3 software package [37]. The structure
was solved by direct method and refined on F? by full matrix

—

O
N 0.0 N
w1\
Mn Mn
2 N/ i\
P %
o

ClO4

Chart 1. Synthesis of {{Mn,L(OAc),]Cl04}, (1).
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least-squares procedures. All the non-hydrogen atoms were
refined with anisotropic thermal parameters. The hydrogen atoms
were included at idealized positions using a riding model. The
sHELX-97 programs [38] accessible in the WinGX software suite
[39] were used for structure solution and refinement. The Mercury
package [40] was used to search for intermolecular non-covalent
interactions and make graphical representations. Selected crystal
and refinement data are listed in Table 1.

3. Results and discussion
3.1. Synthesis and characterization

The brown polymeric complex {[Mn,L(OAc),]ClO4}, (1) was
synthesized in 64% yield by reacting equimolar amounts of 2,6-
diformyl-4-methylphenol, 1,3-diaminopropane, Mn(ClO4),-6H,0
and CH3COONa:3H,0 in methanol under aerobic conditions
(Chart 1). About 85-90% of the yield was precipitated as a micro-
crystalline solid during the stirring of the reaction mixture. The
remaining yield was obtained as X-ray quality single crystalline
material by reducing the volume of the filtrate followed by its slow
evaporation at low temperature. Powder X-ray diffraction pattern
of the microcrystalline solid was collected and compared with
the powder diffraction pattern simulated from the single crystal
X-ray structure (vide infra). The essentially one-to-one correspon-
dence between the experimental and the simulated patterns con-
firms that both materials are of the same complex (Fig. 1). The
elemental (CHN) analysis data of the complex are in good agree-
ment with its formula. The magnetic moment of the repetitive din-
uclear unit at 300K is 7.64 pg. This value is very close to the
calculated spin-only magnetic moment (7.69 pg) of a dinuclear
complex having metal centers with S=5/2 and S=2 spin states.
The complex is moderately soluble in methanol, dimethylfor-
mamide and dimethylsulfoxide; sparingly soluble in acetonitrile
and insoluble in chloroform, dichloromethane and hexane. In solu-
tion, the complex is electrically conducting. Using the formula
weight of the repetitive dinuclear unit, the molar conductivity
(An) value in methanol has been obtained as 110 Q™' cm? mol~".
This value falls within the range expected for a 1:1 electrolyte
[41]. Thus the Ay value indicates that the one-dimensional poly-
meric structure of {{Mn,L(OAc),]"}, found in the solid state (vide
infra) breaks down in solution and discrete dinuclear monocationic
species are formed. In solution, the vacant coordination site avail-

Table 1
Selected crystal and refinement data.

Complex {[Mn,L(OAC),]ClO.}, (1)

Ca8H35N4040CIMn,

Chemical formula

Formula weight 729.91
Crystal system monoclinic
Space Group P24/c

a(A) 12.6528(6)
b (A) 15.6463(6)
c(A) 15.6504(7)
B(°) 93.388(2)
V (A3) 3092.9(2)
V4 4

p (gcm™3) 1.568

u (mm~1) 0.965
Reflections collected 25030
Reflections unique 5471
Reflections [I > 20(I)] 4427
Data/restraints/parameters 5471/0/410

Ry, wR, [ > 20(D)] 0.0430, 0.1076
R1, wR; [all data] 0.0577,0.1163
Goodness-of-fit (GOF) on F? 1.050

Largest difference in peak/hole (e A=3) 0.751/-0.627

5 10 15 20 25 30 35 40
20

Fig. 1. Experimental (top) and simulated (bottom) powder X-ray diffraction
patterns of {{Mn,L(OACc),]Cl04}, (1).

able due to the breakage of the polymeric structure (Chart 1) may
be occupied by a solvent molecule as observed before [21] or both
acetates may act as bidentate bridging ligands to form the dinu-
clear monocationic species. The magnetic moment at 300 K and
the molar conductivity together with the elemental analysis data
of 1 are consistent with its mixed-valent (II-IIl) state and the din-
uclear formula of the repetitive unit. The aerial oxygen is the most
likely oxidant for the oxidation of one of the metal center from
bivalent to trivalent state during the synthesis of 1 using the man-
ganese(Il) starting material.

3.2. Description of X-ray structure

The structure of the monocationic dinuclear repetitive unit of
{IMn,L(OAC);]Cl04}, (1) has been illustrated in Fig. 2. The bond

Fig. 2. Perspective view of the dinuclear [Mn,L(OAc),]" repetitive unit. Thermal
ellipsoids of the non-hydrogen atoms are drawn at the 50% probability level and
only the non-carbon atoms are labeled for clarity.
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lengths and the bond angles associated with the two metal centers
are listed in Table 2. The complex crystallizes in the P2;/c space
group and the asymmetric unit contains one monocationic dinu-
clear unit [Mn,L(OAc);]" and a perchlorate counter anion. In the
dinuclear unit, the compartmental macrocyclic ligand L?>~ coordi-
nates the two metal centers through the four azomethine-N atoms
and the two bridging phenoxo-O atoms and forms two N0,
square-planes around the two manganese atoms. Around Mn(1),
an almost perfect N,O, square-plane (rms deviation 0.01 A) is
formed and there is essentially no deviation (0.04 A) of Mn(1) from
this plane. On the other hand, the N,0, square-plane (rms devia-
tion 0.19 A) around Mn(2) has a slight tetrahedral distortion and
the metal center is significantly shifted (by 1.08 A) from the mean
plane. The average Mn-O(phenoxo) and Mn-N(azomethine) bond
lengths involving Mn(1) are shorter by ~0.37 and ~0.23 A, respec-
tively, when compared with the corresponding bond lengths
involving Mn(2). These differences in the bond lengths and no shift
of Mn(1) and a large shift of the Mn(2) from the corresponding
N,0, square-planar environment clearly indicate that the Mn(1)
is smaller than Mn(2) and their oxidation states are +3 and +2,
respectively. The dihedral angle (55.2(1)°) between the two mean
planes (rms deviations 0.05 A) constituted by the two 2,6-dime-
thine-4-methylphenolate moieties indicate the non-planarity of
the macrocyclic ligand L?>~. The coordination of the larger man-
ganese(Il) is likely to be the reason for this distortion from pla-
narity. A bridging acetate occupies the fifth coordination site of
each metal center in the dinuclear unit (Fig. 2). The O-atoms of a
second acetate satisfies the sixth coordination sites of Mn(1) and
Mn(2) of another repetitive dinuclear unit. As a result of this
inter-dinuclear bridging acetates, the one-dimensional polymeric
structure of {{Mn,L(0OAc),]*}, propagates along the c-axis (Fig. 3)
and in each dinuclear unit, both metal centers have hexacoordi-
nated N,04 coordination environment. The manganese(IIl) center,
Mn(1), has a tetragonally elongated coordination geometry where
the macrocycle provides the N,O, square-plane and the O-atoms
(0(3) and O(5)) of the two acetates are at the tetragonally elon-
gated axial sites (Fig. 4 and Table 2). In each of the previously
reported analogous dimanganese(Il/III) complexes, the trivalent
metal center has similar tetragonally elongated octahedral geome-
try [21,30]. However, the coordination geometry around the man-
ganese(Il) center in the present complex (1) is not distorted

Table 2
Selected bond parameters (A and °) for {{Mn,L(0Ac),]Cl0,}, (1).
Mn(1)-0(1) 1.939(2) Mn(2)-0(1) 2.217(2)
Mn(1)-0(2) 1.909(2) Mn(2)-0(2) 2.366(2)
Mn(1)-0(3) 2.142(2) Mn(2)-0(4) 2.153(3)
Mn(1)-0(5) 2.154(2) Mn(2)-0(6)* 2.104(2)
Mn(1)-N(1) 2.015(3) Mn(2)-N(3) 2.204(3)
Mn(1)-N(2) 2.023(3) Mn(2)-N(4) 2.301(3)
0(1)-Mn(1)-0(2) 83.92(9) 0(1)-Mn(2)-0(2) 68.22(7)
0(1)-Mn(1)-0(3) 93.77(10) 0(1)-Mn(2)-0(4) 100.60(10)
0(1)-Mn(1)-0(5) 94.22(9) 0(1)-Mn(2)-0(6)" 106.19(9)
0(1)-Mn(1)-N(1) 88.69(10) 0(1)-Mn(2)-N(3) 131.04(9)
0O(1)-Mn(1)-N(2) 175.22(10) 0O(1)-Mn(2)-N(4) 79.53(9)
0(2)-Mn(1)-0(3) 90.06(10) 0(2)-Mn(2)-0(4) 77.17(9)
0(2)-Mn(1)-0(5) 95.13(9) 0(2)-Mn(2)-0(6)* 162.29(9)
0(2)-Mn(1)-N(1) 171.97(10) 0(2)-Mn(2)-N(3) 77.21(8)
0(2)-Mn(1)-N(2) 91.49(11) 0(2)-Mn(2)-N(4) 113.79(9)
0(3)-Mn(1)-0(5) 170.88(10) 0(4)-Mn(2)-0(6)" 87.77(11)
0(3)-Mn(1)-N(1) 87.29(11) 0(4)-Mn(2)-N(3) 104.37(11)
0(3)-Mn(1)-N(2) 84.87(12) 0(4)-Mn(2)-N(4) 167.72(11)
0O(5)-Mn(1)-N(1) 88.52(10) 0(6)*-Mn(2)-N(3) 116.13(10)
0(5)-Mn(1)-N(2) 87.50(12) 0(6)'-Mn(2)-N(4) 80.46(10)
N(1)-Mn(1)-N(2) 95.82(12) N(3)-Mn(2)-N(4) 84.15(10)
Mn(1)-0(1)-Mn(2) 100.71(9) Mn(1)-0(2)-Mn(2) 96.56(9)

4 Symmetry transformation used to generate the equivalent atom: x, —y +1/2,
z—1/2.

trigonal prismatic as reported before [21,30]. Here, the coordina-
tion geometry around the manganese(Il) atom, Mn(2), is closer to
distorted octahedron rather than trigonal prism (Fig. 4). One
azomethine-N and one phenoxo-O (N(4) and O(2)) atoms from
the macrocycle and the acetate-O atoms (O(4) and O(6)) from
the two acetates constitute a satisfactory NO3 square-plane (rms
deviation 0.05 A) around Mn(2) and the remaining two mutually
trans sites are occupied by another azomethine-N and the second
phenoxo-0O (N(3) and O(1)) atoms of the macrocycle (Fig. 4). The
metal center is shifted from the NO3 square-plane towards N(3)
by a very small amount (0.14 A). The distortion from the octahe-
dral geometry is primarily due to a very large deviation (by
~49°) of the trans N(3)-Mn(2)-0(1) angle from the ideal value of
180° (Fig. 4). The intra-dinuclear bis(phenoxo)-acetato bridged
Mn(1)--Mn(2) distance (3.2057(7) A) in [Mn,L(OAc),]" is slightly
longer than that (3.168(3)-3.187(1) A) reported for previously
reported mixed-valent complexes with N;O,N,-donor macrocyclic
Robson-type ligands [21,30]. The inter-dinuclear acetato-bridged
Mn(1)---Mn(2) distance is 5.3006(7) A. Thus, the one-dimensional
chain-like structure of 1 has alternating short and long metal---me-
tal distances (Fig. 3). The bond parameters associated with the cen-
tral {Mny(u-O(phenoxo)),(u-0Ac)}** core in 1 are comparable with
those observed for the same core stabilized by a N,0,N,-donor
macrocycle that is analogous to the present macrocycle L~ [21].
Overall, the Mn(II/II1)-N and Mn(II/Il[)-O bond lengths and the
bond parameters of L>~ in 1 are within the ranges reported for
dimanganese (II/Il and II/IIl) complexes with N,O,N,-donor Rob-
son-type macrocycles [21,30-36]. The bond parameters associated
with the two acetates and the perchlorate are unexceptional
[36,42-45].

The crystal packing of {{Mn,L(OAc),]Cl04}, is shown in Fig. 5.
The perchlorate counter anions are located in between the
{IMn,L(OACc),]*}, chains and they are involved in several C—H:+-O
hydrogen bonding interactions with various types of C—H groups
of the macrocyclic ligand L2~ and the acetate moieties (Table S1).
These C—H groups are phenolate ring meta C—H, azomethine
C—H, methylene C—H and acetate methyl C—H. In these interac-
tions, the C---O distances are in the range 3.376-3.589 A and the
C—H:-O angles are within 148-163°. The parallel chains of
{IMn,L(OACc),]'}. are inter-connected by the perchlorates through
these C—H-++O interactions and as a result a three-dimensional net-
work is formed (Fig. 5).

3.3. Magnetic properties

Magnetic susceptibility (yy) measurements in the temperature
range 300-3 K were performed with a powdered sample of 1. The
xmT values for the dinuclear repetitive unit [Mn,;L(OAc),]ClO4 vs T
plot is shown in Fig. 6. The T at 300 K is 7.294 cm?® mol~! K. This
value is very close to the calculated spin only value of
7.38 cm® mol~' K. The ymT increases gradually with the decrease
of temperature. It reaches a maximum value of 8.506 cm> mol ' K
at 100 K. After this increase, there is a gradual decrease and at 55 K
it becomes 8.304 cm®mol ' K. Below 55K there is a sharp
decrease and the final value of yyT at 3K is 2.26 cm® mol~! K.
The data were fitted using an isotropic dinuclear model
(H = -2JS:S,, where S; =2 and S, = 5/2) with a molecular field cor-
rection (zJ') to account for the intra-chain and inter-chain interac-
tions [46,47]. The least-squares fitting of the data provides J=1.12
(3)em™!, zJ' = —0.679(3) cm~! and g = 2.155(5) with a least-square
error of 2.2 x 104, Using this simple model a reasonable fit has
been obtained in the low temperature range but not in the high
temperature range (Fig. 6). For a better understanding of the mag-
netic characteristics of 1, an improved theoretical model including
the zero-field splitting effects on the manganese(ll) and man-
ganese(Ill) centers and variable field measurements will be carried
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Fig. 3. The linear polymeric structure of {{Mn,L(OAc),] },.

Fig. 4. The coordination spheres around the manganese(lll) (top) and manganese
(II) (bottom) in [Mn,L(OAC),]".

out in future. Nevertheless, the weak intra-dinuclear ferromagnetic
and inter-molecular antiferromagnetic interactions are consistent
with the observed y\T versus T curve profile. Similar weak inter-
action is also reported for complexes of the same mixed-valent
{Mny( u-O(phenoxo)),(p-carboxylate)}** core with analogous
N,O;,N,-donor Robson macrocycle [21] where the geometric
parameters of the tribridged dimetal core are very similar to those
of 1.

3.4. Spectroscopic characteristics

The infrared spectrum of 1 was collected within the range
4000-500 cm™! (Fig. S1, Supplementary material). Absence of any
band assignable to the phenolic-OH is consistent with the deproto-
nated state of the two phenol functionalities of the macrocyclic
ligand. A large number of bands having various intensities have
been observed between 1650 and 500 cm ™. Except for the follow-
ing few, no attempt has been made to assign the remaining bands.
A strong band observed at 1635 cm™! is attributed to the azome-

thine (HC=N) double bond [20,21,31,34,35]. Two more strong
bands appeared at 1543 and 1412 cm™! are assigned to the acetate
asymmetric and symmetric stretches, respectively [21,35,42,43].
The presence of the uncoordinated perchlorate counter anion is
indicated by a very strong band and a sharp medium intensity
band at 1084 cm™! and at 621 cm™!, respectively [21,35,36,44,45].

The electronic spectrum of 1 was recorded in methanol. The
spectrum displays two strong bands centered at 370 and 260 nm
(Fig. S2, Supplementary material). The lower energy strong band
is likely to be primarily due to ligand-to-metal charge transfer
transition with some contribution from the manganese(IIl) (S = 2)
centered d-d transition in its long tail, which is extended up to
the visible region [21,31,33,48]. The higher energy very strong
broad band is attributed to the macrocyclic ligand centered 7 to
m* transition [20,21,31,34].

X-band EPR spectrum of 1 was recorded in frozen methanol
solution at 77 K. The spectrum is typical for a complex of high-spin
manganese(ll) (Fig. S3, Supplementary material). [t shows a strong
six-line hyperfine structure at g ~ 2.0 due to the allowed AM; =0
transitions. In between the six lines there are some weak fine
structures. The forbidden AM;=1 transitions are expected to
appear as weak ten-line structure together with the six-line pat-
tern [30,32]. The spectrum clearly indicates that there is essentially
no or very weak spin-coupling between the manganese(ll) and
manganese(Ill) centers in 1. Thus the spectrum is consistent with
the very small spin-coupling constants obtained from the variable
temperature magnetic susceptibility data of 1 (vide supra). It may
be noted that analogous weakly coupled mixed-valent man-
ganese(Il)-manganese(Ill) complexes in frozen solution display
very similar EPR spectra [30,32,48].

3.5. Redox properties

Cyclic voltammetric measurements were performed at room
temperature (298 K) with a methanol solution of 1 (1 x 107> M)
containing BuyNClO,4 (0.1 M) as the supporting electrolyte using a
glassy-carbon working electrode, a Pt-wire auxiliary electrode
and an Ag/AgCl reference electrode at a scan rate of 100 mV s~
Under identical condition the ferrocenium/ferrocene (Fc*/Fc) cou-
ple was observed at E;j; =0.19 V (AE, = 190 mV). There is no oxi-
dation response for the complex on the anodic side of the
reference electrode. However, on the cathodic side, it displays a
quasi-reversible reduction at E;;=-0.03V (AE,=230mV) and
an irreversible reduction at —1.16 V (Fig. 7). The peak currents of
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Fig. 5. The three dimensional network structure of {{Mn,L(OAc),]ClO,4}, viewed along the c-axis.

10

—_—
0 50 100 150 200 250 300
T(K)

Fig. 6. The product of molar paramagnetic susceptibility and temperature vs
temperature plot for {{Mn,L(OAc),]ClO4},. The solid line was generated from the
best fit parameters given in the text.

the quasi-reversible response are comparable with those of the Fc*/
Fc couple and other known one-electron redox processes under
comparable conditions [49-51]. In contrast, the irreversible
response has relatively much larger cathodic peak current. There
is no report of any ligand reduction near 0.0V for dimanganese
complexes with analogous macrocyclic Schiff base ligands
[20,30-32]. On the other hand, metal centered one-electron redox
response having an E;;, value at a little higher potential range
(0.03 V vs Fc*[Fc, 0.08 V vs Ag*/Ag, 0.6 V vs NHE and 0.11-0.29V
vs SCE) has been reported for analogous Robson-type diman-

I10pA

06 04 02 00 -02 -04 -06
E (V) vs. Ag/IAGCI

IZO]JA

04 00 04 08 12 16 20
E (V) vs. Ag/AgCI

Fig. 7. Cyclic voltammogram of {[Mn,L(OAc);]ClO,4}, in methanol using the
experimental conditions described in the text. Inset: The quasi-reversible metal
centered reduction.

ganese(ILII) complexes [20,30-32,48]. Thus the first quasi-reversi-
ble reduction of 1 is assigned to a metal centered Mn(II)Mn(III)/Mn
(IDMn(II) redox couple. The second irreversible reduction at
—1.16 V with high peak current is attributed to the reduction of
the azomethine fragments of L?~ [48].

3.6. Catecholase like activity

The catecholase mimicking activity of 1 was investigated using
3,5-di-tert-butylcatechol (3,5-DTBC) as the model substrate. The
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Fig. 8. Change of absorbance of 3,5-DTBQ band around 390 nm after the addition of

100 equivalents of 3,5-DTBC to a methanol solution of 1 (1 x 1074 M). The spectra
were recorded at time intervals of 5 min.
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Fig. 9. Lineweaver-Burk plot. The straight line represents a linear least-squares fit.

reactions were carried out by adding 3,5-DTBC to 1 x 10~* M solu-
tions of the complex in methanol at 298 K under aerobic condi-
tions. The formation of the 3,5-di-tert-butyl-1,2-benzoquinone
(3,5-DTBQ) was followed spectrophotometrically over a period of
1 h (Fig. 8). Dependence of the reaction rate and the various kinetic
parameters on the substrate concentration has been determined by
treating the catalyst with 25, 50, 100, 200 and 300 molar equiva-
lents of 3,5-DTBC. The rates of the reactions were calculated from
the change in absorbance (at 382 nm) against time plots. Using
Michaelis-Menten equation and the Lineweaver-Burk plot
(Fig. 9), the kinetic parameters Michaelis—-Menten constant (Ky),
maximum velocity (Viax) and the turnover number (k.,¢) were cal-
culated as 33.6 x 107> M, 20.3 x 10> M min~! and 1.2 x 10*h~},
respectively. Till now a large number of manganese(II/III/IV) com-
plexes having a variety of nuclearities such as mono-, di-, tri-,
tetra-, hexa- and octanuclear and two mixed-valent manganese
(II/IIT) polymeric complexes have been reported to exhibit very
low to very high catecholase activities with turnover numbers
(keat) in the range 1.7 to 1.32 x 10°h~! [21,52-55]. The ke, value
of 1 indicates that its catalytic efficiency in oxidation of catechol
to quinone is the fifth best amongst the above mentioned com-
plexes [54].

4. Conclusions

A one-dimensional coordination polymer of a monocationic bis
(phenoxo)-acetato bridged dimanganese(Il/IlI) complex with a
Robson-type macrocyclic L>~ as the principal ligand, acetate as col-
igand and perchlorate as counter anion was synthesized and struc-
turally characterized. In this polymeric complex, {{Mn"Mn"'L
(OAC);]Cl04}, half of the acetates act as intra-dinuclear bridges,
while the other half provide the inter-dinuclear bridges. In the
chain-like structure, the Mn---Mn distance alternates between long
and short values. The microanalytical data and the spectroscopic
features are consistent with the formula of the complex. Magnetic
susceptibility measurements reveal that the bis(phenoxo)-acetato
bridged metal centers in the repetitive dinuclear unit of the poly-
meric chain are weakly ferromagnetically coupled, while a weak
antiferromagnetic interaction is operative in and between the
polymeric chains. The complex is redox active and shows a metal
centered and a ligand centered reduction responses. It exhibits
an excellent catalytic activity in aerobic oxidation of 3,5-di-tert-
butylcatechol to 3,5-di-tert-butyl-1,2-benzoquinone.
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Appendix A. Supplementary data

CCDC 1890524 contains the supplementary crystallographic
data for {{Mn"Mn"™L(0Ac),]Cl0,}, (1). These data can be obtained
free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.
html, or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033;
or e-mail: deposit@ccdc.cam.ac.uk. Additional supplementary data
(Table S1 and Figs. S1-S3) to this article can be found online at
https://doi.org/10.1016/j.poly.2019.04.003.
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ARTICLE INFO ABSTRACT

Reaction of equimolar amounts of bis(acetylacetonato)oxidovanadium(IV) [VO(acac),] with biacetylmonoxime
salicyloylhydrazone (HsL, where three dissociable protons represent the oxime, the amide and the phenol
protons) in methanol produced the dimeric oxidomethoxidovanadium(V) complex [VO(u-OMe)(HL)], (1) in
55% yield, while the same reaction in presence of two mole equivalents of KOH afforded a pervanadyl complex K
[VO,(HL)]'MeOH (2-MeOH) in 60% yield. Both complexes were characterized by elemental analysis, mass
spectrometry, magnetic susceptibility and electrical conductivity measurements, differential scanning calori-
metry, various spectroscopy (IR, UV-Vis and 'H NMR) and cyclic voltammetry. The diamagnetic complexes are
brown in color. In solution, 1 is non-electrolytic, while 2-MeOH behaves as 1:1 electrolyte. In solid state, they
remain thermally stable up to 132 and 269 °C, respectively. X-ray crystal structures of both 1 and 2:MeOH were
determined. In the centrosymmetric edge-shared bioctahedral 1, (HL)?~ acts as fused 5,6-membered chelate
rings forming amidate-O, imine-N and oximate-O donor. In contrast, (HL)?~ acts as fused 5,5-membered chelate
rings forming amidate-O, imine-N and oximate-N donor in trigonal-bipyramidal [VO,(HL)] ~. The infrared and
H NMR spectroscopic features of 1 and 2:MeOH are consistent with their molecular structures. The electronic
spectra of them in acetonitrile display several strong absorption bands within 452-207 nm. Cyclic voltammo-
grams of the complexes and H3L in acetonitrile solutions show irreversible reduction responses with the Ep.
values in the potential range —0.9 to —1.5 V (vs. Ag/AgCl). Both complexes exhibit decent catalytic activity for
photodegradation of rhodamine B (RhB) under visible light irradiation.

Keywords:
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Biacetylmonoxime salicyloylhydrazone
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Physicochemical properties
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1. Introduction

Coordination complexes of vanadium are of continued interest be-
cause of their relevance to several biological processes such as halo-
peroxidation [1-4], nitrogen fixation [5-7], insulin mimicking [8-10]
and anticancer activity [11,12]. In addition, a large number of vana-
dium complexes with a variety of ligands have found significant ap-
plications as catalysts in a wide range of organic transformation reac-
tions [13,14]. As a consequence, synthesis of new coordination
complexes of vanadium is receiving considerable attention to develop
better functional and structural mimics of vanadium containing me-
talloenzymes and more efficient catalysts [15-18]. We have been
working on oxidovanadium(IV/V) complexes with tri- and tetradentate
Schiff bases derived by condensation reactions of acid hydrazides with
ortho-hydroxy-aryl-aldehydes, such as pyridine-2-aldehyde and a- and
B-diketones during the past couple of decades [19-23]. This type of
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E-mail address: spal@uohyd.ac.in (S. Pal).
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hydrazine based Schiff base ligands are known to exhibit non-innocent
character [24,25]. These ligands being amide-O coordinating also
provide the scope to study the effect of amide protonation state on the
geometric and redox features of their complexes [26,27]. The ambi-
dentate oxime containing ligands are well known to provide high-valent
highly reactive metal ion complexes as well as oximate bridged poly-
nuclear complexes [28-33]. The Schiff base 2-hydroxy-N-(3-(hydro-
xyimino)butan-2-ylidene)benzohydrazide (IUPAC name) or biace-
tylmonoxime salicyloylhydrazone (H3L) contains both the O-
coordinating amide and the oxime functionalities (Chart 1). Several
structurally characterized transition metal ion (V(V), Fe(Ill), Ni(II), Zn
(I) and Ru(Il)) [34-41] and one rare earth metal ion (Dy(IIl)) [42]
complexes have been reported with this Schiff base. The tridentate li-
gand coordinates the metal center via the amidate-O, imine-N and
oxime- or oximate-N and forms fused 5,5-membered chelate rings in all
these complexes [36-42] except for the vanadium(V) complexes
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Chart 1. Chemical structure diagrams of biacetylmonoxime salicyloylhy-
drazone (HsL) and the complexes [VO(u-OMe)(HL)], and [VO,(HL)] ™ derived
from it.

[34,35]. In the vanadium(V) complexes, it acts as fused 5,6-membered
chelate ring forming amidate-O, imine-N and oximate-O donor. It may
be noted that vanadium(V) has the smallest effective ionic radius when
compared with that of the other five metal ions [43]. It is generally
observed that the large metal ions prefer to form 5-membered chelate
ring, while 6-membered chelate ring is more stable with small metal
ions [44,45]. Thus the oximate-O coordination and formation of the
fused 5,6-membered chelate ring only in the vanadium(V) complexes is
not inexplicable. In this work, we report a dimeric oxidomethox-
idovanadium(V) complex [VO(u-OMe)(HL)], (1) and a solvated dioxi-
dovanadium(V) complex K[VO,(HL)]-MeOH (2:-MeOH) with HsL (Chart
1). In these two complexes, the oxime functionality of the tridentate
ligand (HL)?~ exhibits the rare ambidentate behavior for the same
metal ion. In the following sections, synthesis, X-ray crystal structures
and physical properties of 1 and 2-MeOH are described. The photo-
catalytic activities of the two complexes in degradation of the organic
dye rhodamine B (RhB) have been also evaluated.

2. Experimental
2.1. Materials

As reported in literature, biacetylmonoxime salicyloylhydrazone
(HsL) was prepared in ~70% yield by condensation reaction of equi-
molar amounts of biacetyl monoxime and salicyloylhydrazine in me-
thanol [37]. Bis(acetylacetonato)oxidovanadium(IV), [VO(acac).], was
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synthesized by following a literature procedure [46]. All other reagents
and solvents used in this work were of analytical grade available
commercially and were used as received without further purification.

2.2. Physical measurements

A Thermo Finnigan Flash EA1112 series elemental analyzer was
used for the microanalytical (CHN) measurements. High resolution
mass spectra were recorded with a Bruker Maxis (ESI-TOF analyzer)
spectrometer. A Sherwood Scientific balance was used for the mea-
surement of magnetic susceptibilities. The solution electrical con-
ductivities were measured using a Digisun DI-909 conductivity meter.
Powder X-ray diffraction experiments were performed using a Bruker
D8 Advance X-ray diffractometer. A TA Instruments Discovery DSC 250
was used for differential scanning calorimetric (DSC) measurements.
The infrared spectra were collected on a Bruker TENSOR II FT-IR
spectrophotometer. A Shimadzu UV-3600 UV-Vis-NIR spectro-
photometer was used for electronic spectroscopic measurements. The
'H NMR (400 MHz) spectra were collected on a Bruker NMR spectro-
meter. A CH Instruments model 620A electrochemical analyzer was
used for the cyclic voltammetric experiments.

2.3. Synthesis of [VO(u-OMe)(HL)]» (1)

A methanol solution (10 ml) of [VO(acac),] (80 mg, 0.3 mmol) was
added to a methanol solution (10 ml) of H3L (70 mg, 0.3 mmol) and the
mixture was stirred at room temperature under aerobic conditions for
6 h. The resulting brown solution was allowed to evaporate slowly at
room temperature (298 K) in air. The dark brown crystalline material
separated in about 4-5 days was collected by filtration, washed with
cold methanol and dried in air. Yield: 55 mg (55%). Anal. Calcd for
Co4HogNegO10Vs (%0): C, 43.52; H, 4.26; N, 12.69. Found: C, 43.58; H,
4.29; N, 12.61. HRMS in MeCN m/z found (calcd) for Co4H2oNgO10V2
([M+H]"): 663.4496 (663.0824). Selected IR bands: v (cm ™ 1) = 3225
(O—H), 1623 & 1589 (C=N), 1254 (N—0), 974 (V=0). UV-Vis in
MeCN: Amay (nm) (¢ (10* M~ ! em™1) = 375 (1.05), 270 (2.85), 207
(2.97). 'H NMR in CDCly: § (ppm) (J (Hz)) = 10.02 (s, 1H, phenolic-
OH), 7.34 (6) (dd — t, 1H, H at para to amide), 7.33 (6) (d, 1H, H at
ortho to amide), 6.92 (6) (d, 1H, H at ortho to phenolic-OH), 6.65 (6)
(dd — t, 1H, H at para to phenolic-OH), 3.42 (s, 3H, OCH3), 2.56 (s, 3H,
H;CC=NO), 1.94 (s, 3H, HsCC=N). CV in MeCN: E, (V) = —1.34.

2.4. Synthesis of K[VO2(HL)]-MeOH (2-MeOH)

A methanol solution (5 ml) of KOH (34 mg, 0.6 mmol) was added
dropwise to a methanol solution (5 ml) of H;L (70 mg, 0.3 mmol) with
stirring. To the resulting light yellow solution, [VO(acac),] (80 mg,
0.3 mmol) was added and the mixture was stirred at room temperature
(298 K) under aerobic conditions for 6 h. The brown reaction mixture
was then kept at room temperature (298 K) in air for slow evaporation.
The brown crystalline material precipitated in about 4-5 days was
collected by filtration, washed with cold methanol and dried in air.
Yield: 70 mg (60%). Anal. Caled for C12H;5N306KV (%): C, 37.21; H,
3.90; N, 10.85. Found C, 37.28; H, 3.86; N, 10.92. HRMS in MeOH m/z
found (caled) for C,;H;1N305V ([M] 7): 316.0138 (316.0138). Selected
IR bands: v (cm 1) = 3260 (O—H), 1621 & 1590 (C=N), 1253 (N—O0),
939 & 915 (VO,). UV-Vis in MeCN: Amax (nm) (¢ (10> M~?!
em™ 1) = 452 (5.8), 320 (7.8), 252 (10.4), 207 (23.3). 'H NMR in
(CD3),S0: § (ppm) (J (Hz)) = 11.78 (s, 1H, phenolic-OH), 7.72 (6, 2)
(dd, 1H, H at ortho to amide), 7.37 (6, 2), (td, 1H, H at para to amide),
6.94 (6) (d, 1H, H at ortho to phenolic-OH), 6.90 (6, 2) (td, 1H, H at para
to phenolic-OH), 2.43 (s, 3H, H3CC=NO), 1.84 (s, 3H, H3CC=N). CV in
MeCN: Ep. (V) = —0.9.
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2.5. X-ray crystallography

Single crystals of both [VO(u-OMe)(HL)]» (1) and K[VO5(HL)]
‘MeOH (2-MeOH) were collected from the crystalline materials obtained
during their syntheses. Unit cell determination and intensity data col-
lection for both 1 and 2:-MeOH were performed using a BRUKER D8
QUEST diffractometer equipped with a PHOTON 100 CMOS area de-
tector and an INCOATEC microfocus source for graphite mono-
chromated Mo Ko Radiation (A. = 0.71073 A). The APEX3 software
package [47] was used for data collection, integration, reduction and
absorption correction. Each structure was solved by direct method and
refined on F? by full matrix least-squares procedures. The non-hydrogen
atoms were refined with anisotropic thermal parameters. The hydrogen
atoms of the phenolic hydroxyl group in each of 1 and 2:MeOH and the
hydrogen atom of the methanolic hydroxyl group in 2-MeOH were
found in the corresponding difference maps and refined with
Uiso = 1.5 X Ugq of the oxygen atoms to which they are attached. All
other hydrogen atoms in both structures were included at idealized
positions using a riding model. The SHELX-97 programs [48] accessed
via the WinGX software suite [49] were used for structure solution and
refinement. Structural illustrations were prepared using the Mercury
package [50]. Selected crystallographic data are listed in Table 1.

2.6. Photocatalysis

Organic dye rhodamine B (RhB) was chosen for the heterogeneous
photodegradation experiment. The powdered complex catalyst (10 mg)
was suspended in a 1 pM aqueous solution of the dye (20 ml) and the
suspension was magnetically stirred under aerobic conditions for %2 h in
dark to establish the adsorption/desorption equilibrium between the
dye and the surface of the catalyst. The mixture was then irradiated
with visible light with continuous stirring. After every 15 min of in-
terval about 1 ml of the suspension was collected and centrifuged to
remove the catalyst particulates and the clear solution obtained was
used for spectrophotometric analysis. The degradation of RhB with the
increase of irradiation time was monitored by measuring the change in
the absorbance of its characteristic absorption band at 554 nm.

Table 1

Selected crystallographic data for 1 and 2:-MeOH.
Complex 1 2-MeOH
Chemical formula Cy4HNg010Va C12H;5N306KV
Formula weight 662.40 387.31
Crystal system Monoclinic Triclinic
Space Group P2,/c P1
a(A) 7.4157(4) 7.0018(11)
b (A) 18.5212(10) 11.234(2)
c (A) 10.5562(5) 11.442(2)
a() 90 106.503(5)
B 101.830(2) 106.104(5)
vy () 90 96.228(5)
V(A% 1419.07(13) 811.7(3)
Z 2 2
p(gem™?) 1.550 1.585
i (mm™Y) 0.724 0.900
Reflections collected 36,866 26,078
Reflections unique 2882 3338
Reflections [I = 20(D)] 2752 3058
Data/parameters 2882/196 3338/217

R1, wR2 [I = 20(D)] 0.0291, 0.0834 0.0298, 0.0801
R1, wR2 [all data] 0.0305, 0.0845 0.0330, 0.0823
GOF on F* 1.078 1.056

Largest diff. peak/hole (e A™3) 0.388/-0.325 0.410/—-0.348
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3. Results and discussion
3.1. Synthesis and characterization

The reaction of biacetylmonoxime salicyloylhydrazone (HsL) and
[VO(acac),] in 1:1 mole ratio in methanol in presence of air produced
[VO(u-OMe)(HL)], (1) in decent yield. On the other hand, if two mole
equivalents of KOH was added in the above reaction mixture the pro-
duct formed was K[VO,(HL)]"MeOH (2:-MeOH) in similar yield. The
elemental (CHN) analysis data of both complexes are in good agree-
ment with their molecular formulas. The high resolution electrospray
ionization mass spectra of both species further confirm their molecular
formulas (Figs. S1 and S2, supplementary material). The base peak
appeared at m/z = 663.4496 in the spectrum of 1 recorded in the
positive ionization mode. This value is consistent with the protonated
species [1+H] ™. The spectrum of 2:MeOH collected in negative ioni-
zation mode displayed the base peak at m/z = 316.0138 corresponding
to the complex anion [VO5(HL)] ~. Room temperature (298 K) magnetic
susceptibility measurements with the powdered samples of the two
complexes showed their diamagnetic character. Both complexes are
brown in color and highly soluble in methanol, acetonitrile, di-
methylformamide and dimethylsulfoxide. In acetonitrile solution, 1 is
electrically non-conducting, whereas the molar conductivity
(Am = 130 Q7! em® mol ') of 2MeOH indicates 1:1 electrolytic be-
havior [51]. The molecular formulas, diamagnetic character and the
solution electrical conductivity behaviors suggest the +5 oxidation
state of the vanadium centers in both 1 and 2-MeOH. As the complexes
were synthesized under aerobic conditions, oxygen in air is the most
likely oxidizing agent for the oxidation of the tetravalent vanadium of
the starting material to the pentavalent state in the products. In this
context, it may be noted that although no base was used for the
synthesis of 1, but in all likelihood, the initial neutral synthesis reaction
mixture became basic with the progress of the reaction due to complete
reduction of oxygen and generation of the weak base (acac)™ from the
dissociation of the starting material [VO(acac).]. This basicity appears
to be strong enough for the deprotonation of both H;L and the bridging
methanol leading to the formation of the methoxido bridged dinuclear
1.

