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SYNOPSIS

This thesis entitled “Self-assembly of 3d and 4f metal ions using chiral/flexible ligands”. It is

divided into five chapters and details of each chapter are given below

Chapter 1

Introduction

This introduction chapter deals with a general introduction and the historical background of
multinuclear clusters. Selected examples of zinc clusters of phosphinic acid, phosphonic acid,
phosphates, and Schiff-base clusters of zinc and cadmium are discussed. In the later section, a
detailed description of single molecular magnetism (SMM) and the working principle, the
relaxation mechanism involved in the SMM, and different plots related to magnetism are
included. Finally, the discussion of the first known example of transition metal and lanthanide
metal SMM and a few of the literature reported breakthrough examples in terms of energy

barrier / blocking temperature of lanthanide SMM.

Chapter 2
In-situ assembled polynuclear zinc-oxo clusters using modified Schiff-bases

as ligands

In this chapter, a series of different core and nuclearity zinc metal clusters have been
synthesized 2.1-2.5 using Zn(ClO4)..6H20, Schiff-base primary ligand, and DBM or
monoethanolamine(MEA) as co-ligand at room temperature reaction. The structure of the
complexes is characterized by single-crystal X-ray diffraction. Among this (2.1)
[Zn(L1)(DBM)] is mononuclear, (2.2) [Zn(L2)2(DBM)4], (2.3)
[Zn4(L2)4(H20)2(Cl04)2].2CH2Cl2.  (2.4) [Zn4(L3)2(DBM)4] has a cubane core. (2.5)
[Zn4(L4)s(MEA)2(ClO4)2] is a ladder-like core structure. Compounds 2.1-2.5 has been also
characterized by UV-Vis absorption and emission spectroscopy. For an in-depth understanding
of the absorption spectrum of 2.1 and 2.3 DFT (Density Functional Theory) calculations have
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been performed which suggests that the transitions correspond to the m—m* intra-ligand charge

transfer (ILCT).

[Zn(L1)(DBM)]

2.1
DBM/
Et;N
[Zn(L4)4(MEA)2(CIO4)2] L4 L2 [Zn(L2),(DBM),]
- 7n(CI0,)p6H0 ———— 3
2.5 Et,N DBM /Et;N 2.2
[Zn(L3),(DBM),] [Zn(L2)4(H,0),(Cl04),].2CH,CI,

@ A G %
. HOJ HOJ »

L1 L4

( Solvent : MeOH:CH;CN (1:1) in all cases and reactions were done 6 h
at room temperature except for 2 (24 h) )

Figure 1. Synthetic scheme and solid-state structures of Zinc Schiff-base compounds

Chapter 3

Aza-donor ligands- A key to synthesizing mononuclear to coordination

polymers of cadmium phosphinates

In this chapter four cadmium phosphinate complexes were synthesized based on Bis-[a-
hydroxy(p-methylphenyl)methyl]phosphinic acid (L) ligand. These complexes [Cd(L)2(H20):]
(3.1), [Cd(L)2(py)s]-py (3.2), [CA(L)2(4,4’-bpy)a]n (3.3), [Cd(L)4s(4,4’-az0-bpy)(H20)]n (3.4),
were well characterized by single-crystal X-ray diffraction, IR spectroscopy, powder X-ray
diffraction, elemental analysis, and TGA. 3.1 and 3.2 are zero-dimensional (OD) structures
while 3.3 and 3.4 are two-dimensional net-like (2D), one-dimensional chain-like (1D)
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structures, respectively. N-donor co-ligands (py, 4,4’-bpy, 4,4’-azo-bpy) contribute to the

formation of these architectures.

N Cd(OAc),.2H,0
| ES +
N* HO. HH OH
P
Z2AY

3.4

. .:"““\ s
€« % ®
L
“4 t.' Y‘\‘
3.3

Figure 2. Synthetic scheme and solid-state structures of Cadmium-phosphinate compounds

Chapter 4

Synthesis and characterization of paddlewheel dinuclear and trinuclear

lanthanide phosphinate clusters

In this chapter, a series of isostructural dinuclear and trinuclear paddlewheel Ln(ll1) clusters
have been synthesized in reaction with chiral phosphinic acid ligand [(Bis-[a-hydroxy(p-
methylphenyl)methyl]phosphinic acid] and [Bis-[a-hydroxy(p-
bromophenyl)methyl]phosphinic  acid]  {(R:/R%PO.H)[R'= CH(OH)PhMe], [R*=
CH(OH)PhBr]}. The complexes represented as (EtsNH)s[Lnz(tz-nt:in* PO2 R12)3(NO3s)s] where
Ln= Dy (4.1), Ho (4.2), Nd (4.3), Y (4.4) and (EtsNH)s[Lns(uz-n*:n} PO2 R%)s(NOs)s] where
Ln= Nd (4.5), Pr (4.6), Dy (4.7), NdLaz (4.8), characterized by SCXRD, IR. Among these

XX



trinuclear linear paddlewheel clusters, 4.8 is a magnetically diluted structure where terminal
atoms are diamagnetic lanthanide (La) and central lanthanide is paramagnetic Nd. Synthesis

and structural interpretation are discussed in detail in this chapter.

1 1 o
qN R\P/R °
R R \ /
Ln(NO;);.6H,0 o o o\o Y
HH Et;N _Lo—¥ I/ Lln//ox
—_— [e) N ~N«
HO” N7 “oH MeOH O,N\og/(lj\ O—p—~ o/(])\oo o
VAN OR" R! /
[o] OH rt,5h (W) R N
\ \P/ N‘
CI) RY \R1 o

Ln(NO;)3.6H,0

: |
MeOH \ Et;N R'= (HO)HC—< >—

rt,5h
Ln= Dy, Ho, Nd, Y (4.1-4.4)

2 2 2 2 o
qN R\P/R RUAR X
Ny o~ o o~ o o}
3\ |/ \L / /0

n N\
O‘N‘O//T\ 0 07/ \\O\P/o //\ \o-N-o
O 0 o 27 \yo w y

l
"\
o R? R2 o

|
R2= (HO)HC—@—Br

Ln= Nd, Pr, Dy (4.5-4.6)

Figure 3. Synthetic scheme of lanthanide-phosphinates

Chapter 5

A new type of square grid [2 x 2] lanthanide Ln(I11)s complexes self-
assembled with chiral racemic (R, R/ S, S) bis-[a-hydroxy(p-
bromophenyl)methyl]phosphinic acid ligand

The chapter deals with a series of isostructural tetranuclear [2 x 2] square-grid-like Ln(l1l)
clusters, which have been synthesized in reaction with chiral phosphinic acid ligand [Bis-[a-
hydroxy(p-bromophenyl)methyl]phosphinic acid] {(R.PO2H)[R= CH(OH)PhBr]} represented
as [Lna(pz-ntnt-PO2R2)s(n>-CO2BUY4] where Ln= Er (5.1), Dy (5.2), Tb (5.3) and
characterized by SCXRD, IR. Synthesis and structural interpretation are discussed in detail in

this chapter.
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Br r
HH
©>( )(Q/ MeOH
HO” Yp” ‘oH + LnCl;.6H0 + + Me,NOH ——» Ln,Cluster
o” “oH

CO,H rt, 5 h

5.1-5.3
(Ln= Er, Dy, Tb)

Figure 4. Synthetic scheme of compounds 5.1-5.3

Figure 5. The solid-state structure of 5.2
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Introduction

1.1 General Introduction:

Transition metal and lanthanide metal polynuclear complexes are extremely important in coordination
chemistry. This is due not only to the structure's aesthetic beauty and complexity but also to its
fascinating chemical and physical properties. These clusters/complexes have numerous applications in
chemistry, including catalysis, water splitting, gas storage, luminescence, single molecular magnetism
(SMM), and biological activity. We studied Zn, Cd, and lanthanide clusters/complexes of Schiff base
and phosphinic acid in this thesis. In this regard, we will go over a few examples of Zn, Cd, and
lanthanide clusters in the introduction section.

Polynuclear clusters/complexes were synthesized using two different approaches: (1) Targeted Self-
assembly and (2) Serendipitous approach. In the thesis, we synthesized molecular clusters primarily
using a serendipitous approach.

The self-assembly method has been used with less flexible ligands such as rigid bipyridine (bpy).
Taking advantage of this type of directional ligands the formed complex structures can be preassumed.
These complexes self-assemble in a controlled manner. The targeted self-assembly method is
commonly used to synthesize transition metal complexes. Schiff-base Salen-type ligands contain
pockets into which targeted metal atoms can be incorporated to form polynuclear self-assembled
clusters.

Another synthetic approach is the serendipitous assembly approach where the formation of complexes/
clusters has not been done intentionally, it is an accidental formation. This approach is the most
interesting because of its uncertain assembly and property of the clusters. A flexible multi-doner atom
containing ligands is generally used to synthesize multinuclear clusters/complexes in this approach,
viz., carboxylates(RCO;), phosphinic acid(R.PO’), phosphonic acid(RPO3z?), phosphates((RO).PO>),
alkoxide(RO"), N, O-doner containing Schiff-base, etc. Different synthetic methods have been used to
prepare serendipitous assembly:

(1) Mixing of metal and ligand together.



(2) Mixing of metal and ligand with various co-ligands which helps to aggregate(acts as
bridging or terminal ligands) and limits the aggregation to form molecular cluster/complex.

(3) Preformed metal complex as a metal precursor source followed by mixing of flexible ligand.

(4) Hydrothermal/Solvothermal synthesis is another synthetic method to prepare polynuclear
metal clusters. All the reactants have to be taken together in a closed vessel and under harsh conditions
with autogenous pressure, molecular crystals can be formed serendipitously.
Above all, polynuclear cluster formation depends upon several factors like- metal to ligand ratio, metal
salts, reaction temperature, solvent type, the volume of solvent, cooling rate, crystallization method,
pH, etc. Compared to the transition metal, lanthanide metals form more serendipitous self-assembled
polynuclear complexes. Lanthanides are very much prone to hydrolysis and form multinuclear clusters

with flexible ligands in an unplanned random self-organized way.

1.2 Synthesis of phosphinic acid and Schiff-base:
(a) Phosphinic acid synthesis:

Phosphinic acid is analogous to carboxylic acid, the two similar or different substituents on phosphorous
atom present in the molecular structure of phosphinic acid show a unique steric property, which opened
a path to progress in the properties of phosphinic acid at the molecular level and solid-state chemistry.
The pKa value of phosphinic acid is in between phosphonic acid and carboxylic acid. This intermediate
acidity of the phosphinic acid and the two substituent tunability on the phosphorous atom makes these
molecules a greater interest in the field of material chemistry. Phosphinic acids are used the various
field as flotation agents, flame retardants, and ionic liquids (as a lubricating agent and separation of

cations), in medical applications. Here we have given a few synthetic procedures of phosphinic acid.

Hydrolysis of reactive PCl, or alcoholysis followed by hydrolysis phosphinic acid can be prepared.*
(Scheme 1)

R? H
N\ _OH 1.R%0H,Et;N / H,0 N\ _-OH
"N 2 MesiB RI—F N
- VMieoIlbr
R1/ o 3 Hzé \ R o

Scheme 1. Synthesis of phosphinic acid

Using radical initiator hypophosphorous acid or its salt such as sodium hypophosphite(NaH.PO,) with
suitable alkene group mono alkyl intermediate is prepared. Then another same/different alkene is used

to prepare symmetric/nonsymmetric dialkyl phosphinic acid.?® (Scheme 2)



Di-tertiarybutyl peroxide‘

H—P—H + 2
| v e

OH

I /"
|
(0]

H

Scheme 2. Synthesis of dialkyl phosphinic acid

Condensation of 1°, 2° amines, aldehyde/ ketone, and >P(O)H species (H-phosphites and dialkyl
phosphites) in a three-component reaction yields a-amino phosphonic acid/ phosphonates is called
‘Kabachnik-fields reaction’. The benefit of this reaction is maximum reactions can be done in solvent-
free microwave conditions and no sophisticated catalysts were used in the reaction condition.* (Scheme
3)

R' R? R'

\P/O . HN/ (CH )y R \P/O

H/ \OH \R2 H \N / \OH
R2/

Scheme 3. Synthesis of a-amino phosphonic acid

Palladium coupling reaction following de-esterification is another way to synthesize phosphinic acid.
Diaryl substituted phosphinic acid can be prepared by substituting the P-H bond of P-H containing

precursor using Pd-catalyst following de-esterification and hydrolysis reaction.! (Scheme 4)

R’ R’ R’
\P/O ArBr _ \P/O Me;SiBr \P/O
H/ Nome  Pd(PPha), EtN Ar/ \OMe H,0 Ar/ \OH

Scheme 4. Synthesis of diaryl phosphinic acid

From alkyne and alkene molecular precursors using hypophosphorous acid derivatives and Pd-catalyst,

alkyl-substituted phosphinic acid can be synthesized.® (Scheme 5)

R1
H\ =° H2CZ/ _ R \P/O

Pd(O)L,, e Nor

(R = alkyl, H, PhNH;)

Scheme 5. Synthesis of monoalkyl phosphinic acid

Bis-phosphinic acid connected with an alkyl group can be synthesized by lithiated phenyl phosphinic

acid followed by a reaction with an alkyl halide.® (Scheme 6)



Ph Th '|°h
o BuLi o o
\P< + CI(CH,),ClI — \P\ /P<
H/ OH HO/ (CH,), “OH

Scheme 6. Synthesis of bis-phosphinic acid

The reaction with P-H bond containing silylated molecular precursor PH(OSiMes), and carboxylic acid

substituted acid chloride has given silylated bisphosphinate which turns into Bis-phosphinic acid.’
(Scheme 7)

H H H H
o > ] )
H—P. + —_— P P —_— P P
N Me3Si0/|| ||\OSiMe3 > HO/“ H\OH
OSIMe3 R
o o 0 o
OSiMe, OH

Scheme 7. Synthesis of bis-phosphinic acid

In this thesis Bis-(a-hydroxyalkyl)phosphinic acid was used which can be synthesized from aldehyde
and hypophosphorous acid(HsPO-) using two processes 1) by solvent-free microwave(MW) synthesis
or 2) by heating. The synthetic procedure is given below 80, (Scheme 8)

(o}

o
|| R | HO
Mw A/ >\
- o) P
2H—P—H 5R HO : +
| + c 5-10 min R\LO\L\}O R /P\\\
HO o

(a) (b)

Racemic mixture

R = p-MePh, p-BrPh

I
iz

>\H|IIIO
o
I

Py

OH

Scheme 8. Synthesis of bis-(a-hydroxyalkyl)phosphinic acid
A hypophosphorous acid (50% aqg.) (20 mmol) has been added to aldehyde (50 mmol) and the reaction

mixture was irradiated stepwise with a microwave reactor (a kitchen-type 180 W microwave for 5-10
min). After the reaction, ethyl acetate (10 ml) was added and the mixture was stirred vigorously for 5
min. A white powder precipitate was obtained when 30 ml of n-hexane was added to it. The precipitate
was filtered and purified with column chromatography (silica-gel with an eluent chloroform-methanol
(99:1)) (a). Methanol (300 ml) was eluted to acquire the pure product. The evaporation of the

methanolic solution obtains a racemic mixture of Bis-(a-hydroxyalkyl)phosphinic acid as a white solid
with a good yield.

For the heating reaction also same separation procedure was followed after 3 h at 90 °C reaction.



(b) Schiff-base synthesis:

Schiff-base ligands are formed by condensation of primary amine and aldehyde/ketone by the formation
of imine or azomethine group. It was first prepared by Hugo Schiff in 1864.1! Its simple synthetic
procedure and complex forming ability with p, d, and f-block metals made it useful in a variety of
applications in biology (antibacterial, antifungal, anticancer, antioxidant, anti-inflammatory,
antimalarial, antiviral) and catalysis (polymerization reaction, catecholase activity, SOCI, reduction,
epoxidation of alkene, ketones reduction, organic compounds oxidation, Henry-reaction, ketones

hydrosilylation, D-A reaction (Diels-Alder).