3.2. Description of X-ray molecular structures

The dimeric complex [VO(u-OMe)(HL)], (1) crystallizes in the
monoclinic P2;/c space group with one half of the molecule in the
asymmetric unit. On the other hand, the solvated mononuclear ionic
complex K[VO,(HL)]'-MeOH (2:-MeOH) crystallizes in the triclinic P1
space group and here the asymmetric unit contains the complete for-
mula unit and one methanol molecule. The thermal ellipsoid plots of 1
and 2-MeOH are illustrated in Figs. 1 and 2, respectively. The metal
centered bond parameters of 1 and 2:-MeOH are listed in Tables 2 and 3,
respectively. In general, the V=0 and the vanadium to other co-
ordinating atom bond lengths in both complexes are comparable with
the corresponding bond lengths in the vanadium(V) complexes with
analogous ligands [19-23,34,35]. For further support of the pentava-
lent state of vanadium in each of 1 and 2-MeOH, the bond valence sum
calculations were performed using the EXPO2014 software [52]. The
values for the oxidation state of vanadium in 1 and 2 were found to be
5.12 and 5.04, respectively.

The two halves of the dimeric molecule of 1 are related by an in-
version center (Fig. 1). In the asymmetric unit, the meridionally span-
ning (HL)?>~ coordinates to the metal center via the amidate-O, the
imine-N and the oximate-O atoms (O(2), N(2) and O(1)) and forms
fused 5,6-membered chelate rings. The methoxido-O (O(5)) occupies
the fourth equatorial position of a NOj3 square-plane (rms devia-
tion = 0.03 ;\) and the oxido group (O(4)) occupies the apical position
to complete a square-pyramidal NOs coordination environment around
the metal center. As generally observed in square-pyramidal geometry,
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Fig. 1. The molecular structure of [VO(u-OMe)(HL)1, (1). The non-hydrogen
atoms are displayed by their 40% probability thermal ellipsoids and only the
non-carbon atoms are labeled for clarity.

Fig. 2. The asymmetric unit of K[VO5(HL)]'MeOH (2-MeOH). Thermal ellip-
soids of the non-hydrogen atoms are drawn at the 40% probability level and the
carbon atoms are not labeled for clarity.

here also the vanadium atom is shifted towards the apical oxido group
by 0.33 A. Two such inversion symmetry related square-pyramidal
units form the dimeric molecule where the sixth coordination sites trans
to the oxido groups of the metal centers are occupied by the methoxido-
O atoms in a reciprocal manner (Fig. 1). As a result, a divanadium(V)
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Table 2

Selected bond parameters (f\ and °) for [VO(u-OMe)(HL)], (1).
vV-0(1) 1.8217(12) V-0(2) 1.9652(11)
V-0(4) 1.5818(13) V-0(5) 1.8307(11)
V—-0(5)* 2.3256(11) V—-N(2) 2.1054(13)
0(1)-V-0(2) 148.82(5) 0(1)-V-0(4) 99.90(7)
0o(1)—-V-0(5) 106.81(5) 0o(1)—-v—-0(5")* 79.89(5)
0O(1)-V—-N(2) 80.42(5) 0(2)-V-0(4) 100.64(6)
0(2)—-V-0(5) 90.98(5) 0(2)—V—0(5")" 80.99(4)
0(2)-V—-N(2) 74.70(5) 0(4)—-V—-0(5) 103.21(6)
0(4)—V-0(5)" 176.47(6) O(4)—V-N(2) 94.86(6)
0(5)—vV—-0(5")* 73.56(5) 0O(5)—-V—-N(2) 158.81(5)
0(5")"-V—N(2) 88.59(4)

@ Symmetry transformation used: 1 — x,1 —y, 1 — z.

Table 3

Selected bond parameters (A and °) for K[VO,(HL)]-MeOH (2-MeOH).
V-0(2) 1.9647(13) V—0(4) 1.6202(13)
V—-0(5) 1.6242(14) V-N(1) 2.0846(16)
V—N(2) 2.0844(14)
0(2)-V-0(4) 103.03(6) 0(2)—V-0(5) 102.01(7)
0(2)—V-N(1) 146.74(6) 0(2)-V-N(2) 73.94(5)
0(4)—V-0(5) 110.38(8) O(4)—V-N(1) 96.89(6)
0(4)—V—-N(2) 120.45(7) 0(5)—-V-N(1) 95.52(7)
0(5)—V—-N(2) 128.71(7) N(1)-V—-N(2) 73.02(6)

core, {OV(u-OMe),VO}*™, is formed at the center of 1 and each metal
center in it resides in a distorted octahedral NOs coordination sphere.
On the whole, two (HL)?~, two methoxido groups and the two oxido O-
atoms constitute an edge-shared bioctahedral coordination geometry
(NO3VO,VO3N). The central V,(u-OMe), moiety has a pair of short
(1.8307(11) 10\) and a pair of long (2.3256(11) i\) V-0 bond lengths.
The longer ones are trans to the corresponding oxido groups. The V---V
distance is 3.3422(5) A. The uncoordinated phenolic-OH groups of the
two (HL)?~ are involved in intramolecular strong hydrogen bonds with
the uncoordinated amidate-N atoms. In this O—H---N hydrogen bond,
the O---N distance and the O—H---N angle are 2.5653(18) A and
146(3)°, respectively.

The perspective view of the asymmetric unit of 2:-MeOH is depicted
in Fig. 2. In contrast to 1, here the vanadium atom of the anion
[VO5(HL)] ™ is penta-coordinated and the (HL)?~ coordinates to the
metal center through the amidate-O, the imine-N and the oximate-N
atoms (O(2), N(2) and N(1)) and creates fused 5,5-membered chelate
rings. The two oxido groups (O(4) and O(5)) occupy the other two
coordination sites. Based on the value of z (0.61) [53], the N,O3 co-
ordination geometry around vanadium center is best described as tri-
gonal bipyramidal, where N(2), O(4) and O(5) create the trigonal
equatorial-plane and N(1) and O(2) occupy the axial positions. In the
asymmetric unit, the counter cation K™ is coordinated by the two oxido
groups and a methanol oxygen (O(6)). In addition to these three O-
atoms, five more symmetry related O-atoms coordinate to the po-
tassium atom. These are one oximate-O (O(1)), one phenol-O (O(3)),
one more methanol-O and two more oxido groups. The K-O distances
are in the range 2.7203(17) — 3.0740(18) A. The KOg polyhedron is
shown in Fig. 3. It has one tetragonal plane and ten trigonal planes.
Continuous shape measures (CShM) calculations were performed to
classify the observed polyhedron using the SHAPE 2.1 software [54].
The best description of the geometry around potassium is found to be
distorted gyrobifastigium or Johnson solid J26 (Fig. 3 and Table S1,
supplementary material) [55]. As observed in 1, here also an in-
tramolecular O—H---N hydrogen bond involving the phenolic-OH and
the amidate-N atom is present (Fig. 2). The O---N distance and the
O—H---N angle are 2.590(2) A and 145(3)°, respectively. The methanol-
OH is also involved in hydrogen bonding with the uncoordinated oxi-
mate-O atom. Here the O---O distance and the O—H---O angle are
2.745(2) A and 174(3)°, respectively.

The crystal packing of 2-MeOH reveals a two-dimensional
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Fig. 3. The coordination polyhedron observed (left) and the calculated gyro-
bifastigium geometry shown by solid lines (right) around K in K[VO,(HL)]
‘MeOH (2-MeOH). Symmetry transformations used to generate the equivalent
atoms: | -X, =y, =z + 1; i_x+ 1, -y, —z + 1 and i xy—1,z

Fig. 4. Two-dimensional network structure of K[VO,(HL)]"MeOH (2-MeOH).

coordination network structure (Fig. 4). The KOg polyhedra are inter-
connected in a linear fashion. In this chain structure, the K---K distance
is alternating between 3.8104(10) and 4.2245(10) A due to alternating
four and two bridging atoms. In the first case, the bridging atoms are
two vanadium-bound oxido and two methanol-O atoms, while, in the
second case, these are two vanadium-bound oxido atoms. The complex
anions are in a one-dimensional stacked columnar structure in between
the (KOg), chains. As a result, alternating interconnected (KOg), and
{[VO,(HL)] " }, chains assemble a two-dimensional network structure.

To examine whether the bulk material is composed of only the X-ray
structurally characterized complex or a mixture of more than one
complex, room temperature powder X-ray diffraction patterns of the
bulk samples of both 1 and 2:-MeOH were recorded using Cu Ka ra-
diation (A = 1.5406 A) and the experimental patterns were compared
with the corresponding simulated patterns generated from the single
crystal X-ray structures (Fig. S3, supplementary material). Essentially,
in each case, there is a one-to-one correspondence between the peaks in
the calculated pattern and those in the experimental pattern. This si-
milarity clearly indicates the phase purity of the bulk materials for both
1 and 2-MeOH.

3.3. Thermal studies

Thermal stability of both complexes has been investigated by dif-
ferential scanning calorimetry under nitrogen over the temperature
range of 30-400 °C at a scan rate of 5 °C min~'. The thermograms of 1
and 2:-MeOH are depicted in Fig. S4 (supplementary material). Complex
1 shows an exothermic peak at 169 °C preceded by a shoulder at
~158 °C, a relatively much less intense peak at 215 °C, a broad peak
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centered at ~280 °C and another small peak at 325 °C. On the other
hand, 2-MeOH displays a sharp exothermic peak at 271 °C followed by a
very weak shoulder like peak at ~280 °C. In each case, the first major
peak is likely to be associated with the thermal decomposition process
of the complex. Thus the ionic 2:MeOH is thermally much more stable
than the neutral 1.

3.4. Spectroscopic characteristics

Infrared spectra of 1 and 2-MeOH were recorded in the ATR mode
(Figs. S5 and S6, supplementary material). Both spectra show a broad
band at ~3240 cm ™! due to the hydrogen bonded hydroxyl groups.
Two medium intensity bands are observed at ~1620 and ~1590 cm ™.
Similar bands are assigned to the C=N(imine) and C=N(oxime)
stretches, respectively [38,41]. A strong band observed at ~1254 cm ™!
is most likely associated with the oximate N—O stretching [28]. A
strong band at 974 cm ™! displayed by 1 is attributed to the V=0
stretching [19,22,23,34,35]. The asymmetric and symmetric stretching
bands of VO, ™ unit in 2:MeOH appear as two strong bands at 939 and
915 cm ™! [20,21].

Electronic spectra of both complexes collected using their corre-
sponding acetonitrile solutions are illustrated in Fig. 5. The spectrum of
1 displays a strong absorption shoulder at 375 nm with a long tail ex-
tending into the visible region and two very strong bands at 270 and
207 nm. In contrast, 2-MeOH shows three strong bands at 452, 320 and
262 nm and a very strong band at 207 nm. The absorptions observed
above 300 nm are attributed to ligand-to-metal charge transfer bands
and the two higher energy bands observed below 300 nm are assigned
to ligand-centered transitions [19-23,34,35].

The 'H NMR spectra of 1 and 2:-MeOH were recorded in CDCl; and
(CD3),S0, respectively (Figs. S7 and S8, supplementary material). The
chemical shift data with the tentative assignments are listed in the
experimental section with the respective complexes. The spectrum of 1
is consistent with its centrosymmetric dimeric structure. The free Schiff
base (HsL) is known to display three singlets each of one-proton at &§
11.33, 11.62 and 11.72 ppm for the amide-NH, the oxime-OH and the
phenolic-OH protons, respectively [42]. In contrast, both 1 and 2-MeOH
show only one sharp singlet at § 10.02 and 11.78 ppm, respectively.
Appearance of a single peak is consistent with the deprotonation of the
amide-NH and the oxime-OH and the protonated state of the phenol
functionality of the tridentate ligand (HL)®>~ in both complexes. Two
three-proton singlets observed at § 1.94 and 2.56 ppm for 1 and § 1.84
and 2.43 ppm for 2:-MeOH are attributed to the protons of the methyl
groups at the imine and the oximate ends, respectively. The protons of
the metal coordinated methoxido group of 1 are observed as a three-

2.5

0.0

T T
500 600

T T
200 300 400
A (nm)

Fig. 5. Electronic spectra of [VO(u-OMe)(HL)], (1) (—) and K[VO,(HL)]-MeOH
(2-MeOH) (- - - -) in acetonitrile.
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proton singlet at § 3.42 ppm. The four aromatic ring protons of 1 and
2-MeOH appear with the expected splitting patterns in the chemical
shift ranges § 6.65-7.34 and 6.90-7.72 ppm, respectively. No signal
assignable to the methanol methyl protons is observed in the spectrum
of 2:MeOH. Perhaps it is masked by the intense water signal at &
3.33 ppm. Overall, the spectra of the two complexes are consistent with
their corresponding molecular structures.

3.5. Redox properties

Electron transfer characteristics of 1, 2-MeOH and the Schiff base
H;L were examined by cyclic voltammetry. Each three-electrode mea-
surement was carried out at room temperature (298 K) with 1 x 10~2
M acetonitrile solution of the compound containing Buy,NCIO,4 (0.1 M)
as the supporting electrolyte using a glassy carbon working electrode, a
Pt-wire auxiliary electrode and an Ag/AgCl reference electrode at a
scan rate of 100 mV s~ !. Under identical conditions, the ferrocenium/
ferrocene (Fc*/Fc) couple was observed at E;, = 0.58 V
(AE, = 150 mV). The cyclic voltammograms of 1, 2-MeOH and the
Schiff base HsL are illustrated in Fig. S9 (supplementary material).
Complex 1 displays an irreversible reduction at E,. = —1.34 V.
However, 2:-MeOH shows a broad reduction peak near —0.9 V followed
by a continuous increase of current. The free Schiff base HsL also dis-
plays two irreversible broad reduction responses at —0.9 and —1.5 V.
Thus the reductions observed for the complexes are very likely to be
ligand centered rather than metal centered.

3.6. Photocatalytic activities

Photocatalysts are of immense contemporary interest because of
their applications in effective handling of environmental pollution
problems. They can be used for removal of various toxic pollutants by
their degradation, generation of bio-fuels and valuable chemicals by
degradation of plant biomass and for water splitting to produce clean
fuel hydrogen [56-65]. In recent times, oxidovanadium(V) complexes
and divanadium(V) pentoxide have found visible light driven photo-
catalytic applications in degradation of lignin like molecules and or-
ganic dyes [59-65]. A shoulder band at 375 nm with the tail extending
up to ~450 nm is the lowest energy optical absorption for 1, while that
for 2:-MeOH is at 452 nm (vide supra). Because of these absorptions, both
complexes have been examined for their photocatalytic activities in
degradation of the organic dye rhodamine B (RhB) under visible light
irradiation. The degradation reactions performed were heterogeneous
in nature. The water insoluble powdered catalyst (1 or 2-MeOH) was
added to the aqueous solution of RhB solution and the suspension was
stirred and irradiated with visible light. The dye degradation was
monitored spectrophotometrically. The variation of the spectroscopic
profile of RhB with time in presence of the catalyst 2:MeOH is depicted
in Fig. 6, while that for 1 as catalyst is shown in Fig. S10 (supple-
mentary material). In 2 h, the extents of degradation of RhB are 84%
and 91% for 1 and 2-MeOH, respectively. In the control experiment
without catalyst, the decrease in the concentration of RhB solution in
2 h of exposure to light is significantly smaller (13%). The changes in
the dye concentrations with the increase of irradiation time in absence
and in presence of catalysts are shown in Fig. 7.

Assuming pseudo-first-order degradation of RhB, the degradation
rate constants (k) for the two catalysts have been calculated using the
equation —In(C/C;) = kt (C; = initial concentration and
C = concentration at time t). The k values obtained are 0.012(2) and
0.016(2) min~* for 1 and 2-MeOH, respectively. These rates are com-
parable with the rates reported for vanadium-doped nanomaterials
catalyzed RhB degradation reactions under visible light irradiation
[62-65]. The first absorption maxima (452 nm) of 2-MeOH is in the
visible region, while that (375 nm) of 1 is in the violet end of the visible
light. The band gap energies for these ligand-to-metal charge transfer
bands calculated using the Tauc plot method are 2.87 and 2.42 eV for 1
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Fig. 6. Visible light driven catalytic degradation of rhodamine B (RhB) in

presence of K[VO5(HL)]'MeOH (2:-MeOH) as catalyst using the experimental
conditions described in the text.
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Fig. 7. Change of rhodamine B (RhB) concentration in absence and in presence
of catalysts (1 and 2-MeOH) as a function of irradiation time. C and C; represent
the dye concentrations after and before irradiation, respectively.

and 2-MeOH, respectively. Slightly better photocatalytic activity of
2-MeOH than 1 is likely to be due to the difference in their absorption
maxima, and hence the corresponding band gap energies [66].

Close to 90% of each of the two complex catalysts was collected
after the catalytic reaction by filtration. The infrared and 'H NMR
spectra of the recovered samples showed no significant variation when
compared with the corresponding spectra of the complexes before the
reactions. Therefore, both complexes are recyclable and they can be
reused for further catalytic cycles. Each of the two recovered catalysts
was used for second time in the degradation reaction of RhB. In this
second cycle, the degradation percentages of the dye were found to be
2-3% lower (82 and 88% for 1 and 2-MeOH, respectively) than those
observed in the first cycle.

It has been proposed that in photocatalytic dye degradation using
oxidovanadium(V) species as catalyst, the first step is an electron
transfer from the photoexcited dye (RhB*) to the oxidovanadium(V)
species and hydrogen abstraction leading to the formation of oxidova-
nadium(IV) species, dye radical cation and water [61]. In the present
system, it is very likely that the degradation of the dye begins in a
similar fashion. Here, the catalytic reactions were performed under
aerobic conditions and therefore the dissolved oxygen can regenerate
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the catalyst by oxidizing the reduced complex (1 or 2) and itself getting
reduced to reactive oxygen species such as superoxide or peroxide.
These reactive species can complete the oxidative degradation of the
dye radical cation. In the control experiment using either of the two
catalysts under nitrogen atmosphere in presence of light, there is no
significant variation of the absorption spectrum of the dye. Thus
aerobic conditions are crucial for effective degradation of the dye.

4. Conclusions

Two complexes having the formulas [VO(u-OMe)(HL)]5 (1) and K
[VO,(HL)]'MeOH (2-MeOH) with the Schiff base biacetylmonoxime
salicyloylhydrazone (HsL) have been reported. The X-ray molecular
structures of 1 and 2-MeOH revealed the ambidentate coordination
behavior of the oximate group (O and N) of (HL)?~. The centrosym-
metric dimeric 1 is an edge-shared bioctahedral complex. Here (HL)?~
has a fused 5,6-membered chelate rings forming amidate-O, imine-N
and oximate-O coordination mode. On the other hand, in 2-MeOH, the
distorted trigonal bipyramidal monoanionic complex [VO,(HL)]™
contains the fused 5,5-membered chelate rings forming amidate-O,
imine-N and oximate-N donor (HL)?>~. The counter cation K' in
2:-MeOH is in distorted gyrobifastigium Og coordination sphere. In the
crystal lattice, 2-MeOH forms two-dimensional coordination polymeric
network structure. Physical and spectroscopic characteristics of the two
complexes are in good agreement with their molecular formulas and
structures. Both complexes are photocatalytically active and visible
light induced photodegradation of rhodamine B up to 84 and 91% has
been achieved in 2 h using 1 and 2-MeOH, respectively as catalysts.
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Abstract. Reactions of Mn(Cl0,),-6H,O and Fe(Cl0O,4)3;-6H,O with the tetradentate N,O,-donor Schiff
bases N,N'-bis(salicylidene)-ortho-phenylenediamine and N,N'-bis(salicylidene)ethylenediamine (H,salophen
and Hjsalen, where 2 Hs represent the two dissociable phenolic protons), respectively and the bridging ligand
4,4'-bipyridine (bipy) in presence of triethyl amine in methanol under ambient conditions produce one
dimensional coordination polymers {[Mn(salophen)(p-bipy)]ClO4}, (1) and {[Fe(salen)(p-bipy)]ClO4}, (2)
in ~60% yields. Both complexes have been characterized by elemental analysis and spectroscopic (IR and
DR) measurements. The linear polymeric structures of 1 and 2 have been confirmed by single-crystal X-ray
crystallography. The metal centres in these polymers are in distorted octahedral N4O, coordination spheres.
Each of the two dibasic tetradentate ligands (salophen®~ and salen®") forms an ONNO square-plane around
the metal centre, while the two axial coordination sites are occupied by N-atoms of the two bridging bipy
ligands. Variable temperature magnetic susceptibility measurements reveal the high-spin configuration of
manganese(IIl) and iron(Ill) and Curie paramagnetic behaviour of each of the two coordination polymers.

Keywords. Manganese(IIl); Iron(IIl); Schiff bases; 4,4’-bipyridine; Coordination polymers; Crystal

structures; Physical properties.

1. Introduction

Since the first classification of infinite linear inor-
ganic chain compounds as coordination polymers in
1964," the design and synthesis of polymeric coor-
dination compounds have attracted immense attention
due to their interesting solid-state assembly patterns
and the consequent electronic, optical and magnetic
properties.”™'" The network structures and the phys-
ical properties of these compounds have led to their
applications in a wide variety of research areas such
as gas absorption, separation and storage; molecule-
based conductors, magnets and sensors; nonlinear
optical materials and catalysis.®”'' As a result, there
is a constant effort for new coordination polymers
having potential for use as functional materials and

*For correspondence

efficient catalysts. We have been working on struc-
tural aspects and catalytic applications of coordina-
tion polymers involving some 3d metal ions for quite
some time.'>'* Herein, we report two analogous

one-dimensional coordination polymers of man-
ganese(Ill) and iron(Ill) having the formulas
{[Mn(salophen)(p-bipy)]ClO4}, (1) and {[Fe(sa-

len)(p-bipy)]ClO4}, (2) assembled from square-pla-
nar N,O, coordination geometry forming Schiff bases
N,N'-bis(salicylidene)-ortho-phenylenediamine (H,sa-
lophen) and N,N'-bis(salicylidene)ethylenediamine
(Hysalen), respectively and the bridging ligand 4,4'-
bipyridine (bipy) (Figure 1). In the following
account, syntheses, single-crystal X-ray structures
and the physical properties of 1 and 2 have been
described.

This article is part of the Topical Collection: Beyond Classical Chemistry.
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Figure 1. Chemical structure diagrams of the teradentate

Schiff bases and the corresponding one-dimensional man-
ganese(IIl) and iron(IIl) coordination polymers.

2. Experimental
2.1 Materials

The Schiff bases Hjsalen and Hjsalophen were pre-
pared from two-mole equivalents of salicylaldehyde
and one mole equivalent of ethylene diamine and
ortho-phenylenediamine, respectively in methanol by
following a reported procedure.'> All other chemicals
used in this work were of analytical grade available
commercially and were used as received without any
further purification. Solvents used were purified by
standard methods.'®

2.2 Physical measurements

Elemental (CHN) analyses were performed with the
help of a Thermo Finnigan Flash EA1112 series ele-
mental analyser. A Quantum Design SQUID-VSM
instrument was used for solid-state variable tempera-
ture magnetic susceptibility measurements. The
infrared spectra were recorded in ATR mode on a
Thermo Scientific Nicolet iS5 FT-IR spectropho-
tometer. The electronic spectra were recorded in the
solid-state diffuse-reflectance spectroscopy (DRS)
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mode with the help of a Shimadzu UV-2600 spec-
trophotometer equipped with an integrating sphere.

2.3 Synthesis of {[Mn(salophen)(u-bipy)]CIlO4},
(1)

To a suspension of Hysalophen (95 mg, 0.3 mmol) in
10 mL of methanol NEt; (60 mg, 0.6 mmol) and 4,4'-
bipyridine (bipy) (47 mg, 0.3 mmol) were added and
stirred for 10 min. To the resulting mixture a methanol
solution (10 mL) of Mn(ClO4),-6H,O (110 mg,
0.3 mmol) was added and stirred in the air at room
temperature (298 K) for 2 h. The brown solution
obtained was filtered and the filtrate was kept for slow
evaporation. The dark crystalline material separated in
about 7-10 days was collected by filtration and dried
in vacuum. Yield: 120 mg (64%). Anal. Calcd for
C;50H,,N4O6CIMn: C, 57.66; H, 3.55; N, 8.97. Found:
C, 57.62; H, 3.56; N, 8.91. Selected IR bands: v
(cm_l) = 1599 (azomethine-CN), 1064 and 621
(ClO4). UV-Vis (diffuse reflectance) bands: Ay
(nm) = 570°", 450°", 350, 252.

2.4  Synthesis of {[Fe(salen)(u-bipy)]ClO,}, (2)

The iron(IIl) coordination polymer was also synthe-
sized in methanolic medium by using H,salen, NEts,
4,4'-bipyridine (bipy) and Fe(ClO,);-6H,0 in the same
mole ratio and the same procedure as described for 1.
Yield: 105 mg (60%). Anal. Calcd for CygH,oN4Og.
ClFe: C, 54.05; H, 3.84; N, 9.70. Found: C, 54.15; H,
3.86; N, 9.62. Selected IR bands: v (cm_l) = 1617
(azomethine-CN), 1083 and 618 (ClO4). UV-Vis
(diffuse reflectance) bands: An,x (nm) = 580°" 442,
345, 248.

2.5 X-ray crystallography

A single crystal of {[Mn(salophen)(pi-bipy)]ClOy4}, (1)
suitable for X-ray data collection was collected from
the crystalline material obtained from its synthesis
reaction mixture. On the other hand, X-ray quality
crystals of {[Fe(salen)(p-bipy)]ClO4}, (2) were grown
by slow evaporation of its solution in acetonitrile.
Complex 1 crystallized as it is without any solvent
molecule, while complex 2 formed an acetonitrile
solvate 2-CH;CN. X-ray intensity data for both crys-
tals were collected at 298 K on a Bruker D8 QUEST
diffractometer equipped with a PHOTON 100 CMOS
area detector and an INCOATEC microfocus source
for graphite-monochromated Mo Ko radiation (A =
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0.71073 A). Data collection and reduction were per-
formed with the help of APEX3 package.'” Absorption
corrections were applied using the SADABS pro-
gram.'® Each of the two structures was solved by
direct method and refined on F* by full-matrix least-
squares procedures. All non-hydrogen atoms of 1 and
except for the non-hydrogen atoms of the two half-
occupancy CH3;CN molecules, which were refined
isotropically, the remaining non-hydrogen atoms of
2-CH;CN were refined with anisotropic thermal
parameters. All hydrogen atoms of both structures
were included in the structure factor calculations at
idealized positions by using a riding model. The
SHELX-97 programs'® available in the WinGX
package® were used for structure solution and
refinement. The structural illustrations were prepared
using the Mercury package.”' Selected crystal data and
refinement summary for both structures are listed in
Table 1.

3. Results and Discussion
3.1 Synthesis and characterization

{[Mn(salophen)(p-bipy)]ClO4}, (1) and {[Fe(sa-
len)(p-bipy)]ClO4}, (2) were synthesized in decent
yields (64 and 60%, respectively) by reacting hex-
ahydrated manganese(II) and iron(IIl) perchlorates,
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the corresponding Schiff bases Hjsalophen and H,.
salen, 4,4-bipyridine and triethylamine in 1:1:1:2
mole ratio in methanol at room temperature (300 K)
under aerobic conditions. Both 1 and 2 are brown in
colour. The elemental (CHN) analysis data of the two
compounds are in good agreement with their molec-
ular formulas. In the solid state, room temperature
(300 K) magnetic moments of the repetitive
mononuclear units are 4.61 and 6.02 pg for 1 and 2,
respectively. These values are close to the spin-only
magnetic moments of 4.89 and 5.92 pg calculated for
S =2 and S = 5/2 spin states for the manganese(I1I)
and iron(Ill) centres in 1 and 2, respectively. In the
case of 1, it is very likely that the oxygen in air oxi-
dized the manganese centre from bivalent state to the
trivalent state during its synthesis from manganese(Il)
perchlorate under aerobic conditions.

3.2 X-ray structures

The structures of 1 and 2-CH3CN were solved in the
space groups P2,/c and P 1, respectively. The asym-
metric unit of 1 contains two repetitive units of the
polymer, while that of 2-CH3;CN contains one repeti-
tive unit of the polymer and two half occupancy ace-
tonitrile molecules. In both coordination polymers, the
perchlorate ions are somewhat close to the metal
coordinated polarized azomethine C-H groups

Table 1. Selected crystal data and structure refinement summary.

Complex 1 2.CH;CN
Chemical formula C30H22N4O6C1Mn C23H25N506C1Fe
Formula weight 624.91 618.83
Crystal system Monoclinic Triclinic
Space group P2,/c P1

a(A) 11.7703(5) 9.6938(18)

b (A) 30.1432(16) 11.533(3)

c (A) 16.4637(8) 15.084(3)

o (°) 90 102.352(13)
B (©) 99.697(2) 102.883(12)
Y (©) . 90 105.925(13)
Volume (A%) 5757.8(5) 1511.2(5)

Z 8 2

p (g cm™) 1.442 1.360

p (mm™) 0.602 0.635
Reflections collected 208861 49255
Reflections unique 10099 5285
Reflections [/ > 2c(1)] 8068 3800

Data / restr. / param. 10099/0/757 5285/0/369

R1, wR2 [I > 2c5(])]
R1, wR2 [all data]
GoF on F? i
Max./Min. Ap (e A™3)

0.0648, 0.1945
0.0813, 0.2063
1.062
1.698/-0.688

0.0950, 0.2421
0.1283, 0.2594
1.095
1.222/-0.586
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Figure 2. The asymmetric unit of 1 with the atom
labelling scheme. Thermal ellipsoids of all non-hydrogen
atoms are drawn at the 50% probability level. For clarity
only the non-carbon atoms are labelled.

Figure 3. The asymmetric unit of 2-CH;CN with the atom
labelling scheme. Thermal ellipsoids of all non-hydrogen
atoms except for those of the two half-occupancy CH;CN
molecules are drawn at the 50% probability level. For
clarity the carbon atoms are not labelled.

indicating hydrogen bonding interactions. The shortest
C---O distances and the corresponding C-H:--O angles
are in the ranges 3.360(14)-3.618(16) A and

J. Chem. Sci. (2021)133:73

123-163°, respectively. However, no significant close
contact could be detected for the two half-occupancy
acetonitrile molecules with the complex cation or
perchlorate ion in 2-CH3CN. The structures of the
asymmetric units of 1 and 2-CH3CN are illustrated in
Figures 2 and 3, respectively. Metal centred geometric
parameters of both are listed in Table 2. In the
asymmetric unit of 1, the bond lengths and angles
associated with the manganese centres of the two
repetitive cations are very similar. In each of
[Mn(salophen)(pu-bipy)]™ and [Fe(salen)(u-bipy)]™,
the metal ion is in a distorted octahedral N,O, coor-
dination sphere assembled by the N,O,-donor Schiff
base ligand and two N-atoms of the two bridging 4,4’-
bipyridine molecules. The tetradentate Schiff base
forms an ONNO square-plane around the metal centre.
There is no deviation of the metal ion from this square-
plane. The rms deviations from the mean plane con-
stituted by the metal centre and the four coordinating
atoms are about 0.03 and 0.07 A for 1 and 2, respec-
tively. The N-atoms of two symmetry related 4,4'-
bipyridine molecules satisfy the two axial positions of
the metal centre in each of the planar {Mn(sa-
lophen)}* and {Fe(salen)} " units. As a result infinite
linear chains of [Mn(salophen)(u-bipy)]™ and [Fe(sa-
len)(p-bipy)]™ are formed in the crystal lattices of 1
and 2-CH;CN, respectively (Figure 4). The bridging
4,4'-bipyridine moieties are twisted in both complexes.
The twisting is relatively more in 1 than in 2. In the
asymmetric unit of 1, the dihedral angles between the
two pyridine rings are 49.7(2)° and 37.8(2)° in the first
and the second [Mn(salophen)(p-bipy)]+ units,
respectively, whereas, in [Fe(salen)(u-bipy)]", the
dihedral angle is 28.2(4)°. The metal to coordinating
atom distances observed for [Mn(salophen)(p-bipy)]™
and [Fe(salen)(u-bipy)]* are comparable with bond
lengths reported for manganese(Ill) and iron(IIl)
complexes, respectively, having similar coordinating
atoms.”” > Bond valence sum calculations were also
carried out using the EXPO2014°° software for further
confirmation of the oxidation states. The values
obtained are 3.21 and 3.19 for the two metal centres of
the two [Mn(salophen)(p-bipy)]* units present in the
asymmetric unit of 1, whereas that is 2.99 for iron in
[Fe(salen)(p-bipy)] " present in the asymmetric unit of
2-CH;CN.

3.3 Spectroscopic properties

Infrared spectra of 1 and 2 were recorded in the range
4000—400 cm ™. Both spectra display a large number
of bands of various intensities (Figure 5). No attempt
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Table 2. Selected bond lengths (A) and angles (°) for 1 and 2-CH;CN.

{[Mn(salophen)(p-bipy)]ClO4}, (1)

Mn(1)-O(1) 1.871(3)
Mn(1)-0(2) 1.879(3)
Mn(1)-N(1) 1.984(3)
Mn(1)-N(2) 1.983(3)
Mn(1)-N(3) 2.315(3)
Mn(1)-N(4")* 2.396(3)
O(1)-Mn(1)-O(2) 95.05(13)
O(1)-Mn(1)-N(1) 91.91(13)
O(1)-Mn(1)-N(2) 173.09(14)
O(1)-Mn(1)-N(3) 90.74(13)
O(1)-Mn(1)-N(4'y* 89.19(12)
O(2)-Mn(1)-N(1) 172.87(13)
O(2)-Mn(1)-N(2) 91.41(13)
0O(2)-Mn(1)-N(3) 92.10(12)
O(2)-Mn(1)-N(4')* 91.52(12)
N(1)-Mn(1)-N(2) 81.70(14)
N(1)-Mn(1)-N(3) 89.32(12)
N(1)-Mn(1)-N(4')* 87.06(12)
N(2)-Mn(1)-N(3) 86.57(13)
N(2)-Mn(1)-N(4)* 93.09(12)
N(3)-Mn(1)-N(4')* 176.38(12)

{[Fe(salen)(pu-bipy)]ClO4},,-CH3CN (2-CH5CN)

Fe(1)-O(1) 1.871(4)
Fe(1)-N(1) 2.123(6)
Fe(1)-N(3) 2.231(5)
O(1)-Fe(1)-0(2) 105.9(2)
O(1)-Fe(1)-N(2) 165.0(2)
O(1)-Fe(1)-N(4")° 88.80(19)
0(2)-Fe(1)-N(2) 89.0(2)
0(2)-Fe(1)-N(4')° 90.8(2)
N(1)-Fe(1)-N(3) 88.1(2)
N(2)-Fe(1)-N(3) 92.9(2)
N(3)-Fe(1)-N(4)° 176.9(2)

Mn(2)-O(3) 1.886(3)
Mn(2)-0(4) 1.865(3)
Mn(2)-N(5) 1.977(3)
Mn(2)-N(6) 1.994(3)
Mn(2)-N(7) 2.334(3)
Mn(2)-N(8')* 2.390(3)
0(3)-Mn(2)-0(4) 94.10(12)
0(3)-Mn(2)-N(5) 91.80(13)
0O(3)-Mn(2)-N(6) 172.84(13)
0(3)-Mn(2)-N(7) 91.72(12)
0(3)-Mn(2)-N(8')* 89.32(12)
0(4)-Mn(2)-N(5) 172.81(13)
O(4)-Mn(2)-N(6) 92.69(13)
O(4)-Mn(2)-N(7) 94.21(12)
O(4)-Mn(2)-N(8)* 88.72(12)
N(5)-Mn(2)-N(6) 81.27(13)
N(5)-Mn(2)-N(7) 89.73(12)
N(5)-Mn(2)-N(8')* 87.23(12)
N(6)-Mn(2)-N(7) 90.02(12)
N(6)-Mn(2)-N(8')* 88.59(12)
N(7)-Mn(2)-N(8')* 176.82(12)
Fe(1)-0(2) 1.906(4)
Fe(1)-N(2) 2.097(5)
Fe(1)-N(4')° 2.232(5)
O(1)-Fe(1)-N(1) 88.7(2)
O(1)-Fe(1)-N(3) 90.24(19)
0(2)-Fe(1)-N(1) 164.5(2)
0O(2)-Fe(1)-N(3) 86.6(2)
N(1)-Fe(1)-N(2) 76.8(2)
N(1)-Fe(1)-N(4')° 94.8(2)
N(2)-Fe(1)-N(4')° 88.8(2)

Symmetry transformations used to generate equivalent atoms: “ X + 1, y, z. ®x, y+ 1,z

was made to assign all the bands except for a selected
few. The free Schiff bases H,salophen and Hjsalen are
reported to show the phenolic-OH stretches as a broad
band centred at 3450 and 3318 cm™ ', respectively.?’-**
As expected no such band is present in the spectra of 1
and 2 due to the deprotonation of the phenolic-OH
groups in both compounds. A sharp and strong band
observed at 1599 cm™' for 1 is assigned to the
azomethine C=N group. This C=N stretching band in 1
is about 11 cm™! lower than that in the free H,sa-
lophen.?” Similarly 2 displays a sharp and strong band
at 1617 cm_], which is about 15 cm™! lower than that
in the corresponding free Schiff base.”® The shift of
the C=N stretch to lower energy in each of the two
polymers is consistent with the coordination of the
azomethine-N atom to the metal centre. The presence
of the perchlorate ion in 1 and 2 is indicated by a very
strong and broad band centred at ~ 1070 cm™ and a

sharp strong band at ~620 cm™.

The optical features of 1 and 2 were determined by UV—
Vis diffuse reflectance spectroscopy using BaSO, as the
reference. The spectral profiles are very similar except for
some shift in the band positions and variations in their
relative intensities (Figure 6). Both compounds display a
weak shoulder at ~575 nm, followed by a relatively
strong absorption at ~455 nm and two very strong
absorptions at ~348 and ~250 nm. The electronic
spectra of Hpsalophen and Hysalen are known to show
three strong absorptions in the range 368-214 nm.””** A
ligand centred absorption band of the 4,4’-bipyridine has
been reported to be observed at 363 nm.*® Thus, for 1 and
2, the two bands in the ultraviolet region ( ~ 348 and ~ 250
nm) are assigned to ligand centred transitions and the two
visible region absorptions (~575 and ~455 nm) are
attributed to ligand-to-metal charge transfer (LMCT)
transitions. Previously reported manganese(Ill) and iro-
n(IlI) complexes with salen type ligands display LMCT
bands in the comparable wavelength range.***"
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Figure 4. One-dimensional linear structures of {[Mn(salophen)(u-bipy)]*}, (top) and {[Fe(salen)(u-bipy)]*}, (bottom).
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Figure 5. Infrared spectra of (a) {[Mn(salophen)(p-
bipy)IC104}, (1) and (b) {[Fe(salen)(u-bipy)ICIO4}, (2).

3.4 Magnetic properties

The magnetic properties of 1 and 2 were investigated by
variable temperature magnetic susceptibility measure-
ments with their powdered samples in the temperature
range 5-300 K at a constant magnetic field of 1000 Oe.
The effective magnetic moment (pL.¢r) of the repetitive
unit of 1 is found to be 4.61 pg at 300 K, which is
somewhat lower than the calculated spin-only value

(4.89 pp) of high-spin manganese(IIl) (S = 2). There is
essentially no change in the magnetic moment with
lowering of temperature down to 65 K, where g is
4.59 pg (Figure 7). On further lowering the temperature
it increases slightly and becomes 4.65 pg at 20 K and
then decreases rapidly to a value of 4.34 pg. In case of
the repetitive unit of 2, the pl.¢ris 6.02 pg at 300 K, which
is very close to the spin-only value (5.92 pg) of high-
spin iron(II) (S = 5/2). With lowering of temperature
the ¢ decreases and reaches the value of 5.91 pg at 50
K and then increases slightly to 5.94 pg at 20 K (Fig-
ure 7). Below 20 K the pi.¢r decreases rather sharply to a
value of 5.68 pg at 5 K. The extents of overall decrease
of the ¢ values due to lowering of temperature from
300to 5 Kare 0.27 and 0.34 pp for 1 and 2, respectively.
Thus it appears that there is no significant spin-spin
interaction in either of the two coordination polymers.
The inverse molar magnetic susceptibility values of the
repetitive units of 1 and 2 are plotted against tempera-
ture (Figure 7). A near perfect linear plot has been
obtained for each of 1 and 2. In both cases, the data were
fitted using the expression for the Curie—Weiss law. The
Curie (C in cm® K mol™") and Weiss (0 in K) constants
obtained are 2.65 and —0.40 for 1 and 4.55 and —1.87
for 2. The linear plots and the intercepts very close to the
origin indicate the Curie paramagnetic behaviour of
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Figure 6. Diffuse reflectance spectra of {[Mn(salophen)(p-bipy)]ClO4}, (1) (solid trace) and {[Fe(salen)(pu-bipy)]ClO4},

(2) (dashed trace).
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Figure 7. Inverse molar magnetic susceptibility as a
function of temperature for {[Mn(salophen)(p-bipy)]ClO4},
(1) (O) and {[Fe(salen)(p-bipy)]ClO4}, (2) (A). The
straight lines represent linear least-squares fits. Inset:
Variation of effective magnetic moments with temperature
for {[Mn(salophen)(p-bipy)]ClO4}, (1) (O) and {[Fe(sa-
len)(p-bipy)IClO4}, (2) (A).

both coordination polymers. The ¢ calculated from
the above mentioned values of C are 4.60 and 6.03 15 for
1 and 2, respectively. Generally very weak or no spin-
spin interactions are reported for 4,4’-bipyridine bridged
complexes.*>? A possible explanation proposed for
such magnetic behaviour is as follows.*? The single
bond character of the C—C bond (1.477(5) and 1.491(5)
A in 1 and 1.482(9) A in 2) between the two pyridine
rings of the bridging 4,4'-bipyridine allows unhindered
twisting of the two pyridine rings around this C—C bond
(vide supra) and therefore prevents the super-exchange
pathway via the pyridine ring m-electrons for effective
spin-spin interaction between the bridged metal ions.

4. Conclusions

Syntheses and characterization of two one-dimen-
sional coordination polymers of formulas {[Mn(sa-
lophen)(p-bipy)]ClO4}, (1) and  {[Fe(salen)(p-
bipy)]ClO4}, (2) with N,O,-donor Schiff base ligands
(salophen®” and salen®") and 4,4’-bipyridine (bipy) are
reported. Structures of both coordination polymers
were determined by single crystal X-ray crystallogra-
phy. In each structure, the twisted 4,4'-bipyridine
molecules act as bridges by occupying the axial
coordination sites of the metal ions of the planar
{M(salophen/salen)}" units and assemble the one-di-
mensional linear structures of {[M(salophen/salen)(t-
bipy)] " },. Microanalytical and the solid state infrared
and electronic spectroscopic characteristics of both
polymeric compounds are consistent with their struc-
tures. Variable temperature magnetic susceptibility
studies revealed the S = 2 and 5/2 spin states of the
metal ions in 1 and 2, respectively and their Curie
paramagnetic character due to twisting of the bridging
4.,4'-bipyridine, which does not allow any super-ex-
change induced spin-spin interaction between the
metal ions.

Supplementary Information (SI)

CCDC 2077457 and 2077458 contain the supple-
mentary crystallographic data for 1 and 2-CH3;CN,
respectively. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, by e-mail-
ing to data_request@ccdc.cam.ac.uk or by contacting
The Cambridge Crystallographic Data Centre, 12
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ABSTRACT: The reaction of equimolar amounts of UO,(OAc),:
2H,0, 2,6-diformyl-4-methylphenol, and N-(hydroxyethyl)-
ethylenediamine in methanol affords a dinuclear trans-uranyl(VI)
complex of the molecular formula [(UO,),(u-L),] (1>~ = 2-formyl-4-
methyl-6-((2-(2-oxidoethylamino)ethylimino)methyl)phenolate) in
65% vyield. Detailed structural elucidation of the complex was TeoA™

performed by using single-crystal X-ray crystallographic and spectro- X

Photocatalytic

Electrocatalytic
112H;
Y

1/2H,
- Dye*

Dye

TEOA Dye*

scopic studies. In [(UO,),(u-L),], the metal centers are in edge-shared b
pentagonal-bipyramidal N,Og coordination spheres assembled by the ‘

two meridional ONNO-donor bridging L*~ and two pairs of mutually

trans oriented oxo groups. The complex is redox active and displays two successive metal-centered one-electron reductions at
E,.=—0.71 and —1.03 V in N,N-dimethylformamide solution. The redox-active complex was used as a heterogeneous catalyst

pc

for electrochemical hydrogen evolution from aqueous medium at pH 7 with a turnover frequency (TOF) of 384 h™' and a Tafel
slope of 274 mV dec™". The Faradaic efficiency of [(UQO,),(u-L),] was found to be 84%. Beyond the electrocatalytic response,
the [(UO,),(u-L),]-TiO,—N719 composite also exhibited significant heterogeneous photocatalytic hydrogen evolution activity
in neutral aqueous medium under visible light and provided a yield of 3439 ymol g_,,~' of H, in 4 h with a TOF of 172 h™" and

apparent quantum yield (AQY) of 7.6%.

B INTRODUCTION

One of the major concerns of the present day is to have a
source of clean and green energy. Hydrogen is not only an
environmentally friendly and renewable source of energy
without emission of any carbon-based greenhouse gas during
combustion but it also has the highest gravimetric energy
density for any fuel known to date.' In nature, hydrogenase
enzymes utilize iron and/or nickel cofactors to produce
hydrogen from neutral aqueous medium with turnover
frequencies (TOFs) ranging from 100 to 10000 s'.”> However,
the complexity of the macromolecules as well as their
inefficiency to work under aerobic conditions has restricted
their practical usage. Thus, immense efforts have been devoted
to the development of efficient, robust, and inexpensive
catalysts for the production of hydrogen from water.””
Hydrogen can be generated by both photocatalytic and
electrocatalytic water-splitting reactions. The platinum-based
electrocatalysts are considered to be ideal for hydrogen
production because they have low overpotentials along with
Tafel slopes as low as 30 mV dec™’, but then again, they suffer
the problem of high cost due to the low abundance of
platinum.*® Several other earth-abundant 3d and 4d transition
metal containing catalysts under both homogeneous and
heterogeneous conditions have been shown to be quite
efficient and robust in aqueous as well as nonaqueous
medium.**°

-4 ACS Publications  © 2019 American Chemical Society

Fujishima and Honda carried out the first photoelectro-
chemical water splitting reaction in 1972, using a TiO,
electrode as anode and a platinum electrode as cathode.”
However, the reaction has a low quantum efliciency. Among
the various semiconductors available, TiO, possesses better
light-harvesting capacity and low Fermi energy levels to
undergo water-splitting reactions. However, its major drawback
is the high band gap (3.2 eV), which obstructs light absorption
from the visible region. To overcome this drawback, there is a
continuous quest for the design and synthesis of new
photocatalysts which not only possess better light-harvesting
ability but also can absorb visible light, which is about 40% of
the total sunlight.”*”

Depleted uranium forms a major source of radioactive waste
all over the world. Thus, the utilization of uranium as a catalyst
toward hydrogen production from water can be considered as a
major step forward toward a clean and green environment. The
application of low-valent uranium as a catalyst in electrolytic
water reduction has been recently reported by Meyer and co-
workers,'® and it happens to be the first report on uranium
acting as an electrocatalyst for the hydrogen evolution reaction
(HER). In the present article, we report the synthesis,
characterization, X-ray crystal structure, and physical proper-
ties of a high-valent dinuclear trans-uranyl(VI) complex with
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the molecular formula [(UO,),(y-L),] (H,L is 2-hydroxy-3-
((2-(2-hydroxyethylamino)ethylimino)methyl)-S-methylben-
zaldehyde, where the two Hs represent the dissociable
phenolic and alcoholic protons) (Scheme 1) and its use for
efficient reduction of water to hydrogen by both electro-
catalytic and photocatalytic methods.

Scheme 1. Synthesis of [(UO,),(u-L),]

B 50

—> [ + UO,(OAG),-2H,0
OH

B EXPERIMENTAL SECTION

Materials. 2,6-Diformyl-4-methylphenol was prepared by follow-
ing a reported procedure.'" All other chemicals and solvents used in
this work were of reagent grade and were used as received without any
further purification.

Physical Measurements. Elemental (CHN) analysis data were
obtained with the help of a Thermo Finnigan Flash EA1112 series
elemental analyzer. Solid-state magnetic susceptibility measurements
were performed with a Sherwood Scientific balance. A Digisun DI-909
conductivity meter was used for solution electrical conductivity
measurements. Mass spectra were recorded with a Bruker Maxis (ESI-
TOF analyzer) spectrometer. A Thermo Scientific Nicolet iSS FT-IR
spectrophotometer was used to record the infrared (IR) spectra in
ATR mode. A Shimadzu UV-3600 UV—vis—NIR spectrophotometer
was used to collect the electronic absorption spectra. Cyclic and
differential pulse voltammetric (CV and DPV) measurements with
N,N-dimethylformamide solutions of [(UO,),(u-L),] were carried
out using a CH Instruments Model 620A electrochemical analyzer. A
Varian 720-ES ICP-OES spectrometer was used for determination of
the uranium content. XPS measurements were carried out on a
Thermo Scientific K-Alpha® spectrometer. Gas chromatographic
measurements were performed using a PerkinElmer Clarus 590 gas
chromatograph equipped with a thermal conductivity detector and a
molecular sieve 5 A column. Diffuse reflectance spectra were recorded
using BaSO, as the reference on a PerkinElmer Lambda 750 UV—
vis—NIR spectrophotometer fitted with an integrating sphere. A
Newport 450 W xenon lamp was used for photocatalytic experiments.

Synthesis of [(UO,),(u-L),]. A solution of N-(hydroxyethyl)-
ethylenediamine (42 mg, 41 yL, 0.4 mmol) in methanol (10 mL) was
added to a methanol solution (10 mL) of 2,6-diformyl-4-
methylphenol (66 mg, 0.4 mmol), and the mixture was boiled
under reflux for 1 h. To the resulting solution was added a solution of
UO,(0Ac),2H,0 (170 mg, 0.4 mmol) in methanol (10 mL)
dropwise, and the mixture was refluxed for another 3 h. A
microcrystalline orange solid that separated on cooling to room
temperature (298 K) was collected by filtration and dried in air. For
recrystallization, the solid obtained was dissolved in an N,N-
dimethylformamide/methanol (1/1) mixture and allowed to evapo-

NH2

OH
NH

<— \||

\II/ /II\

||\ _>

14411

rate slowly. The crystalline material that deposited in about 8—10
days was collected by filtration and dried under vacuum. Yield: 135
mg (65%). Anal. Calcd for C,4H;,N,0,,U, (1036.61): C, 30.12; H,
3.11; N, 5.40. Found: C, 30.19; H, 3.07; N, 5.48. Selected IR data (v
(em™)): 3225 (N—H), 2831 ((O)C—H), 1676 (C=0), 1625 (C=
N), 886 (UO,). UV—vis data (A, (nm) (e (10> M™' cm™))): 465
(0.9), 396 (4.1), 372 (4.7). ESI-MS (m/z): calcd for C,qH33N,0,0U,"
1037.3212, found 1037.3099. CV data (E,. (V)): —0.71, —=1.03. DPV
data (E, (V)): —0.56, —0.86.

X-ray Crystallography. A single crystal suitable for X-ray data
collection was selected from the recrystallized sample of the complex.
Unit cell determination and the intensity data collection at room
temperature (298 K) were performed on a Bruker D8 Quest
diffractometer fitted with a Photon 100 CMOS area detector and an
Incoatec microfocus source for graphite-monochromated Mo Ka
radiation (4 0.71073 A). Data acquisition, integration, and
reduction were done using the APEX3 software package.'” An
empirical multiscan absorption correction was applied to the data
using the SADABS program.” The structure was solved by direct
methods in space group P2,/c and refined on F* using full-matrix
least-squares procedures. The asymmetric unit contains half of the
dinuclear molecule. All of the non-hydrogen atoms were refined using
anisotropic displacement parameters, whereas the hydrogen atoms
were placed at idealized positions and were refined as riding atoms.
The SHELX-97 programs'* provided in the WinGX software suite'®
were used for structure solution and refinement. Structural
illustrations were prepared using the Mercury package.' Significant
crystal and refinement data are summarized in Table 1.

Table 1. Selected Crystal Data for [(UO,),(u-L),]

chem formula C,6H;,N,0,,U,
formula wt 1036.62
cryst syst monoclinic
space group P2,/c

a (A) 7.6504(6)

b (A) 7.4471(5)

¢ (A) 26.094(2)
B (deg) 98.150(3)
Vv (A%) 1471.63(19)
VA 2

p (g em™) 2.339

u (mm™) 11.052

no. of rflns collected 54912

no. of unique rflns 2588

no. of rflns with I > 26(I) 2276

no. of data/restraints/params 2588/0/191

[

RI, wR2 (T > 20(1))

R1, wR2 (all data)

GOF on P2

largest diff peak/hole (e A™3)

0.0283, 0.0584
0.0356, 0.0603
1.191

1.008/—1.546

Electrocatalytic Studies. All of the electrochemical hydrogen
evolution studies were done with the help of a Zahner Zanium
electrochemical workstation using a three-electrode system. The
measurements were carried out using a [(UO,),(y-L),], carbon black
and Nafion coated fluorine doped tin oxide (FTO) glass plate as the
working electrode, a Pt wire as the counter electrode, and an Ag/AgCl
reference electrode in 0.1 M phosphate buffer of pH 7 (unless
otherwise mentioned) at room temperature (298 K). Sample
preparation for the coating of the FTO plate was as follows: to a
mixture of 4 mg of [(UO,),(y-L),] and 1 mg of carbon black in 1 mL
of an ethanol/water (3/2 v/v) mixture was added 10 uL of 5 wt %
Nafion, and the whole mixture was sonicated for 2 h. A 30 uL portion
of this mixture was then coated on a FTO plate of area 0.2 cm® The
coating on the FTO plate surface was then dried by an IR lamp. The
area of the electrode was maintained at 0.2 cm? for all of the
electrochemical experiments unless mentioned otherwise. The open-

DOI: 10.1021/acs.inorgchem.9b01726
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circuit potential was used as the initial potential for all of the cyclic
voltammetric measurements using the surface-coated FTO electrode.
All electrode potentials were converted to the reversible hydrogen
electrode (RHE) scale using the equation Egyy = Epg/agar + 0.059pH
+0.2.

Preparation of Dye-Adsorbed Composite Photocatalyst.
N719 dye (1.19 mg, 1 umol) was dissolved in an ethanol/acetonitrile
mixture (20 mL, 1/1 v/v). To this solution were added [(UO,),(u-
L),] (5.5 mg, 5.3 pymol) and TiO, (100 mg, 1.25 mmol), and the
mixture was stirred at room temperature (298 K) in the dark for 24 h.
The solvent was then evaporated by rotavaporation, and the solid
obtained was dried under vacuum at 50—60 °C. The product thus
obtained was tested for photocatalytic activity. The same experimental
conditions and procedures were used for the preparation of all other
composite photocatalysts having different dyes such as 4-hydrox-
ycoumarin and Coumarin 343.

Photocatalytic Studies. The photocatalytic hydrogen evolution
experiments were carried out in a quartz reactor. The photocatalyst
(10 mg) was added to an aqueous solution (20 mL) of
triethanolamine (TEOA) (10 vol %), and the mixture was sonicated
for complete dispersion of the catalyst. The pH of the mixture in the
reactor was maintained at 7 using 1 M hydrochloric acid, and it was
purged with nitrogen for 30 min. The mixture was then stirred and
irradiated with light from a 450 W xenon lamp. The hydrogen
production rate was analyzed by sampling the evolved gas at periodic
intervals (every 1 h) using online gas chromatography.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The complex
[(UO,),(u-L),] was synthesized in good yield (65%) by
reacting UO,(OAc),-2H,0 with in situ prepared 2-hydroxy-3-
((2-(2-hydroxyethylamino)ethylimino)methyl)-S-methylben-
zaldehyde (H,L) from 2,6-diformyl-4-methylphenol and N-
(hydroxyethyl)ethylenediamine in methanol under reflux
conditions (Scheme 1). The molecular formula of the complex
is in good agreement with the elemental analysis data. The
complex is insoluble in common organic solvents and is
sparingly soluble in N,N-dimethylformamide and dimethyl
sulfoxide. In solution, it is electrically nonconducting. A room-
temperature magnetic susceptibility measurement indicates its
diamagnetic character. The nonelectrolytic behavior and the
diamagnetic nature of the complex are consistent with its
neutral molecular formula and the +6 oxidation state of the
metal centers, respectively.

X-ray Structure. The structure of the dinuclear
[(UO,),(u-L),] is illustrated in Figure 1. Selected bond
parameters are given in Table 2. The halves of the dinuclear
molecule are related by an inversion center. Coordination of
the metal centers by the two meridionally spanning L*" ligands
through their bridging ethoxide O, secondary amine N,
azomethine N, and phenolate O atoms results in the formation
of fused §5,5,6-membered chelate rings and two edge-shared
pentagonal N,O; planes (rms deviation 0.99 A). Four oxo
groups occupy the axial sites of the two metal atoms and
complete the edge-shared pentagonal-bipyramidal N,Oj;
coordination spheres around the two uranium atoms (Figure
1). It may be noted that not many structurally characterized
discrete diuranyl(VI) complexes having such an edge-shared
pentagonal-bipyramidal molecular structure are known.'” The
four-membered bridging U,O, unit is perfectly planar, and the
U--U distance and U-O-U and O-U-O angles are
3.9067(5) A and 111.2(2) and 68.8(2)°, respectively. The
U(1)—0O(1) and U(1)—O(1’) bond lengths are comparable
with the uranium(VI) to bridging alkoxide O distances
observed before.'”%'® Overall the U=0, U—O(phenolate),

Figure 1. ORTEP drawing of [(UO,),(u-L),] (top) and the edge-
shared pentagonal-bipyramidal N,Oj coordination spheres around the
uranium atoms (bottom). In the ORTEP drawing, all of the non-
hydrogen atoms are represented by their 40% probability thermal
ellipsoids and only the noncarbon atoms are labeled for clarity.

U—N(azomethine), and U—N(amine) bond lengths in
[(UO,),(p-L),] are within the ranges reported for uranium-
(VI) complexes having similar coordinating atoms.'”~"”

The dinuclear complex molecule contains two types of
potential hydrogen bond donors, the formyl C—H and the
secondary amine N—H groups, and several O atoms that can
act as hydrogen bond acceptors. Thus, the structure was
further scrutinized for intermolecular hydrogen-bonding
interactions and the resulting supramolecular self-assembled
structure. Interestingly, the formyl group is coplanar with rest
of the six-membered chelate ring forming fragment of L~ and
the formyl C(13)—H is oriented toward O(2), the metal-
coordinated phenolate O (Figure 1). This orientation indicates
that, instead of any intermolecular interaction, it participates in
an intramolecular C—H--O hydrogen bonding interaction.
Here the H---O distance is 2.53 A and the C---O distance and
the C—H--O angle are 2.835(8) A and 99°, respectively. On
the other hand, out of the two amine groups only one (N(1)—
H) participates in an intermolecular strong N—H--O
interaction with O(4), one of the two metal-bound oxo
groups. Here the N---O and H:--O distances are 3.041(8) and
2.18 A, respectively, while the N—H:--O angle is 157°. Due to
this hydrogen bonding there is a small difference (by 0.016 A)
in the two U=0O0 lengths (Table 2). This intermolecular N—
H--O interaction leads to a one-dimensional array of the
complex molecules in the crystal lattice (Figure 2).

Mass, Infrared, and Electronic Spectra. For further
confirmation of the molecular formula and the molecular
weight of the bulk sample, [(UO,),(u-L),] was subjected to
mass spectrometric measurement using its N,N-dimethylfor-
mamide solution. The spectrum displays the molecular ion
(MH?") as the base peak with the expected isotopic pattern at
an m/z value of 1037.3099 (Figure S1, Supporting
Information).

The infrared spectrum of [(UO,),(u-L),] displays several
bands with various intensities in the range 4000—500 cm™'
(Figure S2, Supporting Information). Except for a few
characteristic bands, no attempt was made to assign the
remaining bands. The medium-intensity band at 3225 cm™ is
attributed to the secondary amine N—H stretch, and it is
followed by the C—H stretching band of the free aldehyde at
2831 cm >’ The sharp band at 1675 cm™ reveals the

DOI: 10.1021/acs.inorgchem.9b01726
Inorg. Chem. 2019, 58, 14410—14419


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01726/suppl_file/ic9b01726_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01726/suppl_file/ic9b01726_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b01726

Inorganic Chemistry

Table 2. Selected Bond Parameters (A and deg) for [(UO,),(u-L),]

U(1)-0(1)
U(1)-0(2)
U(1)-0(4)
U(1)-N(2)

o(1)-u(1)-o(1")*
0(1)-U(1)-0(3)
O(1)-U(1)-N(1)
0(1)*-U(1)-0(2)
O(1)*-U(1)-0(4)
Oo(1")*=U(1)-N(2)
0(2)-U(1)-0(4)
0(2)-U(1)-N(2)
0(3)-U(1)-N(1)
0(4)-U(1)-N(1)
N(1)-U(1)-N(2)

2.396(4)
2.229(5)
1.777(5)
2.574(5)

68.80(17)
90.2(2)
65.43(16)
88.39(16)
90.82(19)
159.11(16)
91.6(2)
71.58(17)
84.6(2)
91.2(2)
66.34(17)

U(1)-o(1) 2.339(4)
U(1)-0(3) 1.761(S)
U(1)-N(1) 2.554(5)
0(1)-U(1)-0(2) 157.15(16)
0(1)-U(1)-0(4) 90.17(19)
0O(1)-U(1)-N(2) 131.24(16)
0(1)%-U(1)-0(3) 93.8(2)
O(1")*=U(1)-N(1) 134.19(16)
0(2)-U(1)-0(3) 89.9(2)
0(2)-U(1)-N(1) 137.27(17)
0(3)-U(1)-0(4) 175.1(2)
0(3)-U(1)-N(2) 92.1(2)
0(4)-U(1)-N(2) 84.0(2)
U(1)-0(1)-u(1")“ 111.20(17)

“Symmetry transformation used to generate the equivalent atom: (') —x + 1, —y + 1, —z + 1.

Figure 2. One-dimensional chain-like assembly of [(UO,),(u-L),].

presence of the uncoordinated carbonyl (C=0) functionality.
The azomethine (HC=N) stretch appears as a strong sharp
band at 1625 cm™"."7#'"* The characteristic strong band at
886 cm™! is assigned to the asymmetric stretching vibration of
the trans-UO, moiety.'”"®'9%¢

The electronic spectrum of [(UO,),(u-L),] was taken in
N,N-dimethylformamide solution. The spectrum shows a
broad shoulder at ~465 nm followed by one more shoulder

at ~396 nm and an absorption maximum at 372 nm (Figure
S3, Supporting Information). The molar extinction coefficients
of these absorptions are in 3 orders of magnitude. Similar
absorptions for trans-uranyl(VI) complexes with Schiff base
ligands have been shown to be due to electronic transitions
from the filled p orbitals of metal coordinated O atoms to the
empty f orbitals of the uranium(VI) center.'’®'>>*!

Redox Properties. The electron transfer characteristics of
[(UO,),(u-L),] have been examined by cyclic and differential
pulse voltammetry. The measurements were carried out at 298
K with an ~1 mM N,N-dimethylformamide solution of the
complex containing n-Bu,NCIO, (0.1 M) as the supporting
electrolyte using a glassy-carbon working electrode, a Pt-wire
auxiliary electrode, and an Ag/AgCl reference electrode under
a nitrogen atmosphere. Under identical conditions, a cyclic
voltammogram (CV) of an ~1 mM N,N-dimethylformamide
solution of ferrocene (Fc) displayed the Fc*/Fc couple at E;/,
= 0.61 V (AE, = 100 mV). The CV of ferrocene and the CV

304 3 i
o , !
S ! L6
204 02 04 06 08 10
E (V) vs Ag/AgCI
< 52
= 3
S 10- =
= -4 o
3 >
-3
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—._ 7 -2
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0.0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2 -1.4
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Figure 3. Cyclic (blue solid line) and differential pulse (red dashed line) voltammograms of [(UO,),(¢-L),] in Me,NCHO under the experimental
conditions described in the text. Inset: Cyclic voltammogram (green solid line) of ferrocene under identical conditions.
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Figure 4. Cyclic voltammograms at a scan rate of 100 mV s™' using a carbon black/Nafion/[(UO,),(¢-L),]/FTO electrode (red solid line) and
carbon black/Nafion/FTO electrode (green dashed line) in phosphate buffer of pH 7 and a carbon black/Nafion/[(UO,),(¢-L),]/FTO electrode

(blue dot-dashed line) in acetonitrile.

and the differential pulse voltammogram (DPV) of the
complex are illustrated in Figure 3. The complex displays an
irreversible reduction at E,. = —0.71 and a quasi-reversible
reduction at E;, = =093 V (AEp =200 mV). For the second
reduction the cathodic peak current (i) is significantly larger
than the anodic peak current (i,,). Nevertheless, the i, values
of both of these reductions are comparable with the peak
currents (iPa and ipc) of ferrocene. This similarity of peak
currents suggests that each of the two reductions of the
complex is one electron in nature. In the DPV, the reduction
peaks are relatively well resolved and they appear at —0.56 and
—0.86 V with comparable peak currents. Complexes of trans-
uranyl(VI) complexes with Schiff bases are known to display
U(VI) — U(V) reduction in a similar potential range.'’®"
Thus the two reductions observed for the present complex are
attributed to U(VI)—U(VI) —» U(V)-U(VI) - U(V)-U(V)
processes.

Electrocatalytic Hydrogen Evolution. The electro-
chemical hydrogen evolution experiments were performed
using 0.1 M phosphate buffer at pH 7. The CV recorded using
a [(UO,),(u-L),], carbon black, and Nafion mixture coated
FTO working electrode shows a single broad reduction
response at —0.32 V (vs RHE) followed by a sharp increase
in the cathodic current, which indicates the initiation of the
hydrogen evolution reaction (HER) on the working electrode
(Figure 4). Chromatographic analysis of the evolved gas
collected in the electrolysis experiments (vide infra) confirmed
the HER (Figure S4, Supporting Information). Considering
that [(UO,),(#-L),] in N,N-dimethylformamide solution
displays metal-centered reductions on the cathodic side of
the reference electrode (vide supra), the broad reduction
observed with the surface-coated FTO electrode is also
attributed to a metal-centered process. This reduced complex
catalyst coated on the electrode surface can then produce
hydrogen and go back to the original oxidized form. Controlled
experiments were performed with blank FTO as well as with
carbon black and Nafion coated FTO. A negligible increment
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in the cathodic current confirms the fact that HER activity
does not take place in the absence of [(UO,),(u-L),] (Figure
4). Also to further confirm the fact that the production of
hydrogen is due to water reduction alone, the electrocatalytic
process was carried out in acetonitrile medium instead of
phosphate buffer, keeping the remaining conditions the same.
There was no increment in the catalytic current when the
medium was only acetonitrile (Figure 4). However, subsequent
additions of phosphate buffer (pH 7) into the acetonitrile
medium led to an increase in the catalytic current (Figure SS,
Supporting Information).

To get a better measure of the electrocatalytic activity of
[(UO,),(¢-L),] in the HER the Tafel equation 7 = a + b log i
(where 5 = overpotential, i = measured current density, b =
Tafel slope, and a = constant) has been employed (Figure S).
A low 7 value, a large exchange current density (i, current
density at # = 0), and a low b value indicate better hydrogen
evolution and hence a better catalytic activity.”*” In the
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Figure 5. Tafel plot of [(UO,),(u-L),] in 0.1 M phosphate buffer.
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Figure 6. Diffuse reflectance spectra (DRS) of different catalyst composites.

present case, the values of # (corresponding to a current
density of 1 mA cm™2), i, and b are found to be 0.73 V, 2.07 X
107 A cm™ and 274 mV dec”!, respectively. These values
clearly show a decent catalytic activity of [(UO,),(u-L),]
toward electrocatalytic hydrogen production at neutral pH.

The effectiveness of [(UO,),(u-L),] as a HER electro-
catalyst has been evaluated by determining the Faradaic
efficiency and the TOF value. Constant current electrolysis
(CCE) was performed to determine the Faradaic efficiency of
[(UO,),(u-L),] in the HER. The Faradaic efficiency was
calculated as 84% (Supporting Information). The turnover
frequency (TOF) was determined by using the equation TOF
= I/Q, where I is the steady-state current (in A) in the constant
potential electrolysis (CPE) plot (vide infra) and Q is the
charge (in C) calculated from the reduction peak in the CV
recorded under noncatalytic conditions (acetonitrile medium)
with a [(UO,),(u-L),], carbon black and Nafion mixture
coated FTO working electrode (Supporting Information). The
value of TOF obtained is 384 h™'. A comparison of both
Faradaic efficiency and the TOF values of [(UO,),(u-L),]
with the corresponding values of the previously reported
metal-centered HER catalysts clearly indicates that the present
catalyst is quite noteworthy.”**

Another important feature which defines a good catalyst is
its stability and robustness under the given experimental
conditions. Constant-potential electrolysis (CPE) was per-
formed to gain insights into the stability of the present catalyst.
CPE was conducted at an onset potential of —1.1 V for a
period of 12 h. The current was constant with negligible
change for the whole range of 12 h, confirming the robust
nature as well as the durability of the catalyst (Figure S6,
Supporting Information). The CVs taken before and after CPE
were almost identical with each other with a slight decrease in
the current density, indicating no significant change in the
catalyst. ICP analysis of the electrolyte solution after 12 h of
CPE showed the presence of approximately 0.4% of the total
metal content of the electrode surface and therefore confirms
negligible leaching of the catalyst and very good electro-
chemical stability of [(UO,),(¢-L),] for showing HER activity.

Thus, both electrolysis (CPE and CCE) experiments clearly
indicate the high stability and competence of [(UO,),(u-L),]
as a HER catalyst.

To understand whether HER causes any change in the
catalyst [(UO,),(u-L),], the surface analyses of the
[(UO,),(u-L),], carbon black, and Nafion mixture coated
FTO electrode were done before electrolysis as well as after
running 500 CV cycles by X-ray photoelectron spectroscopy
(XPS). Both spectra are presented in Figure S7 (Supporting
Information). There is essentially no difference between the
two spectral profiles. The binding energies of the two major
peaks in each spectrum reveal the presence of uranium only in
the +6 oxidation state.”” For a better comparison, both curves
were fitted and the best fits led to the same number of satellite
peaks in each of them. In the two deconvoluted spectra, there
are little variations in the relative intensities of the resolved
peaks and small differences (within 0.1—0.7 V) in the peak
maxima. However, the absence of any new peak in the
spectrum obtained after CV cycles indicates that there is
effectively no significant alteration in the composition of the
complex catalyst due to the HER.

Photocatalytic Hydrogen Production. One of the major
prerequisites for a good composite photocatalyst for hydrogen
evolution from water is that it should absorb in the visible
region. We have prepared some binary and ternary composite
materials using TiO, as catalyst, [(UO,),(u-L),] as cocatalyst,
and the dyes N719, 4-hydroxycoumarin, and coumarin 343 as
photosensitizers. Diffuse reflectance spectroscopy was used to
study the absorption features of these composite materials. All
of the spectra are illustrated in Figure 6. The dye-sensitized
composite materials display broad absorption bands in the
wavelength range of 370—650 nm, and hence they can be
activated in the visible region, which in turn indicates their
potential light-harvesting ability for solar energy conversion.
The band gap energies of the complex [(UO,),(¢#-L),] and the
composites have been calculated by using Tauc plots (Figure
S8). The value for the complex has been obtained as 1.78 eV,
whereas for the composite materials it is in a narrow range of
2.50—2.66 eV.
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Figure 7. Kinetic profile (top) and bar graph representation (bottom) of the photocatalytic hydrogen production activity under the reaction

conditions as described in the text.