Schiff-base synthesis depends on a three-step method. At the first nucleophilic attack of the
amine group to the carbonyl group of aldehyde/ketone and formation of a charge-separated
intermediate. Next step this intermediate forms carbinolamine by intramolecular proton transfer. The
last step is the water elimination and imine/azo-methine group formation. All three steps are involved
in a reversible process. The C=N bond is prone to hydrolysis according to the reverse equilibrium
reaction. The formation of the Schiff-base is thermodynamically controlled. The strong and labile nature

of the imine bond made it an efficient one-pot synthesis process with a good percentage of yield.
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Scheme 9. General synthesis of Schiff-base

In this thesis, we have dealt with the following Schiff bases. All of these are synthesized in-situ reaction

medium by a condensation reaction of specific primary amine and aldehyde as starting materials.
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Chart 1 : Schiff base ligands used in thesis




1.3 (a) Zn- related clusters:
(i) Phosphinic acid clusters

Phosphinates are generated from the deprotonation of phosphinic acid, which is analogous to carboxylic
acid. The general formula of phosphinic acid is [R2.P(O)(OH)]. In 2005 V. Chandrasekhar et. al.
reported 2 mononuclear zinc phosphinate complex M(Ph,PO2).(DMPZ); reacting diphenyl phosphinic
acid with zinc chloride and co-ligand 3,5-dimethyl pyrazole (DMPZ) in presence of triethylamine DCM
as a solvent. Where Zn atom is tetrahedrally coordinated by surrounded ligands. [Figure 1] They
showed the intramolecular H-bonding between each phosphinate P=O moiety and N-H protons of
pyrazole and also interaction between the P=0 unit and aryl hydrogen of diphenyl phosphinate moiety
(C-H---O intermolecular interaction). The presence of C-H---O interaction between aryl-H and a
coordinated P-O oxygen atom and n-m interaction between pyrazolyl ring and an Ar-moiety on the
phosphinic acid ligand leads to the formation of two-dimensional (2D) sheet structure.

Figure 1: Structure of Zn(Ph,PO2)2(DMPZ);

In 2008 Murugavel et. al. reported'® two mononuclear octahedrally coordinated Zn phosphinates
[Zn(phen)2(dppi)2].2H20; [Figure 2a] [Zn(phen)z(ppi)2].H20 using diphenyl phosphinic acid(dppi) and
phenyl phosphinic acid(ppi) respectively in absence of any base. In this paper, one more dinuclear zinc
phosphinates [Zn(bpy)2(ppi)2]2(ClO4), [Figure 2b] is characterized by SCXRD. In this case
[Zn(bpy)2(OAC)(CIO4)(H20) is used as a molecular precursor of zinc.

(@ (b)
Figure 2: (a) Structure of [Zn(phen).(dppi)2].2H20, (b) Structure of [Zn(bpy)(ppi)2]2(ClO4)-



Ming-Jie Zhou et. al. reported** two distinguishable polymorphs of [Zn(BIB)osL]. (BIB=1,4-bis(1H-
imidazol-1-yl)butane; L2=2-carboxyethyl(phenyl)phosphinate) among which one is 2D ladder-like
[Figure 3a, 3b] and another 3D framework [Figure 3c, 3d], a cause of different structures is the
intramolecular arrangements.

(c) (d)

Figure 3: (a) & (b) Structure of 2D ladder-like polymorph [Zn(BIB)osL]. view along ab-plane and
bc-plane, (c) & (d) Structure of 3D framework polymorph [Zn(BIB)osL]» view along bc and ac-plane

In 2016 Zhao-Xi Wang et. al.’® reported three Zn-based phosphinates using 2.,2’-phosphinico-
dibenzoate. They showed different structural diversity. {[Zns;L2(H20)4].2H2,0}, is a 1D chain CP
[Figure 4] with a 3D supramolecular framework, [ZnsL2(4,4’-bipy).]» is a three dimensional (3D)
porous metal-organic framework (MOF) with two dissimilar 4,4’-bipyridine linkers [Figure 5],
[Zn(HL)(2,2’-bipy)(H20)]. show 1D zigzag chain structure [Figure 6].

COOH o COOH

(@) (b)

Figure 4: (a) Asymmetric unit of {[ZnsL2(H20)4].2H20}. (b) 1D infinite chain structure of
{[ZnsL2(H20)4].2H,0}n along the a-axis



(@) (b)

Figure 5: (a) Asymmetric-unit of [ZnsL2(4,4’-bipy).]~ (b) 1D infinite chain structure of [ZnsL2(4,4’-
bipy)2]n (c) 3D MOF structure of [ZnsLa(4,4’-bipy)]s

(@) (b)

Figure 6: (a) Asymmetric unit of [Zn(HL)(2,2’-bipy)(H20)]. (b) 1-D zigzag chain. of [Zn(HL)(2,2’-
bipy)(H20)]»



Recently 2016 Sebastian D. Pike et. al. reported® multinuclear(Zns, Zns, Zn11 ) Zn clusters [Figure 7]
using simple phosphinate ligands. They used a bottom-up synthetic approach and used organometallic
zinc (ZnEty) as a molecular precursor of the Zn atom and studied the mechanistic pathway of the
formation of zinc clusters; by investigation with the 3'P NMR in the reaction. They showed the role of
specific molecular starting material in the preparation of small nanoparticles (2-4 nm).

Figure 7: Structure of Zn4, Zne, and Zn11 molecular clusters zinc phosphinates

In 2018 Elena Oleshkevich et. al. synthesized a one-dimensional coordination polymer(1D-CP) of zinc
using m-carboxy phosphinate ligand and characterized. They have concluded the same structure of zinc

as cadmium reported” with analytical and spectroscopic techniques.

(ii) Phosphonic acid clusters:

Phosphonates are the ligand prepared from the deprotonation of phosphonic acid having the general
formula (RPOsH,). From the literature reports it has seen that homometallic Zinc(ll) phosphonate
clusters nuclearity varies between 1 to 12. An example of mononuclear zinc phosphonate is trans-O,0-
[Zn(H2L)] as shown in (Figure 8) It was prepared in a sealed vial at heating condition(hydrothermal)
utilizing Zn(OACc)..2H.0 and 1,4,8,11-tetraazacyclotetradecane-1,8-bis(methylphosphonicacid) (HaL).
The Zn(ll) atom is octahedrally surrounded with a most stable trans configuration of the pedant

moiety.*



Figure 8: Structure of trans-O,0-[Zn(H.L)] complex

There are several dinuclear zinc phosphonates clusters known. A prototype of that (HNEts).{Znx(n!-
3,5-Me2PzH),Cl,(CIsCPOs3).} is described (Figure 9). It has been synthesized using ZnCl,, 3,5-
MezPzH, and CIsCPOsH; in presence of a base; triethylamine. The crystal structure reveals that each
zinc atom is tetrahedrally coordinated, the two zinc metal atoms bridges with two oxygen atoms of the
ClsCPOs* moiety and forming an eight-membered puckered ring. Each zinc metal atom is co-ordinately

saturated with one chloride ion and one pyrazole molecule.®

Figure 9: Structure of (HNEts)2{Zn(n!-3,5-Me2PzH).Cl(CIlsCPOs).} complex

Trinuclear zinc phosphonates are rare. [ZnsCl2(3,5-Me2Pz)4(t-BuPOs), (Figure 10) is a trinuclear zinc
cluster was synthesized using ZnCl,, 3,5-dimethyl pyrazole (3,5-Me,PzH) and t-butyl phosphonic acid
(t-BuPO3Hy) in presence of triethylamine base. Here three Zn-atoms are present in the same plane and

each of two phosphonic acid tridentate ligands holds zinc atoms together in a bi-capping mode.?°
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Figure 10: Structure of [Zns;Cly(3,5-Me2Pz)4(t-BuPOs).complex

Several types of tetranuclear zinc phosphonates are known in literature e.g.-planar, D4R, open-book

tricyclic, etc.

An Organozinc compound dimethylzinc(ZnMe,) reacting with tertiary-butyl phosphonic acid gave a
tetranuclear planar zincphosphonate?* [{(ZnMe)s(THF).}{t-BuPOs},] (Figure 11). In this compound,
all the zinc atoms are present in the same plane and two phosphonate ligands are present top and bottom
of that plane in a 4.211 binding mode [Harris notation]. In the crystal structure among the two THF
molecules, one THF molecule connects each pair of zinc atoms in a bridging mode.

Figure 11: Structure of [{(ZnMe)4(THF) }{t-BuPOs}.] complex

Zeolite-like D4R core containing zinc phosphonate cluster was synthesized from the reaction of
Zn(OAC)2.2H20, t-BuPO3H,, and 2-aminopyridine.?? In the crystal structure a distorted cube is formed
with the presence of Zn and Phosphorous atoms in the alternate corner of a cube. (Figure 12)

Phosphonate ligands are situated edge of the cube.
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Figure 12: Structure of D4R Zn phosphonate cluster

An open book structure? formulated as [Zns(ArPOs)-{(ArP(0)2(OH)}2(3,5-Me2PzH)4(3,5-
Me,Pz),]-5MeOH (Figure 13) was obtained from a sterically hindered aryl phosphonic acid 2,4,6-i-
Prs—CsH>—POsH, (ArPOsHS>), using zinc salt Zn(CHsCO,).-2H,0 and pyrazole derivative 3,5-Me,PzH.
All the zinc atoms are tetrahedrally coordinated, two phosphonate ligands are holding the center
position, and two are present terminally. The central zinc and terminal zinc atoms hold one and two

pyrazole ligands respectively.

Figure 13: Structure of Zni(ArPO3){(ArP(0)2(OH)}2(3,5-Me2PzH)4(3,5-Me2Pz).]-5MeOH cluster

Zinc phosphonates having pentanuclear structures are not known in the literature.

Hexanuclear zinc phosphate cluster [{(ZnEt)s-(Zn(THF))s}{t-BuPOs}4{3-OEt}] was synthesized from
dimethylzinc and tertiary-butyl phosphonic acid. The crystal structure of the cluster (Figure 14)

comprises three fully dealkylated zinc and the other three contain ethyl groups each.
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Figure 14: Structure of [{(ZnEt)s-(Zn(THF))s}{t-BuPOs}+{3-OEt}] cluster
Under hydrothermal conditions ZnSQO4.7H,0, 2-CsHsNCH(OH)POsH,[hydroxy(2-Pyridyl) methyl
phosphonic acid] and NaOH reacts to form heptanuclear®* [Zn{(2-
CsH4N)CH(OH)POs}6(H20)6]S04-4H,O (Figure 15); a cylindrical drum-shaped zinc phosphonate
cluster. The central Zn(Il)-ion is surrounded by two Zns subunits. Bridging phosphonate ligands

interconnecting with each other by coordination with zinc to form Zns subunits.

Figure 15: Structure of heptanuclear zinc cluster
An octa-nuclear Zn-phosphonate cage?®, [Zns(Cl)e{2,3,5,6-(Me)sCsHCH2PO3}s(EtsN)2(EtsNH)2]-2n-
hexane-3H,0 (Figure 16) was synthesized using anhydrous ZnCl,, (Me)sC¢HCH,PO3H;, and NEts. In
the structure, eight Zn(ll1) ions are enclosed with six [2,3,5,6-(Me)s-CsHCH:PO3]? ligands. The core
structure of this compound ZngPsO1s has an ellipsoid-shaped, which contains six symmetry-related
eight-membered Zn,P,04 rings. Six of the Zn(Il) ions have a terminal chloride ligand, while the other

two Zn(I1) ions are bound to neutral triethylamine ligands.
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Figure 16: Structure of an octa-nuclear zinc cluster

Hydrothermally Zn(OAc), and phosphonic acid ligand 1-C1oH7—CH>N(CH2CO2H)(CH2PO3H,) (HsL),
reacts to form a nonanuclear cluster?® [Zng(L)s(H2N(CH2)2NH(CH2).NH(CH2).NH,).]-18H.0. Among
these nine Zn atoms, two Zn atoms Penta-coordinated through carboxylate coordination. Phosphonates
play an important role to make a heptanuclear motif.

The highest homonuclear zinc phosphonate cluster is dodecanuclear?’.

(iii) Phosphate clusters:

Phosphates are ligands prepared from phosphoric acid (HsPOs). Phosphoric acid has three acidic
protons when the hydroxyl group of the phosphoric acid is replaced with one or two alkyl/aryl groups
it forms mono and diester of phosphoric acid respectively, ((OR)P(O)(OH).) and ((OR).P(O)(OH)).
The phosphoric acid diester ((OR).P(O)(OH)) is at some point very similar to carboxylic acid
(R2COOH) (but diverse in another way also). Like carboxylic acid, it forms mononuclear and di-
nuclear complexes more readily than larger molecular clusters. For carboxylic acid chelating mode is
common but in the case of the diester of phosphoric acid, it is absent. Bridging coordination mode is
more common for diester phosphates. Several cases are there where the presence of phosphate diesters
is monodentate through P-O" group and remaining uncoordinated P=0O dangling to form secondary
interaction (through H-bonding). On the other hand, phosphate monoesters due to the presence of more
coordinating sites tend to form larger molecular clusters. Similarly, phosphonic acid monoester
phosphates can also use to model as building units of zeolitic structures. Phosphoric acid and phosphinic
acids are comparable in framework to the phosphate monoester and diester respectively, with only extra

oxygen present in between the alkyl/aryl and phosphorous atom. (Figure 17)
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Figure 17: General structure of phosphonic acid, phosphinic acid, and phosphate esters

In 1998 Vahrenkamp et. al. prepared?® monophosphate of zinc by hydrolytic cleavage of phosphate
esters using sterically crowded tripod ligand tris(pyrazolyl)borate-zinc hydroxide with phosphate esters,
where zinc atom is surrounded by tetrahedrally with tripodal tris(pyrazolyl)borate and phosphate ester.
(Figure 18)

0
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i
¢

Figure 18: Structure of a mononuclear zinc phosphonate ester complex

An example of a binuclear zinc complex was synthesized by Meyer and co-workers in 2004.2° They
used pyrazole templated di-nucleating ligand, zinc perchlorate hexahydrate, and phosphoric acid
dimethyl ester as a molecular precursor. Two zinc atoms are Penta-coordinated, and phosphate diester

is bridged between the two zinc atoms. (Figure 19)

N

Figure 19: Structure of a dinuclear zinc phosphate cluster
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[Zn2{(L3S)2Zn}{dpp}4] (Figure  20a)  ((LsSH)=  bis(3,5-dimethylpyrazolyl)(1-methyl-1-
sulfanylethyl)methane)), a trinuclear zinc phosphate, reaction with [Zn(LsS)(CH3)] and diphenyl
phosphate by Carrano et al.*® The crystal structure of the compound contains one hexacoordinated and
two tetracoordinate zinc ions. In the structure, two tetracoordinate zinc atoms are bridged by two
diphenyl phosphate anions. This dimeric Zn; -unit is connected to the six coordinated zinc through two
thiolate anions. Kimura et al.! reported an interesting example of trinuclear complex [Zn(cyclen)s(us-
npp)](Cl0.). (Figure 20b) where each zinc atom is surrounded by a distorted tetragonal-pyramidal

geometry with one O-atom of p-nitrophenyl phosphate and four cyclens N-atoms.
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| | Zn—o }
—N N \O\P/oph —
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Figure 20: (a) Structure of [Zn{(L3S).Zn}{dpp}:] complex (b) Structure of [Zn(cyclen)s(us-
npp)](ClO.)s complex

Tetranuclear zinc phosphate cluster; [Zna(u4-O)(dtbp)s] (Figure 21) was prepared by Murugavel et. al.*2
Here Zn(OAc); and di-tert-butyl phosphate (dtbp-H) reacts together toward getting the tetranuclear zinc
phosphate cluster. The same product was synthesized by Tilley et. al. They used organo-zinc starting
material (ZnEt,) with dtbp-H which yields an insoluble polymeric compound [Zn(dtbp).].. In presence

of a slight amount of water, they obtained the same tetranuclear zinc cluster.®
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Figure 21: Synthesis of tetranuclear zinc phosphate cluster
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Murugavel et. al. also synthesized zinc phosphate as cubic core clusters, [Zni(ROPO3)sL4] (R = 2,6-
diisopropylphenyl, (L = methanol / 2,4,6-trimethylpyridine/ 2-aminopyridine/ -hydroxy pyridine/ 4-
(hydroxymethyl)pyridine).(Figure 22) The crystal structure of these looks like the D4R (double four
ring) SBU (secondary building unit) of zeolites. With the use of appropriate ligands, it can form 1D,
2D, and 3D supramolecular networks through the non-covalent interaction of the -NH>, -NH, or -OH

groups present on the surface of the molecular structure.
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Figure 22: Synthesis of D4R zinc phosphate cubic clusters

(iv) Schiff-base clusters:

Transition metal Schiff base complexes have great potential applications in many fields, for instance,
fluorescence, catalytic activity, adsorption, magnetic materials, biological mimicking, and sensors.
Schiff bases are a good candidate to construct multinuclear complexes due to their flexible coordination
capacity. It is a widely used ligand due to its simple synthesis, and excellent physical, chemical, and
biological properties. There is a large number of molecular clusters of zinc reported in the literature,

few of these examples are described here.
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Zinc Schiff base mononuclear complexes are very much useful as a model of zinc metalloenzymes in
bioinorganic chemistry. The various coordination number containing hydroxy-rich zinc complexes was
synthesized by Mishtu Dey et al. in 2002.% They synthesized four, five, and six coordinated Zn (I1)
compounds of a hydroxy group-containing Schiff base complex. (Figure 23) Among these complexes,
five coordinated water-bound complex shows enhanced hydrolysis rate of para-nitrophenyl acetate

(pNPA) similar activity to zinc hydrolytic enzymes.
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Figure 23: Structures of mononuclear zinc Schiff-base clusters

Yan Zao et al. in 2018 a dinuclear Zn complex was synthesized using Schiff-base derived from
salicylaldehyde and 2-amino-2-ethyl-1,3-propanediol.®® They have reacted zinc acetate methanolic
solution(10ml) to a methanol/acetonitrile (10:3ml) solution of the ligand at room temperature for 4h.
then filtered the solution and from the filtrate needle-like yellow-colored crystal was characterized by
single-crystal X-ray analysis. In the crystal structure, both the Zn(ll) ions are distorted square
pyramidal. (Figure 24) From the acetate anions, Zn-O bond length indicates one Zn-O bond is weaker
than the other. The unprotonated alkoxy group of the Schiff-base and the uncoordinated carboxyl
oxygen atom has O-H---O hydrogen bonding interaction which leads to supramolecular network

interaction.

Figure 24: Structure of dinuclear zinc Schiff-base cluster
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One more example of a di-nuclear Zn,-complex was reported by O. Tsave et al.*” They synthesized

three sets of di-nuclear complexes using a different number of hydroxy-rich Schiff-base ligands. For all

the cases two types of coordinating Zn(1l) environments are present, distorted octahedral and distorted

trigonal bipyramidal. (Figure 25)
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Figure 25: Structures of dinuclear zinc and polyhydroxy Schiff base complexes

Meigi Liu et al. reported®® a Zn-Schiff base compound from a Schiff-base of glycine and o-vanillin.

Zn(OAC)..2H20, Schiff-base, and phenanthroline were used in a stoichiometric ratio of 1:2:1. The

molecular structure has two Zn(ll)-ions in five-coordinated distorted trigonal bipyramidal and

hexacoordinated distorted octahedral geometry respectively. (Figure 26)

&

B

Figure 26: Structure of dinuclear zinc Schiff-base complex
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A Zn(I1)-Schiff base trinuclear cluster was reported by Bhaskar et al. in 2014.* They have synthesized
zinc trinuclear complex with Zn(OAc). .2H,0 and pre-synthesized Schiff-base using ortho-vanillin and
o-aminophenol condensation. The geometry of the trinuclear complex is an almost linear arrangement
(angle Zn1-Zn2-Znl* =150.3°). Terminal and central, both zinc atoms are formed in a distorted
octahedral geometry. (Figure 27a)

(@ (b)
Figure 27: Structure of trinuclear zinc Schiff base clusters

In the same year from the same group, trinuclear Zn(I1)-Schiff base complex ( perfectly linear) was
synthesized.®® They used salen-type Schiff-base ligand, N,N’-bis(salicyaldehydene)-1,3-
diaminopropan-2-ol. Zn(OAc). .2H,0, Schiff-base in molar ratio 2:3 used to prepare the trinuclear
complex in methanol-DMF mix-solvent. (Figure 27b) Single crystal X-ray analysis reveals that it
crystallizes with the P-1 space group, the center of inversion lying on the middle Zn-atom of the
trinuclear complex. Two terminal Zn(ll)-ions are SP(square pyramid) geometry and the central zinc

atom is described as distorted O (octahedral) geometry.

Yan Zhao et al.*® reported two isostructural linear trinuclear Schiff-base complexes terminal two zinc
atoms are in between trigonal-bipyramidal(TBP) and square pyramidal(SP) geometry and the central
Zn(ll)-ion is octahedrally coordinated. (Figure 28) In both, the cases Schiff-base ligand connecting two
adjacent Zn centers p2: nt: n*: n! coordination mode and reinforcing them to stay connected in a stable

linear trinuclear arrangement.
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Figure 28: Synthesis of linear trinuclear zinc Schiff base clusters

A novel linear tetranuclear zinc Schiff base cluster was synthesized by M. Mikuriya et al. in 2001.%
They synthesized the compound by using Schiff base 1,3-Bis(salicylideneamino)-2-propanol
(Hssalpro), zinc perchlorate and co-ligand pyrazole(Hpz) in molar ratio 0.5:1:1.5 in methanol solvent.
An interesting feature of this molecule is the geometrical arrangement of the zinc atoms as square-
pyramidal-tetrahedral and tetrahedral. (Figure 29) Pyrazole acts as a bridging ligand for the central

Zn(1l) and coordination saturation of the terminal square-pyramidal Zn(l1)-ions.

Figure 29: Synthesis of tetranuclear linear zinc Schiff base cluster

W. Sun et al. reported in 20142 two tetranuclear zinc Schiff-base different topological structures using
different substituents containing Schiff-base ligand (Figure 30). Single crystal X-ray analysis reveals
the formation of a linear tetranuclear cluster and another, a square-planar tetranuclear cluster. In the
linear structure Zn(ll)-ion adopts highly distorted tetragonal-pyramid geometry and for the square

planar case distorted trigonal-dipyramidal coordination geometry.
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Figure 30: Synthesis of tetranuclear zinc Schiff base clusters

Another linear tetranuclear zinc Schiff-base cluster was reported by Q. Shi et al.** where two salen-
zinc, [Znz(L)(OAc)] (L=N,N’-bis(salicylidene)cyclohexane-1,2- diamine)) subunit are bridged by
hydroxo-ion and acetate anion in a y, manner. All the zinc atoms are existing in distorted square planar
(SP) geometry. (Figure 31a) L. Jiang et al. synthesized** an M4O, core containing a common face
shared defective di-cubane structure with two missing vertices (Figure 31b) Poly Schiff-base ligand
N,N'-bis(3-methoxysalicylidene)-1,3-diamino-2-propanol was used to prepare the tetranuclear zinc

Schiff-base cluster.
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Figure 31: Synthesis of tetranuclear zinc Schiff base clusters

Similar Zn(I1)-tetranuclear arrangement structure was synthesized by M. Garai et al.* (Figure 32a)

SCXRD reveals that all the Zn-atoms are octahedrally coordinated

S. Ghosh et al. reported*® a tetranuclear cubane-like core structure [Zn4Os]. Diethylzinc (ZnEt,) and
Schiff-base ligand has taken as a molecular precursor in a 1:1 ratio for the reaction and toluene as a
solvent for 12 h at 23 °C. From single-crystal X-ray analysis, it is clear that among all the crystal

structures only dibromo-substituted ligand containing tetranuclear complex forms one open ring
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tetranuclear cubane-core. (Figure 32b) Zinc atoms adopt square-pyramidal coordination geometry for

all cases.
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Figure 32: (a)Synthesis of defective di-cubane and (b) cubane zinc Schiff base cluster

Interestingly two chiral enantiomeric novel clusters of tetranuclear zinc, formulated as, R-
[Zna(HL)2(L)2(CH30H)2](NOs), (Figure 33(b))and S-[Zna(HL)2(L)2(CH3s0H)2](NOs), was reported by
H. Yu et al.*" They have used a chiral ligand R/S-H.L (H.L=2-[(1-benzyl-2- hydroxy-ethylimino)-
methyl]-6-methoxy-phenol) (Figure 33(a)) to synthesized this clusters. SCXRD data indicate that zinc
atoms present in the cluster have adopted two types of coordination modes; distorted square-pyramidal,
and distorted octahedral geometry. The structural core of the cluster forms a Zn,O, boat-shaped
skeleton. (Figure 33(c))
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Figure 33: (a) Chiral Schiff base 2-[(1-benzyl-2- hydroxy-ethylimino)-methyl]-6-methoxy-phenol (b)
Structure of (R)-[Zns(HL)2(L)2(CH3s0H)2](NOs3) (c) Core structure of (R)-
[Zn4(H L)z(L)z(CHsOH)z](NOe,)z

P. Ghorai et al. reported* another different type of tetranuclear Zn(11)-Schiff base cluster with corner
defective cubane structure using Schiff-base (E)-2-methoxy-6-((quinolin-8-ylimi-no)methyl)phenol.
(Figure 34a) Single-crystal X-ray analysis shows that a core structure of cluster three zinc atoms is
hexacoordinated On geometry and one zinc atom is highly distorted trigonal bipyramidal geometry.
(Figure 34b)

(@) (b)

Figure 34: (a) Structure of corner defective tetranuclear zinc Schiff base cluster (b) Core structure of
the defective tetranuclear cluster

E.C. Constable et al. reported® a pentanuclear  Zn(ll)-Schiff-base  cluster
2{[Zns(L)s(MeOH)(OH,)]}.6MeOH.H,0O (Figure 35) (L= 2-Ethoxy-6-(((2-
hydroxyphenyl)imino)methyl)phenol) as a minor product. It was obtained self-assembly of ZnCl, and
ligand (L) in basic condition mix solvent DCM/MeOH. SCXRD shows that in the moiety three zinc
atoms are six coordinated (On geometry) with OsN coordination sphere and two Zn (l1)-ions are penta

coordinated with O4N coordination sphere. Among the two penta-coordinated Zn(Il)-metal ions one

24



adopts square pyramidal geometry and the other is in-between SP and TBP geometry. {Zns(p-O)s(us-
O)s}-motif is the first reported in discrete molecule cluster at that time.

Figure 35: Structure of {[Zns(L)s(MeOH)(OH.)]} cluster
Using an inflexible-conjugated bis-Schiff-base ligand N,N-bis(3-ethoxysalicylidene)hydrazine (HzL)
self-assembled pentanuclear zinc complex [Zns(L)2(OAc)s(H20),] (Figure 36a)was synthesized E. Liu
et al.’® SCXRD discloses that central zinc atoms are perfectly octahedrally coordinated with ZnN,O4
core environment and besides the central metal atom two zinc atoms are distorted octahedral
coordination with NOs core environment. The terminal two zinc atoms are tetra-coordinated with the

ZnQOy core.

N. Hari et al.*}, a new type of Zns-core containing Schiff-base complex [Zn"s(HL)2(us-OH)2(NOs)4]
(Figure 36b) was synthesized. X-ray structure analysis shows that two ligand molecule forms a
tetranuclear Zn4 fragment, to which one more Zn(l1)-ion is dangling and connected the Zn4 fragment
with two alkoxide oxygen atom of the two Schiff-base ligands. Four zinc atoms are present as distorted

square-pyramidal and one zinc atom is in a distorted tetrahedral geometry.

PN N\
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Figure 36: (a) Structure of [Zns(L)2(OAc)s(H20),] cluster and (b) Structure of [Zn"s(HL)2(us-
OH)2(NOs3)4] cluster
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E. C. Constable et al. reported* a hexa-nuclear Zn(I1)-Schiff-base cluster [Zne(L)sClo(OH)2(OH>).]
(where  HzL=2-Ethoxy-6-(((2-hydroxyphenyl)imino)methyl)phenol). (Figure  37a) Two
hexacoordinated octahedral ZnOsN environments and four penta-coordinated by ZnOsN and ZnO4Cl

are present in the crystal structure.

Another Hexa-nuclear Zn(I)-Schiff-base cluster reported by S.K. Kushvaha et al.’2 They have
synthesized [Zn(I1)s(L-Me)s(MeOH),]-12MeOH (Figure 37b) at room temperature with two equivalent
ZnCl, salt and one equivalent Schiff-base ligand in methanolic solution. SCXRD analysis reveals that

four Zn(ll)-ions are hexacoordinated and two are penta-coordinated.

(@ (b)

Figure 37: () Structure of Hexa-nuclear zinc Schiff base cluster [Zns(L).Cl2(OH).(OH).] (b)
Structure of Hexa-nuclear [Zn(I1)s(L-Me)s(MeOH)-]-12MeOH clusters

Using three different Schiff-base ligands (Figure 38 ) similar disk-type core heptanuclear zinc Schiff-

base cluster was synthesized.
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Figure 38: Schiff base ligands

S. H. Zhang et al. reported®® a heptanuclear disc-shape cluster [Znz(OH)e(mimmp)s](NOs). (where
mimmp= anion of 2-methoxy-6-methyliminomethyl-phenolic)(Figure 39a). It was synthesized using
the solvothermal synthesis method in a microwave reactor. SCXRD shows that six zinc atoms are planar
and inside this, a Zn-ion is situated forming a heptanuclear disc-like arrangement. The central Zn (I1)-
ion is positioned in a slightly distorted octahedral geometry and connected with the six Zn-metal ions
with six ps-hydroxide bridges. All the six terminal Zn atoms are present in a distorted octahedral ZnNOs

environment, and the core zinc atom has a ZnOg octahedral environment.
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H. Zhang et al. synthesized> similar disk-shaped {Zn'"7} core polynuclear Zn(I1)-Schiff-base cluster
[Zn7L6](NOs3)2-2CH3sOH. (Figure 39b) 2-(2-hydroxy-3- methoxybenzylideneamino)phenol} (H.L) was
used to synthesize the molecular cluster under solvothermal conditions. Interestingly they have used
Gd(NOs3)3.6H20 as a source of counter ion nitrate even though no gadolinium ion is present in the
product crystal structure. From different optimization, they concluded that the gadolinium ion helps the
formation of the cluster. Single crystal X-ray analysis reveals a contradiction with the disk-like cluster
reported by S.H.Zhang et al.%, central zinc atoms and the six peripheral zinc atoms are linked by six
us-0xo bridges and six Zn(11)-ions present on the rim of the disk-like shape structure interlinked between

them by p2-0xo bridges in a pairwise manner.