The hydrogen production activity of a dye-sensitized
composite photocatalyst depends not only on the type of
dye being used but also on the photocatalytic reaction
conditions such as dye/cocatalyst loading, nature of the
sacrificial electron donor (SED), wavelength of the illuminat-
ing light, and time.*’ Herein we have used the binary and
ternary composite materials described above with triethanol-
amine (TEOA) as the SED for the photocatalytic hydrogen
evolution experiments at neutral pH under visible light
irradiation for a period of 4 h. The results are summarized in
Figure 7 and Table 3. The expressions used for the calculation
of turnover numbers (TON) and apparent quantum yields
(AQY) are provided in the Supporting Information. The
composite U-TiO, (U represents the cocatalyst [(UO,),(u-
L),]) without any dye showed very little photocatalytic
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Table 3. Photocatalytic Hydrogen Evolution Activity of the
Composites

composite H, yield* (umol g.,,”') TON AQY (%)
U-TiO, 449 1.0
TiO,-N719 2117 423 4.7
U-TiO,-N719 3439 688 7.6
U-TiO,-4-hydroxycoumarin 708 142 1.6
U-TiO,-coumarin 343 541 108 12

“Reaction conditions: 10 mg of composite in 20 mL of 10 vol %
TEOA aqueous solution at pH 7 (attained by using 1 M aqueous HCIl
solution) under 4 h of light irradiation (4 > 420 nm).

activity. Almost similar results were observed for the
composites U-TiO,-coumarin 343 and U-TiO,-4-hydroxycou-
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marin. In these three cases, the H, yields and AQY values were
obtained within the ranges 449—708 umol g, ' and 1.0—
1.6%, respectively, after 4 h of visible light irradiation (Table
3). The corresponding TON values for the two dye-containing
ternary composites were obtained as 108 and 142. In
comparison, the binary composite TiO,-N719 exhibited a
considerable amount of H, production (2117 ymol g.,,") with
a much higher TON (423) and AQY (4.7%) in 4 h of
photolysis. However, a maximum H, yield of 3439 ymol g ™"
with TON and AQY values as high as 688 and 7.6%,
respectively, were obtained with the U-TiO,-N719 composite
in the same 4 h of photolysis. These values indicate a very
decent photocatalytic hydrogen production ability of the U-
TiO,-N719 combination.*’

The photoactivity of a dye-sensitized semiconductor is
strongly influenced by the attachment modes among the dye,
semiconductor, and coexisting species (such as the SED and
the cocatalyst) in the suspension systems, which dominate the
charge generation, separation, transfer, and recombination. All
three ternary composites used in this work contain the same
cocatalyst [(UO,),(#-L),], and all of the reactions were
performed in aqueous TEOA (SED) solution under long-term
(4 h) irradiation. The superior photocatalytic activity of the U-
TiO,-N719 combination in comparison to the other two
composites is most likely due to the effective surface binding of
the carboxyl anchoring groups of N719 (a Ru(II) complex
having visible light absorption capability within 400—600 nm)
onto the semiconductor TiO,. In all probability, the low
efficiency of each of the other two composites containing the
dyes 4-hydroxycoumarin and coumarin 343 results from the
low injection yields of photoinduced electrons across the dye—
semiconductor interface due to relatively poor attachment of
the dye to TiO,.

A possible reaction sequence for the photocatalytic hydro-
gen production has been given in Scheme 2. Upon visible light

Scheme 2. Possible Mechanism for the Photocatalytic
Evolution of Hydrogen

h
Ru-Dye — Ru-Dye* (1)
Ru-Dye* + TiO, — Ru-Dye* + TiO,(e)  (2)
TiOy(e") + U(VI)O, — TiO, + U(V)O, ©)

U(V)O, + Hy0 ——— U(VI)O, + 1/2H, + OH~ (4)
Ru-Dye* + TEOA — Ru-Dye + TEOA* (5)

irradiation of N719, the Ru-dye, electron transfer takes place
from the HOMO to the LUMO and the excited species Ru-
dye* is formed (eq 1). Oxidation of Ru-dye* by the
semiconductor TiO, results in the formation of the oxidized
dye Ru-dye* and the reduced species TiO,(e”) (eq 2). In the
third step (eq 3), the cocatalyst U(VI)-complex gets reduced
to a U(V)-containing species with regeneration of the
semiconductor catalyst TiO,. The U(V)-containing species
then reduces the water molecule to hydrogen (eq 4). The
oxidized Ru-dye® takes up the electron from a sacrificial
electron donor (TEOA) (eq S), and the process of
photocatalytic hydrogen generation continues.

B CONCLUSIONS

A dinuclear trans-uranyl(VI) complex of formula [(UO,),(u-
L),] has been reported. The X-ray crystal structure reveals
meridional fused §,5,6-membered chelate rings forming an

ONNO-coordination mode of the bridging ligands L*~ and the
formation of an edge-shared pentagonal N,O; plane around
each trans-UO,** unit. In the crystal lattice, the dinuclear
molecules form a supramolecular chainlike structure via
intermolecular N---H—O hydrogen-bonding interactions. The
spectroscopic features of the complex are consistent with its X-
ray molecular structure. The complex exhibited decent activity
in electrocatalytic as well as photocatalytic hydrogen evolution
reaction in neutral aqueous medium. In the electrocatalytic
process, the complex exhibits a Faradaic efficiency of 84% with
a TOF as high as 384 h™'. On the other hand, using the
complex-Ti0,-N719 composite in photocatalytic hydrogen
production under visible light irradiation a TOF of 172 h™!
with an apparent quantum yield of 7.6% has been obtained. To
the best of our knowledge, [(UO,),(u-L),] is the first trans-
uranyl(VI) complex that can act as both an electrocatalyst and
a photocatalyst for the hydrogen evolution reaction in neutral
aqueous medium.
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Di-u-acetato Diuranyl(VI) Complexes with
N-(2-pyridyl)-N’'-(5-R-salicylidene)hydrazines: Syntheses,
Structures, Properties and Extraction Studies

Sabari Ghosh, Sathish Kumar Kurapati, Arpita Ghosh, Ankit Kumar Srivastava, and

Samudranil Pal*®

Reactions of equimolar amounts of UO,(OAc),-2H,0 and N-(2-
pyridyl)-N'-(5-R-salicylidene)hydrazines (HL"; n=1-3 for R = H,
Me, and OMe, respectively) in methanol produced [(UO,),(u-
OAC),(L"),] (1-3 for n=1-3) in ~70% yields. Elemental analysis,
various spectroscopic, and electrochemical measurements were
used to characterize 1-3. X-ray crystal structures revealed an 8-
membered U(OCO),U ring with a chair conformation and
pentagonal-bipyramidal UN,O; coordination spheres in each of
1-3. The N,N,O-donor (L") and the two O-atoms of the two
bridging (OAc)” form the pentagonal plane around the U-atom
of trans-(UO,)*". Intermolecular H-bonding assisted self-assem-
bly of the complexes lead to 1- and 2-dimensional
supramolecular structures. Infrared (IR) and proton nuclear

Introduction

Uranium is one of the most widely explored and chemically
exploited f-block elements. Naturally occurring uranium has
essentially two isotopes, about 99.3% of the non-fissile U-238
and only about 0.7% of the fissile U-235. Human ingestion of
uranium is mostly through underground water sources which
are in the vicinity of the uranium-rich regions. Prolonged
consumption and exposure to this heavy radioactive metal can
lead to adverse health conditions."” It is also important to note
that due to the steady and steep growth in electricity
consumption there is an increasing demand of uranium as fuel
for nuclear power plants. Thus, synthesis of stable environment
friendly complexes of uranium and development of advanced
techniques for uranium extraction from underground as well as
seawater, in both micro as well as macro level, are crucial and
challenging from not only the environmental point of view but
also for use in energy production.” Among the varied oxidation
states of uranium spanning the range from +2 to +6, the
most stable and common is the +6. In this oxidation state,
uranium exists as the uranyl(VI) ion, (UO,)**, where the two oxo
groups are mutually trans-oriented. In comparison to the other
well-known dioxo-metal ions such as (VO,)", (Mo0O,)**, and
(WO,)*" where the two oxo groups are cis to each other,””’ the
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magnetic resonance ("HNMR) spectra of 1-3 are consistent with
their molecular structures. The electronic spectra showed four
strong absorption bands in the range 466-288 nm. The
complexes undergo two irreversible reductions near -0.65 and
-0.88 V (vs. Ag/AgCl). Time-dependent density functional theory
(TD-DFT) calculations suggest that a ligand centered transition
causes the highest energy absorption band, while, the remain-
ing three are ligand-to-metal charge transfer (LMCT) bands and
the two successive reductions are due to U(VI)-U(VI) — U(V)-
U(VI) — U(V)-U(V) processes. A maximum extraction of 98% of
trans-(UO,)*" from the aqueous layer was observed in two-
phase extraction studies.

coordination chemistry of trans-(UO,)** is much less explored.”
The structures of trans-uranyl(Vl) complexes are essentially
decided by the local geometry of the uranium center. The
trans-orientation of the oxo groups restricts ligand coordination
to the metal center at the equatorial plane only and gives rise
to the possibilities of various coordination environments
ranging from tetragonal six-coordination or octahedral to
pentagonal seven-coordination or pentagonal-bipyramidal to
hexagonal eight-coordination or hexagonal-bipyramidal. In
recent years, among the chelating organic ligands, Schiff-Bases
have attracted considerable interest in exploring the coordina-
tion chemistry of the linear uranyl(Vl) ion.” The primary reasons
are as follows: Schiff bases are easy to design and synthesize;
their steric and electronic characteristics can be tuned by
changing substituents; they can provide very stable complexes
and hence can act as an efficient sequestering agent for the
extraction of the trans-uranyl(Vl) dication. Hydrazine based
Schiff bases and their complexes with various transition metal
ions have been widely studied due to the variety in their
coordination chemistry as well as their applications in the fields
of biological, materials and pharmaceutical research.”’ We have
been working on the oxo-vanadium and oxo-molybdenum
complexes with this class of Schiff bases for the past several
years.”) These ligands have turned out to be excellent in
coordinating and stabilizing cis-dioxomolybdenum(VI) (cis-
Mo0O,**) and a variety of oxo-vanadium(IV/V) units. In the case
of oxo-vanadium complexes, the solvent used for the synthetic
reaction plays the key role in deciding the type of oxo-metal
ion to be stabilized by ligand complexation. Generally oxo-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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alkoxo-vanadium(V) (VO(OR)*") complexes have been isolated
from protic alcohol media, while cis-dioxovanadium(V) (cis-
VO,™) or dinuclear oxo-bridged oxovanadium(V) (OV(u-O)VO**)
complexes have been obtained from non-protic medium such
as acetonitrile. The N,N,O-donor N-(2-pyridyl)-N'-(5-R-salicyli-
dene)hydrazines (HL" where H represents the dissociable
phenolic proton and n=1-3 for R = H, Me, and OMe,
respectively) (Scheme 1) belong to this class of Schiff bases.

OH
NZ N1
8
7¢N\ N 10
C N
H H 9

HL", n=1-3for
R = H, Me and OMe

[(UO2)2(-OAc)y(L")] (1-3 for n = 1-3)

Scheme 1. Chemical structure diagrams of HL" and [(UO,),(u-OAc),(L"),].

These Schiff bases (HL") are known to exhibit amine-imine and
also imine-azo tautomerism processes involving the 2-pyridine-
NH- and the -NH-N=CH- fragments, respectively.”*" In the
present work, we have investigated the coordination chemistry
of trans-(UO,)*™ with HL" and isolated three new dinuclear
diacetato bridged complexes having the general molecular
formula [(UO,),(u-OAc),(L"),] (1-3 for n=1-3) (Scheme 1). It may
be noted that examples of discrete dinuclear complexes of
{O,U(u-OAc),U0,}*" core having pentagonal-bipyramidal metal
centers, which are stable in both solid and solution states, are
very rare. To the best of our knowledge, till date, only five X-ray
structurally characterized complexes of this diacetato-bridged
diuranyl(Vl) core have been reported in literature.” But the
ligands around the pentagonal-bipyramidal metal centers are
either monodentate solvents/phosphine-oxide or monodenate/
bidentate carboxylate ligands in all five complexes. We have
also examined the dicationic trans-uranyl(VI) extraction abilities
of HL" from aqueous medium using both quantitative gravi-
metric filtration as well as sequential extraction methods. In the
following account, we have described the synthetic details,
physical properties and X-ray structures of complexes 1-3 and
the extraction characteristics of HL".

Results and Discussion
Synthesis and Characterization

Complexes with the general molecular formula as [(UO,),(u-
OAQ),(L"),] (1-3) have been synthesized in good yields (68-70%)
by treating the corresponding Schiff bases (HL", n=1-3) with
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UO,(0AC),-2H,0 in hot methanol under aerobic conditions.
They have been isolated as brown solids. The elemental
analysis data of 1-3 are in good agreement with their
corresponding molecular formulas. Magnetic susceptibility
measurements with powdered samples of the complexes at
room temperature revealed their diamagnetic character. Thus
the uranium center in each of 1-3 is in +6 oxidation state. All
three complexes are insoluble in most of the common organic
solvents except for dimethylformamide (DMF) and dimethyl-
sulfoxide (DMSO). In these two solvents, they are highly soluble
and provide yellow to yellow-brown solutions. The complexes
behave as non-electrolytes in solution. The non-electrolytic
nature of 1-3 is consistent with them being neutral species as
indicated by their molecular formulas.

X-ray Molecular Structures

The structures of 1 and 3 were determined in orthorhombic
Pbca and triclinic PT space groups, respectively, while that of
the solvated species 2-4MeOH was solved in the triclinic space
group P1. Selected crystallographic data for 1, 2-4MeOH, and 3
are summarized in Table ST (supporting information). The
molecular structures of all three dinuclear complexes are very
similar. The structures of the unsolvated complexes (1 and 3)
are illustrated in Figure 1 and the structure of the solvated

Figure 1. Molecular structures of [(UO,),(u-OAc),(L"),] (1) (top) and [(UO,),(u-
0AQ),(L3),] (3) (bottom). All the non-hydrogen atoms in each structure are
represented by their 50% probability thermal ellipsoids. For clarity only the
non-carbon atoms are labelled. Insets: the chair conformations of the U,C,0,
rings.
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complex (2-4MeOH) is provided in Figure 2. The bond lengths
and angles associated with the uranium centers for all three

Figure 2. The structure of [(UO,),(u-OAc),(L?),]-4MeOH (2-4MeOH). For clarity
only the non-carbon atoms are labelled. Inset: the chair conformation of the

U,C,0, ring.

Table 1. Selected bond lengths [A] and angles [°] for 1, 2-4MeOH, and 3.

Chemistry
SELECT
Full Papers

In each of 1-3, the two halves of the complex molecule, i.e.
the two {(trans-UO,)(OAC)(L")} fragments, are related by an
inversion center. As a result, the metal atoms of the two trans-
(UO,)*" units are bridged by two acetate groups and a central
{O,U(u-OAC),U0,}1*" core is formed in each molecule (Figures 1
and 2). In this central core of 1-3, the conformation of the
centrosymmetric eight-membered U,C,0, ring can be best
described as chair (Figures 1 and 2, insets). The dihedral angle
between the UO, plane and the mean plane containing C,0,
(rms deviations: 0.12-0.45 A) decreases in the order 1 (43.3(5)°)
> 3 (33.8(3)°) > 2 (14.9(6)°). These dihedral angles indicate that
the flattening of both ends of the chair or in other words the
planarity of the U,C,0, ring increases in the order 1 < 3 < 2.
Interestingly, the metal--metal distance decreases with the
increase of the planarity of the U,C,0O, ring. The U(1)--U(1")
distances are 5.7561(9), 5.5444(5), and 5.3547(9) A in 1, 3, and
2, respectively. The uranium centers are in distorted pentago-
nal-bipyramidal N,Os; coordination sphere. The planar ligand
(L") acts as pyridine-N, azomethine-N, and phenolate-O donor
and forms fused 5,6-membered chelate rings at the metal
center. The (L") and two O-atoms of the two bridging acetato
groups form the equatorial pentagonal N,O; plane (rms
deviations: 0.23-0.28 A) around the uranium atom of the trans-
(UO,)*" unit. In all of 1-3, the O=U=0 angles are very close to

Complex 1 2:4MeOH 3 the ideal value of 180° and the U=0O bond lengths are

u)-0) 2178013) 2.224010) 221765) comparable to those found in trans-uranyl(Vl) complexes.>”

U(1)-0(2) 1.769(12) 1.790(13) 1.777(5) The remaining metal centered bond lengths and angles

u(1)-0(3) 1.795(12) 1.801(13) 1.774(4) involving the coordinating atoms of (L)) and the bridging

U(1)-0(4) 2.302(13) 2.356(12) 235105 acetate groups (Table 1) are within the ranges reported for

U(1)-0(5) 2.371(12) 2.311(12) 2.338(4) - L . .

()N 2564(15) 2582(13) 2.594(5) complexes of trans-(UO,)*" containing pentagonal-bipyramidal

U(1)-N(3) 2.650(14) 2.625(11) 2.609(5) uranium centers having similar coordinating atoms bahiod)

0(1)-U(1)-0(2) 89.5(6) 88.0(5) 87.0(2)

O(1)-U(1)-0(3) 90.9(6) 92.7(5) 94.6(2)

O(1)-U(1)-0(4) 159.2(5) 157.7(4) 158.10(18) Supramolecular Self-assembly

O(D-U(1)-0(5)™ 79.8(5) 80.4(4) 80.68(17) . . o

O()-U(1)-N(1) 125.1(5) 127.2(4) 127.96(18) All of 1, 2-4MeOH, and 3 contain classical (hydrazinic-NH or

O(1)-U(1)-N(3) 67.4(5) 68.3(4) 69.53(16) methanolic-OH) as well as non-classical (CH) hydrogen bond

0()-U(m-0@) 178.6(6) 178.7(5) 178.2(2) donor functionalities and also hydrogen bond acceptors such

0(2)-U(1)-0(4) 95.1(5) 90.0(5) 89.3(2)

0@)-U(1)-0()* 85.1(6) 90.2(6) 89.09(19) as oxo groups and phenolate-O atoms. Hence, each structure

0()-U(1)-N(1) 81.3(5) 83.2(6) 84.18(19) has been scrutinized for intermolecular hydrogen bonding

0(2)-U(1)-N(3) 100.1(5) 100.7(5) 101.59(19) interactions and if there is any such interaction then what type

gg;_m;_gg?ﬂ‘” g‘;gg gg-gg 22'222()19) of supramolecular self-assembly pattern it leads to. Indeed

OBIU()N() 99.5(5) 95.5(5) 95.47(18) there are three types of hydrogen bonds namely N-H--O, O-

0B3)-U(1)-N@3) 81.3(5) 78.6(4) 79.80(18) H--O, and C-H--O. The geometric parameters for these hydro-

0(4)-U(1)-0(5")™ 80.5(5) 77.4(4) 77.68(17) gen bonding interactions are summarized in Table 2.

O(4)-U(1)-N(1) 75.6(4) 74.6(4) 72.96(18)

0O(4)-U(1)-N(3) 131.1(4) 133.8(4) 132.31(17)

O(5)=-U(1)-N(1) 151.2(5) 151.2(5) 149.91(19) Table 2. Hydrogen bonding parameters for 1, 2:4MeOH, and 3.

O(5)-U(1)-N(3) 146.6(5) 146.2(4) 147.54(17)

N(1)-U(1)-N(3) 61.4(4) 62.6(4) 62.42(18) Complex D-H--A D--A [A] /DHA []

[a] Symmetry transformations: -x, -y + 1, -z + 1 for 1; -x + 1, -y, -z + 1 for 1 N(2)-H--O(3)® 3.099(18) 165

2:4MeOH; and -x, -y + 2, -z + 1 for 3. 2-4MeOH N(2)-H--O(6) 2.798(16) 173
0(6)-H--0(7) 2.612(9) 166
O(7)-H-~0(1)* 2.763(18) 162

. . 3 C(6)-H-0(3)™ 3.318(8) 135
complexes are listed in Table 1. In 2-4MeOH, the methanol C(12)H-0(3)? 3.403(8) 138

molecules exist as dimers via O-H--O interactions. Two such
methanol dimers are attached to either side of 2 through two
N-H--O interactions (Figure 2).
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2:4MeOH; -x, -y + 1, -z + 1 for 3.
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In the case of 1, one of the two metal bound oxo groups is
hydrogen bonded with the hydrazinic-NH of (L'). As the donor
and the acceptor are approximately orthogonal to each other,
this intermolecular N-H--O interaction directs the self-assembly
of 1 into a two-dimensional sheet-like structure (Figure 3).

Figure 3. Intermolecular N-H--O interaction assisted two-dimensional sheet
structure of [(UO,),(u-OAc),(L"),] (1).

The solvent molecules dictate the self-assembly and the
supramolecular structure of 2:4MeOH. Every pair of dinuclear
molecules of 2 are bridged by two methanol dimers, which are
O-H--O hydrogen bonded, through N-H--O and O-H--O hydro-
gen bonds involving the hydrazinic-NH group and the
phenolate-O atom of each tridentate ligand (L% of 2 as donor
and acceptor, respectively. These two intermolecular hydrogen
bonding interactions lead to a one-dimensional chain-like —2-
(MeOH),-2-(MeOH),- array in the crystal lattice (Figure 4).

Figure 4. One-dimensional orderings of [(UO,),(1-OAc),(L%),]-4MeOH
(2:4MeOH) via O-H--0 and N-H--O hydrogen bonds (top) and [(UO,),(«-OAc),
(L%),] (3) through intermolecular bifurcated C-H--O--H-C hydrogen bond
(bottom).
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Interestingly, unlike 1 and 2-4MeOH, the hydrazinic-NH of
(L% in 3 does not participate as donor to any intermolecular
hydrogen bonding interaction. Instead, the metal coordinated
polarized azomethine-CH and the nearest phenolate ring CH
that is ortho to both azomethine group and the methoxy
substituent of the tridentate ligand are involved in a bifurcated
hydrogen bond"® with one of the metal bound oxo groups. As
a consequence of this intermolecular single acceptor and two
donors interaction on either side of each dinuclear 3, a one-
dimensional chain-like structure is formed in the crystal lattice
(Figure 4).

Spectroscopic Characterization

Infrared spectra of 1-3 were recorded using KBr disks in the
range 4000-400 cm™. Each spectrum displays a large number of
bands with various intensities. A representative spectrum is
shown in Figure 5. Except for few selected bands, no attempt
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Figure 5. Infrared spectrum of [(UOZ)Z(u-OAc)Z(LZ)Z] (2) in KBr disk.

has been made to assign the remaining bands. None of the
complexes displays any band assignable to the phenolic-OH
group of the free Schiff base (HL"). Thus the phenolic-OH is
deprotonated and the Schiff base is monoanionic ((L")) in the
complex. A weak and broad band observed in the range 3308-
3234 cm™ is assigned to the hydrazinic-NH of (L")."*"! A sharp
and strong band displayed at around 1621 cm™ by all three
complexes is attributed to the metal coordinated azomethine
(-HC=N-) group of their respective ligands.>’*"# Two strong
bands are observed in the ranges 1545-1528 and 1427-
1422 cm™ in each spectrum. These two bands are assigned to
the asymmetric and symmetric stretches, respectively of the
carboxylate fragment of the bridging acetate group."” The
typical strong band due to the asymmetric stretching vibration
of the trans-uranyl(Vl) moiety has been observed within 899-
883 cm™.™

The electronic absorption spectra of 1-3 were recorded
using their DMF solutions. The spectral profiles of all three
complexes are very similar. The spectrum of 1 is displayed in
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Figure 6. A strong band at ~435 nm preceded by a shoulder at
~458 nm and two more strong bands at 360 and ~290 nm are
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Figure 6. Electronic spectrum of [(UO,),(u-OAc),(L"),] (1) in DMF.

observed in each spectrum. The free Schiff bases (HL") display a
very strong band within 351-335 nm, a shoulder or band at
~312nm and another strong absorption at ~240 nm.”
Comparison of the spectra of HL" with those of the complexes
(1-3) indicates that the shoulder and the band at ~458 and
~435 nm, respectively are very likely to be due to ligand to
metal charge transfer transitions.”” To find out the origins of
the remaining bands and for a better overall perception of the
electronic spectra, TD-DFT calculations were carried out for 1
and 3 in DMF solution. Calculated band positions with the
corresponding oscillator strengths and the percentages of
contributing transitions along with the experimental band
positions are summarized in Table S2 (supporting information).
The calculated and experimental A,,,, values complement each
other very well. The compositions of the molecular orbitals
involved in the contributing transitions (Table S3, supporting
information) indicate that the highest energy absorption (at
~290 nm) is due to a ligand centered transition, while the
remaining three lower energy absorptions are due to ligand-to-
metal charge transfer transitions.

The "HNMR spectra of all the complexes were recorded in
DMSO-dg solutions using tetramethylsilane as the internal
standard. The comparable spectral traces and the similar
chemical shift values are consistent with similar type of
coordination modes of the ligands (L'®) in 1-3. The spectra
also indicate that both halves of each of the three dinuclear
complexes are equivalent. The chemical shift values with the
tentative assignments are provided in the experimental section
under the respective complexes (supporting information). As
expected, due to the deprotonation upon metal coordination
the spectra of 1-3 are devoid of the phenol proton resonance
observed for the free Schiff bases (HL'?) at 5 ~10.88 ppm. The
hydrazinic-NH proton of HL" resonates as a singlet at o
~10.24 ppm, while the corresponding singlet of (L") in the
complexes shifts slightly upfield to & ~9.99 ppm. The singlet
due to the resonance of the azomethine proton of HL" appears

ChemistrySelect 2018, 3, 4865-4872  Wiley Online Library

4869

Chemistry |
SELECT
Full Papers

at 0 ~8.27 ppm. In contrast, the singlet corresponding to the
azomethine proton of (L") in the complexes appeared at o
~8.84 ppm. The observed downfield shift is consistent with the
N-coordination of the azomethine and hence the deshielding
of the azomethine proton. The three-proton singlet observed
at 0 ~2.32 ppm is assigned to the bridging acetate methyl
group in 1-3. The protons of the methyl substituent at C* of
(L» in 2 resonate as a singlet at 6 ~2.37 ppm, whereas the
protons of the methoxy substituent at CC of (L’) in 3 are
observed as singlet at 0 ~3.78 ppm. The chemical shifts and
splitting patterns of the remaining aromatic protons of the
tridentate ligands in 1-3 are unexceptional.

Redox Behavior

Cyclic and differential pulse voltammetric measurements with
the Schiff bases (HL'®) and their complexes (1-3) were
performed using their corresponding ~10* M DMF solutions
containing tetra-n-butylammonium perchlorate (TBAP) as the
supporting electrolyte with a Pt-disk working electrode, a Pt-
wire auxiliary electrode and an Ag/AgCl reference electrode
under nitrogen atmosphere at 298 K. Under identical exper-
imental conditions the ferrocenium/ferrocene (Fc*/Fc) couple
was observed at E,,=0.61V with a peak-to-peak separation
(AE,) of 110 mV. Cyclic voltammograms of all the complexes are
very similar and display two broad overlapping cathodic peaks
and essentially no or very weak anodic peak on reverse scan.
The cathodic peak potentials (E,.) are about -0.7 and -1.0 V. The
differential pulse voltammograms of 1-3 display two well-
resolved peaks at potentials around -0.65 and -0.88V. The
voltammograms of a representative complex is shown in
Figure 7. Considering that the present complexes are diacetate

Current
Current

00 04 -08 12 -16 04 00 04 08 12 -16
E (V) vs. Ag/AgCI E(V) vs. Ag/ACI

Figure 7. Cyclic and differential pulse voltammograms of [(UO,),(u-OAc),(L3),]
(3) (left) and HL' (right) in DMF.

bridged dinuclear species and complexes of trans-(UO,)*" with
Schiff bases are known to display U(VI) to U(V) reduction
response at comparable potential range,”®*’ the reductions
observed for 1-3 can be assigned as U(VI)-U(VI) — U(V)-U(VI)
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and U(V)-U(VI) — U(V)-U(V) processes. However, the free Schiff
bases (HL") are also redox active and display a single reduction
response having large peak-to-peak separation (E, and E,
values are around -1.02 and -0.04 V, respectively) and cathodic
peak current (i) to anodic peak current (iy,) ratio. The i, values
of the Schiff bases are higher than those of the corresponding
complexes. As expected the differential pulse voltammograms
of HL™ show a single peak within -0.80 to -0.84V. The
voltammograms of HL' are illustrated in Figure 7. Generally the
reduction of metal coordinated ligand is expected to be easier
and hence to be observed at higher potential than its reduction
in the free state. Therefore, for 1-3 the first reduction can be
assigned as a ligand centered process, while the second
reduction can be due to a metal centered U0t — UO,"
process. A similar situation of ligand reduction followed by
metal reduction has been reported for a pentagonal-bipyrami-
dal mononuclear complex of trans-(U0,)** containing a redox-
active tetradentate N,-donor Schiff base as primary ligand and
a monodentate chloride as an ancillary ligand.”¥ Thus for the
present complexes there are two possibilities, i.e. both
reductions are metal centered or the first reduction is ligand
centered and the second reduction is metal centered. To decide
between the above two possibilities the characteristics of the
unoccupied molecular orbitals shown by the TD-DFT calcula-
tions have been examined. The compositions of LUMO to
LUMO + 7 (Table S3) indicate that at the present level of theory
they are all metal centered in both 1 and 3. The locations of
the LUMO in the two complexes are illustrated in Figure 8. Thus

Figure 8. LUMOs of [(UO,),(1-OAc),(L"),] (1) (top) and [(UO,),(u-OAc),(L3),] (3)
(bottom).

the two closely spaced reductions are assigned to the
successive reductions of the two metal centers in each of 1-3.

To gain further insight, constant potential (at -1.3V)
coulometric reductions of 1-3 and one of the three Schiff bases
(HL") were performed using a Pt wire-gauze working electrode.
The overall n-values (the ratio of Qg to Qg for 1 e transfer)
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for the two successive reductions of the three complexes have
been found to be in the range 1.8-2.1. In contrast, the n-value
for the single reduction displayed by HL' is 3.1. The difference
in the n-values of the complexes and the Schiff base, together
with the TD-DFT results indicate that the coordinated ligands
are not involved in any of the two reductions observed for the
complexes. Hence, the two successive electron transfer re-
sponses of the complexes are indeed due to two metal
centered single electron transfers, i.e. stepwise U(VI)-U(VI) —
U(V)-U(VI) — U(V)-U(V) reductions.

Extraction Studies

Extraction abilities of HL" for the trans-uranyl(VI) dication from
aqueous medium have been investigated. Two methods were
employed for the extraction process. These two methods are:
gravimetric separation and sequential extraction using CHCI; as
the organic layer.

In the gravimetric separation, a solution of the respective
Schiff base (HL") in an organic solvent (MeOH or CH.Cl, or
CHCIl;) was mixed with an aqueous solution of UO,(OAc),-2H,0
and stirred for a specific duration (15, 30, 45, and 60 min). The
amount of the complex precipitated after each duration was
quantitatively measured to determine the extent of extraction.
The infrared spectra of the precipitates confirm their identities
as [(UO,),(u-OAc),(L"),] (1-3). The results are summarized in
Table S4 (supporting information). In general, the two-phase
solvent systems H,0-CH,Cl, and H,0-CHCl; show better results
of extraction as compared to the H,O0-CH;OH mixture. The
maximum extraction of 98% of trans-(UO,)*" was achieved in
60 min. using HL? as the ligand and H,0-CHCl; as the reaction
medium. A comparative study showing the extents of extrac-
tion of trans-(UO,)*" using different solvent mixtures and HL? as
the extractant is graphically represented in Figure 9.

o)y Extraction

S &
Ofl«en{ S;SF
3

=
=

Figure 9. trans-uranyl(VI) dication extraction by HL? in the solvent systems (i)
MeOH-H,0, (i) CHCl;-H,0, and (ijii) CH,Cl,-H,0.

Considering that in the gravimetric separation method the
best extraction was achieved with the use of HL? only this
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Schiff base was employed in the sequential extraction method.
Here a CHCl, solution of HL? was used as the organic layer for
the extraction of trans-(UO,)*" from an aqueous solution
having pH 6. The absorption bands in the electronic spectrum
of the CHCI; layer recorded after extraction confirm the
formation of 2 in the organic phase (Figure S1, supporting
information). The progress of extraction was followed by
monitoring the 429 nm band"™ in the electronic spectrum of
the aqueous phase after each extraction (Figure 10). The
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Figure 10. Electronic spectroscopic profiles of the aqueous phase (pH 6)
containing UO,(OAc), recorded after sequential extractions of trans-uranyl(VI)
dication using CHCl; solutions of HL.

absorbance values and the extraction data are listed in Table S5
(supporting information). The maximum extraction (55%) of the
trans-(UO,)*" from the aqueous layer to the organic layer
occurred in the first extraction. The amount of trans-uranyl(VI)
dication in the aqueous phase gradually decreased with
successive extractions with CHCl; solutions of HL2 Total 91%
trans-(UO,)*" could be removed from the aqueous phase in
four extractions. After the fourth extraction there was very little
change in the trans-uranyl(VI) dication content of the aqueous
phase in the following extraction attempts.

Thus the present Schiff bases (HL") turned out to be
effective extractants for the extraction of trans-(UO,)*" from
aqueous phase. All three compounds showed excellent extrac-
tion abilities. The maximum extents of extraction in the above
mentioned two-phase extraction studies are very good (> 90%)
in both methods. These results are better or comparable to the
previously reported extraction studies using Schiff bases.®*™

Conclusions

Stabilization and isolation of the rare {O,U(u-OAc),UO,}** core
using the deprotonated N,N,0-donor Schiff bases N-(2-pyridyl)-
N'-(5-R-salicylidene)hydrazines (HL" where R = H, Me, and OMe)
as ligands have been demonstrated. The discrete dinuclear
complexes isolated have the general molecular formula [(UO,),
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(u-OAC),(L"),]. X-ray crystallographic studies revealed pentago-
nal-bipyramidal N,O; coordination sphere around each metal
center and a chair conformation of the central eight-membered
U(OCO),U ring in each complex. In the crystal lattice, the
complexes form two-dimensional and one-dimensional
supramolecular structures through intermolecular regular and
bifurcated hydrogen bonding interactions. The infrared and
proton NMR spectroscopic characteristics of all the complexes
are in good agreement with their molecular structures. All three
complexes display four strong electronic absorption bands and
two closely spaced reduction responses at the cathodic side of
Ag/AgCl. Theoretical calculations show that the first three
absorption bands are of ligand-to-metal charge transfer
character, while, the highest energy band is due to a ligand
centered transition and the two successive electron transfer
processes are due to U(VD)-UVI) — UN\)-UNVI) — UV)-UV)
reductions. Constant potential coulometric measurements
confirm an overall stoichiometry of two electrons for the
stepwise reductions of the two metal centers. Very effective
extraction of trans-(U0,)*" from the aqueous layer has been
achieved using the Schiff bases (HL") as the extractants in two-
phase extraction studies.

Supporting Information Summary

Experimental section containing the materials used, a general
procedure for the synthesis of the complexes (1-3), spectro-
scopic and electrochemical data of 1-3, physical measurements,
extraction methods employed, and procedures for X-ray
crystallographic studies and theoretical calculations; selected
crystallographic data (Table S1); DFT calculated data (Tables S2
and S3); and extraction data (Tables S4 and S5, and Figure S1).
CCDC 1811353, 1811354, and 1811355 contain the supplemen-
tary crystallographic data for 1, 2:4MeOH, and 3, respectively.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Dihydroxo-bridged diuranyl(vi) complexes with
2-((2-(6-chloropyridazin-3-yl)hydrazono)methyl)-
4-R-phenols: structural insights and visible light
driven photocatalytic activitiest

’ '.) Check for updates ‘
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Two new dihyroxo-bridged diuranyl(vi complexes with the molecular formula [(UO,),(n-OH),(L"),] (1 and 2)
were synthesized in good yields (~64%) by reacting equimolar amounts of [UO,(OAc),]-2H,0 and 2-((2-(6-
chloropyridazin-3-yl)hydrazono)methyl)-4-R-phenols (HL" where n = 1 and 2 for R = H and OMe,
respectively) in dimethylformamide. Both complexes were characterized by elemental analysis, and
various spectroscopic and cyclic voltammetric measurements. The X-ray crystal structures of the two
complexes crystallized as solvated species showed the rare {(UO5),(u-OH),}** core where each metal
centre is in a distorted pentagonal-bipyramidal N,Os coordination sphere assembled by two axial oxo
atoms, two equatorial bridging hydroxo-O atoms and the equatorial N,N,O-donor (L")~. The solvated
complexes assemble through intermolecular bifurcated N-H---(O,0) and simple O-H---O and N-H---O
hydrogen bonding interactions and form supramolecular one-dimensional chain-like and three-
dimensional network structures in the crystal lattices. The infrared and proton NMR spectroscopic
characteristics of the two complexes corroborate their molecular structures. The electronic spectra of 1
and 2 display three strong absorption bands in the range of 405-301 nm. A metal centred irreversible
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reduction having a E,c of approximately —1.06 V (vs. Ag/AgCl) was observed in the cyclic voltammo-
grams of 1 and 2. Both complexes are photocatalytically active in the degradation of rhodamine B (RhB)
DOI: 10.1039/c8nj05038d and methylene blue (MB) under visible light irradiation. Photodegradation of RhB up to a maximum of

96% and that of MB up to a maximum of 85% was achieved in 150 and 180 min, respectively, using 2
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rsc.li/njc as a catalyst.