(@ (b)

Figure 39: (a) Structure of heptanuclear disc-like cluster [Zn7(OH)s(mimmp)s](NOs). (b) Structure of
heptanucler disk like [Zn7Ls](NOs)2-2CH3sOH cluster

R. Gheorghe et al. reported®® another similar disk-shaped heptanuclear Schiff-base cluster [Zn7Ls(ps-
OCHj3)s](ClO4), (Figure 40) wusing o-vanillin base Schiff-base, N-(2-hydroxy-3-methoxy-
benzylidene)-2-methoxy-benzylamine (HL). Single crystal X-ray analysis shows that in comparison
with the reported disk-like structure reported earlier the rim Zn(ll)-ions and the central Zn(ll) are

connected with six ps-0xo bridges of methoxide(OMe anion).
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Figure 40: Structures of disk-shaped heptanuclear Schiff-base cluster [Zn7Le(ps-OCHz)s](ClOa4)2

J. Sanmartin et al. reported an unusual self-assembled pseudo-tetrahedral core ZngO13 containing Zn(lI1)-
Schiff-base cluster®® [Zng(L)s(H20)s]-H20-0.25MeCN was reported. (figure 41a) where [H4L = N,N’-
bis(3-hydroxysalicylidene)- 1,4-diaminobutane] was used as a tetra-protonated ligand to assembly the
cluster where in all the Zn(ll)-ions are penta-coordinated distorted environment. The SCXRD data
shows that four ligand molecules assemble the Zn(ll)-ions in a pseudo-tetrahedral arrangement with
thirteen p-phenoxo bridges. (figure 41b) The other four inner Zn-metal atoms lay on four tetrahedral
edges forming a square. The Zn-atoms in the cluster are present in a perfect trigonal-bipyramidal,

distorted trigonal-bipyramidal, and distorted square-pyramidal environment.

/
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Figure 41: (a) Structure of octa-nuclear zinc Schiff base cluster [Zng(L)4(H20)3]-H20-0.25MeCN (b)
Core structure of [Zng(L)4(H20)3]-H20-0.25MeCN
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(b) Cd-related clusters:
(i) phosphinic acid clusters:

Most of the reported metal phosphinates are formed in polymeric®’. Depending on the structure of
phosphinic acid ligands 1D, 2D, and 3D structures form. Using different paramagnetic (Co, Mn,
etc)/diamagnetic (Cd, Zn, Hg, etc) metal atoms variety of interesting magnetic properties containing
materials, luminescent materials, and porous materials of phosphinates have been reported. In the
following section, we discussed a few examples of cadmium-related phosphinate clusters and their
structure in the solid state.

Peter Betz et al. reported® Cd-phosphinate (figure 42a) containing polymeric chain,
Cd(HCONH_2)2[H(CsHs)PO5]2 repeating unit present in the molecular structure. The SCXRD analysis
shows the cadmium atom is octahedrally surrounded with O-atoms of four phosphinic acid in a square
planner plane and two axial coordination satisfied with the O-atom of formamide ligand. Another
polymeric Cd-phosphinate of ferrocenyl phenyl phosphinic was reported by Olivier Oms et al. in

2005.%° From the physical measurements they proposed the structure of the compound (figure 42b)
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Figure 42: (a) Structure of polymeric Cd(HCONH:):[H(CsHs)PO:]2 (b) Proposed structure of
polymeric Cd-phosphinate of ferrocenyl phenyl phosphinic

Li-Jie Dong et al reported® [Cd(L)(bipy)(H20)2] (1), a metastable 3D-Cd-coordination polymer,
utilizing (2-carboxyethyl)(phenyl)phosphinate(H.L) and 4,4’-bipyridine(bipy) at room temperature
reaction. (Figure 43a) Hydrothermal reaction with 1 at two various temperatures, two different 2D
[Cd(L)(bipy)] (2) and 3D [Cd(L)(bipy)0.5]-0.5H,0 (3) Cd-coordination polymer was prepared by self-

assembly-disassembly and reassembly of 1. (Figure 43b)
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Figure 43. (a) Structure of 3D coordination polymer [Cd(L)(bipy)(H20)] (b) Scheme of the
preparation of 2D and 3D coordination polymer [Cd(L)(bipy)] and [Cd(L)(bipy)0.5]-0.5H.0

A. V. Anyushin et al. synthesized® yet  another  polymeric  compound
[Na2CdClz(O.P(CH20H)2)2(H20)3]. The crystal structure is shown here (Figure 44 a).

Using co-ligand phenanthroline and carboxylate-phosphinate (HzL) as ligand C.C. Zhao et al.
synthesized®? three isomeric double chain array containing supramolecular architectures of cadmium
phosphinates [Cd(L)(phen)](1), [Cd(L)(phen)].3(H20) (2), [Cd(L)(phen)].13/6(H.0O) (3). These
molecules differ in the lattice water molecule and the supramolecular architecture. From X-ray analysis
of 1 (Figure 44b) it doesnot contain any lattice water molecule in between the double chains. The
double chain assembled to form a 3D supramolecular architecture through van der Waals forces.
Structure 1 contains one Cd?* ion, one L2 anion, and one phen ligand in the asymmetric unit. Cd-atom
adopts a distorted Oy, environment with two phosphinate O-atoms, one carboxylate group from three L>
ligands, and the remaining two sites are coordinately saturated with phen ligand.

oS

(@) (b)

Figure 44: (a) Core structure of coordination polymer [Na,CdCl,(O,P(CH,0H).)2(H-0)s] (b)
Structure of polymeric [Cd(L)(phen)] (L= 2-carboxyethyl(phenyl)phosphinic acid)
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Two novel Cd-compounds [Cd(HL).]» and [Cds(L)2(OH).], were reported by C.C. Xue et al.®® in a
hydrothermal reaction condition with chloride salt of cadmium and substituted phosphinic acid (H.L)
under pH 2.69 or 5.00 (Figure 45a). A 2D extended layer structure was prepared at pH 2.69 where only
phosphinic acid hydrogen was deprotonated and the carboxylic acid hydrogen remains intact. Another
2D extended layer structure was prepared with increasing pH 5.00 and total deprotonation of the two
acidic groups of the carboxy-phosphinic acid ligand (HzL). X-ray structural analysis reveals that in both
cases Cd-ions are present in a distorted octahedrally coordinated. In the latter case hydroxy group (ps-

OH) connects three cadmium atoms to construct an inorganic chain of Cd-O-Cd along the x-axis.

Another example of a reaction with 2-carboxyethyl(phenyl)phosphinic acid (H.L) and cadmium
chloride was reported by L. Zhang et al.%* They have synthesized one 2D layer containing dimeric
motifs which are three-dimensionally supramolecular assembled [Cd(HL).] (Figure 45b)and another
discrete dimeric structure [Cd(L)(phen) (H20)].2H.O(Figure 45c). In this case, too as in the former
structure ligand is partially deprotonated and in the latter case, the ligand is fully deprotonated. In both
cases Cd (Il)-ion is distorted octahedrally coordinated.

CdCl,.2.5H,0 + ©\P/OH
pH =2.69 pH =5.00
Hydrothermal
160 °C

s

{

(b) (©)
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Figure 45: (a) Preparation scheme of coordination polymer [Cd(HL)2]» and [Cd3(L)2(OH)2]. (H2L =
2-carboxyethyl(phenyl)phosphinic acid) (b) 2D layer motif of [Cd(HL).]. (c) Discrete dimeric
structure of [Cd(L)(phen) (H20)].2H-0O

R. Shekurov et al. synthesized®® a electrochemically-active coordination polymer of ferrocene,
[Cd(H20)2(Fc(PHOO)2).2H20]n (fc = 1,1°-ferrocenediyl). In the grown molecular structure, cadmium
atoms are connected with phosphinate group to form infinite chains, these infinite chains form a 2D
coordination polymer interconnecting by both side of the ferrocene-bis-phosphinate groups. (Figure
46a)

M. B. Garcia et al. reported® Cd -phosphinate-carboxylate coordination polymer
Cd[O2P(CH2CH2COOH)(CsHs)]2 which displays layer topology. (Figure 46b) They have done a
hydrothermal reaction with ligand 2-carboxyethyl(phenyl)phosphinic acid (H.L) and Cd(OAc)..2H,0
as a molecular precursor. Single crystal X-ray analysis shows that divalent cadmium ion is in a distorted
octahedral environment consists with four oxygen atoms of phosphinate group and two carboxylate
group oxygen atoms from six ligands. The CdOs polyhedra sheets are connected with bridging
phosphinate groups.
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Figure 46: (a) Structure of polymeric [Cd(H20).(Fc(PHOO),).2H20]. (fc = 1,1’-ferrocenediyl) (b)
Structure of polymeric polymer Cd[O,P(CH.CH,COOH)(CsHs)]-

1.4. SMM- an application of lanthanide clusters:

(a) General Introduction:
Lanthanides/ Lanthanoids are the elements that have a special position bottom of the periodic table,
starting from atomic number 57-71(Lanthanum-Lutetium). Sometimes these are called rare-earth

elements. Though it is called rare-earth in the earth's crust it is found more than some common elements

cerium is the 26" more abundant than copper. Neodymium, thulium is more abundant than gold, iodine

32



respectively. Promethium is the only radioactive element among them. Lanthanides are abundant in the
minerals such as samarskite an oxide ore, monazite a phosphate ore. In the ore, all lanthanides are

mixed, and their separation is not so easy because of the similar properties and similar ionic radius.

Magnetism and luminescence are some of the physical properties of lanthanides, which are extremely

investigated and a brief introduction to magnetism is presented here.
Diamagnetic material

All the electrons inside a diamagnetic material are paired. In presence of an externally applied magnetic
field, diamagnetic materials are repelling the line of force of the magnetic field. The diamagnetic
material shows very weak negative magnetic susceptibility(y). In the absence of the field, the magnetic

susceptibility will not be retained.
Paramagnetic material

Paramagnetic materials have unpaired electrons for which in the presence of the externally applied
magnetic field, the line-force of material attracts each other. It shows a positive magnetic susceptibility.
In absence of the field, the magnetization will not be retained. A small, induced magnetization remains
due to the presence of little spin present in the paramagnetic material which is not parallel to the applied

field when applied external magnetic field.
Ferromagnetism

Ferromagnetic substances have electron spin parallel with san externally applied magnetic field. In
absence of the magnetic field also a large magnetic moment remains. Ferromagnetic materials show

ferromagnetism up to a characteristic temperature called Curie temperature.
Antiferromagnetism

Antiferromagnetic material has neighboring electron spins antiparallel and the magnitude of those
electron spins is equal and opposite. So the total magnitude of the magnetic momentum is nil. At
absolute 0 K, it behaves like diamagnetic material. Above a certain temperature, it behaves as

paramagnetic material called Neel temperature.
Ferrimagnetism

Ferrimagnetism is a special case of antiferromagnetic material phenomena. Though all the neighboring
spins are antiparallel the magnitude of those spins is not equal as a result a net magnetic moment is
present in the ferrimagnetic substances. Above a certain temperature called Curie temperature

ferrimagnetic material shows paramagnetism.
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Figure 47: Spin arrangement of different types of magnetic material
Superparamagnetism

Superparamagnetism is a special case of ferromagnetic/ferrimagnetic material property that has the
particle size dimension of 2-3 to 20-30 nm. At room temperature, the magnetization of this nanoparticle
randomly flips, the time to flip the direction under the influence of temperature is called ‘Neel relaxation
time’. In absence of an externally applied magnetic field, when the measurement time of the
magnetization of the nanoparticle higher than the time of Neel-relaxation, the average magnetization is
zero; a superparamagnetic state of the nanoparticle is observed. In this state in presence of an external
magnetic field, It is behaving similar to the paramagnet (Ysuperparamagner > Yparamagnet). SUPErparamagnetism
occurs below Curie temperature whereas ferromagnetic/ferrimagnetic to paramagnetic state occurs

above Curie temperature.
(b) SMM and working principle of SMM:

Sessoli and co-workers reported®” the magnetic behavior of Mni,-OAc for the first time in 1993. Before
that magnetism was bound up to a few hundred nanometers with nanomaterials. After the discovery of
the single molecular magnetism (SMM) property of Mn2-OAc, this scale comes down to the molecular
level to a few angstroms. Here each of the molecules behaves like a bar magnet. SMM is magnetic
molecules/clusters which are constructed with spin metal ions and ligands (an organic moiety). Inside
the core, metal atoms are protected by organic moiety to minimize the intermolecular interaction with
the neighboring spins. SMMs exhibit magnetization after removing the magnetic field for a relatively
long time at low temperatures. Unlike bulk magnets such as AINiCo or SmCos, SMMs do not require
long-range magnetic interactions, it’s a molecular origin phenomenon. The hysteresis loop below a
certain temperature (blocking temperature Tg) is a measure of SMM property. After the removal of the
magnetic field, the bistable ground state molecule has to overcome certain energy barriers to be
equilibrated which means from one spin projection to another lowest energy spin projection a minimum
energy barrier (Uess ) or anisotropic energy barrier is required. A minimum time required to be
equilibrated is called relaxation time(t), and only because of it does the term come ‘memory effect’.
The relaxation process and magnetization can be described with the double-well potential energy
diagram. The memory effect of the magnetic bistable state of the SMM has a potential application in

the field of high-density information storage, molecular spintronics, and quantum computing.

Large negative uniaxial magnetic anisotropy and bistable non-zero ground state are the two essential

requirements to exhibit SMM behavior. The energy difference (AE) between the two bistable ground
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states is represented by the formula S? | D | and (S 1/4) | D| for integer and non-integer spin values
respectively, where S denotes the ground state spin value and D denotes axial anisotropy term/ zero-
field splitting (ZFS) parameter.

(c) Relaxation processes

Removing the externally applied magnetic field to reorient the magnetization through the whole excited
energy levels is not the only path to overcome the energy barrier. The quantic characteristic of these
single molecular magnetic materials makes various complex relaxation pathways that are very subtle
towards temperature, magnetic field, hyperfine (interaction between nuclear and electronic spins), and
intermolecular interactions. The relaxation processes are the spin-phonon coupled processes (Orbach,
Raman, and Direct processes) or the processes caused by the quantic behavior of the material(QTM
(Quantum Tunneling of Magnetization)and TA-QTM(Thermally assisted QTM)). Relaxation processes

are occurring in these three regimes.
1) At a high-temperature thermal regime:
2) At a low-temperature QTM regime:
3) Thermal-assisted QTM regime:
Spin-phonon coupled process:

There are three spin-phonon coupled processes present. a) Orbach process b) Raman process and ¢)
Direct process. Among the spin-phonon coupled processes Orbach and Raman processes are two

phonon relaxation phenomena, and the Direct process is only one phonon relaxation phenomenon.

a) In an Orbach process, large phonon energy is required to overcome the entire energy barrier. First,
the system absorbs the exact energy phonon to overcome the highest energy sublevel (Ms=xS) from the
ground energy sublevels (Ms=0). Then excited state system relaxed to any of the ground states Ms=+S

with the new phonon emission. It occurs at high temperatures.

b) In the Raman process, the system absorbs phonon to reach a virtual excited state and then emits
another phonon. In this case, the phonons are obsessed with the inelastic dispersion mechanism. The
two phonons' energy difference corresponds to the sublevel (£Ms) energy difference in the ground state.

Raman process is observed throughout the whole temperature range.

c) Direct process is a single phonon absorb or emission phenomenon. The single phonon absorption
occurs relates to the energy difference of the +Mssublevels in the ground state. This process is field-
dependent, at a higher field the relaxation behavior becomes faster which means the relaxation time

decreased.
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Quantum Tunneling of magnetization (QTM):

QTM is another important relaxation process that generally occurs in low temperatures between two

same energy-containing ground state sub-levels. Doubly degenerated ground state (£Ms) with the same

energy when coming into resonance a reversal of spin happens, is called the QTM process. This is a

process where the spin reversal takes place in a shortcut path without crossing the whole excited energy

levels barrier with no-cost energy. Thermally assisted quantum tunneling of magnetization (TA-QTM)

is a combined process of phonon absorption by the system to populate the excited state and then from

the exited state directly relaxation of one state to another state of the opposite sign of same energy sub-

levels (+Ms to -Ms or vise-versa).
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Figure 48: Types of relaxation processes
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Figure 49: Double well potential diagram with relaxation processes
The time of different relaxation processes is given by the general formula
11 =1lomm + AT + BT" + 18 exp (- Ueri/ksT)

where the first,2™,3% and 4" terms are the quantum tunneling of magnetization, direct process, Raman

process, and Orbach processes respectively.
(d) Plot analysis of SMM detecting behavior:

AC magnetic field and DC/ Static magnetic field measurement are the two techniques that have been

used to measure the SMM behavior of magnetic material.
AC magnetic susceptibility:

Out-in-phase (y’m) and Out-of-phase (y’’m) susceptibility are the two techniques of the alternating

magnetic susceptibility measurement.

Out-of-phase (y’’m) susceptibility measurement measured at 2 K-300 K temperature range. There are

also two types of measurement has done

1) ¥”’m (T) plot, where x”’m vs T will be plotted by varying frequency of the field. (Figure 50a)
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2) x’m (v) plot, where *’m vs v will be plotted by varying temperatures. (Figure 50b)
In the frequency-dependent peaks in x’’m (T) plot the frequency varies from 0-15 K.

Among these two plots, the x’’m vs frequency(v) plot is more informative. From this plot, we can know
whether the QTM occurs or not for a magnetic material. If the position of the maxima of the y’’wm (V)
plot is not varying with the temperature change then it can be said that the process is temperature
independent, so QTM phenomena are not operating for the relaxation process (which operates major at
a lower temperature). The position of the maxima of this plot depends on the relaxation time (7).
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Figure 50: (a) x’’m vs T plot and (b) y*’m vs v plot

Cole-Cole plot

A Cole-Cole plot indicates the number of relaxation pathways. It is a x’’m vs x’m plot with various
temperatures. (Figure 51) For a particular temperature, it gives a semicircle-like graph which is fitted
by the Debye model. The fitting value provides a term ‘a’ comes which has a value between 0 and 1.
The value close to zero and more than zero indicates the single and multiple relaxation pathways
respectively.

000000000000
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Figure 51: Cole-Cole plot
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DC magnetic susceptibility:

Another technique to detect whether a magnetic material behaves SMM is the field dependence of the
magnetization at various temperatures. Here plot contains M vs H where M is the magnetization term
in the unit of Nugs and H represents the magnetic field in the unit of Oresested (Oe) or Tesla (T). (Figure
52) The openness of the hysteresis loop is an indication of showing SMM behavior. The area under the
loop is the indicator of the hardness/strongness of the SMM behavior. Greater the area under the loop
greater its SMM property. Even after the presence of large Ues due to lack of open hysteresis loop or
presence at very low temperature (2 K) SMM property will be less. From this, an important SMM
characterization parameter termed blocking-temperature (Tg) was observed. The highest temperature at
which the hysteresis loop opens is called the blocking temperature.
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Figure 52: Hysteresis loop
(e) First SMM of transition metal:

The Famous Mni2-OAc cluster is the first reported SMM among transition metal clusters (Figure 53d).
Its fascinating magnetic property was studied by Sessoli et. al. in 1993 introducing a new era in
magnetism. The synthesis of the Mni,-OAc cluster was first reported by Caneschi et. al. in 1980.% In
the tetragonal crystal structure of Mn1,-OAc, four Mn(1V) (d®, S=3/2) present in the core as cubane and
outer ring eight Mn(l11) (d* S=2) surrounded like a crown with oxo bridges. All four Mn(IV) coupled
themselves ferromagnetically and eight Mn(l11) coupled themselves ferromagnetically(Figure 53e).
Overall in the cluster, Mn(1V) and Mn(I11) coupled themselves antiferromagnetically. In 1991 Gatteschi
and coworkers with the help of high-field electronic paramagnetic resonance(HF-EPR) and magnetic
measurement proved that the total S=10 spin state of Mn1,-OAc cluster.®® An interesting observation
was shown from the ac magnetic susceptibility measurement of the complex by Sessoli, Gatteschi,

Christou, and Hendrickson in 1993.7 (Figure 53a)The ac susceptibility measurement has been done
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between 4-25 K in zero applied field and frequency range 55-500 Hz, an unusual non-zero imaginary
component of susceptibility (y’’m) was observed. The maxima of the ’’w are frequency-dependent same
as superparamagnet and spin glasses. It indicates relaxation effects associated with magnetization. Same
year Gateteshi and Sessoli observed the magnetic bistability in the Mn1.-cluster which is useful for data
storage devices at the molecular level. They have found this highly anisotropic Mni>- cluster
magnetically relaxed very slowly at low temperatures below 4K, showing a noticeable hysteresis loop.
(Figure 53b)This behavior is different from the bulk ferromagnet where the hysteresis loop is observed
because of the domain wall's motion. In 1996, the macroscopic QTM (quantum tunneling of
magnetization) in SMM (steps in the hysteresis loop) was first observed by Frielman et. al.”%, then it
was confirmed by Thomas and coworkers.”? This special feature connected the quantum world to the
macroscopic world, that’s why this phenomenon of Mni,-cluster is so interested among physicists and
chemists.

Magnetic anisotropy of this complex is arising due to the alignment of the J-T axes (Jahn-Teller) of the
Mn(l1)-ions (d*=tpg%eqt)in the same direction. The bistable ground state for S=10 is split into 21
microstates (2S+1=2*10+1) due to the axial anisotropy of the molecule itself, Ms=+10, 9, +8,..........
11, 0. (Figure 53c) When a zero external magnetic field is applied, the two bistable groundstates are
equal in energy but when a field is applied, one state has become more populated than the other viz.
Ms=+10 or M =-10. After magnetization in the field switch-off situation again both states tried to
equilibrate through an energy barrier (Uetr). This depends upon the axial anisotropic parameter (D) and
the total number of spin values (S). Uerr= S?| D | and (S? 1/4) | D | are the equations for integer and
non-integer spin values. For Mn1,-OAc cluster the values are S = 10 and D = -0.51 cm™ so the energy

barrier (Ues) is 51 cm™.
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Figure 53: (a) AC susceptibility measurement of Mni2-OAc cluster (b) Hysteresis loop of Mni,-OAc
cluster (c) Double well energy diagram of Mn1>-OAc cluster (d) Structure of Mn1>-OAc cluster (e)

Core of Mni2-OAcC cluster with spin orientation

(f) First SMM of Lanthanide:

Ishikawa et al. first reported lanthanide double-decker phthalocyanine complex [BusN][LnPc;] (Ln =
Th, Dy and Pc = pthalocyanin) showing SMM property (Figure 54a).”™ This new class of complexes
shows SMM with a different mechanism from the TM-SMM. Koike et al. comprehensively studied the
crystal structure of these double-decker complexes.”* The complex is a Dag Symmetric, square-
antiprismatic eight coordination geometry sandwich lanthanide ion in between two phthalocyanine
ligands and the two ligands are mutually staggered in conformation. AC magnetic measurement of
[BusN][TbPc;] (Figure 54b) and [BusN][DyPc;] complexes show the slow-relaxation of SMM
behavior. Magnetic susceptibility data of in-phase (y’) and out-of-phase (y’’), for the pure sample and
magnetically dilute sample was collected doping with isostructural diamagnetic [BusN][Y(Pc).]. The

diamagnetic host lattices remove intermolecular interaction from the neighbor molecule [BusN][LnPc;]
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(Ln=Tb, Dy) and slow down the spin-flip of the magnetic dipole. A shifting of the ym’’/ ymand }’T vs
T signal peak to higher temperature was clear evidence that the SMM property of these complexes is a
completely molecular origin phenomenon. (Figure 54b) Arrhenius analysis of the 1:4 (Ln:Y) diluted
sample shows Uer =230 cm™ and 31 cm™ in [BusN][TbPc:] and [BusN][DyPc,] complexes respectively.
The surrounding matrix of phthalocyanine complexes has a very much effect on the crystal-field
splitting of Ln-SMM is studied by solid-state *HNMR. For undiluted and diluted [BusN][TbPc;]
complex with [BusN][Br], Uesr = 584 cm™ and U = 641 cm™ is observed respectively.”® A
comprehensive scrutiny of ligand-field parameter and ac susceptibility measurement suggests that the
relaxation pathway for Th-complex; Orbach process dominated between 25-40 K range, and below 25
K direct or Raman-process or tunneling directly occurs from the ground state. Whereas for Dy-complex,
the Orbach-process is the main pathway at 3-12 K range.”®’® Relaxation process occurs from the lowest
and 2"-lowest sub-levels of the lanthanide ions. For A ‘stepped chair hysteresis loop’ for the
phthalocyanine complexes is caused by a fundamentally different QTM relaxation mechanism for Ln-
SMM; the nuclear and electronic spin entanglement is absent for TM-SMMs.”® Lanthanide
phthalocyanine becomes the Mni,Ac for the lanthanide-SMMs due to the most frequently studied Ln-
SMM.

[PczLn]— (Ln = Tb, Dy, Ho, Er, Tm, or Yb)

2’ TlemuK mol ')

(@ (b)

Figure 54: (a) Structure of [LnPc2] (b) x’T vs T (top), x”’/xM vs T (middle), x’” vs T for a powdered
sample of [TbPc;] (open points), and for Th derivative diluted in diamagnetic [BusN][YPc;] (filled
point)

From the first Mni.-SMM to recent in the field of single molecular magnetism development
happened following some strategies keeping in mind to step up the energy barrier (Uesr) and blocking
temperate (Tg). Prior stage of the SMM era, increasing the total spin (S) is the only strategy to step up
the energy barrier since, concerning the energy barrier Uerr = S? | D | , the quadric nature of the total
spin term is more pronounced. Then the race begins to obtain the highest spin value with polynuclear
transition metal-based clusters. Very much promising examples of large ground spin states containing
metal clusters have been synthesized such as Mnig (S = 83/2), Mngs (S = 61/2), and Feq(S = 45). But
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unfortunately, these are not showing any SMM or very less. So, knowledge gained from the failure of
the strategy that magnetic anisotropy is another important parameter in designing high-performance
SMMs. After the discovery of the SMM property of [BusN][LnPcz] (Ln=Tb, Dy) by Ishikawa et al. it
was understood that a single lanthanide ion can be shown a better SMM property though it has a smaller
spin state compared with the polynuclear TM-clusters in term of effective energy barrier (Uetr). Now it
is more focus shifted toward increasing the magnetic anisotropy of the complexes. In this regard,
lanthanide is the best choice for procedure bistable ground state which is the essential condition for the
SMMs. The orbital strong orbital contribution to the ground state generates inherent magnetic

anisotropy in the lanthanide complexes which is different from the observation from the TM complexes.

Here in the following section, we will discuss a few breakthrough examples of lanthanide SMMs.
(9) Few breakthrough examples of lanthanide SMM:

Powell and coworkers in 2006 were reported®® two similar interesting
trinuclear clusters [Dys(us-OH)2L3sCI(H20)s]Cls and [Dys(us-OH).LsCI(H.0)s]Cls  (Figure 55).
SCXRD analysis shows that all the dysprosium atoms are octa-coordinated distorted geometry. This
coordination geometry is pentagonal bipyramidal with one side of the pentagonal plane vacant. In the
vacant pentagonal plane site above and below the plane, two ps-hydroxo groups are present. An
unprecedented non-magnetic ground state was observed, which is not expected for an odd number of
paramagnetic centers with a J value of half-integer and slow magnetic-relaxation. These three
dysprosium centers are coupled antiferromagnetically with each-other through oxo-bridges. In 2008
Sessoli and Chibotaru et al. revealed the reason for a nonmagnetic ground state (experimentally and
theoretically) that the single-ion easy axes of magnetization arranged themselves in a way noncollinear
120° on the plane of the Dys; triangle system. From these results, the remarkable phenomenon called

‘toroidal magnetic moment’ or ‘vortex spin chirality came into the picture in the SMM family.

@

Y. .y

—

Figure 55: Structure of [Dys(us-OH)2L3CI(H20)s]Cls
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A record anisotropic barrier of a tetranuclear complex [Dya(us-OH)2(bmh)2(msh).Cl] (Figure
56a)(where H)bmh = 1,2-bis(2-hydroxy-3-methoxybenzylidene)hydrazone and Hmsh= 3-
methoxysalicylaldehyde) hydrazone was reported by Murugesu et al.8* X-ray analysis reveals that this
is centrosymmetric complex with monoclinic P21/c space group. Two types of dysprosium atoms are
present. in eight-coordinated DyNOsCl and DyN»Os coordinating environment with square-
antiprismatic geometry. It has a defect-dicubane central core structure where all the four Dy(lll) are
coplanar and these four coplanar Dy(III) are connected with two ps-OH bridges above and below the
plane. Zang et al. reported a similar Dys-core. Frequency-dependent ac magnetic susceptibility shows
that two maxima in the peaks exist at 9 K and 30 K, stipulated two type of relaxation processes are
operating in the molecular system at low and high temperatures. From Arrhenius analysis, two
anisotropic energy barriers were calculated Uesr= 9.7 K (10= 3.2x10°s) and Uesr= 170 K (1o=4x107s).
At high temperatures, this slow magnetic relaxation is a very unique property. At that time, it was the

record Uerr among the polynuclear SMMs.

In 2011 Winpenny et al. synthesized®? square-based pyramid pentanuclear cluster [DysO(O'Pr)is]
(Figure 56b) which shows slow magnetic relaxation at temperature 40 K and U =530K. At that time,
it was the largest observed Ue among the d and f-block compounds. SCXRD reveals that in this
compound all the Dy(lI1)-ions are six-coordinated and the center of the cluster ps-0xo bridge is present.
Each Dy(l11)-ion has non-crystallographic Ca, . Among the thirteen isopropyl groups four us- O'Pr, four

u- O'Pr, and five terminal isopropoxide at each Dy(lll) are present.

Chandrasekhar et al. reported® two isostructural tetranuclear-rhombus-shaped clusters [{(LH).Dya} (p-
0)4](H20)s-2CH30H-8H,0 (Figure 56c¢)and [{(LH)2H04}(p2-0)4](H20)s:6CH3OH-4H,0O using a
hexadentate  Schiff-base hydrazide ligand (6-Hydroxymethyl)-N'-((8-hydroxyquinolin-2-yl)-
methylene) Picolinohydrazide (LHs). SCXRD reveals that in this complexes lanthanide atoms and
donor atoms of the ligand are present in the same plane, is the first example of this type of complex. In
the structure of the complex two ligands are present. Each ligand molecule binds two lanthanide atoms
in the two pockets of the ligand and forms two [LH(Dy).]** subunits. These two subunits are connected
with four po-0xo bridges above and below the molecular plane to form Dys-assembly. Two Dy(l11)-ions
are eight coordinated dodecahedron and seven coordinated geometry. Among Dy4 and Ho4, only Dy4
shows slow magnetic relaxation behavior below 20 K. From the frequency-dependent ym~ vs
temperature(T) graph it reveals that two maxima were observed at lower and higher temperature regions
with Uesr = 16.8 K (10 = 1.4x10°s) and 54.2 K (10= 7.2x107s) respectively. This peculiar response

shows the presence of two dysprosium sites with distinct coordination spheres and geometry.
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Figure 56: (a) Structure of [Dya(us-OH)2(bmh)2(msh)4Cl.]s (b) Structure of [DysO(O'Pr)13] (c)
Structure of rhombus-shaped complex [{(LH)2Dya} (p12-O)4](H20)s-2CH30H-8H,0

Using bulky hindered phenolate ligand Gao and coworkers reported®* another interesting cluster. They
have synthesized a di-nuclear symmetric hydroxide-bridged complex [Dy(u-OH)(DBP).(THF)]. (DBP-
= 2,6-di-tert-butylphenolate) (Figure 57a). SCXRD reveals that both dysprosium are five coordinated
square-pyramidal (Cay) geometry. Two dysprosium ions are connected with two hydroxide ions each
other. From magnetism data, Arrhenius fitting data at ZSF (zero static field) gave Uesr = 721 K (10=
6.6x1022s) and dual fitting data gave Uer= 754 K (10= 3.5%x102s) which implies the predominate
Orbach process. This result is the highest Uet among 4f-only dimers up to 2017. Due to the large Dy-
Dy magnetic interaction and well-separated thermal relaxation regime and quantum tunneling regime,
this is an excellent model to study the relaxation pathway of SMMs with intramolecular Dy-Dy

magnetic interactions.