Introduction

Uranium is one of the most abundant and extensively studied
metals in the actinide series. In uranium chemistry, the trans-
uranyl(vi) dication is the leading functional unit, where hexa-
valent uranium is bonded to two mutually ¢rans-oriented oxo
atoms. The strongly covalent U-O bonds in trans-(UO,)*" are
particularly short and exhibit remarkable thermal and chemical
stability, contributing various interesting physicochemical
properties to it and its complexes. As a consequence, uranyl
coordination complexes and uranyl-organic-framework materials
have found a variety of applications that range from photo-
luminescence to photochemical reactions to photocatalysis.”®
Thus, in search of new and more effective ¢rans-uranyl(vi) dication

School of Chemistry, University of Hyderabad, Hyderabad 500 046, India.

E-mail: spal@uohyd.ac.in

t Electronic supplementary information (ESI) available: Irradiation time depen-
dent spectral changes for the dyes in the presence of catalysts (Fig. S1-S3) and X-ray
crystallographic data in CIF format. CCDC 1870329 and 1870330. For ESI and
crystallographic data in CIF or other electronic format see DOI: 10.1039/c8nj05038d
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containing species, their coordination chemistry has emerged as
one of the actively pursued areas of inorganic chemistry.* Photo-
catalysis is the phenomenon of catalyzing reactions in the
presence of light of a suitable wavelength. Photocatalysts have
gained tremendous interest primarily because of their effective
use in solving environmental pollution problems. The significant
factors upon which the photocatalytic activity of a substance
depends are the desired band gap, reusability, surface mor-
phology and stability.> Over the past few decades, TiO, has
emerged as an excellent photocatalyst for a variety of applica-
tions such as water splitting, degradation of pollutants, organic
synthesis and phototherapy.® But, TiO, is an active photo-
catalyst only under ultraviolet light, which somewhat confines
its practical applications. Thus, there is an increasing demand
for band gap-tunable photocatalysts for visible light-driven
catalytic processes.” In the present work, we have explored
the coordination chemistry of the ¢trans-uranyl(vi) dication with
2-((2-(6-chloropyridazin-3-yl)hydrazono)methyl)-4-R-phenols (HL")
(n =1 and 2 for R = H and OMe, respectively) and isolated
two dinuclear complexes with the molecular formula

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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[(UO2)2(1-OH)x(L");] (1 and 2 for n = 1 and 2)

Chart1 Chemical structure diagrams of 2-((2-(6-chloropyridazin-3-yl)-
hydrazono)methyl)-4-R-phenols (HL") and their corresponding complexes
[(UOL),(-OH), (L))

[(UO,)(1-OH),(L™),] (1 and 2 for n = 1 and 2, respectively)
(Chart 1). The visible light-induced photocatalytic abilities of
these two complexes have also been examined by performing
the photodegradation of rhodamine B (RhB) and methylene
blue (MB) solutions. Herein, we report the synthesis, X-ray
structures, physical properties and photocatalytic activities
of [(UO,),(1-OH),(L*?),] (1 and 2).

Experimental section
Materials

3-Hydrazino-6-chloropyridazine was prepared by following a
reported procedure.® All other chemicals and solvents used in
this work were of reagent grade, available commercially, and
used as received without further purification.

Physical measurements

Elemental (CHN) analysis data were obtained using a Thermo
Finnigan Flash EA1112 series elemental analyzer. A Shimadzu
LCMS 2010 liquid chromatograph mass spectrometer was used
for the purity verification of the Schiff bases (HL"?). Solid-state
magnetic susceptibility measurements were performed using a
Sherwood Scientific balance. A Digisun DI-909 conductivity meter
was used for solution electrical conductivity measurements.
A Thermo Scientific Nicolet iS5 FT-IR spectrophotometer was used
to record the infrared spectra. A Shimadzu UV-3600 UV-Vis-NIR
spectrophotometer was used to record the electronic spectra. The
"H (400 MHz) NMR spectra were recorded using a Bruker NMR
spectrometer. Cyclic voltammetric measurements were carried out
using a CH Instruments model 620A electrochemical analyzer.

Synthesis of the complexes [(UO,),(n-OH),(L"),] (1 and 2)

Complexes 1 and 2 were synthesized using the following general
procedure. Solid UO,(OAc),-2H,0 (0.25 mmol) was added to a
hot dimethylformamide solution (8 mL) of the corresponding
HL" (n =1 or 2) (0.25 mmol) in a 25 mL beaker. The color of the
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mixture immediately turned deep brown. The solution was then
heated in a boiling water bath for about 45 min and filtered
hot to remove any solid present. The filtrate was kept at room
temperature (298 K) for slow evaporation. In about 3-4 weeks,
the separated brown crystalline material was collected by filtra-
tion, washed with methanol and finally dried in a vacuum.

[(U0,),(n-OH),(LY),] (1). Yield 65%. Anal. caled for
CyH;5CLNgOgU,: C, 24.71; H, 1.70; N 10.48. Found C, 24.35,
H, 1.76, N, 10.23. Selected IR data (v (cm ™ ")): 3460 (O-H), 3278
(N-H), 1620 (C=N), 891, 872 (UO,). UV-Vis data (Amax (Nm)
(e (10* M~ em™1))): 405 (4.59)", 367 (7.85), 301 (10.97). '"H NMR
data (5 (ppm) (J (Hz))): 11.14 (s, 1H, NH), 9.02 (s, 1H, H’), 7.71 (8)
(d, 1H, H'?), 7.47 (8) (d, 1H, H®), 7.41 (8) (dd — t, 1H, H"), 6.99
(8) (d, 1H, H®), 6.97 (8) (d, 1H, H?), 6.69 (8) (dd — t, 1H, H’).
CV data (E,. and Ep, (V)): —1.01 and —0.47.

[(U0,),(n-OH),(L?),] (2). Yield 63%. Anal. caled for
C,4H5,CLNgO,0Us: C, 25.52; H, 1.96, N, 9.92. Found: C, 25.21; H,
1.93, N, 9.56. Selected IR data (v (cm™")): 3470 (O-H), 3240 (N-H),
1618 (C—=N), 899 (UO,). UV-Vis data (Aya (nm) (¢ (10* M~ em™ 1))
405 (6.98)*", 375 (9.52), 302 (11.59). 'H NMR data (0 (ppm) (J (Hz))):
10.60 (s, 1H, NH), 8.97 (s, 1H, H’), 7.29 (3) (d, 1H, H), 7.11
(s, 1H, p-OH), 7.10 (8) (d, 1H, H'%), 7.03 (8,3) (dd, 1H, H*), 6.92
(8) (d, 1H, H%), 6.87 (8) (d, 1H, H?), 3.75 (s, 3H, ~OCH,). CV data
(Epe and Ep, (V)): —1.11 and —0.50.

X-ray crystallography

Single crystals of both complexes suitable for X-ray data collec-
tion were collected from the crystalline materials separated in
the synthetic reaction mixtures. In each case, the crystal was
taken from the mother liquor, coated with silicone oil and then
mounted on a glass fibre using epoxy. Both 1 and 2 crystallized
as solvated species, which are 1-H,0-2Me,NCHO and 2-1.5H,0,
respectively. Unit cell determination and intensity data collec-
tion for each of 1-H,0-2Me,NCHO and 2-1.5H,0 were performed
at room temperature (298 K) using a Bruker D8 Quest diffracto-
meter fitted with a Photon 100 CMOS area detector and an
Incoatec microfocus source for graphite monochromated Mo Ko
radiation (4 = 0.71073 A). The APEX3 software package® was used
for data acquisition, integration and reduction. The SADABS
program'® was employed for absorption correction. In the case
of 1-H,0-2Me,NCHO, some residual absorption effects were
treated with an additional correction using the XABS2 program.’*
Both structures were solved by a direct method and refined using
F? using full-matrix least-squares procedures. In each structure,
the non-hydrogen atoms were refined anisotropically. The hydro-
gen atoms of the water molecules were located using difference
maps and placed at idealized positions, while the remaining
hydrogen atoms were included at idealized positions using a
riding model. All hydrogen atoms were refined as riding atoms
with the relative isotropic thermal parameters of their parent
atoms. The SHELX-97 programs'” available in the WinGX soft-
ware suite'® were used for structure solution and refinement.
Structural illustrations were prepared using the Mercury package.'*
The selected crystallographic data for 1-H,0-2Me,NCHO and
2-1.5H,0 are listed in Table 1.
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Table 1 Selected crystal data and structure refinement summary

Complex 1-H,0-2Me,NCHO 2-1.5H,0
Chemical formula C,gH34Cl,N;004,1U, C,4H,5Cl,NgO;4 45U,
Formula weight 1233.61 1154.46
Crystal system Triclinic Monoclinic
Space group P1 C2/c

a(A) 7.0485(5) 15.4436(13)
b (A) 14.7628(11) 14.7742(12)
c(A) 18.7692(14) 15.3194(12)
o (%) 73.799(3) 90

B 89.767(3) 113.786(2)
7 (9) 89.067(3) 90

Volume (A%) 1875.2(2) 3198.5(5)
zZ 2 4

p (g ecm™?) 2.185 2.397

u (mm™) 8.837 10.352
Reflections collected 64327 20243
Reflections unique 6603 2812
Reflections [I > 20(I)] 5938 2219
Data/parameter 6603/482 2812/219

Ry, WR, [I = 20(I)]
Ry, WR, [all data]
GoOF on F?>

0.0307, 0.0710
0.0351, 0.0728
1.086
3.227/—1.941

0.0355, 0.0791
0.0536, 0.0857
1.039
0.927/-1.002

Max./min. Ap (e A%

Detailed X-ray crystallographic data for 1-H,O0-2Me,NCHO
and 2-1.5H,0 have been deposited with the Cambridge Crystallo-
graphic Data Centre under the deposition numbers CCDC
1870329 and 1870330, respectively.f

Photocatalysis

Organic dyes rhodamine B (RhB) and methylene blue (MB) were
selected for heterogeneous photodegradation experiments.
The powdered complex catalyst (20 mg) was suspended in an
aqueous solution of the dye (40 mL, conc. 10 ppm) and stirred
for 1/2 h in the dark to ensure appropriate adsorption/
desorption equilibrium of the dye on the catalyst surface.
The mixture was then exposed to irradiation of visible light
with continuous stirring. After every 1/2 h interval, a portion
of the solution was pipetted out and filtered. The clear dye
solution obtained after filtration was used for spectrophoto-
metric analysis. The degradation of the dyes with the increase
of the irradiation time was followed by measuring the changes
in the absorption intensities at /,,ax values of 554 and 664 nm
for RhB and MB, respectively.

Results and discussion

Synthesis and characterization

Schiff bases (HL'?) were prepared in fairly high yields (~ 80%)
by condensation reactions of equimolar amounts of 3-hydrazino-
6-chloropyridazine and the corresponding 5-R-salicylaldehydes
(R=H and OMe) in ethanol by following a procedure very similar
to that reported earlier.>'> Complexes having the general mole-
cular formula [(UO,),(n-OH),(L"),] (1 (2 = 1) and 2 (n = 2)) were
synthesized in good yields (~ 64%) by treating the corresponding
Schiff bases (HL"?) with UO,(OAc),-2H,0 in dimethylformamide.
The elemental analysis data of 1 and 2 are in good agreement
with their molecular formulas. Room temperature magnetic
susceptibility measurements on the powdered samples of the
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two complexes indicate their diamagnetic character and hence
the +6 oxidation state of uranium in each. Both complexes are
insoluble in most common organic solvents except for dimethyl-
formamide and dimethylsulfoxide. In solution, each of the two
complexes is electrically non-conducting. The non-electrolytic
behaviour of 1 and 2 is consistent with their molecular formulas
as neutral species.

X-ray molecular structures

The structures of 1-H,0-2Me,NCHO and 2-1.5H,0 were solved
in the triclinic P1 and monoclinic C2/c space groups, respec-
tively. The asymmetric unit of the first crystal contains one
complete molecule of the dinuclear complex 1, one water
molecule and two dimethylformamide molecules. On the other
hand, the asymmetric unit of the second crystal contains one-
half of the dinuclear complex 2, one-half of a water molecule
and a second water molecule having one-quarter occupancy.
The two halves of the molecule of 2 are related by an inversion
centre, while a two-fold axis passes through the O-atom of each
water molecule. The structures of 1-H,0-2Me,NCHO and 2-1.5H,0
are illustrated in Fig. 1. The bond lengths and bond angles
associated with the metal centres for 1 and 2 are listed in
Tables 2 and 3, respectively. In the case of 1.-H,0-2Me,NCHO,
the water molecule acts as a bridge between the two dimethyl-
formamide molecules by forming two O-H- - -O hydrogen bonds
with the two dimethylformamide O-atoms. One end of this
Me,NCHO- - -HOH- - -OHCNMe, ensemble is connected to the
complex molecule through a N-H- - -O interaction involving the

Fig.1 The structures of [(UO,)s(u-OH),(LY),]-H20-2Me;NCHO (1-H,0-
2Me,NCHO) (top) and [(UO,)a(u-OH),(L?),]-1.5H,0 (2-1.5H,0) (bottom).
In both structures, all the non-hydrogen atoms are represented by their
40% probability thermal ellipsoids and only the non-carbon atoms are
labelled for clarity.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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Table 2 Selected bond parameters (A and °) for 1-H,0-2Me,NCHO

U(1)-0(1) 2.220(5) U(2)-0(4) 2.356(4)
U(1)-0(2) 1.799(5) U(2)-0(5) 2.336(4)
U(1)-0(3) 1.773(5) U(2)-0(6) 2.202(5)
U(1)-0(4) 2.293(4) U(2)-0(7) 1.737(6)
U(1)-0(5) 2.335(4) U(2)-0(8) 1.782(5)
U(1)-N(1) 2.632(5) U(2)-N(5) 2.621(5)
U(1)-N(3) 2.584(6) U(2)-N(7) 2.582(5)
0(1)-U(1)-0(2) 88.8(2) 0(4)-U(2)-0(5) 66.63(15)
0O(1)-U(1)-0(3) 91.8(2) 0(4)-U(2)-0(6) 155.29(17)
0(1)-U(1)-0(4) 86.77(17) 0(4)-U(2)-0(7) 89.3(2)
0(1)-U(1)-0(5) 154.40(16) 0(4)-U(2)-0(8) 91.6(2)
0(1)-U(1)-N(1) 69.24(17) 0(4)-U(2)-N(5) 134.53(16)
0O(1)-U(1)-N(3) 130.01(18) 0(4)-U(2)-N(7) 72.60(16)
0(2)-U(1)-0(3) 174.1(2) 0(5)-U(2)-0(6) 88.68(17)
0(2)-U(1)-0(4) 94.3(2) 0(5)-U(2)-0(7) 91.8(2)
0(2)-U(1)-0(5) 91.5(2) 0(5)-U(2)-0(8) 93.4(2)
0(2)-U(1)-N(1) 91.2(2) 0(5)-U(2)-N(5) 158.74(16)
0(2)-U(1)-N(3) 84.4(2) 0(5)-U(2)-N(7) 139.21(16)
0(3)-U(1)-0(4) 91.5(2) 0(6)-U(2)-0(7) 90.5(3)
0(3)-U(1)-0(5) 90.5(2) 0(6)-U(2)-0(8) 90.9(3)
0(3)-U(1)-N(1) 83.5(2) 0(6)-U(2)-N(5) 70.11(18)
0(3)-U(1)-N(3) 90.8(2) 0(6)-U(2)-N(7) 132.11(18)
0(4)-U(1)-0(5) 67.67(15) 0(7)-U(2)-0(8) 174.7(2)
0(4)-U(1)-N(1) 155.26(17) 0(7)-U(2)-N(5) 87.1(2)
0O(4)-U(1)-N(3) 143.04(17) 0(7)-U(2)-N(7) 88.6(2)
0O(5)-U(1)-N(1) 136.32(16) 0(8)-U(2)-N(5) 88.5(2)
0(5)-U(1)-N(3) 75.42(17) 0(8)-U(2)-N(7) 86.6(2)
N(1)-U(1)-N(3) 61.51(18) N(5)-U(2)-N(7) 62.02(17)
Table 3 Selected bond parameters (A and °) for 2-1.5H,0

U(1)-0(1) 2.251(6) U(1)-0(2) 1.775(6)
U(1)-0(3) 1.776(6) U(1)-0(4) 2.322(5)
U(1)-0(4')* 2.350(6) U(1)-N(1) 2.612(7)
U(1)-N(3) 2.613(7)

0(1)-U(1)-0(2) 92.6(3) 0(1)-U(1)-0(3) 87.2(3)
0(1)-U(1)-0(4) 86.1(2) 0(1)-U(1)-0(4")* 155.5(2)
0O(1)-U(1)-N(1) 69.6(2) 0(1)-U(1)-N(3) 129.6(2)
0(2)-U(1)-0(3 176.6(3) 0(2)-U(1)-0(4) 92.9(3)
0(2)-U(1)-0(4")* 90.7(3) 0(2)-U(1)-N(1) 82.5(3)
0(2)-U(1)-N(3) 94.6(3) 0(3)-U(1)-0(4) 90.4(3)
0(3)-U(1)-0(4")* 90.8(3) 0(3)-U(1)-N(1) 94.2(3)
0(3)-U(1)-N(3) 82.9(3) 0(4)-U(1)-0(4")* 69.4(2)
0(4)-U(1)-N(1) 155.0(2) 0(4)-U(1)-N(3) 143.0(2)
0(4")*-U(1)-N(1) 134.9(2) 0(4)*-U(1)-N(3) 74.3(2)
N(1)-U(1)-N(3) 62.0(2)

¢ Symmetry transformation used: —x + 3/2, —y + 1/2, —z.

O-atom of one Me,NCHO and the hydrazinic N-H of the
U(2) bound (L')” (Fig. 1). On the other hand, in 2-1.5H,0, the
full occupancy water molecule is hydrogen bonded to the metal
coordinated phenolate O-atom and the water molecule having
half-occupancy is hydrogen bonded to the O-atom of the
methoxy substituent of (L?)” (Fig. 2). The structures of the
two dinuclear complex molecules are very similar. The metal
centres are in distorted pentagonal-bipyramidal N,Os5 coordina-
tion spheres. The fused 5,6-membered chelate rings forming
pyridazine-N, azomethine-N and phenolate-O donors (L")” and
the two bridging hydroxo-O atoms form a pentagonal N,O; plane
(rms deviations 0.03-0.16 A), and the two oxo atoms occupy the
axial positions. U,(u-OH), is essentially planar (rms deviation
0.02 A) in 1 and perfectly planar in 2. The U-O(H)-U bridge
angles (113.2(2) and 112.4(2)°) in 1 are slightly larger than the
bridge angle (110.6(2)°) in centrosymmetric 2. As a consequence,
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Fig. 2 One-dimensional chain-like assembly of [(UO,),(u-OH),(LY),]-H,0-
2Me,NCHO (1-H,0-2Me,NCHO).

the U- - -U distance in 1 (3.8821(4) A) is a little longer than that in
2 (3.8405(7) A). It should be noted that very few structurally
characterized discrete diuranyl(vi) complexes containing the
{(UO,),(1-OH),}*" core are known.'® Overall, the U-OH bond
lengths, U-O(H)-U bridge angles and the U- - -U distances in the
{(UO,),(1-OH),}*" fragment of 1 and 2 are within the corres-
ponding ranges reported earlier for complexes of this core."
In 1, the average of the U=0 bond lengths for U(1) (1.786(5) A) is
significantly longer than that for U(2) (1.760(6) A). This differ-
ence is most likely due to the involvement of the oxo atoms O(2)
and O(3) attached to U(1) in the intermolecular N-H: - -O hydro-
gen bonding interactions as acceptors (vide infra). In the centro-
symmetric 2, the average of the U=O0 bond lengths is 1.776(6) A.
Overall, the U=0 bond lengths in 1 and 2 are within the range
found in trans-uranyl(vi) dication complexes.'®™® The trans-
O—U=O0 angles (174.1(2)-176.6(3)°) are slightly different from
the ideal value of 180°. The remaining bond lengths and angles
associated with the uranium centres and the N,N,0-donor (L")~
are comparable with the corresponding bond parameters reported
for the complexes of trans-(UO,)*" having pentagonal-bipyramidal
uranium centres and similar coordinating atoms containing
Schiff base ligands."”"'®

Hydrogen bonding and self-assembly

In both structures, the complex molecules and the lattice
solvent molecules have several classical hydrogen bond donors
such as N-H and O-H and acceptors such as O- and Cl-atoms.
Thus, the two structures were scrutinized for intermolecular
hydrogen bonding interactions and if any were found, then how
they directed the supramolecular self-assembly process was
investigated. The intermolecular hydrogen bonds found are
O-H---O and bifurcated O-H---O---H-N and N-H-:--(0,0) in
1-H,0-2Me,NCHO and O-H- - -0 and N-H- - -O in 2-1.5H,0. The
geometric parameters for these intermolecular hydrogen bonds
are listed in Table 4 and the supramolecular structures assembled
by them are described below.

In 1-H,0-2Me,NCHO, the hydrogen bonded ensemble of
lattice solvent molecules (Me,NCHO- - -HOH- - -OHCNMe,) that
is connected to the U(2) side of 1 via the N-H- - -O interaction
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Table 4 Hydrogen bonding parameters for 1.H,O-2Me,NCHO and
2.1.5H,0°7

Complex D-H---A D---A(A) /L DHA /")

1-H,0-2Me,NCHO  N(6)-H(6)- - -O(9) 2.758(8) 163
O(11)-H(11A)---0(9)  3.017(13) 153
O(11)-H(11B)---O(10)  2.750(16) 142
N(2)-H(24)- - -0(2)' 2.964(7) 133
N(2)-H(24)- - -O(3)" 3.093(8) 127

2-1.5H,0 0(6)-H(6A)- - -O(1) 2.705(7) 161
O(7)-H(7A)- - -O(5) 2.94(2) 158
N(2)-H(24)- - -0(6)'" 2.844(10) 174

4 Symmetry transformations used: (i) —x + 1, —y + 1, —z + 1. (ii) —x + 2,
—y +1, —z+ 1. (iii) —x + 1, -y, —=z.

(Fig. 1) does not participate in any further intermolecular
interaction. However, on the other side of the solvated dinuclear
molecule, the hydrazinic N-H of the U(1) coordinated (L")~ and
the U(1) bound oxo atoms O(2) and O(3) participate in three
bifurcated N-H---(0,0) hydrogen bonding interactions with
two neighbouring inversion symmetry-related molecules in a
reciprocal manner. This intermolecular N-H- - -(0,0) interaction
leads to a one-dimensional assembly of 1-H,0-2Me,NCHO in the
crystal lattice (Fig. 2).

In 2-1.5H,0, the two-fold symmetric half-occupancy water
molecule acts as a donor in two O-H:--O hydrogen bonds
involving the O-atoms of the methoxy substituents on the
salicylidene moieties of (L*)~ of two complex molecules. This
water molecule is not involved in any other hydrogen bonding.
The formation of a one-dimensional chain like array of 2-0.5H,0
due to the above-mentioned intermolecular O-H---O inter-
actions cannot be counted because of the positional disorder
of the water molecule. On the other hand, the second two-fold
symmetric but full occupancy water molecule participates in the
maximum possible, that is, four hydrogen bonding interactions.
These are two O-H:--O interactions as the donor and two
N-H- - -O interactions as the acceptor. In the former, the uranium
coordinated phenolate-O atom of (L?)~ is the acceptor and in the
latter, the hydrazinic N-H of (L*)~ is the donor. Thus, each full
occupancy water molecule is connected to four complex mole-
cules that are tetrahedrally oriented around the water O-atom, and
a butterfly-like motif is formed (Fig. 3, top). The interconnection
of these motifs via these four intermolecular hydrogen bonding
interactions leads to an overall three-dimensional network of
2-1.5H,0 in the crystal lattice (Fig. 3, bottom).

Spectroscopic characterizations

Th infrared spectra of 1 and 2 were recorded in ATR mode in
the range of 4000-550 cm . A large number of bands with
various intensities were observed in each spectrum. No attempt
has been made to assign all the bands except for a few character-
istic bands. Both complexes display a broad band at ~3465 cm ™.
A similar band observed for dihydroxo-bridged complexes was
attributed to the bridging-OH groups.'®'® A weak and somewhat
broad band observed at ~3260 cm ™ has been assigned to the
hydrazinic-NH of (L")~.">*° The sharp and strong band at
~1619 cm ™" displayed by both complexes is attributed to the
metal coordinated azomethine (-HC=N-) group of (L")".'>1519
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Fig. 3 Butterfly-like motif (top) and the three-dimensional network of
[(UO,),(u-OH)»(L?),]-1.5H,0 (2-1.5H,0) viewed along the a-axis (bottom).

The spectrum of 1 displays two closely spaced strong bands at
891 and 872 cm ™, while the spectrum of 2 displays a single
strong band at 899 cm ™. The asymmetric stretching vibration
of the trans-uranyl(vi) moiety is generally observed in this
region as a strong band.'®¥™171® The observation of two closely
spaced bands in the case of 1 is most likely due to the
difference in the two average U=—O bond lengths at the two
uranium centres caused by the participation of the oxo atoms of
one metal centre in intermolecular hydrogen bonding inter-
actions (vide supra).

The electronic spectra of both 1 and 2 were recorded in
dimethylformamide. The spectral profiles of the two complexes
are very similar (Fig. 4). They display a somewhat broad and
strong band centred at ~370 nm (367 and 375 nm for 1 and 2,
respectively), which is preceded by a shoulder at ~405 nm and
followed by another strong band at ~302 nm. The free Schiff
bases (HL*?) in dimethylformamide display two strong bands
having almost equal intensities at ~350 and ~300 nm. A
comparison of the spectra of the complexes with those of
the Schiff bases clearly indicates that for 1 and 2, the absorp-
tion at ~302 nm is due to a (L'*)~ centred transition. The
absorption bands in the longer-wavelength ultraviolet region
for the trans-diuranyl(vi) dication containing species are char-
acteristic of charge transfer transitions involving the U=—0O
bonds.*! Thus, the absorption band of 1 and 2 at ~370 nm,
which is red-shifted in comparison to the corresponding
absorption of the Schiff bases at ~350 nm, has most likely a
combined (LY?)” centred and trans-(UO,)** centred charge
transfer character. In the visible region, the shoulder at 405 nm
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Fig. 4 Electronic spectra of [(UO,)(u-OH)s(LYsl (1) (=) and [(UO,)-
(1-OH)2(L2),] (2) (- - -) in dimethylformamide.

has been assigned to a primarily phenolate-to-metal charge
transfer transition.

The "H NMR spectra of 1 and 2 were recorded in DMSO-dg
solutions. Both spectra clearly indicate that in solution, the two
halves of the centrosymmetric complex molecule are equi-
valent. The chemical shift values with tentative assignments
are provided in the Experimental section under the respective
complexes. The absence of any signal assignable to the phenol
proton resonance’ is consistent with the deprotonated state of
the Schiff base ligand in both complexes. The hydrazinic N-H
appears as a singlet at 6 11.14 and 10.60 ppm for 1 and 2,
respectively. The azomethine (-HC=N-) proton (H’) of 1 and 2
resonates as a singlet at 4 9.02 and 8.97 ppm, respectively.
A singlet observed at 6 7.11 ppm for 2 is assigned to the bridging
hydroxyl group proton.>> However, no such signal was observed
for 1. The protons of the methoxy substituent in 2 are observed as
a singlet at § 3.75 ppm. In both complexes, the aromatic protons
of (L") and (L?)” appear with the expected splitting patterns in
the ranges ¢ 7.71-6.69 and 7.29-6.87 ppm, respectively.

Redox properties

The redox properties of 1 and 2 were investigated by cyclic
voltammetric measurements using their corresponding dimethyl-
formamide solutions (~10"° M) containing tetra-n-butyl-
ammonium perchlorate (TBAP) as the supporting electrolyte
with a Pt-disk working electrode, a Pt-wire auxiliary electrode
and a Ag/AgCl reference electrode under nitrogen atmosphere
at 298 K. Under identical conditions, the E;,, and AE,, (= Epy — Epc)
values for the ferrocenium/ferrocene (Fc'/Fc) couple were 0.50 V
and 150 mV, respectively. The cyclic voltammograms of the two
complexes are very similar. They display a cathodic peak and a well
separated weak anodic peak in the reverse scan (Fig. 5). The
cathodic peak potential (E,) is —1.01 and —1.10 V and the
corresponding anodic peak potential (Ep,) is —0.47 and —0.50 V
for 1 and 2, respectively. The cathodic peak currents of both
complexes are comparable with those of the F¢'/Fe couple and
other known one electron transfer processes under similar
conditions.'®*® The free Schiff bases show an irreversible
reduction response, having relatively broader peaks at more
cathodic potentials (average Ep. and Ej, values are around —1.55
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Fig. 5 Cyclic voltammograms of [(UO.),(u-OH)»(LY),] (1) (—) and [(UO,),-
(u-OH),(L2)] (2) (- - -) in dimethylformamide.

and —0.82 V, respectively) under the same experimental condi-
tions. Upon comparison of the reduction responses displayed
by the complexes with those of HLY? and considering that the
complexes of trans-(UO,)** with ligands having comparable
coordinating atoms are known to show a uranium(vi) to
uranium(v) reduction in a similar potential range, the reduc-
tions observed for 1 and 2 were assigned to a metal centred
process.'””®'® This assighment was further substantiated by the
90 mV cathodic shift of the E},. of 2 compared to that of 1 due to
the presence of the electron releasing methoxy group para to
the phenolate-O of the ligand (L*)” in 2.

Photocatalytic activities

The electronic transition within the U=0O double bond was
considered to be the key for the photocatalytic activities of the
complexes of the trans-diuranyl(vi) dication.>* The transition
that gives rise to the absorption band of 1 and 2 at 367 and
375 nm, respectively, has a partial trans-(UO,)*" centred char-
acter (vide supra). The appearance of this band near to the violet
end of the visible light accompanied by the shoulder in the
visible region at ~405 nm prompted us to examine the photo-
catalytic potentials of 1 and 2 by visible light irradiation.
Herein, we have chosen rhodamine B (RhB) and methylene
blue (MB) as model pollutants for the photo-degradation
experiments. The photocatalytic reactions were heterogeneous
in nature where the catalyst powder (1 or 2) was suspended in
the dye solution and stirred in the presence of white visible
light. The degradation of the dye (RhB or MB) with the increase
in the irradiation time was monitored spectrophotometrically.
The change in the spectroscopic profile of RhB with time in the
presence of 2 as a catalyst under light is illustrated in Fig. 6.
The irradiation time dependent spectral changes for RhB in the
presence of 1 as the catalyst and those of MB in the presence of
1 as well as 2 as the catalyst are depicted in Fig. S1-S3,
respectively (ESIT). In the control experiments without catalysts
in the presence of light, the variation in the absorption spectrum
of either of the two dyes is insignificant. The degradation of RhB
is as high as 96% in 150 min with 2 as the catalyst, whereas with
1 as the catalyst, the degradation was 80% over the span of 180 min.
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Fig. 6 Photocatalytic degradation of rhodamine B (RhB) under visible
light irradiation using [(UO2),(i-OH)a(L?),] (2) as a catalyst.

In the case of MB, the degradation was 71% in 210 min and 85% in
180 min for 1 and 2, respectively. Thus, 2 is a relatively more
effective catalyst in the photodegradation of both dyes (Fig. 7).
This difference in the activities is consistent with the appearance
of the first absorption band in the ultraviolet region for 2 at a
slightly lower energy than that for 1 and the higher extinction
coefficients of this band and the ~405 nm shoulder of 2
compared to those of 1. In general, the photocatalytic dye
degradation abilities of 1 and 2 are better than or comparable
with the previously reported uranyl containing catalysts,>>®> ¢

In order to account for the reusability of 1 and 2 as catalysts,
they were recovered after the reactions by filtration. About 85%
of the catalysts was recovered. The NMR spectra of the recovered
samples were essentially identical to the spectra of the complexes
before the reaction. Thus, the complexes remained intact through-
out the catalysis and they can be recycled and reused for further
catalytic cycles.

The mechanism suggested for the photocatalytic dye degra-
dation primarily involves two processes — electron transfer and
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Fig. 7 Change of dye (RhB and MB) concentrations with and without the
catalyst (1 and 2) as a function of irradiation time. C and C; represent the
dye concentrations after and before irradiation, respectively.
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hydrogen abstraction.® Upon photoexcitation of the trans-
(UO,)*" containing species, the electrons get promoted from
the highest bonding molecular orbital primarily possessing a
coordinated oxygen character to the lowest antibonding mole-
cular orbital localized at the uranium atom, and thereby the
excited trans-(*U0,)>" containing species is generated. In the
presence of a suitable guest like the dye molecule, the hole in
the highest bonding molecular orbital gets filled by an electron
from the o-CH of the dye while the promoted electron still
remains in the antibonding molecular orbital. As a result, a dye
degradation intermediate and a proton are produced. Since the
antibonding molecular orbital in the reduced photo-excited
trans-(*U0,)*>" containing species is higher in energy, the
electron in it is not stable and hence it reduces the dissolved
oxygen to reactive oxygen species such as superoxide or per-
oxide. These reactive species are responsible for the oxidation
and complete degradation of the dye molecules. Thus, aerobic
conditions are essential because in the absence of oxygen, the
reduced photo-excited trans-(*U0O,)*>" containing species will
not be oxidized back to the original trans-(UO,)*" containing
catalyst and there will be no generation of reactive oxygen species
to carry on the dye degradation process further.

Conclusions

Two complexes having the general molecular formula [(UO,),-
(u-OH),(L"),] containing the rare di-p-hydroxo-diuranyl(vi) core
with the Schiff base system 2-((2-(6-chloropyridazin-3-yl)hydrazono)-
methyl)-4-R-phenol (HL") have been synthesized. The X-ray
structures of the solvated complexes revealed the meridionally
spanning fused 5,6-membered chelate rings forming the
N,N,O-donor coordination mode of (L")” and the pentagonal
bipyramidal N,Os coordination sphere around the metal centres
in each of the two complexes. Supramolecular self-assembly via
intermolecular simple and bifurcated hydrogen bonding interac-
tions leads to one-dimensional chain-like and three-dimensional
network structures in the crystal lattices of the two solvated
complexes. The spectroscopic features of both complexes are
consistent with their molecular structures. The redox active
complexes display a metal centred one-electron reduction
process. Utilizing the visible region absorption shoulder and
a strong absorption band close to the high-energy end of the
visible light of both complexes, their excellent photocatalytic
activities in the degradation of organic dyes in the presence of
visible light have been demonstrated.
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1 | INTRODUCTION

Ankit Kumar Srivastava |

G. Narendra Babu |

Samudranil Pal

Synthesis, characterization, and physical properties of benzyl-N'-(4-R-ben-
zoyl)-N-(2,6-diisopropylphenyl)carbamimidothioates, HL' (R = H) and HL®
(R = Cl), and their nickel(IT) complexes having the general molecular formula
[Ni(L?),] (1 and 2) have been reported. Elemental analysis, magnetic suscep-
tibility, solution electrical conductivity, and various spectroscopic (IR, UV-Vis,
and "H NMR) measurements were used to characterize HL', HL?, and the two
complexes (1 and 2). The molecular structures of all four compounds were
determined by single-crystal X-ray crystallographic studies. The structures of
HL' and HL? showed the imino-ketone form of both compounds. In each of
1 and 2,

azomethine-N donor two (L

the six-membered chelate ring forming iminolate-O and
12y ligands form a square-planar trans-N,O, coor-
dination environment around the metal center. The spectroscopic characteris-
tics of HL', HL?, 1, and 2 are consistent with their molecular structures. Both
complexes were successfully employed as efficient catalysts in Kumada-Corriu
C—C cross-coupling reactions of aryl bromides with phenylmagnesium bro-
mide. The reactions provided biaryl products in good to excellent yields with a

good substrate scope.