Although polynuclear lanthanides are giving a high anisotropic energy barrier (Ues), due to fast QTM
very tiddly and narrow hysteresis-loops were observed. To overcome this difficulty, a strategy people
are using is to make a strong coupling between lanthanide centers. Using radical ligands researchers are
trying to solve this problem. A remarkable example of this was reported by Demir et al.in 2017%°. They
have synthesized di-nuclear complex [K(crypt-222)][(CpM**",Th)2(u—N-)] (Figure 57b); it shows the
highest coercive field Hc =7.9 T at 10 K is higher than the commercial permanent magnet. It displays

Uerr = 276 cm® and 100 s magnetic blocking temperature Tg =20 K.
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(a) (b)
Figure 57: (a) Structure of [Dy(u-OH)(DBP)2(THF)]. (b) Structure of [(CpM®*H,Th)2(u—N-)]

Two examples of mononuclear lanthanide complex, so-called SIMs (Single lon Magnet) were
reported®®” with keeping in mind the molecular symmetry strategy which exhibits the high-
performance SMMs. Murugavel et al. were synthesized®” pentagonal-bipyramidal (PB), pseudo-Ds
symmetry containing [L:Dy(H20)s]** (L= 'BuPO(NHPr),).(Figure 58a). SCXRD reveals that five
water molecules are present equatorially and two phosphonic diamide ligands are present in two axial
positions coordinated with the metal through phosphoryl oxygen(P=0). It shows a high anisotropic
barrier (Uesr) 735.4 K with magnetization-blocking (Tg) previous to 12 K and magnetic-hysteresis up to
12 K (30 K) with a large-coercivity 0.9 T (<1.5 T) at a field-sweep rate of 0.0018 Ts? ( 0.02 Ts?)
.This molecule is the best observed air-stable SIM/SMM reported at that time. Another remarkable a
near-perfect pentagonal bipyramidal SIM [Dy(O'Bu)2(py)s][BPh4] (Figure 58b)was reported® which
shows the largest Uess = 1815(1) K and blocking temp. (Ts = 14 K). Despite its high magnetic anisotropy,
it has a lower Tg value than reported by Murugavel et al.®” Until 2016 it was the example of the highest

anisotropic energy barrier.

«

(a) (b)
Figure 58: (a) Structure of [L.Dy(H20)s]** (L= 'BuPO(NH'Pr),) (b) Structure of [Dy(O'Bu)2(py)s]
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In 2018 Layfield, Tong and co-workers were reported®® the exceptionally high anisotropic energy
barrier (Ueff) 1541 cm™ and highest blocking temperature (Ts) 80K displaying extraordinary example
of organometallic lanthanide =~ SMM  [(Cp'Prs)Dy(Cp*)][B(CsFs)s]  (Cp'Prs=  penta-iso-
propylcyclopentadienyl; Cp*= pentamethylcyclopentadienyl)(Figure 59). This molecule shows golden
light in the dark night in the realm of SMM which reaches towards the present drawback that all SMM
molecules requirement of liquid helium colling to show magnetic memory effects by reaching above

liquid nitrogen boiling point temperature.

«

Figure 59: Structure of [(Cp'Prs)Dy(Cp*)][B(CsFs)a]
Very recently Gould et al. reported® for the first time the mixed-valence dilanthanide complex
(Cp'Prs)2Dy:ls (Figure 60) which gives a substantial coercive magnetic field with a lower limit of 14 T
at temperature 60 K. Its record coercivity at liquid nitrogen temperatures exceeds even commercial
magnets SmCos (4.3 T at 4.2 K) and NdzFewsB (5.0 T at 80 K) and gave the name Ultrahard magnet.
They have synthesized (Cp'Prs):Dy-ls from (Cp'Prs).Dy:ls by reduction with potassium graphite in
hexane (Figure 60). Solid-state structure from SCXRD tells three iodine anions are bridges the two
dysprosium centers to yield a Dyl core; all the metal center is capped with (Cp™™®) ligand and a
trigonal symmetry. The Dy...Dy bond displays 3.713A which is within the sum of the covalent radii of
the Dy-metal atom indicating the presence of Dy...Dy metal bonding. From the ac and dc magnetic
data, Uesr = 1631(25) cm™ and T = 72 K of the (Cp'Prs).Dy.ls complex was reported which exceeds the
previous record made by Layfield et al.® Strong magnetic coupling between two lanthanide ions
diminishes the Raman and QTM processes, resulting large Hc value. It is the first example, where the

exchange interaction and the large magnetic anisotropy induced by the crystal field are collinear.

47



KCg

- Kl
- graphite

7_\‘

Figure 60: Scheme of the preparation of (Cp'Prs),Dy:ls

(h) Lanthanide phosphinates:

Lanthanide phosphinates generally form poorly soluble complexes in aqueous and organic solvents. For
this reason, a very less number of reports are present in the literature,%1:100-10592-9 Maximum reports
present in literature are macrocyclic-based phosphinic acid pendant arm containing ligands (Figure 62).
The solution behaviors are mostly studied. Among them, very few have structurally characterized by
single-crystal X-ray diffraction.%19295.9%.100.103 These complexes are used in radio-pharmaceuticals and
taking advantage of their physical properties such as luminescence and magnetism used as EPR, NMR-
shift probes, and MRI-contrast agents. According to CSD ( Cambridge Crystallographic Database)
following binding motifs (Figure 61) have been found with metal-phosphinates % To our best
knowledge until now there are three coordination modes (Figure 61(A)) of phosphinic acid with

lanthanide reported.

R R R R R R
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Figure 61: Binding motifs of metal-phosphinates
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1.5. Thesis overview:

The thesis work focuses on the synthesis of the new multinuclear cluster of 3d (Zn and Cd) and 4f-block

metals with the use of Schiff base and Bis-[(a-hydroxyphenyl)methyl]-phosphinic acid.

Schiff-bases are widely used as a ligand for the synthesis of polynuclear cluster synthesis.
Hence our motivation was to synthesize multinuclear clusters of zinc metal with various alkyl chain
lengths containing Schiff-base ligands along with or without auxiliary ligands and how it helps to form
different nuclearity of the cluster. Details of the work are presented in chapter 2.

In chapter 3 we have utilized Bis[(a-hydroxy(p-methylphenyl)methyl)]-phosphinic acid with
cadmium salt and yielded various geometry and architectures of cadmium complexes of 0D, 1D, and

2D coordination polymers.

Lanthanide phosphinates are rarely explored in the research field. Very few lanthanides are
known structurally by single-crystal X-ray diffraction (SCXRD). Herein chapter 4 and chapter 5
dinuclear, trinuclear linear paddlewheel and tetranuclear [2 x 2] square grid structures were synthesized
and well-characterized respectively by SCXRD using Bis[(a-hydroxy(p-methylphenyl)methyl]-
phosphinic acid and Bis-[(a-hydroxy(p-bromophenyl)methyl]-phosphinic acid. From the synthetic
viewpoint, these structures are very much important in the realm of phosphinic acid chemistry.
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2.1 Introduction:

Multicomponent reactions of 3d and 4f elements with multidentate organic/main group
elements based on ligands containing donating heteroatoms have been exploited in detail due
to their interesting and complex coordination behaviors.! Our interest in this area has been
established from a series of multinuclear clusters using phosphinate/phosphonate and
organostibonate-based ligand systems which have yielded structurally fascinating molecular
clusters of transition metal ions’> and lanthanides®, some of which have shown interesting
magnetic properties like single-molecule magnet (SMM) behavior.* We have recently shown
the assembly of titanium-based multinuclear clusters, one of which shows interesting structural
properties like fluxional behavior at room temperature.” Moreover, we have also recently
shown a designed approach for reducing bandgaps by synthesizing TisSbz-based heteronuclear
clusters from a parent Sbs molecular framework using solvothermal reaction conditions.® We
have also been using multidentate donating ligands like Schiff base ligands due to their
adjustable coordination properties and flexible bridging modes.” Using Schiff base /modified
vanillin-based Schiff bases, several multinuclear complexes of d/f block elements have been
reported.® Notable reports among them are multinuclear dysprosium-based clusters reported by
Murugesu et al., who synthesized a series of tetranuclear butterfly cores containing dysprosium
clusters, and the magnetic measurements revealed that some of those clusters displayed a high
energy barrier for reversal of magnetization.” In this backdrop, Schiff base ligands have been
used for synthesizing zinc-based multinuclear clusters, some of which has shown interesting
applications as a polymerization catalyst,'? reagents in organic synthesis,!! molecular precursor
for ZnO-based materials,'> models of the active site in zinc enzymes'® and in synthesizing
functional molecule-based materials.'* Some of the molecular clusters of zinc reported in the
literature are mononuclear', binuclear!, trinuclear!’, tetranuclear'® to polynuclear clusters'®.
Some of these structural forms, like the tetranuclear core cluster, have garnered special
attention, particularly the manganese-based tetranuclear clusters, which have been involved in
multielectron transfer redox reactions OEC (oxygen-evolving complex) of PSII in green

plants.?°

Herein, the synthesis and structural characterization of a series of zinc-based molecular clusters
have been reported. By systematically carrying out reactions of metal perchlorates in the
presence/absence of the co-ligand used and varying the length of the methylene side-chain
incorporated in the modified Schiff bases used, different nuclearity-based zinc clusters have

been synthesized and structurally characterized. DFT calculations have been performed to
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understand better the electronic absorption spectra of clusters 2.1 and 2.3. The details of the

study are presented herein.

2.2 Experimental Section:

2.2.1 General information:

2.2.1.1 Preparation of the Schiff base ligand and complex

Chemicals, solvents, and starting materials

Caution! All perchlorates, including raw materials and products, are potentially explosive.
These materials should be used during the process in a fume hood and handled with care.

High purity o-vanillin (Sigma-Aldrich), salicylaldehyde (Merck), ethanolamine (Avra), 3-
aminopropanol (Avra), dibenzoylmethane(DBM) (Sigma-Aldrich), zinc perchlorate
hexahydrate (Sigma-Aldrich), and all other solvents were purchased from commercial sources.

All solvents were used distilled, and chemicals were used without further purification.
2.2.1.2 General synthesis:

Schiff base ligands L1, L2, L3, and L4 were synthesized in-situ condensation! into the

reaction medium.
Synthesis of complexes

For 2.1, 2.3, 2.4, and 2.5 similar synthetic procedures were followed. Ligands and co-ligands
were taken in a 30ml methanol-acetonitrile solvent mixture (1:1) and metal salt (zinc
perchlorate hexahydrate) was added following triethylamine base dropwise addition, stirred for

6h followed by different crystallization techniques. Only 2.2 stirred for 24 h.

For 2.1 salicylaldehyde (0.082 g, 0.770 mmol), monoethanolamine (0.082 ml, 0.770 mmol)
DBM (0.172 g, 0.770 mmol), zinc perchlorate (0.286 g, 0.770 mmol), triethylamine (0.321 ml,
2.31 mmol) were required. After 6 h at room temperature reaction, filtered the yellowish
solution and reduce the volume to 10 ml. Yellowish crystals were obtained overnight, which
were collected and analyzed. Yield: 0.310 g, 89.15% (Based on Zn(Cl04)2, 6H>0O). Anal. Calcd.
(%) for Co4H21NO4Zn (452.83): C, 63.66; H, 4.67; N, 3.09. Found: C, 63.63; H, 4.71; N, 3.12.
"H NMR (500 MHz, DMSO-de): § = 8.39 (s,1H, CH=N), 8.04-8.06 (m, 4H, Ar H),7.47-7.54
(m, 6H, Ar H), 7.15-7.25 (m, 2H, Ar H), 6.78 (s, 1H, CH), 6.59-6.61 (d, 1H, Ar H), 6.43-6.54
(m, 1H, Ar H), 5.07 (br,1H, CH2OH), 3.57-3.72 (m, 4H,)

3C NMR (125 MHz, DMSO-ds): § = 185.96, 172.54, 170.59, 140.65, 136.48, 134.64, 131.46,
128.82, 127.62, 122.76, 118.79, 113.97, 92.79, 62.43, 60.43

(Selected IR bands: d(cm™) = 3205, 1591, 1519, 1233, 1065, 744)
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For 2.2 o-vanillin (0.117 g, 0.770 mmol), 3-aminopropanol (0.058 ml, 0.770 mmol), DBM
(0.172 g, 0.770 mmol), zinc perchlorate (0.286 g, 0.770 mmol), triethylamine (0.321 ml, 2.31
mmol) were required. Within 30 minutes a white color precipitate was started throwing out
from the reaction medium. Stirring was continued for 24h for the complete precipitation.
Filtered the precipitate and kept it for crystallization in the chloroform/hexane using the
diffusion method. X-ray quality crystals were obtained in one week. Yield: 0.240 g, 74.05%
(Based on Zn(ClO4)2, 6H20). Anal. Calcd. (%) for CssH71C13N2014Zn4 (1688.24): C, 59.05; H,
4.24; N, 1.66. Found: C, 59.09; H, 4.32; N, 1.68.

'H NMR (500 MHz, DMSO-ds): § = 8.23 (s,2H, CH=N), 8.05-8.06 (m, Ar H), 7.47-7.54 (m,
24H, Ar H), 6.78 (s, 4H, C=CH), 6.75-6.81 (d, 4H, Ar H), 6.36-6.39 (t, 2H, Ar H), 3.83-4.33
(m, 8H, CH20 CH2N), 3.69 (s, 6H, OMe), 1.83 (m, 4H, CH>)

3C NMR (125 MHz, DMSO-de): & = 186.03, 172.56, 140.68, 131.43, 128.79, 127.60, 92.79,
56.12

(Selected IR bands: d(cm™) = 1596, 1452, 1222, 1066, 717)

For 2.3 o-vanillin (0.117 g, 0.770 mmol), 3-aminopropanol (0.058 ml, 0.770 mmol), zinc
perchlorate (0.286 g, 0.770 mmol), triethylamine (0.321 ml, 2.31 mmol) were required. Stirring
was continued for 6 h for completion of the reaction. The solvent to half the initial volume and
kept it for crystallization in DCM/hexane mixture using the diffusion method. X-ray quality
crystals were obtained in two weeks. Yield: 0.190 g, 66.10% (Based on Zn(ClO4)2, 6H>0).
Anal. Caled. (%) for CssHe2ClsN4O22Zn4 (1497.17): C, 36.90; H, 4.17; N, 3.74. Found: C,
36.82; H, 4.21; N, 3.70.

'H NMR (500 MHz, DMSO-de): 8 = 8.24 (s, 4H, CH=N), 6.75-6.86 (m, 8H, Ar-H), 6.37-6.43
(m, 4H, Ar-H), 3.69 (s, 12H, OMe), 3.46-3.61 (m, 16H, NCH2 and OCH2>), 1.78 (m, 8H, CH>)
BCNMR (125 MHz, DMSO-de): § = 168.60, 161.39,152.56, 152.28, 127.55, 126.71, 118.31,
118.11, 113.74, 112.22, 69.14, 62.73, 55.98, 55.72, 55.38, 36.39, 33.21

(Selected IR bands: O(cm™) = 3483, 1614, 1442, 1211, 1058, 733, 1058)

For 2.4 salicylaldehyde (0.082 g, 0.770 mmol), 3-aminopropanol (0.058 ml, 0.770 mmol),
DBM (0.172 g, 0.770 mmol), zinc perchlorate (0.286 g, 0.770 mmol), triethylamine (0.321 ml,
2.31 mmol) were required. After 6 h stirring, the reaction mixture was filtered and evaporated.
Kept it for crystallization in DCM/hexane layer method at 0°C. X-ray quality crystal came
within two weeks. Yield: 0.200 g, 66.33% (Based on Zn(ClO4)2, 6H>0). Anal. Calcd. (%) for
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Cs150H70CiN2012.50Zn4 (1645.22): C, 59.50; H, 4.29; N, 1.70. Found: C, 59.61; H, 4.53; N,
1.68.