KEYWORDS

crystal structure, Kumada—Corriu reaction, nickel(II), NO-donor, thiopseudourea

particular attention.'”! Generally, complexes of palla-

dium, the 4d-block transition metal in Group 10, are

Transition metal catalyzed cross-coupling reaction lead-
ing to the formation of C—C bond is a powerful and
widely used tool for the synthesis of natural products and
a variety of complex and structurally intricate organic
compounds with potential for use as agrochemicals,
pharmaceuticals, and functional materials."?! The biaryl
frameworks are widespread and play important roles in
deciding the properties and activities of these types of
compounds. Hence, in recent years, the syntheses of
biaryls via C—C cross-coupling reactions have attracted

found to be the most efficient catalysts for the various
cross-coupling reactions. However, due to the high cost
of palladium, there is a continuous quest for less expen-
sive and environment friendly alternative to these palla-
dium catalysts. As a result, complexes of nickel, the
lightest and inexpensive member of Group 10, have
attracted immense attention as catalysts for cross-
coupling reaction.*®! The first nickel catalyzed C—C
cross-coupling reaction using alkyl or aryl halides, and
Grignard reagents were reported independently by
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Tamao et al.®! and Corriu and Masse!* in 1972. Since
then, a large number of nickel complexes with a variety
of ligands such as Schiff bases, monophosphines/
diphosphines/triphosphines, diamines, f-diketonates, N-
heterocyclic carbenes, and various pincer ligands have
been employed for this cross-coupling reaction.>®
Thiourea, isothiourea, and thiopseudourea derivatives
are of considerable interest for their complexation
behaviors and applications as catalysts as well as for their
biological and biochemical properties leading to various
therapeutic and diagnostic applications.””®! In this work,
we have examined the coordination behavior of two
thiopseudoureas benzyl-N'-(4-R-benzoyl)-N-(2,-
6-diisopropylphenyl)carbamimidothioates (HL", where
n=1 and 2 for R=H and Cl, respectively) toward
nickel(IT) (Scheme 1) and the catalytic activities of the
resulting complexes in Kumada-Corriu cross-coupling
reaction. The deprotonated thiopseudourea system (L")~
can act as a bidentate six-membered chelate ring forming
ligand in two ways: via iminolate-O and thioether-S coor-
dination or via iminolate-O and azomethine-N coordina-
tion. Considering the moderately soft character of
nickel(I) and the sterically crowded environment of the
azomethine-N, it was anticipated that (L")” may prefer
the O,S-coordination mode rather than the O,N-
coordination mode. In a somewhat similar situation, it
has been found that N,N-dialkyl/diaryl-N'-(aroyl)
thioureates (L)~ provide square-planar nickel(IT) com-
plexes [NiL,], where (L)~ coordinates the metal center
through the O-atom and the less crowded S-atom instead
of the N-atom containing two alkyl groups.” It may be
noted that like the present ligand system, each of these
thioureates (L)~ also forms six-membered chelate ring at
the metal center in either O,S- or O,N-coordination

14 12
15 11
18 27 10
s 19 B HU(R=H)
7 26 I HL2 (R = Cl)

= 20 16N\N
i Y\Y@r
N™ NH N

N /

Dipp Ni_ _Di
O \eiad

/@)\ S
Bn INi(L?)2] (2)

INi(LY)2] (1)

SCHEME 1 Syntheses of HLY? and [Ni(L'?),] (1 and 2):
(i) PhCH,Br and NaH in tetrahydrofuran at 0°C for 3 h.
(ii) Ni(OAc),-4H,0 in MeOH-CHCl; (1:1) at 50°C for 24 h

mode. Interestingly, the present thiopseudourea ligand
system (L")~ behaves in the opposite way and acts as
O,N-donor in the two complexes having the general for-
mula [Ni(L"),] (1 and 2 where n = 1 and 2, respectively)
(Scheme 1). Herein, we report the syntheses, characteri-
zation, and X-ray structures of HL'? and their complexes
[Ni(L?),] (1 and 2). Application of both complexes as
effective catalysts in Kumada-Corriu C—C cross-coupling
reactions of aryl bromides with phenylmagnesium bro-
mide has been demonstrated.

2 | EXPERIMENTAL

2.1 | Materials

Aryl halides and phenylmagnesium bromide for the
cross-coupling reactions were procured from Sigma-
Aldrich and were used as received. The N-(4-R-benzoyl)-
N'-(2,6-diisopropylphenyl)thioureas (R = H and Cl) were
prepared in about 90% yields from 4-R-benzoyl chlorides
(R =H and CI), NH,SCN, and 2 6 -diisopropylaniline by
following a reported procedure. All other chemicals
used in this work were of reagent grade available com-
mercially and were used without further purification. All
solvents used were purified by standard methods. !

2.2 | Physical measurements

Elemental (CHN) analyses were performed on a Thermo
Finnigan Flash EA1112 series elemental analyzer. A
Sherwood scientific balance was used for the magnetic
susceptibility measurements. A Digisun DI-909 conduc-
tivity meter was used to measure the electrical conductiv-
ities in solution. The infrared spectra were recorded with
a Bruker TENSOR II FT-IR spectrophotometer. A
Shimadzu UV-3600 UV-Vis-NIR spectrophotometer was
used to collect the electronic spectra. The '"H NMR spec-
tra were recorded using a Bruker NMR spectrometer.

2.3 | Synthetic procedures

23.1 | Benzyl-N'-(4-R-benzoyl)-N-
(2,6-diisopropylphenyl)
carbamimidothioates (HL")

Benzyl bromide (0.36 ml, 518 mg, 3 mmol) was added
dropwise to a solution of N-(4-R-benzoyl)-N'-(2,-
6-diisopropylphenyl)thiourea (R =H or Cl) (3 mmol)
and NaH (60% in mineral oil, 200 mg, 5 mmol) in tetra-
hydrofuran (50 ml) and stirred at 0°C for 3 h. The
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reaction mixture was then neutralized with aqueous
NH,CI], and the organic layer was extracted with ethyl
acetate (2 x 50 ml), dried over MgSO,, filtered, and
finally, the filtrate was evaporated to dryness in vacuum
to obtain the crude product. It was then purified by col-
umn chromatography on silica gel using ethyl acetate-n-
hexane mixture (1:9) as the eluent. The solution obtained
was evaporated to dryness and the product was isolated
as white solid.

HL': Yield 1.1 g (85%). Anal. Calcd for C,;H3N,OS
(430.59) (%): C, 75.31. H, 7.02. N, 6.51. Found (%): C,
75.26. H, 7.12. N, 6.63. Selected IR bands (cm™): 3165
(NH), 1653 (C=0), 1598 (C=N). 'H NMR (CDClL.
500 MHz, § [J], ppm [Hz]): 12.45 (s, 1H, NH), 8.38 (8) (d,
2H, H>®), 7.55 (8) (t, 1H, H?), 7.48 (8) (dd — t, 2H, H*%),
7.39-7.35 and 7.29-7.23 (both m, 3H, 3H, H''"'>'), 7.21
(8) (d, 2H, H'®?), 4.55 (s, 2H, H**?), 3.14 (7) (sep, 2H,
H?**?%), 1.25 (7) (d, 6H, Me-protons of dipp), 1.18 (7) (d,
6H, Me-protons of dipp).

HL* Yield 1.2 g (86%). Anal. Caled for
C,7HN,CIOS (465.03) (%): C, 69.73. H, 6.29. N, 6.02.
Found (%): C, 69.85. H, 6.35. N, 6.12. Selected IR bands
(cm™): 3199 (NH), 1686 (C=0), 1598 (C=N). 'H NMR
(CDCls. 500 MHz, & [J], ppm [Hz]): 12.40 (s, 1H, NH),
8.29 (9) (d, 2H, H"®), 7.44 (9) (d, 2H, H**), 7.40-7.33
and 7.30-7.24 (both m, 3H, 3H, H'"'>1%), 7.22 (8) (d,
2H, H'®?), 4.52 (s, 2H, H**Y), 3.13 (7) (sep, 2H, H**?),
1.26 (7) (d, 6H, Me-protons of dipp), 1.18 (7) (d, 6H,
Me-protons of dipp).

2.3.2 | [Ni(LY/L?),] (1 and 2)

A methanol solution (30 ml) of Ni(OAc),-4H,0 (249 mg,
1 mmol) was added to a chloroform solution (30 ml) of
HL" (2 mmol), and the mixture was stirred at 50°C for
24 h. The reaction mixture was then evaporated under
reduced pressure, and the solid obtained was washed
with water and then dried in a vacuum desiccator. The
dry solid was dissolved in chloroform (15 ml). To this
chloroform solution methanol (15 ml) was added with
stirring. The light brown solid separated was collected by
filtration and dried in air.

[Ni(L"),] (1): Yield 630 mg (69%). Anal. Calcd for
Cs,HsgN,0,S,Ni (917.87) (%): C, 70.66. H, 6.37. N, 6.10.
Found (%): C, 70.65. H, 6.52. N, 6.15. Selected IR band
(cm™): 1589 (C=N). UV-Vis (CHCl;; Amax (nm) (e
[M~! cm™1))): 600%" (47), 502 (131), 395" (2.7 x 10%),
35550 (1.3 x 10%), 330" (1.9 x 10%), 303 (2.8 x 10%),
253 (2.1 x 10%). "H NMR (CDCls; 500 MHz, 6 [J], ppm
[Hz]): 7.42 (9) (t, 1H, H), 7.28 (8) (t, 1H, H?), 7.23-7.16
(m, 7H, HY>*>111319) 17 04 (9) (dd — t, 2H, H'*'Y), 6.74
(9) (d, 2H, H'™?), 4.35 (s, 2H, H**®), 4.15 (9) (sep, 2H,

Chemistry

H?**?%), 1.42 (9) (d, 6H, Me-protons of dipp), 1.33 (9) (d,
6H, Me-protons of dipp).

[Ni(L?),] (2): Yield 690 mg (70%). Anal. Calcd for
Cs4Hs6N,0,CLS,Ni (986.76) (%): C, 65.73. H, 5.72. N,
5.68. Found (%): C, 65.46. H, 5.85. N, 5.58. Selected IR
band (cm™): 1579 (C=N). UV-Vis (CHCls; Amax (nm) (&
M~ cm™1])): 600" (56), 502 (152), 400°" (2.3 x 10%),
357" (1.2 x10%, 330" (1.8 x 10%, 304 (2.3 x 10%),
252 (1.7 x 10%). 'H NMR (CDCl;; 500 MHz, & [J], ppm
[Hz]): 7.42 (8) (t, 1H, H'), 7.24-7.16 (m, 7H, H->'1719),
6.99 (9) (d, 2H, H*>"), 6.61 (8) (d, 2H, H'®%), 4.30 (s, 2H,
H*®) 4.11 (7) (sep, 2H, H**%), 1.40 (7) (d, 6H, Me-
protons of dipp), 1.33 (7) (d, 6H, Me-protons of dipp).

24 | X-ray crystallography

X-ray quality single crystals of HL' and HL® were
obtained by slow evaporation of their solutions in ethyl
acetate-n-hexane (1:10) mixture, whereas those for [Ni
(L"),] (1) and [Ni(L?),] (2) were grown by slow evapora-
tion of their solutions in chloroform-methanol (1:1) mix-
ture. Unit cell determination and intensity data collection
for each crystal were carried out at room temperature
(298 K) on a Bruker D8 Quest diffractometer fitted with a
Photon 100 CMOS area detector and an Incoatec Micro-
focus Source for graphite monochromated Mo Ko radia-
tion (4 = 0.71073 A). Data acquisition, integration, and
reduction were performed using the APEX3 software
package.™! The SADABS program!*? was employed for
an empirical absorption correction. In the case of HL!,
some residual absorption effect was treated with an addi-
tional correction using the XABS2 program.m] All four
structures were solved by direct method and refined on
F? using full-matrix least-squares procedures. The non-
hydrogen atoms were refined anisotropically. The hydro-
gen atoms were included at idealized positions and
refined as riding atoms with relative isotropic thermal
parameters of their parent atoms. The SHELX-97 pro-
grams'¥ available in the WinGX software suite!’®! were
used for structure solution and refinement. Mercury
package!'® was used to prepare the structural illustra-
tions. Selected crystallographic data for all four structures
are listed in Table 1.

2.5 | General procedure for the
Kumada-Corriu cross-coupling reaction

A mixture of aryl bromide (1.0 mmol), phenylmagnesium
bromide (1.2 mmol), and the nickel complex catalyst
(1 or 2) (0.05 or 0.1 mol%) in tetrahydrofuran (2 ml) was
stirred at room temperature (25°C) under nitrogen
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TABLE 1 Selected crystallographic data for HL', HL?, [Ni(L"),] (1), and [Ni(L?),] (2)

Compound HL' HL? 1 2

Chemical formula C,7H30N,0S C,7H»N,0CIS Cs4HsgN4O,S,Ni Cs4Hs¢N,O,CLS,Ni
Formula weight 430.59 465.03 917.87 986.76
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P1 P1 P1 P1

a(A) 9.591(2) 10.8061(4) 9.2963(10) 8.4743(6)

b (A) 10.479(2) 11.2035(5) 10.5788(11) 12.5662(9)
c(A) 13.109(3) 12.1252(5) 13.5217(14) 12.8658(9)
a(®) 72.223(7) 73.437(2) 68.971(3) 97.861(2)
Q) 86.174(9) 71.818(1) 80.553(4) 106.032(2)
r (©) 85.211(7) 71.212(2) 80.439(4) 97.242(2)
V(A% 1249.1(5) 1292.25(9) 1216.0(2) 1284.96(16)
zZ 2 2 1 1
p(gcm™) 1.145 1.195 1.253 1.275

u (mm™") 0.149 0.249 0.529 0.606
Reflections collected 17,449 31,846 34,745 45,530
Reflections unique 4228 4526 4259 4463
Reflections I > 26(I) 2289 3848 3451 4215
Parameters 280 293 290 299

R1, wR2 (I > 26(I))
R1, wR2 (all data)
GOF on F>

Apmaw Apmin (e A73)

0.0909, 0.1645
0.1962, 0.2038
1.048

0.403, —0.308

0.0470, 0.1182
0.0557, 0.1243
1.052

0.432, —0.440

0.0549, 0.1465
0.0702, 0.1599
1.078

0.915, —0.860

0.0342, 0.0911
0.0364, 0.0929
1.049

0.401, —0.397

atmosphere for the required time. After that, the solvent
was removed under reduced pressure, and the residue
was purified by column chromatography on silica gel
using n-hexane as the eluent to isolate the cross-coupled
product.

3 | RESULTS AND DISCUSSION
3.1 | Synthesis and some properties

Reactions of equimolar amounts of benzyl bromide and
N-(4-R-benzoyl)-N'-(2,6-diisopropylphenyl)thiourea

(R = H and Cl) in presence of excess (1.7 times) NaH in
tetrahydrofuran provided HL' and HL? in high yields
(~85%) (Scheme 1). The complexes 1 and 2 were synthe-
sized in good yields (~70%) by reacting one mole equiva-
lent of Ni(OAc),-4H,0 with two mole equivalents of HL
and HL? respectively, in MeOH-CHCIl; (1:1) mixture.
The elemental analysis data of all four compounds are in
good agreement with the corresponding molecular for-
mulas. Magnetic susceptibility measurements with pow-
dered samples of both complexes revealed their

diamagnetic character. The complexes are insoluble in
most of the common organic solvents such as methanol,
ethanol, acetonitrile, dimethylsulfoxide, and N,N-
dimethylformamide. However, they readily dissolve in
dichloromethane and chloroform and provide brown
solutions. In solution, they are electrically non-
conducting. The use of bivalent nickel starting material
for synthesis and the diamagnetic and nonelectrolytic
character indicate that both 1 and 2 are square-planar
nickel(IT) complexes.

3.2 | X-ray structures

All of HL', HL? 1, and 2 crystallize in the triclinic P1
space group. The asymmetric units of HL' and HL? con-
tain one complete molecule of the corresponding com-
pounds. On the other hand, each of the two complex
molecules is centrosymmetric, and the metal center
resides at the inversion center. Thus, the asymmetric
units of both 1 and 2 have half of the corresponding com-
plex molecules. The molecular structures of HL' and HL?
are illustrated in Figure 1, whereas those of 1 and 2 are
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FIGURE 1 Molecular structures of HL' (top) and HL?
(bottom). All nonhydrogen atoms are represented by their thermal
ellipsoids at the 40% probability level. Only selected atoms are
labeled for clarity

shown in Figure 2. Selected bond parameters are listed in
Tables 2 and 3.

Both HL' and HL? can have two forms amide and
imino-ketone (Scheme 1) due to amine-imine tautomer-
ism.!'”! The X-ray structures revealed that both molecules
exist in the imino-ketone form (Figure 1). The shorter C
(8)—N(1) bond length compared with the C(8)—N(2) bond
length indicates the double bond character of the former
(Table 2). The C(7)—0O(1) and C(7)—N(1) bond lengths
are consistent with double and single bond characters,
respectively. There is an intramolecular N—H---O hydro-
gen bond involving the amine and the keto-O leading to
the formation of a planar six-membered ring (rms devia-
tions: 0.02 and 0.08 A for HL' and HL?, respectively) in
each structure. The N---O distance and the N—H-:--O
angle are 2.638(3) A and 128° for HL' and 2.677(2) A and
126° for HL?. It appears that the imino-ketone form is
favored over the amide form due to this N—H---O

Chemistry

FIGURE 2 Perspective views of [Ni(L'),] (1) (top) and [Ni
(L?),] (2) (bottom). The thermal displacement ellipsoids of the
nonhydrogen atoms are drawn at the 40% probability level. Only
selected atoms are labeled for clarity

interaction. The remaining intramolecular bond lengths
and angles are unexceptional in both structures.

The structures of 1 and 2 confirm the deprotonation
of the migratory proton and the monoanionic state of the
ligands (L")~ and (L?)~ (Figure 2). In the complexes, the
C(7)—0(1) bond length is ~0.04 A longer and C(7)—N
(1) bond length is ~0.06 A shorter compared with the
corresponding bond lengths in HL' and HL? (Table 2).
Hence, the imino-ketone fragment of the ligand is in the
iminolate state in both 1 and 2."®' In contrast to HL'
and HL? the C(8)—N(1) is longer and C(8)—N(2) is
shorter in 1 and 2 (Table 2) indicating the single and dou-
ble bond characters, respectively. In each centrosymmet-
ric complex, the ligand coordinates the metal center
through the iminolate-O and the azomethine-N atoms
and forms a six-membered chelate ring with bite angle
close to 90° (Table 3). Because of the inversion center at
the coordinated metal atom, two ligands form a near per-
fect square-planar trans-NiN,O, coordination geometry
(Figure 2). The Ni—N and Ni—O bonds lengths are very
similar in 1 and 2, and they are within the ranges
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TABLE 2 Selected bond lengths (A) and angles (°) for HL', HL? 1, and 2

Compound HL' HL?

C(7)—0(1) 1.239(4) 1.229(2)
C(7)—N(1) 1.373(4) 1.364(2)
C(8)—N(1) 1.314(4) 1.312(2)
C(8)—N(2) 1.326(4) 1.327(2)
C(8)—S(1) 1.766(3) 1.768(2)

[Ni(LY,] @) [Ni(L?),] (2)
1.278(3) 1.272(2)
1.308(3) 1.309(2)
1.341(3) 1.343(2)
1.320(4) 1.314(2)
1.774(3) 1.771(2)

TABLE 3 Metal centered bond lengths (A) and angles (°) for 1
and 2

Complex 1 2
Ni(1)—0(1) 1.8215(19) 1.8342(12)
Ni(1)—N(2) 1.911(2) 1.9000(13)
Ni(1)—0(1")* 1.8215(19) 1.8342(12)
Ni(1)—N(2')? 1.911(2) 1.9000(13)
O(1)—Ni(1)—N(2) 91.58(9) 91.64(5)
O(1)—Ni(1)—0@")* 180.000(1) 180.00(7)
O(1)—Ni(1)—N(2')* 88.42(9) 88.36(5)
N(2)—Ni(1)—0(1')® 88.42(9) 88.36(5)
N(2)—Ni(1)—N(2)* 180.0 180.00(9)
0(1')*—Ni(1)—N(2')* 91.58(9) 91.64(5)

3Symmetry transformations used to generate equivalent atoms: —x, —y,
—z + 2 for 1 and —x, —y, —z for 2.

observed for nickel(I) square-planar complexes with
ligands having comparable coordinating atoms.**"!

A possible explanation for the observed O,N-
coordination mode instead of the O,S-coordination mode
of (L%~ in 1 and 2 despite relatively more steric
crowding around N-atom compared with that around S-
atom is as follows. The delocalization of the negative
charge by resonance is possible only in the O,N-
coordination mode, but not in the O,S-coordination mode
(Scheme 1). Further the C—O and C—N bond lengths in
the six-membered chelate rings of the two complexes are
in the range 1.272(2)-1.343(2) A. However, the average C
(8)—S(1) bond is ~0.46 A longer than these bonds in
HLY? as well as in the corresponding complexes 1 and
2 (Table 2). Hence, it is very likely that the effective delo-
calization of the negative charge of the ligand with the
formation of a relatively more uniform six-membered
chelate ring leads to the O,N-coordination mode over the
0,S-coordination mode of (LY?)” in the present com-
plexes. In the previously reported square-planar
nickel(II) complexes with N,N-dialkyl/diaryl-N'-(aroyl)

thioureates,”) which are somewhat analogous to the pre-
sent ligands, the opposite O,S-coordination was preferred
over the O,N-coordination. In these complexes, reso-
nance delocalization of the negative charge of the ligand
is possible only in the O,S-coordination mode but not in
the O,N-coordination mode. Thus, it appears that the
coordination mode of the reported thioureates as well as
the present deprotonated thiopseudoureas is dictated by
the delocalization of the ligand negative charge and not
by the steric crowding around the coordinating atom.

3.3 | Spectroscopic properties

Infrared spectra of HL', HL? 1, and 2 were recorded in
the range 4000-500 cm™' wusing the ATR mode
(Figures S1 and S2). The spectra display several bands of
various intensities. No attempt was made to assign all the
bands except for the following few. Both HL' and HL?
show a somewhat broad band at ~3180 cm™" due to the
N—H stretching. Two medium intensity bands at ~1670
and 1598 cm™' are assigned to the C=0 and C=N
stretches, respectively.'®*! In contrast, neither of 1 and
2 displays the N—H and C=O stretching bands. Absence
of these bands indicates the deprotonation of HL' and
HL? and formation of the iminolate states (L')™ and (L?)~
in the complexes. A medium intensity band observed at
~1584 cm™! for both complexes is attributed to the metal
coordinated C=N stretching.!*51°!

The electronic absorption spectra of 1 and 2 were
recorded using their chloroform solutions. The spectral
profiles of the two complexes are very similar (Figure 3).
In each spectrum, two low intensity absorptions, a shoul-
der at 600 nm and a peak at 502 nm, are followed by
three strong shoulders at ~400, ~355, and 330 nm and
two very strong peaks at 303 and ~250 nm. Square-
planar nickel(IT) complexes are reported to exhibit weak
spin-allowed ligand field transitions in the range 645-
460 nm.[1°*>2%1 Thys, the first two weak absorptions are
assigned to ligand field transitions. Considering that each
of HL' and HL? in chloroform displays an absorption
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maximum at ~295nm followed by a shoulder at
~260 nm both being very strong, three strong shoulders
observed for the complexes are attributed to ligand-to-
metal charge transfer transitions!®?*) and the last two

very strong highest energy peaks are assigned to intra-
ligand transitions.

The proton NMR spectra of HL', HL?, 1, and 2 were
recorded in CDCl;. The chemical shift data (numbering
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scheme in Scheme 1) are given in Section 2 under the
respective compounds, and the spectra of HL' and 1 are
depicted in Figure 4, whereas the spectra of HL? and
2 are shown in Figure S3. The spectrum of each of the
two complexes 1 and 2 clearly indicates that in solution
also the two ligands are equivalent as observed in the
corresponding X-ray structure. Both thiopseudoureas
HL' and HL? display a singlet at ~12.43 ppm due to the
NH group. As expected, neither of 1 and 2 shows this sig-
nal due to the deprotonation of the NH group and the
monoanionic state of the ligand. The tertiary H-atoms of
the two isopropyl groups of HL' and HL? appear as a
two-proton septate at ~3.14 ppm, whereas the two-
proton septate for the same H-atoms is shifted downfield
by ~1 ppm in the cases of 1 and 2. Unlike the single sig-
nal for the tertiary H-atoms, the methyl protons of the
two isopropyl groups resonate as two closely spaced six-
proton doublets for all four compounds. These two
doublets are observed at ~1.25 and 1.18 ppm for the
thiopseudoureas (HL' and HL?), while they move slightly
downfield to ~1.41 and 1.33 ppm for the complexes
(1 and 2). The methylene protons of the benzyl group
appear as a two-proton singlet at ~4.54 ppm for HL' and
HL?. However, in contrast to the protons of the isopropyl
groups, the two-proton singlet due to the benzylic methy-
lene protons in the complexes (1 and 2) appears slightly
upfield at ~4.33 ppm. The aromatic protons of HL' and
HL? resonate in the range 7.21-8.38 ppm whereas those
for 1 and 2 are observed in relatively upfield and some-
what narrow range of 6.61-7.42 ppm with the expected
splitting patterns.

3.4 | Catalytic studies

Optimization of the reaction conditions for C—C cross-
coupling was performed using 1-bromo-
4-methoxybenzene (1.0 mmol) and phenylmagnesium
bromide (1.2 mmol) as the model substrates and the com-
plexes 1 and 2 as catalysts in 2 ml of solvent (toluene and
or tetrahydrofuran) (Table 4). All the reactions were car-
ried out at room temperature (25°C). Using toluene as
solvent and 0.05 mol% of 1 under nitrogen atmosphere,
80% yield was obtained in 24 h (Entry 1). In the mixed
solvent toluene-tetrahydrofuran (1:1), the yield decreased
considerably (Entry 2). In contrast, better yield (88%) was
obtained in much less time in pure tetrahydrofuran
(Entry 3). However, if the reaction was conducted in air
keeping all other conditions the same as in Entry 3, the
yield decreased drastically (Entry 4). Doubling of the cat-
alyst loading increased the yield but by a very small
amount (4%). Both 1 and 2 showed good and comparable
catalytic activities and provided the coupling product in
essentially the same yield (88 and 90%) under the same
conditions (Entries 3 and 6). The homo-coupling product
biphenyl was also produced but in very little amount
(~4%). Therefore, the conditions used for Entry 3 were
found to be optimal for reactions of phenylmagnesium
bromide with aryl bromides using 1 or 2 as catalyst.

The substrate scope of the above coupling reaction
was probed using 1 as the catalyst. The results are sum-
marized in Table 5. Reactions of phenylmagnesium bro-
mide with para-substituted bromobenzenes (4-F, 4-Cl,
4-Me, and 4-OMe) and 2-bromonaphthalene produced

TABLE 4 Optimization of reaction conditions
MgBr

N (tor2)

Solvent, 25 °C
Entry Catalyst Catalyst loading (mol%) Solvent Time (h) Yield* (%)
1 [Ni(LY),] (1) 0.05 Toluene 24° 80
2 [Ni(LY),] (@) 0.05 Toluene-THF (1:1) 24° 68
3 [Ni(LY),] (1) 0.05 THF 6° 88
4 [Ni(LY),] @) 0.05 THF 12¢ 40
5 [Ni(LY),] (1) 0.10 THF 6° 92
6 [Ni(L2),] (2) 0.05 THF 6° 90

Note: BrCsH,OMe: 1.0 mmol; phenylmagnesium bromide: 1.2 mmol; solvent: 2 ml.

“Isolated yield.
®In nitrogen.
“In air.
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TABLE 5 Coupling reactions of

phenylmagnesium bromide with

various aryl bromides MgBr R

|
/ BI‘+©

N (1) /A
—_—
THF, 25°C \_7

Entry  Aryl bromide Product Time (h) Yield® (%)
1 1-Bromo-4-fluorobenzene 4-Fluorobiphenyl 6 96°
2 1-Bromo-4-chlorobenzene 4-Chlorobiphenyl 6 94°
3 1-Bromo-4-methylbenzene 4-Methylbiphenyl 6 93°
4 1-Bromo-4-methoxybenzene  4-Methoxybiphenyl 6 88°
5 2-Bromonaphthalene 2-Phenylnaphthalene 6 86°
6 1-Bromo-3-methylbenzene 3-Methylbiphenyl 12 92°
7 1-Bromo-3-methoxybenzene  3-Methoxybiphenyl 12 88°
8 1-Bromo-2-methylbenzene 2-Methylbiphenyl 24 86°
9 1-Bromo-2-methoxybenzene  2-Methoxybiphenyl 24 83¢

Note: Aryl bromide: 1.0 mmol; phenylmagnesium bromide: 1.2 mmol; THF: 2 ml.

“Isolated yield.
5[Ni(LY),]: 0.05 mol%.
°[Ni(LY),]: 0.1 mol%.

the desired products in 86-96% yields in 6 h (Entries 1-
5). The reactions of meta-substituted bromobenzenes
(3-Me and 3-OMe) with phenylmagnesium bromide also
provided high yields (92% and 88%) of the
corresponding products (Entries 6 and 7) but in double
reaction time (12 h) compared with that (6 h) required
for the reactions of the para-substituted bromobenzenes
with the same Grignard reagent. In contrast, the cross-
coupling reactions of ortho-substituted bromobenzenes
(2-Me and 2-OMe) with phenylmagnesium bromide
require much longer reaction time (24 h) and double
catalyst loading (0.1 mol%) compared with those needed
for the coupling of para- and meta-substituted
bromobenzenes with phenylmagnesium bromide to
afford the products 2-methylbiphenyl and
2-methoxybiphenyl in slightly lower yields of 86% and
83%, respectively (Entries 8 and 9). The observed
increase in the reaction time and the catalyst loading
with the change of the substituent position on the
bromobenzene from para to meta to ortho is in all like-
lihood to be due to the gradual increase of the steric
hindrance. It may be noted that room temperature
cross-coupling reactions for the synthesis of biaryls
using nickel complexes as catalysts are not very com-
mon.>®! The present catalyst system not only works at
room temperature but also provides as good as or
improved yields when compared with the yields
reported so far for nickel complex catalyzed reactions.

4 | CONCLUSIONS

In summary, two thiopseudoureas HL' and HL? and their
corresponding nickel(II) complexes [Ni(L'),] and [Ni
(L?),] have been successfully synthesized and character-
ized. The microanalytical data and diamagnetic and non-
electrolytic characteristics of the two complexes indicate
+2 oxidation state and square-planar coordination envi-
ronment of the metal center in each complex. The X-ray
structures of HL'? showed the imino-ketone tautomeric
form of both thiopseudoureas in the solid state, whereas
the X-ray structures of [Ni(L?),] confirmed the
iminolate-O and azomethine-N donor coordination mode
of the ligands (LY?)~ and a square-planar trans-N,O,
coordination geometry for both complexes. The spectro-
scopic features of all four compounds corroborate the
corresponding molecular structures. Both complexes
exhibit efficient catalytic activity toward Kumada-Corriu
cross-coupling reactions of phenylmagnesium bromide
with a variety of aryl bromides at room temperature. The
reactions provided good to excellent yields of the biaryls.
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Functionalized naphthalenediimide based
supramolecular charge-transfer complexes via

1859 self-assembly and their photophysical propertiesy

Pooja Rani,® Ahmad Husain, ©° Ananya Shukla,© Neha Singla,®
Ankit Kumar Srivastava,® Gulshan Kumar,? K. K. Bhasin® and Girijesh Kumar @ *2

We report here the design and syntheses of a naphthalenediimide (NDI)-N functionalized organic
fluorophore, 1, and its supramolecular CT complexes [(1-2H)?*-(PA7),] (2) and [(1-2H)>*(3,5-DNSA),] (3),
self-assembled from 1 as an electron acceptor (A) and picric acid (PA) or 3,5-dinitrosalicylic acid (3,5-DNSA)
as a donor (D), with a very large Stokes shift (>170 nm) and significant fluorescence lifetime (~1.55 ns). NDI
is functionalized with phenylpyridyl units (chromophore) to extend the m-conjugation and thus provide a
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suitable platform for strong C-H—= and =---n stacking interactions, which are the prime requirements for
any compound to be used as a fluorescent probe. The organic fluorophore, 1, and its supramolecular CT
complexes 2 and 3 exhibit decent electronic properties as suggested by DFT, cyclic voltammetry, and

fluorescence studies. Moreover, compounds 1-3 were also exploited as fluorescent probes for cell imaging
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Introduction

The construction of well-organized inter- or intramolecular
charge-transfer complexes (CTCs) is one of the rapidly
growing areas for contemporary researchers working in the
domain of chemical and biological sciences due to their
fascinating photophysical properties."™ It is a well-known fact
that intermolecular CTCs are composed of electron-rich
(donor; D) and electron-poor (acceptor; A) m-conjugated
molecules, which are associated through favorable
supramolecular noncovalent interactions such as hydrogen
bonding, n-m stacking, and electrostatic interactions.®®
However, in intramolecular CT complexes, one part of the
same photophysical system behaves as a donor (D) and
another part as an acceptor (A).">'* Therefore, the key aspect
of the design of such CTC systems is controlling D and A to
optimize efficient electron transfer between them."?
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in CIF or other electronic format see DOI: 10.1039/d0ce01719a
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under normal cell isolation and with time-bound exposure.

In this regard, several photophysical systems such as
covalently linked porphyrin arrays,"® n-stacked molecules,™*
dendrimers,"> chromophoric polymers,'® self-assembled
structures,'”*® and hybrid organic-inorganic structures®
have been synthesized and successfully used as a fluorescent
probe for a diverse range of applications such as organic
electronics,” photovoltaic devices,?* flexible displays* and
imaging applications.>**> Several reports are available in the
literature ~ wherein  naphthalenediimide (NDI) based
chromophores show a strong tendency towards self-assembly
and form a stacked structure in a size-dependent
manner.”*° Moreover, the stacking pattern plays a vital role
in their applicability towards a particular application.***?
Nevertheless, the interactions are moderated by the
electrostatic complementarity of the stacked structure.*
Furthermore, it is an evident fact that a good fluorescent
probe must feature a (i) large Stokes shift,**** (ii) high
physiological stability, (iii) fluorogenic behavior, (iv) high
quantum yield of fluorescence and so on.>® Therefore it is
essential to understand the structure—function relationships
of such type of photofunctional systems to design, optimize
and control their electronic functions.*®*” The properties of
such type of probe strongly depends on the efficient charge
separation in donor-acceptor (D-A) systems.***° The
association of D and A molecules often results in the
modification of the electronic structure of the D-A system
and the formation of charge transfer (CT) complexes.>”

So, based on the vast utilities of organic fluorescent
probes, we report here the design and syntheses of an NDI-N

CrystEngComm, 2021, 23,1859-1869 | 1859
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functionalized organic fluorophore, 1 (ref. 40), and its
intermolecular D-A CT complexes [(1-2H)*"-(PA7),] (2) and
[(1-2H)**-(3,5-DNSA),] (3). CT complexes 2 and 3 self-
assembled from 1 as an electron acceptor (A), and PA or
3,5-DNSA as a donor (D), in their ionic form in solution
(Schemes 1 and 2). NDI is functionalized with phenylpyridyl
units with an aim to extend the m-conjugation and thus
provide a suitable platform for C-H—n and n--'n stacking
interactions along with facile charge-transfer, which are the
prime requirements for any fluorescent probe. Moreover, 1-3
were also exploited as fluorescent probes for the cell imaging
of rat brain. The preliminary results are very promising and
will help contemporary researchers of the field to design
advanced CTC based fluorescent probes for biological
application in the near future.

Results and discussion
Synthesis and characterization

The details of the synthesis of the precursor, 4-(pyridin-4-yl)
aniline, are provided in the ESI} (Scheme S1). Meanwhile, the
preparation of fluorophore 1 and CT complexes 2 and 3 is
provided in the Experimental section (Scheme 1). For all the
compounds, characterization details are provided in the ESI}
(Fig. S1-S19). The precursor, 4-(pyridin-4-yl)aniline, was
prepared by the Suzuki-Miyaura coupling of 4-iodoaniline
with 4-pyridylboronic acid in a 1:1.2 molar ratio in a DMF-
water system at 70-80 °C.*" Afterwards, 1 was synthesized by
refluxing 4-(pyridin-4-yl)aniline with 1,4,5,8-
naphthalenetetracarboxylic dianhydride (NDA) in a 1:2 molar
ratio in DMF for 24 h. The CT complexes 2 and 3 were
prepared by stirring 1 and respectively PA or 3,5-DNSA in a

Q-+

o &0 - '
Hoé Hoé NO;
O;N""NO, 0,N"“"NO, NO,
Scheme 1 Schematic illustration of the formation of CT complexes 2

and 3 using 1. In both cases, 1 acts as an acceptor (A) and PA and
3,5-DNSA work as a donor (D) in their anionic form.
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Scheme 2 Plausible mechanistic pathway of proton transfer from PA
or 3,5-DNSA to 1 and generation of charged species in solution during
the intermolecular D-A CT complex formation.

1:2 molar ratio in DMSO for 1 h at room temperature
(Scheme 1). Precursor 4-(pyridin-4-yl)aniline shows a
characteristic vy_y band at 3313 cm™ (Fig. S11). Meanwhile,
the corresponding '"H NMR spectrum shows a singlet at ¢
5.54 ppm, which is ascribed to the -NH, proton (Fig. S27).
The FT-IR spectra of 1-3 display strong bands between 1707-
1717 em™* and 1673-1677 cm™', which are assigned to ve—n
and ve—o, respectively (Fig. S51). The "H NMR spectrum of 1
shows five types of signals, indicating the presence of five
types of protons (Fig. S9t) due to the highly symmetrical
nature of 1. The formal 1:2 stoichiometry was confirmed for
CT complexes 2 and 3 by elemental analysis, HRMS, DFT
calculations and X-ray diffraction analysis. Further, to probe
the 1:2 stoichiometry and to understand the mode of
interaction between PA or 3,5-DNSA and 1 in solution, 'H
NMR spectra were recorded for 2 and 3. Interestingly, 2 does
not show a signal for the phenolic proton, which indicates
the transfer of a phenolic proton from PA to the 1-pyridyl-N
atom, resulting in the formation of charged species: PA™ and
{1-2H}*" in solution, which helps in intermolecular D-A CT
complex formation (Scheme 2). Notably, after CTC formation,
PA displays significant chemical shifts (Ady) for its aromatic
proton in the 'H NMR spectrum (Fig. S11f), as the
characteristic singlet for the aromatic proton of PA, which
appears at ~ 8.61 ppm (before complexation), shifts
significantly to 8.47 ppm (Ady = 0.14 ppm), indicating the
complexation of 2 (Fig. S121).*> Meanwhile, the integration of
the aromatic protons of PA in 2 suggests 1:2 stoichiometry.
Interestingly, the upfield shifts in the Ady values, instead of
expected downfield shifts (for PA protons), indicate the
increase of electron density (due to formation of picrate ions,
PA"), which induces PA (PA™ in solution) to behave as D in
place of its well-known electron acceptor nature. In a similar
fashion, 3 displays no signal for the carboxylic acid proton of
3,5-DNSA in its '"H NMR spectrum, thus suggesting the
transfer of this proton from 3,5-DNSA to the 1-pyridyl-N atom
and generation of charged species, 3,5-DNSA” and {1-2H}*" in
solution, which assisted in intermolecular D-A CT complex
formation. Further, 3 also exhibits considerable Ady shifts, as

This journal is © The Royal Society of Chemistry 2021
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the characteristic singlets of 3,5-DNSA, which appear at 8.72
and 8.67 ppm (before complexation), shift to 8.64 and 8.60
ppm (Ady = 0.08 and 0.07 ppm, respectively) after
complexation (Fig. S14 and S157). In addition, upfield shifts
in Ady values indicate the increase of electron density (due to
the formation of 3,5-dinitrosalicylate ions), which induces
3,5-DNSA (3,5-DNSA™ in solution) to behave as D in place of
its famous electron acceptor nature. Notably, the H, protons
of 1 are shifted 0.03-0.05 ppm downfield in both CTC (Fig.
S12 and S14f), thereby further supporting the transfer of a
proton from the concerned PA or 3,5-DNSA t0 Npyqy Of 1.
These 'H NMR findings are well supported by DFT
calculations and single-crystal X-ray analysis. Moreover, the
HRMS spectra of 2 and 3 display [M + 2H]*" peaks at m/z
1206.2561 and 1102.2565, which are ascribed to
[(1-2H)**(PA"),] and [(1-2H)*"«(3,5-DNSA7),], respectively,
thereby providing additional proof for 1:2 complexation (Fig.
S18 and $19%).*>**

The parent compound 1 displays a peak at m/z = 573.1561,
which corresponds to [M + H]" (Fig. S17f). Notably,
numerous attempts have also been made to prepare
intermolecular D-A CT complexes of 1 with other well-known
acceptors such as 2,2'-(cyclohexa-2,5-diene-1,4-diylidene)
dimalononitrile (TCNQ; 7.29 x 10.23 A?),
2,5-dihydroxyterephthalic acid (8.62 x 10.28 A?%), and
potassium  6-methyl-4-methylene-4H-1,2,3-oxathiazin-3-ide-
2,2-dioxide (acesulfame-K; 8.43 x 8.96 A%), and donors such
as naphthalene (7.28 x 8.98 A%) and anthracene (7.28 x 11.33
A?); however, all our efforts were in vain (see Scheme S2t for
details). We believe that the similar shape and size (see
Scheme S2 and Table S11) along with the strong proton
donating tendency of PA (9.50 x 9.79 A%) and 3,5-DNSA (9.48
x 10.09 A*) might be responsible for their selectivity towards
the formation of intermolecular D-A CT complexes 2 and 3.

Structural description of 1

Single crystals of 1 suitable for X-ray diffraction analysis were
obtained by slow evaporation of a DMSO solution after two
weeks. The structural analysis reveals that compound 1
crystallizes in the monoclinic cell system with space group
P2,/c. The asymmetric unit consists of one and a half

Fig. 1 (a) ORTEP diagram of one of the components of 1 (probability
level 50%). (b) C-H:-'m, N--*H-C and C-H---O interactions. (c) The
herringbone arrangement viewed down along the a-axis.
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molecules of 1, as one of the naphthalenic ring centroids is
located over an inversion center. The molecular structure of 1
is depicted in Fig. 1. The phenylpyridyl moieties are nearly
planar as the dihedral angle between the planes of the two
rings lies in the range 6.0-15.4°. The dihedral angles between
the NDI core and phenylpyridyl moiety are ~89.35° and
~88.11° indicating that both moieties are almost
perpendicular and this orientation allows the core NDI-Hs to
form C-H---n, N---H-C and C-H---O interactions (Fig. 1). The
strong to moderate C-H—n (2.739-3.524 A) interactions
between the aryl hydrogens and the phenylpyridyl rings of
the adjacent molecules are responsible for the formation of a
3D architecture as shown in Fig. S20.f Moreover, the carbonyl
O atoms are hydrogen-bonded (2.339-2.530 A) to pyridyl CH
and NDI core CH of the adjacent molecules (Table S27),
further supporting the framework as shown in Fig. S20.f Due
to the orthogonality of the phenylpyridyl rings with the NDI
core, there is no probability for n-—m interactions between the
adjacent molecules. In addition, the Hirshfeld surface was
mapped with d,om and 2D fingerprint plots were generated
using Crystal Explorer 3.1 (ref. 45) to visualize the
intermolecular interactions. The Hirshfeld surface analysis
shown in Fig. S211 suggests that the majority of
intermolecular interactions in the crystal packing were
contributed by C—H (33.7%) and O—H (20%) contacts,
thereby further strengthening the crystal packing.

Structural description of 2

Single crystals of 2 suitable for X-ray diffraction analysis were
obtained by slow evaporation of a DMSO solution after two
weeks. The structural analysis reveals that 2 crystallizes in
the monoclinic cell system with space group I2/a. The
asymmetric unit consists of half a molecule of the bi-
protonated form of 1 (as a naphthalenic ring centroid is
located over an inversion center), a picrate anion, one lattice
occluded DMSO and one water molecule. The molecular
structure of 2 is depicted in Fig. 2. The phenylpyridyl
moieties in 2 lost their planarity as the dihedral angle
between the planes of the two rings is 31.7°. The dihedral
angle between the NDI core and phenyl ring of the
phenylpyridyl moiety is 68.8°. This orientation allows the
core NDI-Hs to form C-H---O interactions (Fig. 2) and strong
n--m (3.317-3.419 A) interactions between the centroids of
the picrate rings and the NDI core. The phenylpyridyl rings
also interact via weak n---7 (4.192 A) interactions between the
adjacent molecules (Fig. 2c). These strong to weak m-m
interactions resulted in a 2D network as shown in Fig. 2c.
The protonated pyridyl groups are strongly H-bonded to the
phenolic and nitro O atoms in bifurcated mode. The lattice
occluded water and DMSO connect the adjacent molecules
via C-H---O interactions. The Hirshfeld surface analysis
shown in Fig. S211 suggests that a majority of intermolecular
interactions in the crystal packing were contributed by C—H
(8.9%) and O—H (38.9%) contacts, thereby further
strengthening the crystal packing.
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Fig. 2 (a) ORTEP diagram of 2 (probability level 50%). Symmetry
equivalent positions are (i) 3/2 - x, 3/2 -y, 3/2 - z. (b) 2D H-bonding
network. (c) 2D sheet formation due to the =---n stacking viewed down
along the a-axis.

Structural description of 3

Single crystals of 3 suitable for X-ray diffraction analysis were
obtained by slow evaporation of a DMSO solution after two
weeks. The structural analysis reveals that compound 3
crystallizes in the orthorhombic cell system with space group
Cccm. The asymmetric unit consists of a quarter of a
molecule of 1, half a 3,5-DNSA molecule and three quarters
of a lattice water molecule. A mirror plane (perpendicular to
001) bisects 1 and the 3,5-DNSA molecules. A two-fold axis
also passes through molecule 1. The molecular structure of 3
is depicted in Fig. 3. The orientation of the phenylpyridyl
moieties is almost similar to that of 2 (the dihedral angle
between the planes of the two rings is 35.9°). The dihedral
angle between the NDI core and phenyl ring of the
phenylpyridyl moiety of 3 is 62.3°. The 3,5-DNSA molecule is
highly disordered and modeled over two positions with half
occupancy. Compound 1 is biprotonated and strongly
hydrogen-bonded to the lattice water and the disordered
3,5-DNSA molecules. The crystal structure analysis reveals the
strong 7w interaction between the adjacent 3,5-DNSA
molecules, and the NDI core and the 3,5-DNSA molecules
(3.862 A and 4.109 A, respectively) resulting in the stacking of
the NDI core and the 3,5-DNSA molecules (Fig. 3b). This
stacking is further strengthened by the weak m-'7m
interactions between the phenylpyridyl rings (3.904 A) and
results in the formation of a three-dimensional network
(Fig. 3c). The crystal packing reveals the formation of
channels running along the g-axis containing lattice water
molecules.
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Fig. 3 (a) ORTEP diagram of 3 (probability level 50%). Symmetry
equivalent positions are (i) 1/2 - x, 1/2 -y, z; (i) 1/12 - x, 1/2 -y, 2 - z;
(iii) x, y, 2 — z. (b) Stacking interactions between 1 and 3,5-DNSA
molecules. (c) Channels running along the a-axis containing lattice
water.

Thermal and PXRD analyses

The thermal stability of any organic compound is one of the
essential features for their use as a functional material.
Therefore, 1-3 were employed towards thermal gravimetric
analysis (TGA) and differential scanning calorimetry (DSC) and
their plots are shown in Fig. S22 and S23 in the ESL} Notably, 2
exhibits stability up to 370 °C, with an initial weight loss of ca.
10.71% (obs. 10.85%) in the temperature range 30-200 °C. This
weight loss is assigned to the loss of one H,O molecule and
one DMSO molecule. In a similar fashion, 3 shows stability up
to 380 °C, with an initial weight loss of ca. 6.54% (0bs. 6.50%).
This weight loss is ascribed to the loss of four lattice occluded
water molecules. However, due to the poor crystallographic
data, the occupancy of one of the lattice water molecules needs
to be fixed as half. This resulted in the count of water
molecules per unit cell being three. Meanwhile, the loss of
water molecules at higher temperatures might be due to the
strong hydrogen bonding interaction with the 3,5-DNSA
molecule. Moreover, 1 displays stability up to 400 °C without
any initial weight loss. These observations are intensely
sustained by single-crystal X-ray crystallography. DSC findings
also suggested that 2 and 3 loses the concerned solvent
molecules in their first transition in the exothermic region.
Moreover, to see the crystallinity and phase purity of these
materials, PXRD patterns were recorded. The PXRD patterns of
1-3 fitted nicely with the simulated one (Fig. S24-S26%),
obtained from the single-crystal X-ray data, thus confirming
that the concerned materials retained their crystalline phase
purity during the bulk synthesis.

This journal is © The Royal Society of Chemistry 2021
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DFT calculations

To assess the positions and energies of frontier molecular
orbitals (FMO) for 1-3, density functional theory (DFT)
calculations were carried out at the B3LYP/6-31G(d,p) level
using the Gaussian 09 program (see the ESIT for details). Full
geometry optimization was done for all these molecules. In
all cases, the geometry of the concerned optimized molecule
is very close to the single-crystal X-ray structure. DFT
calculations for 2 and 3 reveal that the NDI-N substituted
phenylpyridyl units deviate from perpendicularity to the NDI
core, thus providing a suitable platform for electronic
interaction between the NDI core and N-substituents.
Notably, in both CT complexes, the pyridyl-N atoms are
protonated. The presence of a +ve charge on the pyridyl-N
atoms in combination with the geometrical arrangements
force the substituents to pull conjugated electrons from the
NDI core, thus increasing its n-acidity. As shown in Fig. 4, the
electron distribution of the lowest unoccupied molecular
orbital (LUMO) is spread over the NDI core, whereas in the
case of the highest-occupied molecular orbital (HOMO), it is
spread over the pendent phenylpyridyl substituents. Notably,
the intermolecular D-A CT complexation greatly affects the
FMO energies as the HOMO and LUMO energies of 2
(HOMO: -6.35 eV; LUMO: -3.16 eV; HOMO-LUMO gap: 3.19
eV) shifted upfield compared to those of 1 (HOMO: -6.73 eV;
LUMO: -3.54 eV; gap: 3.19 eV). This upfield shift in FMO
energies may be attributed to the =w---m stacking
arrangements. Comparatively, 3 presents a lower HOMO and
LUMO energy (HOMO: -9.12 eV; LUMO: —6.97 eV; HOMO-
LUMO gap: 2.15 eV) with a narrower band-gap induced by
extension of the n-electron system (Table 2).

Electronic and optical properties

To prove the DFT findings and the possibility of using 1-3 as
fluorescent probes, UV-vis absorption and emission profiles
of 1-3 were recorded in DMSO. As shown in Fig. 5a, 1-3 show
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two intense absorption bands each at 360 nm (363 nm for 3)
and 380 nm (Table 2). The major absorption peaks are
assigned to the spin-allowed n-m* transition of the NDI core.
Notably, in comparison to the parent NDA,*® in 1-3, the
absorption band red-shifted (bathochromic shift) to 360 nm
with additional absorption at 380 nm. The bathochromic
shifts of 7-10 nm in 1-3 are attributed to the presence of
phenylpyridyl groups on the NDI core, which provides an
opportunity for additional intermolecular interactions due to
the increment in the conjugation length.”” The optical band
gaps for 1-3 estimated from the edge of end absorption
(Fig. 5a) are found to be ca. 2.92 eV, 2.63 eV and 2.86 eV,
respectively, which are quite consistent with the HOMO-
LUMO band gap values estimated from DFT calculations. The
optical band gaps for 1-3 were calculated using Tauc plots
and details are provided with Fig. $27 in the ESL{*®* It
should be noted that the presence of phenylpyridyl groups on
the NDI core plays a crucial role in the energy gap
distribution.

The fluorescence spectra of 1-3 exhibit a broad emission
between 425 nm and 550 nm, when excited in prevailing
absorption bands at 360 or 370 nm (Fig. 5b). This broad and
strong fluorescence response corresponds to electron-rich
strong 7-n electron conjugation.”” Notably, the studied
materials also exhibit a very large Stokes shift (170-180 nm),
which is a prime requirement for any material to be used for
precise fluorescence imaging (Tables 2 and S4%). The
quantum yields of 1-3 were determined to be 0.05, 0.89 and
0.10 in DMSO, with perylene in ethanol (& = 0.92) as
reference.”

The absolute quantum yield of 3 is relatively lower than
that of 2, largely due to intensive non-classical m-—n
interactions around the fluorophore scaffolds which are
relatively less in the case of 2, wherein only the NDI core
interacts with the PA™ anion as the phenylpyridyl units are
more twisted at a distance of 4.2 A. However, in 3, both the
NDI rings and phenylpyridyl rings are involved in strong n-—n
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Fig. 4 Pictorial representation of the CT phenomenon in 2 and 3 in the ground state which occurs from the HOMO of picrate and

3,5-dinitrosalicylate anion to the LUMO of 1.
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Table 1 Crystal data and structure refinement for compounds 1-3

Identification code 1 2 3

CCDC no 1975049 1975050 1975051

Empirical formula C36H20N,0,4 Cs5,H40N100,1S, Cs50H6NgOs1

Formula weight 572.56 1205.06 1074.79

Temperature [K] 298 138 138

Crystal system Monoclinic Monoclinic Orthorhombic

Space group P24/c I2/a Ccem

alA 13.1438(7) 16.6037(3) 7.7993(3)

b/A 17.2839(10) 10.0174(2) 22.8606(8)

c/A 17.6953(11) 32.0776(5) 33.5658(11)

o/deg 90 90 90

fldeg 104.028(6) 100.676(2) 90

yldeg 90 90 90

Volume/A® 3900.1(4) 5242.98(17) 5984.7(4)

zZ 6 4 4

Peale & €M > 1.463 1.527 1.193

p/mm™ 0.098 0.196 0.096

F(000) 1776 2488 2200

Crystal size/mm’® 0.4 x 0.1 x0.03 0.2 x 0.15 x 0.12 0.2 x 0.05 x 0.05

Radiation Mo Ko (4 = 0.71073) Mo Ka (4 = 0.71073) Mo Ka (4 = 0.71073)

26 range for data 6.39 to 54.95 6.384 to 50.698 6.612 to 50.696

collection/deg

Index ranges -16 <h<16,-22<k<20,-22<] -19<h<19,-12<k<12,-38<] -9<h<9,-26<k<27,-40<1
<22 < 38 <39

Reflections collected 33236 34355 35813

Independent reflections 8322 [Rinc = 0.0864, Ryjgma = 0.1196] 4784 [Rine = 0.0437, Ryigma = 0.0297] 2805 [Rin = 0.0716, Ryigma =

0.0352]

Data/restraints/parameters 8322/0/596 4784/3/392 2805/281/253

Goodness-of-fit on F* 0.866 1.109 1.493

Final R indices [I > 20 (I)] Ry = 0.0631, WR, = 0.1304 R, = 0.0429, wR, = 0.1136 R, = 0.1258, WR, = 0.3764

Final R indices [all data] R; = 0.1990, WR, = 0.1682 R; = 0.0535, WR, = 0.1202 R; =0.1621, WR, = 0.3999

Largest peak/hole/e A® 0.20/-0.23 0.29/-0.45 0.80/-0.29

Ry = Y2|Fo| = |Fel /32 1Fol; WRy = {S2[W(IFo|* = |Fe| )l S [wFo ]}

Table 2 Summary of the electronic/optical properties of 1-3“

Jmax (NM) Fluorescence Fluorescence Fluorescence life  Stokes
solution E¥mo  ESomo Egv Ehvo  Efvo Egh properties (Ae) [nm]  quantum yields (fg) time 7, (ns) shifts (nm)
1 360, 380 -4.59 -7.46 2.92 -3.54 -6.73 3.19 541 (370) 0.05 0.69 171
2 360, 380 -4.65 -7.29 2.63 -3.16 -6.35 3.19 532 (360) 0.89 1.55 172
3 363,380 -4.48 -7.28 2.86 -6.97 -9.12 2.15 550 (370) 0.10 1.14 180

“ Energies are in eV; EfUmo = 5.1 — Efeas;™ Efiomo = Efomo — Ey; Eg", optical band gap determined by the onset of absorption in the UV-vis

spectra (the details of the calculation of Ey" values are provided in the ESI}); Er, theoretical calculation using the B3LYP/6-31G(d,p) basis set;
Eg™ = Eldmo — Efiomo. Molar extinction coefficients €360 = 39000 L mol™ em™ and Es40 = 35000 L mol™* em™ (for 1); €360 = 145000 L mol *
em ™ and €550 = 145000 L mol " em ™" (for 2); €363 = 78889 L mol ' em ™" and 540 = 64444 L mol ' ecm ™ (for 3), respectively.

interaction with the DNSA anion and phenylpyridyl units, intermolecular D-A CT self-assembly might be due to the

respectively.”>>° presence of strong face-to-face and edge-to-face n---n stacking.
Furthermore, to display molecular interactions in probes

1-3, time-resolved fluorescence decay profiles were analyzed

in DMSO and provided in Fig. S28; whereas, their Cyclic voltammetry studies

fluorescence lifetime 7, (ns) and respective deconvoluted  NDI derivatives are well-known for their photophysical

data are presented in Tables 2 and S4,} respectively. As shown  properties and interesting charge transfer phenomenon.?*°

in Fig. S28,f these probes show a multi-exponential decay = To illustrate the electron-transfer phenomenon, cyclic

pattern. This might be due to the existence of various  voltammograms (CVs) of 1-3 were recorded in DMSO using

H-bonded species in the concerned probes. Importantly, 2  Ag/AgCl as the reference electrode and are depicted in

and 3 exhibit a quite better fluorescence lifetime (1.55 and  Fig. 5¢. As shown in Fig. 5¢, compound 1 exhibited a quasi-

1.14 ns, respectively) than parent 1 (0.69 ns). This significant  reversible reduction potential at an E;;, = -0.507 (0.26) V vs. a

difference observed in the fluorescence lifetimes for  Fc/Fc' [Fe: ferrocene; 0.52 (0.16) V] couple. This low reduction
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Fig. 5 (a) UV-vis absorption spectra of 1-3 in DMSO. The concentrations of the solutions used for UV-vis measurements of 1-3 are 1 x 10>, 0.4 x
107° and 0.9 x 10"° M, respectively. Inset shows the optical images of the solutions of 1-3 in DMSO in daylight; the solutions are of the same conc.
of 47 x 10™* M. (b) Emission spectra of 1-3 excited at 360 nm (2.08 x 1072 mM). The inset shows the fluorescence microscopy images of the
respective crystals. (c) Cyclic voltammetry of 1-3 in DMSO (1 x 10> M) containing 0.1 M {(Bu4N)*-ClO,} as the supporting electrolyte and using Ag/

AgCl as the reference electrode.

potential value of 1 indicates the generation of anion radicals
[1]7.°° Notably, the CV of CT complex 2 showed three
successive reduction potentials at E;;, = —0.452 (0.21), —0.885
(0.23) and -0.122 (0.26) V. The low values of the 1st, 2nd and
3rd reduction potentials of 2 indicate the generation of anion
radicals [2]” and [2]?7, respectively. Under identical
conditions, 3 exhibits four successive reduction peaks at Ey,
= -0.616 (0.18), -1.040 (0.17), —1.344 (0.20), and —1.675 (0.27)
V (Fig. 5¢) corresponding to the formation of four radical
anions. A closer look on the CVs of 1-3 revealed that the 1st
reduction potential of 2 and 3 significantly shifted towards
the more negative side, which indicates the better stability
of the CT complex anion radicals [2]” and [3]" compared to
[1]7.°° It is also observed that the CV significantly changes
after the formation of CT complexes, demonstrating that the
electronic properties of 1 have been significantly altered,
which is possible through a conformation that includes
charge transfer. Moreover, the gradual shift in reduction
potentials to more negative values indicates the strong
influence of the electron-donating character of the
concerned picrate or 3,5-dinitrosalicylate ion on the NDI
core and thus on their redox properties.”” These
observations are well sustained by "H NMR spectroscopy and
DFT calculations. Notably, both PA and 3,5-DNSA exhibit
only two successive reduction peaks in their potential
window (Fig. S297).

Fluorescence cell imaging

The fluorescence properties and large Stokes shift (>170 nm)
of 1-3 encouraged us to exploit these materials as a
fluorescent probe for cell imaging. As shown in Fig. S30,f 1-3
display excellent cell permeability due to their ability to
diffuse rapidly and stain all the neuronal cells and thus are
efficient enough to be used in the biological system. The live
(green colour), dead (red colour) and necrotic cells (yellow
colour) are visible in Fig. S30,f which indicates that the
experimental probes 1-3 can be used as a marker for live,
dead and necrotic cells. In addition, they have shown similar

This journal is © The Royal Society of Chemistry 2021

properties to those of commercially available acridine orange
(AO) and ethidium bromide (EB). A closer look at the stained
fluorescence images indicates that our probes 1-3 are also
compatible to be used as a biological probe, as the number
of visible live cells is higher with probes 1-3 in comparison
to that with commercial AO. Interestingly, 2 and 3 showed
enhanced staining under identical conditions (Fig. S30b and
cf). This might be due to the strong =n--m stacking
interactions.”® Furthermore, the rate of apoptosis was also
counted in different treatment groups over time. As shown in
Fig. 6a, the number of live cells is higher with 2 and 3 in the
initial 15 min, whereas after 1 h, 1-3 exhibits an almost
similar influence on brain cells to that of AO (Fig. 6b).
Furthermore, considering their application in cell imaging,
the toxicity of the probes 1-3 was evaluated from the number
of live cells detected in a sample of 50 total cells (Fig. 6).>°
The % of live cells detected after staining is 58%, 82% and
78% for 1, 2 and 3, respectively. These data showed that
experimental probes 2 and 3 are relatively non-toxic by
displaying a greater percentage of live cells as compared to
fluorophore 1. Finally, these results revealed that 1-3 can be
used as biocompatible fluorescent markers.

Experimental section
Materials and methods

The starting materials such as 4-iodoaniline, 4-pyridylboronic
acid, 1,4,5,8-naphthalenetetracarboxylic dianhydride (NDA)
and anhydrous DMF were purchased from Sigma-Aldrich.
However, picric acid (PA), 3,5-dinitrosalicylic acid (3,5-DNSA),
PdCl, (anhydrous), K,CO; and triphenylphosphine were
purchased from TCI and AVRA Chemicals, respectively,
and used as received. The solvents were of analytical
grade and purified wherever necessary per the standard
literature.®® The microanalytical data were obtained with a
FLASH EA 1112 Series CHNS analyzer. The NMR
spectroscopic measurements were carried out with a Bruker
Avance 400/500 MHz spectrometer. The FTIR spectra were
recorded with a Perkin-Elmer FTIR 2000 spectrometer.
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Fig. 6 Number of live and dead cells after 15 min (a) and 1 h (b) of exposure. (c) Number of live cells per mL under different treatments.

**|ncubation with control (AO/EB) for 5 min.

The thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) measurements were performed
on an SDT Q600 (V20.9 Build 20) instrument (Artisan
Technology Group, Champaign, IL) under a N,
atmosphere with a heating rate of 10 °C per min. HRMS
(ESI-TOF) of 1-3 was performed using a Bruker Compass
Data Analysis 4.0 equipment. The powder X-ray diffraction
patterns were recorded on a Bruker D8-Advance
diffractometer using graphite-monochromated Cu Kol (4 =
1.5406 A) and Ko2 (2 = 1.54439 A) radiation. The samples
were ground and subjected to the range 6 = 5-50° with a
scan rate of 1° min™" at room temperature.

Synthesis of 2,7-bis(4-(pyridin-4-yl)phenyl)benzo[lmnn][3,8]
phenanthroline-1,3,6,8(2H,7H)-tetraone (1)*°

Compound 1 was synthesized by refluxing 4-(pyridin-4-yl)
aniline (0.263 g, 1.55 mmol) with NDA (0.200 g, 0.73 mmol)
in 10 mL of DMF in the presence of 4-5 drops of glacial
acetic acid as a catalyst at 80-90 °C in an oil bath for 10 h
(Scheme S1t). The progress of the reaction was monitored by
TLC. After completion of the reaction, the product was
filtered off, washed with diethyl ether and dried under
vacuum. Yield, 0.279 g (50%; based on NDA, pale yellow,
crystalline solid). FT-IR spectrum (selected peaks, v, cm™):
1717 (C=0), 1676 (C=N). Anal. calcd. for C3sH,,N,O,: C,
75.51%; H, 3.52%; N, 9.79%. Found. C, 75.42%; H, 3.48%; N,
9.65%. '"H NMR (400 MHz, DMSO-ds) dppm 8.99-9.01 (d, 4H,
H,), 8.73 (d, 4H, H,), 8.55-8.56 (d, 4H, Hy), 8.22-8.24 (d, 4H,
H.), 7.73-7.75 (d, 4H, Hg). *C NMR (101 MHz, DMSO-d)
dppm 124.7, 126.8, 129.4, 130.9, 134.8, 137.7, 142.4, 155.5,
158.1, 162.6. UV-vis (DMSO, 1.0 x 10> mol L™) i/nm (€/L
mol™ em™) 360, 380 (39 000, 35000). ESI-TOF (m/z): [M + H]
caled for C36H,oN,O,H" 573.1562; found 573.1561.

Synthesis of charge-transfer complex [(1-2H)>*-(PA),] (2)

Complex 2 was synthesized by mixing a standard solution of
1 (0.060 g, 0.01 mmol) in 10 mL of DMSO (5-6 drops of
H,S0,) with a standard solution of PA (0.04 g, 0.02 mmol) in
5 mL of DMSO (Scheme 1). The resulting solution was stirred
for 1 h and then kept for 6-7 days at room temperature.
Needle shaped yellow coloured crystals suitable for single
crystal X-ray analysis were isolated. Yield, 0.05 g (43%; based
on NDA). FT-IR spectrum (selected peaks, v, cm™'): 1709

1866 | CrystEngComm, 2021, 23, 1859-1869

(C=0), 1677 (C=N). Anal. caled. for Cs5,H3sN;00,:S,: C,
51.92%; H, 3.18%; N, 11.64%. Found. C, 51.82%; H, 3.12%;
N, 11.56%. 'H NMR (500 MHz, DMSO-dg) Sppm 9.01-9.03 (d,
4H, H,), 8.76 (d, 4H, H.), 8.56-8.57 (d, 4H, Hy,), 8.45-8.48 (br,
4H, Hy), 8.23-8.25 (d, 4H, H,), 7.76-7.79 (d, 4H, Hy). *C NMR
(101 MHz, DMSO-de) Jppm 123.6, 124.1, 125.3, 126.8, 126.9,
127.1, 130.3, 130.5, 135.1, 138.4, 141.7, 144.1, 153.3, 160.8,
162.8. UV-vis (DMSO, 0.4 x 10> mol L") A/nm (&/L mol™
em™) 360, 380 (145000 for both). ESI-TOF (m/z): [M + 2H]*
caled. for Cs,H,oN;00,:S,H," 1206.1967; found 1206.2561.

Synthesis of charge-transfer complex [(1-2H)>*-(3,5-DNSA),]
®)
Complex 3 was synthesized using the same protocol except
for using a standard solution of 3,5-DNSA (0.047 g, 0.02
mmol) in place of PA (Scheme 1). The resulting solution was
stirred for 1 h and then kept for 6-8 days at room
temperature. Needle shaped light brown coloured crystals
were obtained within 6-8 days and were washed with
methanol and ether, filtered off and dried under vacuum.
Yield, 0.038 g (33%; based on NDA). FT-IR spectrum (selected
peaks, v, em™'): 1708 (C=O0), 1673 (C=N). Anal. calcd. for
CsoH36NgOy,: C, 54.55%; H, 3.30%; N, 10.18%. Found. C,
54.72%; H, 2.52%; N, 10.12%. 1H NMR (500 MHz, DMSO-d,)
Sppm 9.02-9.04 (d, 4H, H,), 8.75 (d, 4H, H,), 8.64-8.65 (m, 2H,
Hy), 8.60-8.61 (m, 2H, Hy), 8.48-8.50 (m, 4H, H,), 8.23-8.26
(dd, 4H, Hy), 7.76-7.78 (d, 4H, Hg). *C NMR (126 MHz,
DMSO-ds) dppm 120.9, 124.4, 125.9, 127.1, 127.5, 129.1, 130.4,
130.8, 131.0, 135.3, 139.1, 143.7, 143.8, 163.3, 167.2, 169.5.
UV-vis (DMSO, 0.9 x 10~ mol L™) A/nm (&/L mol™ ecm™)
363, 380 (78889 and 64 444). ESI-TOF (m/z): [M + 2H]" calcd.
for CsoH36NgO5H," 1102.2100; found 1102.2565 and [M +
Na]" caled. for Cs5oH3NgO,,Na 1123.1841; found 1122.6665.
Caution! Picric acid (PA) used in this study is well-known
for its toxic and explosive nature. Therefore, it must be used
in a small quantity and handled with care.

Single crystal X-ray crystallography

Suitable single crystals of 1-3 were selected for the data
collection. The data for 1 were collected at 298 K, whereas
those for 2 and 3 were collected at 138 K on a Rigaku
SuperNova HyPix3000 diffractometer with monochromatic
Mo-Ka radiation (1 = 0.71073 A). Diffraction data were

This journal is © The Royal Society of Chemistry 2021
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processed using CrysalisPro v39.31,°" followed by empirical
absorption correction with the included Scale3 ABSPACK
program.®” The structures were solved by intrinsic phasing
with the SHELXS structure solution program and the
refinement procedure by the full-matrix least-squares method
based on F” values against all reflections was performed with
SHELX1-2014/7,°> using the Olex2 GUL®® Details of the
crystallographic data collection and structural solution
parameters for 1-3 are provided in Table 1. Meanwhile, Table
S27 contains H-bonding and short contact details for 1-3.

Optical spectroscopy

The UV-visible and fluorescence spectra were recorded using
a Perkin-Elmer Lambda-25 and Cary Eclipse fluorescence
spectrophotometer, respectively, with a slit width of 5 nm.
Time-resolved fluorescence decay measurements were
performed based on time-resolved intensity decay by the
method of time-correlated single-photon counting (TCSPC)
on a Horiba Jobin Yvon Fluoro Cube fluorescence lifetime
system using a diode laser at 360 nm (IBH NanoLED, UK) as
the excitation light source with a TBX-04 photon detector.

Computational methods

DFT calculations have been carried out by employing the
unrestricted B3LYP®*® hybrid functional using the Gaussian
09, revision B.01, package.®® All geometry optimization
calculations were performed with the B3LYP exchange-
correlation functional.®#®® The methods used were Becke's
three-parameter hybrid exchange functional, the nonlocal
correlation provided by the Lee, Yang, and Parr expression,
and the Vosko, Wilk, and Nusair 1980 correlation functional
(11) for local correction. The basis set 6-31G(d,p) is used for
all atoms. The coordinates are generated from the X-ray
structure of 1-3 (see the ESI} for coordinates). All the
structures were optimized in the gas phase.

Cyclic voltammetry

Cyclic voltammetry measurements were performed with the
help of a CH Instruments model 620A electrochemical
analyzer at room temperature (298 K) with an HPLC grade
DMSO solution of corresponding compounds 1-3 (1 x 107
M) containing Bu,NClO, (0.1 M) as the supporting electrolyte
using a glassy carbon working electrode, a Pt-wire auxiliary
electrode and an Ag/AgCl reference electrode at a scan rate of
100 mV s™'. There is no response on the anodic side
(oxidation), but there is a nice quasi-reversible couple found
on the cathodic side (reduction).

Preparation of standard solutions

A standard solution of 1 with a concentration of 1.04 x 107>
mM was prepared by dissolving 0.060 g of 1 in 10 mL of
DMSO and then adding 5-6 drops of conc. H,SO, and
stirring till dissolved. Meanwhile, a standard solution of
picric acid of 2.08 x 10> mM concentration was prepared by

This journal is © The Royal Society of Chemistry 2021
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dissolving 0.04 g of picric acid in 5 mL of DMSO. In a similar
manner, a standard solution of 3,5-dinitrosalicylic acid of
2.08 x 107> mM concentration was prepared by dissolving
0.047 g of 3,5-dinitrosalicylic acid in 5 mL of DMSO.

Cell isolation and imaging

To determine the role of experimental probes 1-3 as a
fluorescent probe, cellular imaging of rat brain has been
conducted and the results were compared with those from
the commercially available standard fluorescent dyes acridine
orange (AO) and ethidium bromide (EB) used for staining of
neuronal cells. Neuronal cells were isolated from brain tissue
and were immediately suspended in PBS (isolated cells were
centrifuged to remove cellular debris).®” Further, the
suspended cells were incubated with the fluorescent probes,
ie 1-3 (1 mg mL™"), AO (1 ug mL™") and EB (1 ug mL™"), for
5 min and later were washed and examined under a
fluorescence microscope at various wavelengths to determine
the rate of apoptosis. The cells which appeared green in
colour were live, yellow were necrotic and dead appeared red
when stained with 1-3, AO and EB. For quantification of the
extent of apoptosis, a total of 50 cells from six different slides
in each treatment were observed and photographed at 20 fold
magnification using fluorescence microscopy.