'H NMR (500 MHz, DMSO-ds): 8 = 8.24 (s, 2H, CH=N), 8.04-8.05 (m, 16H, Ar-H), 7.46-7.53
(m, 24H, Ar-H), 7.13-7.17 (m,4H, Ar-H), 6.78 (s,4H, C-H), 6.57-6.61 (m,2H, Ar-H), 6.45-6.48
(m,2H, Ar-H), 3.61-3.74 (m,4H, CH,N), 3.36-3.44 (m,4H, CH,0), 1.67-1.69 (m,4H, CHy),
3CNMR (125 MHz, DMSO-de): & = 186.03, 172.56, 170.73, 140.67, 136.57, 135.95, 134.88,
133.76, 131.44, 128.80, 127.60, 122.70, 114.29, 113.02, 92.80, 59.09, 58.07, 57.53,
55.35,34.66, 33.90,

(Selected IR bands: d(cm™) = 1594, 1474, 1272, 1065, 716)

For 2.5 o-vanillin (0.117 g, 0.770 mmol), ethanolamine (0.069 ml, 1.155 mmol), zinc
perchlorate (0.286 g, 0.770 mmol), triethylamine (0.321 ml, 2.31 mmol) were required. Stirring
was continued for 6 h. The clear solution was filtered and evaporated. The oily residue was
dissolved in DCM and kept for crystallization in DCM/hexane layer method at 0°C. X-ray
quality crystal came within one week. Yield: 0.210 g, 80.58% (Based on Zn(ClO4)2, 6H20).
Anal. Caled. (%) for Ca4HgoCl2N6O22Zn4 (1357.36): C, 38.93; H, 4.46; N, 6.19. Found: C,
38.87; H, 4.53; N, 6.23.

"H NMR (500 MHz, DMSO-de): & = 8.57 (s,2H, CH=N), 8.37 (s, 2H, CH=N), 6.8-4-6.87 (m,
8H, Ar-H), 6.42-6.46 (m, 4H, Ar-H), 5.64 (br, 4H, NH>), 3.68 (s, 12H, OMe), 3.62 (m, 8H,
CH:2N), 3.50 (m, 8H, CH20), 2.74 (m, 4H, CH2N), 2.51-2.55 (m, 4H, CH20),

3C NMR (125 MHz, DMSO-de): 8 = 172.48, 171.39, 164.80, 162.95, 161.76, 127.92, 127.63,
118.18, 118.00, 115.49, 114.94, 113.58, 112.86, 112.64, 64.35, 62.25, 60.44, 60.13, 59.70,
58.63, 56.57, 56.07, 55.95, 55.38, 49.07, 44.99, 42.81

(Selected IR bands: d(cm™) = 3538, 1627, 1449, 1212, 1054, 740)

2.2.2 Instrumentation:

Infrared spectra were recorded with a NICOLET iS5 FTIR Spectrometer. Elemental analysis
was performed with a Flash EA Series 1112 CHNS analyzer. TGA was recorded with
PerkinElmer STA 8000 thermogravimetric analyzer under a nitrogen gas flow rate of 20
ml/min and heating rate of 10°C/min. UV-Visible spectra were recorded in the Jasco V-750
spectrophotometer, and Emission spectra were taken in Jasco FP-8500 spectrofluorometer.
Single crystal X-ray data for 2.1, 2.4, 2.5 were collected at 298K, 100K, 299K with a Bruker
APEX-Il CCD diffractometer system [A (Mo Ko) = 0.71073A] with a graphite
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monochromator. The data were reduced using APEX-2, the structures were solved using
SHELXS-97 and Olex2, and the data was refined using the program SHELXL-2018/3.2" All
non-hydrogen atoms were refined anisotropically. The SCXRD data for 2.2, 2.3 were collected
at 104K and 100K with an XtaLAB Synergy, Single source at offset/far,
HyPix3000 diffractometer. Rigaku Oxford HyPix3000 CCD plate detector system [A (Mo Ka)
= 0.71073A] with a mirror monochromator. Using Olex2?8, the structure was solved with the
ShelXT?° structure solution program using Intrinsic Phasing and refined with the SHEL XL -
2018/3%" refinement package using Least Squares minimization. In compounds 2.2 and 2.4, the
voids contain solvent molecules. Olex2 solvent mask(similar to PLATON/SQUEEZE) was

used to mask out the electron density. The details of the solvent masks used are given here

Compound 2.2: A solvent mask was calculated and 188 electrons were found in a volume of

652 A% in 1 void. This is consistent with the presence of 1[CHCIs] per formula unit which

accounts for 232.0 electrons.

Compound 2.4: A solvent mask was calculated and 274 electrons were found in a volume of
1076 A% in 1 void. This is consistent with the presence of 1.5[CHCl,], 0.5[H20] per formula
unit which accounts for 272.0 electrons.

2.2.3 Theoretical Details:

Quantum chemical calculations were performed to investigate the experimental outcomes of
the Zn(I1)-Schiff base complexes. Optimization of gas-phase ground electronic state molecular
structure of those complexes was accomplished using the B3LYP theoretical model without
considering any symmetry restriction. For the optimization in the solvent phase, we considered
the Integral Equation Formalism Polarizable Continuum Model (IEFPCM)* of DMSO
solvent. All these calculations were executed at the level of Density Functional Theory using a
6-311G basis set’! for all kinds of atoms. A time-dependent-density function theory (TD-DFT)
simulation was performed in the same solvent phase to get an elaborate justification of UV-Vis

spectra. GAUSSIAN 09W package’? was used for these calculations.

2.3 Results and discussions:

The complexes 2.1-2.5 were synthesized as summarized in Schemel. In these reactions,

different chain lengths containing Schiff-base ligands have been employed with (2.1, 2.2, 2.4,
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2.5) and without (2.3) auxiliary ligands such as DBM (dibenzoyl methane)/monoethanolamine

(MEA) in a mix-solvent methanol-acetonitrile (1:1) medium and triethylamine as a base. All

the Schiff-base ligands L1, L2, L3, and L4 were prepared in-situ reactions. Ligands .1 and L4

have two oxygen, one nitrogen (O2N) as a coordinating group, and ligand L2, L3 has three

oxygen / one nitrogen (O3N) as a coordinating group. Hence these monoprotic (L1, L4) and

diprotic (L2, L3) ligands have multiple pairs of electrons to form coordination complexes

where ligands can bind between metal atoms as a chelating or bridging mode (Table 2.7). We

report the synthesis and structural characterization of mononuclear and tetranuclear (cube,

ladder-like) coordination complexes using these Schiff base ligands and co-ligands as mixed

ligand systems.

[Zn(L1)(DBM)]
21
DBM/
L1

Et;N

[Zn(L4)4(MEA)z(C|04)z] L4 L2 [Zn(L2),(DBM),]

~——————————— Zn(Cl0,),.6H,0 ———————————
2.5 Et;N DBM /Et;N 2.2
AN Et;N
[Zn(L3);(DBM),] [Zn(L2),4(H,0),(Cl0,4),].2CH,CI,

@H@\@\@\

SO B

L2 L3 L4

( Solvent : MeOH:CH3;CN(1:1) in all cases and reactions were done 6h
at room temperature except for 2 (24h) )

Scheme 1: Synthetic scheme of compounds 2.1-2.5
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The synthetic procedure followed for synthesizing these complexes is detailed below. In
all the cases, ligands and co-ligands were taken in a solvent mixture(methanol-acetonitrile),
and metal salt (zinc perchlorate hexahydrate) was added following triethylamine base dropwise
addition, left for 6 h time at stirring condition except 2.2; stirred for 24 h. The following ligands
and co-ligands were used for synthesis. For 2.1 salicylaldehyde, monoethanolamine(MEA),
DBM; 2.2 o-vanillin, 3-aminopropanol, DBM; 2.3 o-vanillin 3-aminopropanol; for 2.4
salicylaldehyde, 3-aminopropanol, DBM and for 2.5 o-vanillin, ethanolamine. Different
methods are used for crystallization as described. 2.1 was synthesized by stirring ethanolamine,
salicylaldehyde, dibenzoyl methane (DBM), zinc perchlorate hexahydrate, and triethylamine
1:1:1:1:3 molar ratio in a methanol-acetonitrile (1:1) solvent mixture for 6 h (Scheme 1). The
clear yellowish solution was filtered and reduced the volume to half. Yellowish color rod shape
crystals were obtained overnight. 2.2 was synthesized by stirring 3-aminopropanol, o-vanillin,
DBM, zinc perchlorate hexahydrate, and triethylamine 1:1:1:1:3 molar ratio in methanol-
acetonitrile (1:1) solvent mixture for 24h to maximize the yield of the product (Scheme 1). In
the yellow color solution, a white color precipitate was observed. The precipitate was filtered
and dried. Compound 2.2 was obtained in the chloroform/hexane diffusion method as white
color good crystals in a week. 2.3 was synthesized the same as 2.2, only here DBM was not
used. A clear yellowish solution was observed at the end of the reaction, which was filtered and
evaporated. After evaporating the solvent, the sticky, oily liquid was dissolved in DCM, and
diffusing hexane yielded crystals of 2.3 within two weeks. Compound 2.4 was synthesized the
same as compound 2.2, the difference being salicylaldehyde was used instead of o-vanillin.
Crystals were obtained by DCM/hexane layering method at 0°C. Compound 2.5 was
synthesized by stirring o-vanillin, monoethanolamine, zinc perchlorate hexahydrate, and
triethylamine 1:1.5:1:3 molar ratio in a methanol-acetonitrile (1:1) solvent mixture for 6h. The
clear yellowish was filtered and evaporated. From DCM/hexane layering at 0°C, obtained an
X-ray quality crystal.

All the compounds (2.1-2.5) were characterized by standard analytical and spectroscopic
techniques. Thermal gravimetric analysis (TGA) was carried out under a nitrogen atmosphere
to study the thermal stability of the complexes. The TGA study was done in the presence of a
nitrogen gas flow rate of 20ml/min and a heating rate of 10°C/min from 30°C to 800°C. All the
TGA data has been included in the Analytical and Spectroscopic data (Figure 2.14- 2.18).

In the IR spectrum of 2.1-2.5 distinct bands due to the azomethine (C=N) group are observed
at 1591, 1596, 1614.49, 1594, 1627.55 cm’!, whereas the same band appears at 1630.00,
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1630.82, 1629.89, 1632.60 cm™!, for free ligands L1-L4 (Analytical and Spectroscopic data
Table 2.8.). The shift of these bands towards higher and lower frequency on complexation with
the metal suggests coordination via the imino nitrogen atom in all the complexes.?! The (C-O
phenolic) mode is present as a very strong band about 1211-1272 cm. The peaks in the range
1065-1066cm! are assigned to alcoholic C-O stretches. Several weak peaks observed for the
complexes in the range 3058-2859 cm! are ascribed to the aliphatic and aromatic C-H
stretches, and the range 717-744 cm™! is for C-H out of plane bending mode. Broad peaks are
observed in the range 3205-3386 cm™ due to the presence of alcoholic OH groups. Sharp,
strong, single peaks at 1058.74 and 1054.61 cm™ for the perchlorate ion present in complex 2.3
and 2.5. Broadband around 3483 cm™! in compound 2.3 has been assigned to the OH stretching

vibration of the coordinated water molecules, which are involved in hydrogen bonding??.

The electronic spectra for 2.1-2.5 were recorded in DMSO solvent in the range of 265-700 nm
at room temperature using the same solvent as blank. The absorption maxima were observed
at the region 355, 353, (279,377), 355, (280,379) respectively for 2.1-2.5 (Figure 2.1). 2.1, 2.2,
2.4 shows a similar kind of absorption maxima where DBM is present, and 2.3,2.5 shows a
similar kind of absorption maxima where DBM is absent and only Schiff-base is present
(Analytical and Spectroscopic data Figure 2.26, 2.28). It indicates the similar solution
behavior of the compounds. The electronic transition for 2.1, 2.2, 2.4 might be due to intra-
ligand charge transfer (ILCT). ?* Similarly, the electronic transition for compounds 2.3, 2.5 the

two observed bands may arise from w—m* ILCT.

ABSORBANCE

=0.1

. .
300 350 400 450 500
WAVELENGTH (nm)

Figure 2.1. The UV-Vis spectra of 2.1-2.5 in solution state in DMSO at room temperature.
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To understand in detail the electronic behavior transitions of 2.1, 2.2, and 2.4, DFT calculation
24 for 2.1 has been done. DFT calculations show that the transition corresponds to 352.79 nm
is for the H-2—L/H-3—L/H-4—L/H-1—-L/H-6—L molecular orbital (MQO's) transition of an
oscillator strength(f) 0.0116, which is close to the experimental value of 355nm (Analytical
and Spectroscopic data Table 2.10). The electron cloud of H-1, H-2, H-3, H-4, H-6 MOs are
mainly located on the ligand moiety (Figure 2.2(a)), and LUMO(L) (Figure 2.2(a)) is also
redistributed throughout the ligand moiety avoiding the metal atom Zn(II). These imply the
possibility of the intra-ligand charge transfer (ILCT) phenomenon. Similarly, 2.3, 2.5; 2.3 was
taken as a case study, and DFT calculations were performed. Analysis shows that the transition
corresponds to 276.77 nm and 384.22 nm are for the significant contributing orbitals (H-
5—L+1/H-8—L+1/H-11—-L) and (H-1—-L/H-1-L+1/H—L/ H—L+1) transition of an
oscillator strength(f) 0.0169 and 0.0055 respectively is close to the experimental value 279nm
and 377nm (Analytical and Spectroscopic data Table 2.10). The electronic clouds of the
MO’s are mostly lying on the ligand orbitals (Figure 2.2(b)), which suggests that the transitions

correspond to the m—m* ILCT.
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Figure 2.2. (a): MO’s of compound 2.1, (b): MO’s of compound 2.4
The fluorescence spectra of 2.1-2.5 (Figure 2.3) were done in DMSO solvent in the region
350-700 nm by exciting at 375 nm, which implies that 2.1, 2.2, 2.4 have similar kinds of
emission spectra, and on the other hand 2.3, 2.5 are similar. All 2.1-2.5 exhibit only one
emission spectrum at 447 nm, 440 nm, 481 nm, 444 nm, 483 nm, respectively. In the case of

2.1, 2.2, 2.4 emission spectrum are 19, 21, 7 nm blue-shifted blue color emission, and for
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compound 2.3, 2.5 emission spectrum are 20, 29nm red-shifted cyan color emission compared

to free Schiff-base ligands (Figure 2.31-2.35).

Normalized fluorescence intensity

T T T T T T
350 400 450 500 550 600 650 700
Wavelength (hm)

Figure 2.3. Emission Spectra of 2.1-2.5 in solution state in DMSO solvent at room
temperature.

2.1 crystallizes in orthorhombic P2,212; space group. The molecular structure of 2.1 (Figure
2.4) contains one zinc (II) ion and one DBM ligand. The Penta-coordinated zinc (II) ion adopts
a spherical square pyramid geometry (by SHAPE analysis) (Analytical and Spectroscopic
data Table 2.11.) with Schiff base (L1) ligand (O1 N1 O4) and two DBM oxygen (02 O3)
doner groups. Both ligands are attached to the zinc (II) in a chelating mode; The Schiff base
ligand is monoprotonated; the alkyl oxygen atom of the hydroxyl group is not deprotonated
(Figure 2.4). The Zn1-O4 bond distance is 2.496(2)A, which is longer than the similar
distances found in the literature (literature Zn-O distance is 2.419(2)A [2. a]]. The four-
coordination number found in 1 is quite common in the literature for O, N ligated Zn (II)
complexes. When the coordination number is increased from four to five, the additional
coordination is weak with Zn (II)---O distances between 2.341(10) to 2.912(12)A, and the
corresponding geometry is highly distorted.?> The selected bond lengths, bond angles, and
packing diagram are given in Analytical and Spectroscopic data (Table 2.2 & Figure 2.46),

respectively.
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Figure 2.4. Ball and stick view of the molecular structure of 1. Hydrogen atoms are removed

for clarity. Key: blue, N; red, O; black, C; brown, H; cyan, Zn.