Conclusions

In conclusion, we have successfully designed and synthesized
three fluorescent probes 1-3 with a very large Stokes shift
(>170 nm). The aim of functionalization of the NDI-
core with phenylpyridyl groups is to increase the length of
the parent organic system and m-electron conjugation, and
most importantly, to develop face-to-face and edge-to-face n---n
stacking, which is a vital requirement for any organic
material to be used as a fluorescent probe. The key driving
force for the formation of intermolecular D-A CT complexes 2
and 3 are the proton donating and accepting capacity of PA
and 3,5-DNSA, and 1, respectively, resulting in the generation
of charged species in solution [PA”™ or 3,5-DNSA” and
(1-2H)*"]. Importantly, probes 1-3 can stain neuronal cells
under normal cell isolation and with time-bound exposure,
and the results are very promising. Furthermore, this
work provides a platform for researchers to design
and develop more advanced NDI functionalized
fluorescent probes for advanced stage applications in
the near future.
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ARTICLE INFO ABSTRACT
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Single crystals of two new chalcogenides CsScsTeg and Csg 6(1)TicSes were synthesized by the high-temperature
solid-state sealed tube method using a reactive flux (CsCl) at 1223 K. The crystal structures of CsScsTeg and Csp 6

: 1)TigSeg were determined by single-crystal X-ray diffraction method. The compound CsScsTeg crystallizes in the
:Zgj_gs;:te syntheses morioclinic space group Cgh—C2/m with the lattice parameters a = 21.3376(15) 10\, b =4.1434(3) /f\, ¢=10.2853
DFT (7) A, and § = 103.925(2)° having the two formula units (Z = 2). The asymmetric unit of CsScsTeg contains eight
crystallographically independent atomic sites: Cs1 (site symmetry: 2/m), Scl (m), Sc2 (m), Sc3 (2/m), Tel (m),
Te2 (m), Te3 (m), and Te4 (m). The structure of CsScsTeg is built up of the three-dimensional anionic framework
of 8 [ScsTeg]'~ where the Sc atoms are octahedrally coordinated with six Te atoms forming the one-dimensional
tunnels approximately along the b-axis where the Cs' cations are present. The compound Csg ¢(1)TigSes crys-
tallizes in the Nb3Te, structure type with Z = 1, in the hexagonal space group CZ, —P63/m having cell dimensions
of a=b =9.9520(1) Aandc= 3.5710(1) A. The asymmetric unit of Csg g(1)TigSeg structure is composed of four
crystallographically independent sites with atoms Cs1 (site symmetry: 6..), Til (m..), Sel (m..), and Se2 (6..). The
Ti atoms are making distorted octahedral units by coordinating with six Se atoms. These TiSeg distorted octa-
hedra share edges and corners with the adjacent TiSeg units to form three-dimensional anionic networks that
generate one-dimensional tunnels approximately along the c-direction. The optical absorption measurements
show that CsScsTeg is a semiconductor having a direct bandgap of 1.2(1) eV at room temperature consistent with
the DFT studies.

1. Introduction variety of cations (e.g., K", Cs*, TI*, etc.) or neutral molecules (e.g.,
H0). The mineral hollandite was initially structurally characterized by
Bystrom. The hollandite type structures have a general formula of

AyMgO16 (A = Na, K, Rb, Cs, Sr, and Ba; M = Ti, V, Cr, Mn, and Si) in

Over the last few decades, a variety of new solid-state metal oxides
and chalcogenides with channel (or tunnel) structures were synthesized,

and their crystal chemistry was studied in detail to understand the
structure-property relationship of these compounds. Examples of such
channel structure types include hollandites [1], psilomelanes [2], and
the structures that are related to TIVsSg [3] and TICr3Ss [4]. The main
frameworks of these structures are composed of the metal and
ligand-based octahedra. Furthermore, the arrangement of these octa-
hedra in these structures varies depending on the structure type, which
in turn controls the size of the one-dimensional tunnels that can host a

* Corresponding author.
E-mail address: jaiprakash@chy.iith.ac.in (J. Prakash).

https://doi.org/10.1016/j.solidstatesciences.2021.106577

which tunnels can accommodate bigger cations like alkali and
alkaline-earth metals [5]. The main framework of hollandite based
structures is formed by condensation of edge-sharing MOg octahedral
units, making a 2 x 2 tunnel of four double strings. Hollandite based
compounds mainly crystallize either in the tetragonal space group I4/m
or in the monoclinic space group I2/m. On the other hand, psilomelane
structure type compounds crystallize in the A2/m space group of the
monoclinic crystal system. (Ba, Hy0)oMnsOq is a typical example of a
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Fig. 1. (a)-(c) Elemental mapping of a typical black plate-shaped single crystal of CsScsTeg showing the homogenous distribution of Cs, Sc, and Te. (d) The EDS
spectrum obtained from a point on a typical single crystal of CsScsTeg that was hand-picked from the lump of single crystals (inset picture), and (e) the experimental
PXRD pattern of CsScsTeg collected on ground single crystals along with the simulated PXRD pattern.

psilomelane structure type compound [2] where Ba and water molecules
are present in the tunnels that are formed by the framework of
edge-sharing MnQOg based octahedra.

Many of these metal oxides, which belong to the hollandite and
psilomelanes family of compounds, are found as minerals in contrast to
the chalcogen (Q = S, Se, and Te) based compounds with tunnel struc-
tures that were discovered mainly by the exploratory solid-state syn-
theses. Examples of these metal chalcogenides include ATsQg (A = Li,
Na, K, Rb, Cs, Cd, Sn, Pb, and Tl; T = Cr, Ti, and V) [3,6-9] and AT¢Qg (A
=K, Rb, Cs, and Tl; T = V, Ti, and Cr) [10-13]. These metal chalco-
genides with one-dimensional (1D) tunnel structures are of great interest
as they show interesting properties which include immobilization of
radioactive waste [14,15], 1D-ionic conductor [16], metallic [3,17],
magnetic [17-19], optical [20], and transport properties [17,21].

The physical properties of the chalcogenides with tunnel structures
can be fine-tuned with the proper choice and concentration of the guest
species that occupy the tunnels. The low-temperature ion-exchange
method is one of the effective routes to synthesize such compounds. For
instance, TI'* cations act as a guest and reside in the tunnels of the host
matrix VsSg in the TIVsSg structure, and the amount of the Tl atoms in
this structure can be varied using the ion-exchange method. Some
metastable phases such as T1,VsSg and T, VeSsg [22,23] could only be
synthesized using the electrochemical method. Compounds of type
M,TigSeg (M = H20, K, Tl, etc.) have also been synthesized using top-
otactic redox reaction [24]. Thus, depending on the molar ratios and size
of the guest species, many novel ternary metal chalcogenides with
diverse structure types can be stabilized. For example, three types of a
ternary transition metal or lanthanide (III) based chalcogenides are re-
ported where alkali metal cations are present in a poorer ratio than
trivalent transition metals or lanthanides. Cs3Y7Se15 and AsM7Qq2 (A =
K, Rb, Cs; M = Sm, Gd, Tb) [25,26] structure types consist of the “triple”
channels, that can host three A" cations simultaneously. Similarly
double-channels (e.g., CsErsSes) [25] and single-channel (e.g., RbScsTeg

[6]) containing chalcogenides are also known.

This report presents the crystal structure and characterization of two
chalcogenides CsScsTeg and Csp 6(1)TieSes, which belong to the family of
tunnel structures. The single crystals of these two compounds were ob-
tained from the reactive molten flux method. Although the synthesis of
polycrystalline Cs,TigSeg [10] samples that belong to the NbsTe4
structure type [27] is reported earlier using the ion exchange method
but their crystal structures are not determined using the single-crystal
X-ray diffraction (SXRD) method. We report the crystal structure of ce-
sium deficient Csg g(1)TigSes using the SXRD study for the first time. The
crystal structure of the new compound CsScsTeg is also established using
the SXRD study. CsScsTeg crystallizes in the T1VsSg [3] structure type
and is the first compound known in the Cs-Sc-Te ternary system [28].
We also present the optical bandgap of CsScsTeg using the UV-visible
absorption spectroscopy and its electronic structure using the DFT study.

2. Experimental
2.1. Syntheses

For the chemical reactions, the following reactants were used as
supplied: cesium chloride (99.9%, SRL), scandium arc cast pellet
(99.9%, Alfa Aesar), tellurium pieces (99.999%, Sigma Aldrich), sele-
nium powder (99.5%, Sigma Aldrich), and titanium powder (99.99%,
Alfa Aesar). Cesium chloride powder was preheated overnight to remove
moisture and then stored in an argon-filled glove box for further use. All
the other reactants were loaded inside the argon-filled glove box.
Scandium arc cast pellet was shaved inside an argon-filled glove box,
and the metal shavings were used in the reaction.

2.1.1. Synthesis of single crystals of CsScsTeg
Our group has been actively working on the exploratory syntheses in
the Cs-M-Q (M = 3d transition metals) ternary system to discover new
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compounds. One of the reactions in these attempts yielded a black lump
consisting of black plate-shaped crystals of CsScsTeg. This new ternary
compound was first obtained from the molten flux reaction of Sc (22.5
mg, 0.500 mmol), Te (127.5 mg, 0.999 mmol), and CsCl (150 mg, 0.891
mmol) that acted as a reactant as well as a molten flux. The chemical
manipulations of all the reactants were carried out inside the argon-
filled glove box. The reaction mixture was taken in a 6 mm (outer
diameter) carbon-coated fused silica tube having a length of around 155
mm. The loaded tube was connected to a vacuum line and evacuated (ca.
10~* Torr) before sealing the tube using a flame torch with a gas mixture
of oxygen (oxidizer) and liquefied petroleum gas (fuel). The sealed tube
was kept vertically inside a programmable muffle furnace for the heat
treatment, where it was first heated to 1223 K in 48 h, and the tem-
perature was held constant at 1223 K for 96 h. The temperature of the
furnace was then gradually cooled down to 1023 K with a rate of 4 K/h
and annealed at this temperature for 96 h, followed by slow cooling to
673 K at a rate of 5 K/h. Finally, the reaction mixture was radiatively
cooled down to room temperature by switching off the furnace. The
reaction product was opened under ambient conditions and analyzed
under an optical microscope. A black lump consisting of plate-type
crystals (Fig. 1d) was found as the major product of the reaction,
along with the white sticky powder. These black plate-shaped crystals
were carefully picked and affixed to a stub on a carbon tape for
elemental analysis using energy dispersive X-ray spectroscopic (EDS)
studies. An octane elite (EDAX Inc., USA) spectrometer that was
attached to the field-emission scanning electron microscope (FE-SEM)
(Make: JEOL, Japan; Model: JSM 7800F) was used for the elemental
study. The EDS data were collected with an accelerating voltage of
15-20 kV. The EDS analysis of these crystals was performed by choosing
multiple random points on the various selected crystals. The approxi-
mate ratio of ~1:3:5 of the black crystals was found for the elements Cs,
Sc, and Te (Fig. 1d) that corresponds to the CsScsTeg composition. An
EDS spectrum collected on a typical crystal of CsScsTeg is shown in
Fig. 1d. The results of the elemental mapping of this crystal are also
presented in Fig. 1a-c that shows the homogenous distribution of Cs, Sc,
and Te elements in the crystal.

2.1.2. Synthesis of single crystals of Csg.6c1)TisSes

Black plate-shaped crystals of Cspe1)TieSes were first obtained
during the exploration of the ternary Cs-Ti-Se system using a solid-state
reaction that was loaded with Ti (8.0 mg, 0.1671 mmol), Se (39.7 mg,
0.503 mmol), and CsCl (70 mg, 0.416 mmol) inside an argon-filled glove
box into a carbon-coated 6 mm fused silica tube. The tube was subse-
quently sealed by a flame torch (ca. 10~* Torr) and placed inside a cy-
lindrical alumina crucible to keep it in the vertical position. The alumina
cylinder containing the tube was placed inside a programmable chamber
furnace for heat treatment. The temperature of the furnace was firstly
ramped to 1223 K (in 30 h), and the temperature was held constant for
146 h. In the second step, the temperature was allowed to cool down
very slowly at a rate of 2.3 K/h to reach 873 K and annealed for 96 h.
After that, the reaction temperature again cooled to 573 K at a rate of
6.25 K/h, and finally, the furnace was turned off. The reaction product
contained black needle-shaped crystals. The energy dispersive spectro-
scopic study revealed that the average composition of the black crystals
is close to Csg ¢TigSes.

2.2. Single-crystal X-ray diffraction studies of CsScsTeg and Csg.¢
TigSes

Single-crystal X-ray diffraction data set of a plate-shaped crystal of
CsScsTeg was collected at 298(2) K on a Bruker D8 Quest diffractometer
equipped with a Photon 100 CMOS area detector and an INCOATEC
microfocus X-ray radiation source for graphite monochromated Mo-Ka
radiation (A = 0.71073 A). APEX3 software package was used for the
intensity data acquisition, data reduction, and cell refinement [29]. A
suitable sized single crystal of CsScsTeg was picked at the tip of a glass
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Table 1
Crystallographic data and structure refinement details for CsScsTeg and Csg ¢
@ TieSes.

Compound CsScsTeg Cso.6(1yTisSes
Space group c3,—C2/m C2,—P63/m
a(A) 21.3376(15) 9.9520(1)
b (A) 4.1434(3) 9.9520(1)
c(A) 10.2853(7) 3.5710(1)
BC) 103.925(2) 90

V(A% 882.60(11) 306.30(1)
z 2 1
p(gem™>) 5.187 5.415

u (mm~1) 16.78 29.20

T (K) 298(2) 100(2)
R(F)* 0.027 0.013

R (F2)" 0.082 0.031

4 =0.71073 A

2 R(F) = X ||F,|—|Fel|/ZIFo| for F3 > 26(F3).

° Ru(F2) = {T [W(F3 — F)?1/swFg}"/2. For F2 < 0, w = 1/[*(FD) + (rP)* +
mP], where P = (F2 + 2F2)/3. The values of r are 0.050 and 0.0168, respectively
for CsScsTeg and Csg 6(1)TigSeg while the values of m are 1.1464 and 0.2434,
respectively for CsScsTeg and Csg g(1)TieSes.

Table 2
Selected interatomic lengths (f\) for CsScsTeg and Csg g(1)TisSes.

CsScsTeg Distances (A) Csp.6(1yTisSes Distances (A)
Sc1-Te2 2.8529(8) x 1 Til-Sel 2.5565(3) x 2
Scl1-Te2 2.8651(5) x 2 Til-Sel 2.5617(4) x 1
Scl1-Te4 2.9442(8) x 1 Til-Sel 2.6559(4) x 1
Sc1-Te3 3.0141(6) x 2 Til-Se2 2.6060(3) x 2
Sc2—Tel 2.8426(6) x 2 Csl1-Sel 3.3011(2) x 3
Sc2—Te3 2.9373(8) x 1 Csl-Sel 3.7530(2) x 6
Sc2—Te3 3.0347(7) x 2 Til---Til 3.2627(6) x 2
Sc2—Te4 2.8944(7) x 1 Csl---Csl 3.5711(1)
Sc3-Tel 2.9201(3) x 2

Sc3—-Te4 2.9061(2) x 4

Cs1-Tel 3.9361(3) x 4

Cs1-Te2 4.0823(3) x 4

Cs1-Te4 4.1140(3) x 2

Sc1---Scl 3.8989(9)

Sc1---Sc2 3.6534(12)

Sc3---Sc2 3.9767(8)

Cs1---Csl 4.1434(3)

fiber under Paraton oil. Single crystal data were collected with a scan
width of 0.5° with a scan time of 12 s/frame, and the crystal to detector
distance was fixed to 40 mm.

The single-crystal data for CsScsTeg was first integrated with a
primitive triclinic setting. The XPREP program [30] indicated a base
centered C-cell as per the observed extinction conditions. On account of
systematic absences, the XPREP program suggested C2 (chiral), C2/m
(centrosymmetric), and Cm (non-centrosymmetric) space groups.
Centrosymmetric C2/m space group was selected based on the intensity
of statistics value [|[E2 -1| = 1.247]. The crystal structure of CsScsTeg
was established by the use of the SHELX-14 suite of programs. The
crystal structure’s atomic positions were successfully located by the
direct method using the SHELXS program [31]. The resulting eight
atomic positions were then assigned to the respective atoms based on the
interatomic distances. The least-square refinement of the structure
model was further carried out with the help of the SHELXL program
package [32]. The absorption correction was performed by SADABS
[33] using the multi-scan method. Anisotropic displacement parame-
ters, extinction corrections, and weight corrections were further per-
formed to finalize the structure model. The atomic positions were
standardized using STRUCTURE TIDY [34] of the PLATON program
package [35]. ADDSYM [35] program of PLATON [35] did not find any
missing symmetry. The Fourier difference map was nearly flat with the
highest peak of 1.77 e A3at (0.5786, 0.0000, 0.980), which is present
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Table 3
Fractional atomic coordinates and U,q values for CsScsTeg structure.
Atoms  Wyckoff x y z Uiso/Ueq"
Position
Csl 2d 0.000000 0.500000 0.500000 0.03022
14)
Scl 4i 0.29484 0.000000 0.65514 0.01179
@ ®) (19
Sc2 4i 0.34363 0.000000 0.02084 0.01149
4 9 (19)
Sc3 2a 0.000000 0.000000 0.000000 0.0111(2)
Tel 4i 0.08617 0.000000 0.81830 0.01189
2) 3 an
Te2 4i 0.16474 0.000000 0.49905 0.01186
) 3) amn
Te3 4i 0.23816 0.000000 0.15913 0.01009
(2) 3) 1n
Te4 4i 0.57458 0.000000 0.16650 0.01044
(2) 3) 1)

? Ujso/Ueq is the one-third value of the trace of orthogonalized Uj; tensor.

Table 4
Fractional atomic coordinates and U, values for Csp.¢(1)TisSes structure.
Atoms  Wyckoff S.OF. «x y 4 Uiso/
Position (N
Csl 2a 0.298 0.000000 0.000000 0.250000 0.0699
) @
Til 6h 1 0.86844 0.51066 0.250000 0.00495
[©)] “@ 8
Sel 6h 1 0.69636 0.64600 0.250000 0.00499
2) 2) 6)
Se2 2c 1 0.333333 0.666667 0.250000 0.00409
(8)

? Ujso/Ueq is the one-third value of the trace of orthogonalized Uj; tensor.

at0.73 A away from Te4. The deepest hole of —1.38 A~ was observed
at (0.4392, 0.5000, 0.4542), which is situated at 2.38 A away from Te2.
Further crystal structure refinement and structural details are given in
Tables 1-3, and in the supporting information (S.L.).

A Bruker APEX2 Kappa diffractometer was employed to collect the
single-crystal X-ray diffracted data of Csgge(1)TigSeg at 100(2) K.
Graphite-monochromatized Mo-Ka radiation (A = 0.71073 A) was used
for the data collection. The data were collected in ® and ¢ scans with a
scan width of 0.3°, and the exposure time was 15 s/frame. During the
experiment, the detector to crystal distance was 50 mm. APEX2 program
[36] was used for data integration, reduction, and for cell refinement.
Face indexed absorption correction was carried out using SADABS
software [33]. The mean value [E2 -1| = 0.860 suggested a centrosym-
metric space group. Based on the systemic absences, XPREP offered a
total of thirteen space groups: three centrosymmetric (P3, P6/m and
P63/m), one non-centrosymmetric P(6), and nine chiral (P3, P31, P3, P6,
P63, P65y, P64, P61, and P6s) space groups. The space group P63/m with
the highest symmetry among the suggested centrosymmetric space
groups was used for the structure solution. The structure of Csp ¢(1)TigSes
was solved using the direct method with the help of the SHELXS program
[311, which proposed four atomic positions as an initial solution. The
atomic positions were assigned based on geometrical parameters such as
bond distances and angles. The model structure was refined using the
least square method with the help of the SHELXL program package [32].
Finally, the occupancy of the Csl atom was freely refined, which dras-
tically improve the quality of the solved model. The R1 and wR2 values
of 0.104 and 0.396, respectively, were reduced to 0.013 and 0.031 after
freely refining the chemical occupancy of Csl atoms. The weight
correction and anisotropic displacement parameters were further
refined. The extinction correction was omitted in the final cycle of
refinement as its value was very close to zero. The final refinement gives
an occupancy of 0.298(2) for the Cs1 site with a cigar-shaped anisotropic
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displacement parameter (ADP). The cigar-shaped ADP of Csl indicates
that the Cs1 atoms are heavily disordered and behaving like a liquid in
the channels. The Fourier difference map was approximately flat with
the highest peak of 1.57 e"A~% at (0.0000, 0.0000, 0.0000), which is
0.89 A away from Cs1. The deepest hole of —0.81 e~A~> was located at
(0.0000, 0.0000, 0.1273), which is 0.44 A away from Csl. The
STRUCTURE TIDY [34] program of the PLATON [35] program suite was
used to standardize the atomic positions. No missing symmetry was
suggested by the ADDSYM [35] program of PLATON [35]. Also, the
precession images did not show any additional reflections. Further
crystal structure refinement and structural details are given in Tables 1,
2 and 4, and in the supporting information (S.I) file.

2.3. Powder X-ray diffraction study (PXRD)

The room temperature PXRD data of a homogenized powdered
sample of CsScsTeg were carried out using a Rigaku Ultima IV diffrac-
tometer with Cu-Ka radiation (A = 1.5406 10\) source D/tex ultra-
detector. The operating current and voltage were 40 mA and 40 kV,
respectively. The PXRD data of powdered CsScsTeg was recorded over a
26 range of 10°-70° using a 6-20 geometry. The Match! version 3 soft-
ware was used for phase identification.

2.4. Solid-state ultraviolet-visible near-infrared spectroscopy

Finely ground single crystals of CsScsTeg was used for the optical
study at room temperature (298 K) by using the UV-vis-NIR spectro-
photometer (JASCO V-770). Dry BaSO4 was used as a standard reference
for the data collection. The reflectance data as a function of wavelength
were recorded over the wavelength region of 2000 nm (0.62 eV) to 200
nm (6.2 eV). The Kubelka-Munk equation [37] was used to convert
reflectance data to absorption data.

a/S=(1-R1’/2R

Here the symbols a, S, and R represent the absorption coefficient,
scattering coefficient, and reflectance, respectively. The bandgap of
CsScsTeg was estimated using the familiar Tauc plot:

(ahv)" =A(hv — E;)

Here, the symbols a, h, v, A, and E; are the absorption coefficient,
Planck’s constant, frequency of light, proportionality constant, and
bandgap, respectively. The value of constant n decides the nature of the
bandgap. The n = 2 value indicates a direct bandgap.

2.5. Computational methodology

The density functional theoretical (DFT) [38] calculations are per-
formed using the plane-wave basis set formalism as implemented in the
VASP package [39]. The interactions between the core and valence
electrons are approximated using the projected augmented wave (PAW)
method [40]. A plane-wave basis set with a kinetic energy cutoff of 300
eV (or higher) is used to expand the Kohn-Sham single-particle orbitals.
The exchange-correlation (XC) interactions are described using (a)
strongly  constrained and  appropriately normed (SCAN)
meta-generalized gradient approximation (meta-GGA) [41], (b) modi-
fied Becke-Johnson (mBJ) [42] meta-GGA approximation, and (3)
Perdew-Burke-Ernzerhoff (PBE) of generalized gradient approximation
(GGA) [43]. The integrations in the reciprocal space are performed by
sampling the Brillouin zone using 3 x 15 x 6 Monkhorst-Pack k-point
mesh. The lattice constants and the atomic positions in the unit cell are
relaxed until the force on each atom is reduced to less than 0.01 eV/A.
Self-consistency in calculations is achieved by allowing the total en-
ergies to converge up to 1077 eV/cell.
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Fig. 3. The local coordination environment of Cs atom in CsScsTeg structure.

3. Results and discussion
3.1. Syntheses and crystal structures

Black color crystals of CsScsTeg and Csg ¢(1)TicSeg were successfully
synthesized by the molten flux method. An overnight dried CsCl powder
was employed as a reactive molten flux in both the reactions at 1223 K.
The crystals of CsScsTeg were air-stable for almost one week as analyzed
by the unit cell determinations of single crystals. A black lump of
CsScsTeg was ground and used for the PXRD analysis. The PXRD pattern
shows the presence of a single phase of CsScsTeg. Some of the re-
flections’ intensities did not match the calculated pattern due to the
powder’s preferred orientation (Fig. 1e). Attempts to synthesize mono-
phasic polycrystalline sample of Csgg(1)TicSes were failed, and as a
result physical properties of this compound could not be studied.

Crystal structure description of CsScsTeg. This new chalcogenide phase
is the first ternary compound of the Cs—Sc—Te system. It crystallizes in

the monoclinic C2/m space group with cell constants of a = 21.3376(15)
A, b =4.1434(3) A, ¢ = 10.2853(7) A, and g = 103.925(2)° with two
formula units per cell (Z = 2). The compound CsScsTeg is isostructural to
TIVsSg [3]. There are eight crystallographically independent sites in an
asymmetric unit of the structure. These atomic positions are Cs1 (site
symmetry: 2/m), Scl (m), Sc2 (m), Sc3 (2/m), Tel (m), Te2 (m), Te3 (m),
and Te4 (m). The structure can be described as a three-dimensional

.. 1— . . .
anionic framework of 2[ScsTeg]  units. There are one-dimensional

tunnels in between the 2 [ScsTeg]'™ framework approximately along

the [010] direction, where the Cs™ cations are residing (Fig. 2¢). Each of
the Cs atoms is connected to ten Te atoms, forming a trans-face bicapped
cubic CsTejg unit (Fig. 3).

We next present a detailed description of the formation of the three-
dimensional anionic framework of this structure. All Sc atoms of this
structure are forming distorted octahedral ScTeg units by coordinating
with six Te atoms. Thus, the basic building block of this structure is the
ScTeg octahedron. Each Sc(1) atom is bonded to one Te4, two Te3, and
three Te2 atoms. The Sc(1)Teg octahedron is connected to four nearest
Sc(1)Teg octahedra via edge-sharing, thus forming double infinite chains

of 1 [Sc(1)Tes]® if one ignores other atoms of the structure.

These 1 [Sc(1)Tes)®” chains are running along the b-axis as shown in
Fig. 2a. Similarly, Sc(2)Teg octahedra are also forming double chains
L [Sc(2)Tes]® that are extended in the b-direction via edge-sharing with

the nearest neighboring Sc(2)Teg octahedra. Each Sc(2) atom is con-
nected to one Te4, two Tel, and three Te3 atoms. The Sc(2) and Tel
atoms act as a link between two [Sc(l)Te3]3’ chains to form infinite

layers of i[Sc(l)Sc(Z)Te‘;]Z’ which are stacked along the c-axis

(Fig. 2b). Interestingly, the Sc(1)Tes and Sc(2)Teg octahedra are con-
nected by face-sharing (2 x Te3 and 1 x Te4), which is relatively un-
common. The face-sharing of MQg octahedra (M = metal) is rare in metal
chalcogenides because this type of sharing is less stable than the edge-
and vertex-sharing. Due to the face-sharing, the Sc(1) and Sc(2) atoms
are closer (3.6531 10\) to each other as compared to homoatomic dis-
tances between other Sc atoms. There are only two compounds known
among Sc-based chalcogenides that show face-sharing between Sc-
octahedra: RbScsTeg [6] and BasScTes [44] structures.

Finally, the Sc(3) atoms fill the empty octahedral holes, thus con-

necting the ;[Sc(l)Sc(Z)Tez;]z’ layers to form a three-dimensional
network of 2 [Sc(1)25¢(2),S¢(3)Teg]* ™, which can also be written as

3 [ScsTeg]' ™. The Sc(3) atoms are bonded to four Te4 and two Tel

atoms. Each Sc(3)-based octahedron is surrounded by two Sc(3)Teg and
four Sc(2)Teg octahedra via sharing of six edges. The Sc—Te bond dis-
tances in this structure range from 2.8426(6) Ato 3.0347(7) ;\, which
are in good agreement with the previously reported Sc>*—Te bond
distances in RbScsTeg (2.843(1)—3.034(1) f\) [6], BaScaTey (2.878(2)—
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Fig. 4. (a) A polyhedral view of the unit cell of Csp¢1)TisSes, and (b) local coordination environment around Cs atom in Csg g1)TisSes.

2.990(2) A) [45], SrScyTesq (2.891(2)-2.976(2) A) [45], TIScTe,
(2.9341(6) A) [46], and BasScTes (2.9568(7) A) [44]. The Cs-Te bond
distances range from 3.9361(3) to 4.1140(3) Aare comparable with the
bond distances found in CsTisTeg (3.7911(5)—3.9942(6) A) [71,
CsyMng3Te4 (3.8865(10)—3.9471(10) A) [47], and CsInTes (3.787(2)—
4.442(2) A) [48].

Crystal structure description of Csp.ec1)TisSes. Its crystal structure is
isotypic to the NbsTe4 structure [27]. The crystal structure of Csgg
@ TieSeg has been solved in the C%, —P63/m space group of the hexagonal
crystal system having cell dimensions of a = b = 9.9520(1) A and ¢ =
3.5710(1) A (Z =1). There are four independent crystallographic sites in
the asymmetric unit of Csg 6(1)TieSes structure: Cs1 (6..), Til (m..), Sel
(m..), and Se2 (6..). The Cs site’s occupancy refinement in this structure
reveals that it is partially filled (~30%). The structure of Csg (1)TicSes
could be described as a three-dimensional framework of [Ti68e8]0'6’
that is built up of face-, edge-, and vertex-sharing Ti-centered [TiSeg]
distorted octahedra (Fig. 4a). Each Ti atom is bonded to four Sel atoms
and two Se2 atoms. The Ti-Se bond distances in Csg e(1)TisSes range
from 2.5565(3) to 2.6559(4) [o\, which are in good agreement with the
previously reported compounds such as Tly gTigSeg (2.562(1)—2.661(3)
A) [12] and NayTisSeg (2.383(4) to 2.822(4) A) [49]. The Cs-Se bond
distances observed in Csg ¢(1)TicSes structure can be compared with the
CsoGdPySe; (3.559(2)—3.982(2) A) [50] and CssMo13Ser4 (3.597(1)—
3.791(1) &) [51].

The sharing of the TiSeg octahedra in this structure creates large one-
dimensional hexagonal tunnels approximately along the c-direction, as
shown in Fig. 4a. These tunnels accommodate Cs* cations that balance
the electrical charge of the anionic [TigSes]®®~ framework. Each of the
cesium atoms is coordinated to nine selenium atoms forming a distorted
tri-capped trigonal prism-like geometry (Fig. 4b). Interestingly, the Cs™
cations in these large tunnels are disordered and behave like a liquid, as

Absorption (a/S)

n L n
%.0 0.5 1.0 L5 2.0 25

Energy (eV)

evident from its elongated cigar-shaped anisotropic displacement
parameter [Usz = 0.198(2) at 100 K]. The similar higher anisotropic
parameter values of alkali metals were also observed for compounds like
Ko.52TigSeg (Usz = 0.12(3) at 100 K and Us3 = 0.41(9) at 293 K for K+)
[52,53] and Tlg7NbgSeg (Uss = 0.51(9) for TI* cations at 298 K) [54]
structures.

3.2. Assignment of formal oxidation states in CsScsTeg and Csp.¢(1)TisSes

There is no homo-atomic bonding in the crystal structures of
CsScsTeg and Cspe(1)TisSes. The charge balancing of the CsScsTeg
compound is straightforward, as per the Zintl formalism [55]. The
charge-balanced formula of CsScsTeg can be written as
[Cs*(Sc?’*)s(Tez’)g]. However, the assignment of formal oxidation
states of atoms in Csg ¢(1)TieSes is difficult due to occupational disorder
of Cs sites in Csg.(1)TieSes and mixed valency of titanium atoms. The
oxidation state of Cs and Se atoms can be assigned as +1 and —2, leaving
an average charge of +2.57 on each Ti atom. The magnetic properties of
Cso.61)TieSes are expected to be interesting due to the mixed valency of
Ti. Regrettably, this compound could not be obtained as a single phase
for the physical property measurement.

3.3. Optical bandgap study of CsScsTeg

A UV-vis-NIR spectrophotometer was used for the optical bandgap
study on the ground single crystals of CsScsTeg at room temperature.
The phase purity of this powder was established using the PXRD study
(Fig. 1e). For the estimation of the direct bandgap, the Tauc plot was
plotted, which exhibited the direct bandgap of 1.2(1) eV. The absorption
spectra show the optical bandgap of 0.6(2) eV. The bandgap is consistent
with the black color of CsScsTeg crystals and suggests that it is a

(b)

(ahv)?

g
o

E, (direct) = 1.2(1) eV

0.5 L0 1.5 2.0 25 3.0

Energy (eV)

Fig. 5. (a) Optical absorption spectrum and (b) direct bandgap plot of CsScsTeg.
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Table 5
Computed lattices parameters, volume, and bandgap of CsScsTeg.
a(d) b(A) c®) B Vol (A% Eg (eV)
Cal. SCAN 21.516 4.170 10.383 103.993° 904.01 0.95
PBE 21.530 4.179 10.404 104.00° 908.44 0.54
mBJ - - - - - 1.27
Exp. 21.3376 4.1434 10.2853 103.925° 882.60 1.2
Table 6 fractional atomic coordinates are in good agreement (~1%) with the
able

The computed (SCAN meta-GGA) fractional atomic coordinates in CsScsTeg unit
cell.

Site x y z
Csl cal. 0.00000 0.50000 0.50000
(exp.) (0.00000) (0.50000) (0.50000)
Scl cal. 0.29442 0.00000 0.65540
(exp.) (0.29484) (0.00000) (0.65514)
Sc2 cal. 0.34403 0.00000 0.01812
(exp.) (0.34363) (0.00000) (0.02084)
Sc3 cal. 0.00000 0.00000 0.00000
(exp.) (0.00000) (0.00000) (0.00000)
Tel  cal 0.08629 0.00000 0.82136
(exp.) (0.08617) (0.00000) (0.81830)
Te2  cal 0.16522 0.00000 0.49692
(exp.) (0.16474) (0.00000) (0.49905)
Te3  cal 0.23868 0.00000 0.15947
(exp.) (0.23816) (0.00000) (0.15913)
Te4  cal 0.57469 0.00000 0.16650
(exp.) (0.57458) (0.00000) (0.16650)

semiconductor. An absorption spectrum and direct bandgap plot of
CsScsTeg are depicted in Fig. 5.

3.4. Electronic structure of CsScsTeg

Next, we discuss the results of the first-principles study of the crystal
and electronic structure of CsScsTeg. The lattice parameters and the
bandgap computed using SCAN (meta-GGA), mBJ (meta-GGA), and PBE
(GGA) schemes are shown in Table 5. The computed (SCAN) fractional
atomic coordinates are given in Table 6.

As evident, the theoretical estimates of the lattice constants and
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experiments. The theoretical results are found to be in much better
agreement with the experiments when computed using the SCAN meta-
GGA scheme as compared to those computed using other schemes such
as PBE-GGA, LDA, etc. The SCAN approximation is indeed expected to
be superior as compared to other XC approximations since it is known to
fulfill all known constraints that the exact density functional must fulfill
[56]. The bandgap of CsScsTeg is found to be 0.95 eV, 0.54 eV, and 1.27
eV when computed using SCAN, PBE, and mBJ approximations. As can
be seen, the SCAN and PBE computed bandgaps are underestimated as
compared to the experimental value of ~1.2 eV. On the other hand, the
mBJ computed bandgap is found marginally overestimated as compared
to the experimental value. The mBJ potentials are expected to provide a
better estimate of the bandgap as they approximate the atomic
exact-exchange potentials locally in addition to a screening term. In the
case of PBE (GGA) approximation, the computed bandgap is expected to
be underestimated by at least ~50%.

The total and projected density of electronic states (DOS) of CsScsTeg
are shown in Fig. 6a-d. The band structure along the high symmetry
directions in the Brillouin zone is shown in Fig. 6e. The valence band
(VB) extends from ~ —5.0 eV to 0 eV and is formed due to the hybrid-
ization between Te-5p and Sc-3d states. The band in the energy range
—9.0 to —9.6 eV is primarily derived from Cs-5p states. The contribution
to the valence band in the energy range —11.5 eV to —10.5 eV comes
primarily from Te-5s states. Further, the conduction band (CB) is
contributed primarily by Sc-3d states. Fig. 6e shows that the bandgap is
direct with valence band maximum (VBM) and conduction band mini-
mum (CBM) occurring at the I'-point.

Energy (eV)

Fig. 6. (a) The total density of states of CsScsTeg (b) The partial density of states (PDOS) projected onto orbitals of Te atom, (c) Sc atom, and (d) Cs atom. The valence
band maximum is indicated by the dotted line. (e) Band structure along the high symmetry.
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4. Conclusions

We have successfully synthesized black plate-shaped single crystals
of CsScsTeg and Csg 6(1)TisSes at 1223 K by the solid-state method using
sealed fused silica tubes as reaction vessels and CsCl as a reactive flux.
Crystal structures of both the compounds were solved using the single-
crystal X-ray diffraction technique, which showed CsScsTeg and Csg g
mTieSeg crystallize in the monoclinic and hexagonal space groups
C3,—C2/m and C% —P63/m, respectively. The asymmetric unit of
CsScsTeg consist of eight crystallographically independent atomic sites:
Csl1 (site symmetry: 2/m), Scl (m), Sc2 (m), Sc3 (2/m), Tel (m), Te2 (m),
Te3 (m), and Te4 (m). While there are four crystallographically inde-
pendent sites in the asymmetric unit of Csg ¢(1)TisSes: Cs1 (6..), Til (m..),
Sel (m..), and Se2 (6..). The crystal structures of CsScsTeg and Csg¢

TieSeg feature a three-dimensional anionic framework of 3 [ScsTes]l"

and 2 [Tieseg]%’, respectively, which are made up of distorted transi-

tion metal based octahedra. The sharing of these metal octahedra results
in the formation of one-dimensional tunnels that are filled with the Cs™*
cations. Room temperature UV-vis-NIR absorption study on powdered
single crystals of CsScsTeg confirms semiconducting nature with a direct
bandgap of 1.2(1) eV, which augurs well with the black color of the
compound. The DFT study of CsScsTeg shows that the valence band (VB)
is formed due to the hybridization between Te-5p and Sc-3d states, and
the value of the theoretical bandgap is in good agreement with the
experimental value.
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