2.2 crystallizes in I 2/a space group. The asymmetric crystallographic unit contains two zinc
(I), anionic Schiff base ligand(L2), and two terminally coordinating DBM anions (Figure
2.5(a)). The Zn (I)-O complex adopts a cubane core (Figure 2.5(b)). The core structure is
stabilized by two Schiff-base ligands and four DBM molecules. All the zinc (II) ions in the core
are hexacoordinated with slightly distorted octahedral geometry. The Zn1 is present in a OsN-
doner environment; among these, the coordination comes from three bridging oxygen (03 06
03") atoms, one nitrogen atom(N1") from Schiff base, and two terminal oxygen (O1° 02")
atoms from DBM. Another metal ion Zn2 is coordinated with three bridging oxygen (06 O3"
06°) atoms, one methoxy oxygen (O7) from Schiff base, and two terminal oxygen (04 O5)
atoms from DBM. The Schiff-base ligands bind to the zinc center in [4.3311] coordination
mode, and DBM binds [1.11] based on Harris notation.?® The selected bond lengths, bond
angles, and packing diagram are given in Analytical and Spectroscopic data [Table-2.3 &
Figure 2.47] respectively.
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Figure 2.5 (a) Asymmetric unit of 2.2 (b) Ball and stick view of the molecular structure of

2.2. Hydrogen atoms are removed for clarity. Key: blue, N; red, O; black, C; cyan, Zn

67



2.3 crystallizes in the triclinic P-1 space group. The molecular structure of 2.3 contains four Zn
(IT) ions, four tridentate Schiff base ligands(L2), and two water molecules that form a distorted
cubane core (Figure 2.6(a)). In the core, Znl is hexacoordinated and present in a distorted
octahedral environment with three ps3-oxo bridging oxygens (02 O3 04), one alcoholic oxygen
(O1), one nitrogen (N1) from the Schiff base ligand, and one terminal oxygen (O6) water
molecule. Zn3 also has the same hexacoordinated distorted octahedrally with three p3-oxo
bridging oxygens (02 O4 O5), one alcoholic oxygen (O12), one nitrogen (N3) from the Schiff
base ligand, and terminal oxygen (O11) water molecule. Zn2 is Penta-coordinated and present
in a distorted square pyramidal geometry with three ps3-oxo bridging oxygens (02 O3 O5), one
nitrogen(N2), and one phenolic oxygen (O7). Zn4 hexacoordinated is found in a distorted
octahedral geometry where zinc atom is surrounded by three p3-oxo bridging oxygens (O3 O4
05), one nitrogen(N4), one phenolic (O9), and one methoxy (O14) oxygen. Based on Harris
notation, the coordination modes found in the Schiff-base fall in these three different
coordination modes [3.3111], [3.3110], [3.3110]. The molecule is dicationic, and the charge is
balanced by the two perchlorate ions present in the crystal structure, confirmed by the
characteristic IR peak 1058cm™'. The selected bond lengths, bond angles, and packing diagram
are given in Analytical and Spectroscopic data [Table 2.4 & Figure 2.48], respectively.
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Figure 2.6 (a) Ball and stick view of the molecular structure of 2.3. Hydrogen atoms and
counteranions are removed for clarity. Key: blue, N; red, O; black, C; brown, H; cyan, Zn (b)
Ball and stick view of cubane core of 2.2 (¢) Ball and stick view of cubane core of 2.3.
Hydrogen atoms are removed for clarity. Key: blue, N; red, O; black, C; cyan, Zn

2.4 crystallizes in the triclinic P-1 space group. The molecular structure of 2.4 (Figure 2.7(a))
contains four Zn (II) ions, two Schiff base ligands (L3), and four DBM molecules in a distorted
cubane core. Zn2 and Zn3 are penta-coordinated with three p3-oxo bridging oxygens (04 O7
08) and (03 04 08), two DBM oxygen (05 06) and (O11 O12) respectively in a distorted
square-pyramidal geometry. Znl and Zn4 are hexa-coordinated with three ps3-oxo bridging
oxygens (O3 04 O7) and (O3 O7 O8), one nitrogen (N1 and N2), two DBM oxygen (O1 O2)
and (09 O10) respectively and present in a distorted octahedral geometry. In the crystal
structure, the two Schiff-base binds are present in [4.331] binding mode. In the IR spectrum,
the characteristic Schiff-base azomethine peak of compound 4 appears at 1645cm™ and
1594cm™'. The bond angles, bond lengths, and packing diagram are given in Analytical and
Spectroscopic data [Table 2.5 & Figure 2.49] respectively.

(a) (b)

Figure 2.7. (a)Ball and stick view of the molecular structure of 2.4. (b)Cubane core of 2.4.
Hydrogen atoms are removed for clarity. Key: blue, N; red, O; black, C; cyan, Zn
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2.5 crystallizes in the monoclinic P 21/c space group. The asymmetric crystallographic unit
contains two zinc (II) ions, two di-anionic Schiff base ligand(L4), and one ethanolamine
molecule (Figure 2.8(a)). The Zn (II)-O complex adopts a ladder-like core (Figure 2.8(¢c)). In
the ladder-like core, Zn1 is present in a six-coordinated distorted octahedral geometry with one
us-oxo bridging oxygen(06), one p2-oxo bridging oxygen(O4), one phenolic oxygen(O1), one
methoxy oxygen(O2), and one nitrogen(N1). Zn2 is Penta-coordinated and is found in a
distorted square-pyramidal geometry with two p3-oxo bridging oxygen (06 06°), one p12-0x0
bridging oxygen(O4), and two nitrogens (N2, N3) as the binding sites. The binding modes of
Schiff-base present are in [1.1110] and [2.2110] fashion. The two bridging ethanolamine
moiety stabilizes the ladder-like core with a [3.31] binding mode. The whole moiety is
dicationic in charge, balanced by the presence of two perchlorate ions characterized
crystallographically and from the IR characteristic peak 1054cm™. The peak 3386-3310 cm’!
corresponds to two primary amines and 3517cm™! for the unprotonated alcoholic peak of the
Schiff-base ligand. Distinct azomethine peak appears at 1627cm™ and 1599cm™. The bond
lengths, bond angles, and packing diagram are given in Analytical and Spectroscopic data

[Table 2.6 & Figure 2.50] respectively.
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Figure 2.8. (a) Ball and stick view of the asymmetric unit of 5. (b) Ball and stick view of 5.
(c) Cubane core of 5. Hydrogen atoms and counteranions are removed for clarity. Key: blue,
N; red, O; black, C; brown, H; cyan, Zn

2.4 Conclusion:

Using varying chain lengths containing Schiff-base ligand and auxiliary ligands mononuclear
Zn-complex to tetranuclear Zns cubane, Zns ladder-like core has been synthesized and
characterized. The UV absorption and fluorescence property of the DBM and non-DBM
containing Schiff-base complexes reveals that the UV-absorbing property of DBM is
responsible for the blue-shifted absorption maxima compared to the Schiff base containing
ligand which does not contain DBM. DFT study (for 2.1) shows that the LUMO is mostly lying
on the UV-absorbing DBM moiety and in the case of 2.3 LUMO is redistributed upon the
Schiff-base ligands. The absorption maxima of the absorption spectra correspond to the T—m*

ILCT transition.
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2.5 Analytical and Spectroscopic
Data
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Figure 2.10. ORTEP view of 2.2 with thermal ellipsoids shown at 50%probability.
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Figure 2.12. ORTEP view of 2.4 with thermal ellipsoids shown at 50%probability.



Figure 2.13. ORTEP view of 2.5 with thermal ellipsoids shown at 50%probability.
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Table 2.1. Crystallographic information of compound 2.1-2.5.

2.1
C24H21NO4
Zn

452.83

298.25

orthorhombic
P212121

9.8362(6)
11.1097(6)
18.6066(11)
90
90
90
2033.3(2)

4

2.2
Cg3Cl3H71N2
O14Zn4

1688.24

104(2)

monoclinic
12/a

21.5371(12)
19.1267(6)
20.9374(12)
90
120.883(8)
90
7402.0(8)

4

2.3

C6He2ClsN4O22

Zny

1497.17

100

triclinic
P-1

12.2590(2)
13.5320(2)
19.5839(4)
87.731(2)
87.341(2)
65.386(2)
2949.64(10)

2

2.4
Cs15Cl3H7o
N20125Zn4

1645.22

99.79

triclinic
P-1

18.435(5)
19.074(5)
22.742(6)
92.506(12)
92.044(12)
109.169(11)
7535(3)

4

2.5

CasaHsoCl2Ns

022Zn4

1357.36

299(2)

monoclinic
P2i/c

12.7078(5)
14.9075(7)
14.9036(7)
90
110.868(2)
90
2638.2(2)

2
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A3

1.4792

1.239
937.6
0.07 x 0.03 x
0.02

Mo Ka (A =
0.71073)

5.54 10 55.14

-12<h< 12,
-14<k< 14,
24<1<24

20496

4670 [Rint =
0.0309,
Rsigma =
0.0336]

4670/0/273

1.040

R1 =0.0255,
WR> =
0.0613

R:1=0.0311,
WRy =
0.0635

0.21/-0.43

1.515

1.457
3464.0
0.06 x 0.04 x
0.02

MoKa (A =
0.71073)

4.26 to
53.988

-27<h<27,
-24 <k <24,
-26<1<26

33028

7706 [Rint =
0.1232,
Rsigma =
0.1215]

7706/0/472

1.008

R1=0.0607,
WR2 =
0.1324

R1=0.1182,
wWRy =
0.1554

0.49/-1.01

1.686

1.957
1528.0
0.04 x 0.02 x
0.01

MoKa (A =
0.71073)

3.872 t0 53.926

-15<h<15,-16
<k<16,-2<1<

24
12300

12300 [Rint = ?,
Rsigma = 00569]

12300/8/759

1.112

R1=0.0754,

WR2 =0.1903

R1=0.0902,

WR2 = 0.1966

1.93/-1.15

1.450

1.428
3376.0
0.06 x 0.02 x
0.01

MoKa (A =
0.71073)

4.39to
62.012

-23<h <24,
-25 <k <23,
-29<1<29

345106

35715 [Rint =
0.1438,
Rsigma =
0.2035]

35715/0/176

5

1.011

R1=0.0739,
WR2 =
0.1664

R1=0.1915,
wWRy =
0.2041

0.57/-0.45

1.709

1.984
1392.0
0.03 x 0.02 x
0.01

MoKa (A =
0.71073)

4.386 to
48.34

-14<h<14,
-17<k<17,
-17<1<17

86249

4211 [Ring =
0.0868,
Rsigma =
0.0227]

4211/3/369

1.095

R1=0.0438,
WR2 =
0.1135

R1=0.0617,
wWRy =
0.1229

1.34/-0.40
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Table 2.2. Selected bond lengths (A) and bond angle (deg) parameters of 2.1

Table 2.3. Selected bond lengths (A) and bond angle (deg) parameters of 2.2

0.027(9)

Znl- 02
Zn1- 03
Znl- 01
Znl- O4
Znl- N1
02- Zn1- O3
02- Znl1- 01
02- Znl1- O4

Zn2-Zn1!
Zn2-06*
Zn2-06
Zn2-0O4
Zn2-03!
Zn2-05

Znl-Zn1!
Zn1-06!
Zn1-03!
Zn1-03
Zn1-01
Zn1-02
Zn1-N1t

06-Zn2-06*
06-Zn2-03!
06-Zn2-05
04-Zn2-06*
04-Zn2-06
04-Zn2-03!

1.953(1)
1.969(1)
1.973(1)
2.496(2)
1.992(2)
95.12(5)
98.82(5)
80.19(5)

3.0877(7)
2.353(3)
2.010(3)
1.954(3)
2.027(3)
2.014(3)

3.1095(10)
2.214(3)
2.122(3)
2.042(3)
2.033(3)
2.022(3)
2.076(4)

79.64(10)
85.15(11)

110.88(12)
85.02(11)

141.89(12)

126.11(11)

02- Znl1- N1
03- Znl1- 01
03- Znl1- 04
03- Znl1- N1
O1- Znl- 04
O1- Znl1- N1
O4- Znl1- N1

05-Zn2-03!
03-Zn1-06*
03!-Zn1-06!
03-Zn1-03!
03-Zn1-N1?
01-Zn1-06?
01-Zn1-03!
01-Zn1-03
01-Zn1-N1?
02-Zn1-06*
02-Zn1-03
02-Zn1-03!
02-Zn1-01
02-Zn1-N1?
N1!-Zn1-06!
N1!-Zn1-03!
Zn2-06-Zn2t
Zn2-06-Zn1t

Zn1'-06-zn2!

136.39(6)
111.84(5)
86.02(5)
118.46(6)
162.09(5)
93.74(6)
75.65(6)

93.03(13)
79.75(10)
80.97(10)
81.81(14)
158.73(13)
91.26(11)
172.23(12)
96.84(13)
96.36(14)
178.55(12)
98.87(13)
98.44(12)
89.33(12)
97.88(15)
83.37(13)
82.85(13)
100.34(10)
93.82(11)
92.91(10)
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04-Zn2-05 90.63(13) Zn2'-03-zn1! 105.88(13)
03!-Zn2-06! 79.63(11) Zn2'-03-Znl 98.73(12)
05-Zn2-06" 166.80(11) Zn1-03-Zn1t 96.63(13)

1/2-X,+Y,1-Z

Table 2.4. Selected bond lengths (A) and bond angle (deg) parameters of 2.3

Znl- 03 2.053(6) 01-Zn1-N1 93.9(4)
Znl- 02 2.168(6) 05-Zn2-03 82.5(3)
Znl- O4 2.26(1) 05-Zn2-02 82.1(3)
Znl- 06 2.075(9) 05-Zn2-07 173.4(3)
Znl- O1 2.091(7) 05-Zn2-N2 95.6(4)
Zn1- N1 2.058(8) 03-Zn2-02 84.6(3)
Zn2- 05 2.073(9) 03-Zn2-07 94.4(3)
Zn2- 03 2.030(7) 03-Zn2-N2 122.7(4)
Zn2- 02 2.107(6) 02-Zn2-07 91.8(3)
Zn2- 07 2.01(1) 02-Zn2-N2 152.2(4)
Zn2- N2 2.01(1) 07-Zn2-N2 91.0(4)
Zn3- 05 2.071(6) 05-Zn3-011 93.0(3)
Zn3- 011 2.089(9) 05-Zn3-02 79.1(3)
Zn3- 02 2.24(1) 05-Zn3-04 83.7(3)
Zn3- 04 2.155(6) 05-Zn3-012 93.4(3)
Zn3- 012 2.093(8) 05-Zn3-N3 171.3(3)
Zn3- N3 2.065(8) 011-Zn3-02 169.9(3)
Zn4- 05 2.135(7) 011-Zn3-04 95.2(3)
Zn4- 03 2.102(9) 011-Zn3-012 95.8(3)
Zn4- 04 2.068(6) 011-Zn3-N3 92.2(3)
Zn4- 09 1.99(1) 02-Zn3-04 77.8(3)
Zn4- 014 2.523(7) 02-Zn3-012 90.9(3)
Znd- N4 2.02(1) 02-Zn3-N3 94.9(3)
03-Zn1-02 82.6(3) 04-Zn3-012 168.7(3)
03-Zn1-04 78.6(3) 04-Zn3-N3 88.9(3)
03-Zn1-06 93.7(3) 012-Zn3-N3 92.9(3)
03-Zn1-01 94.7(3) 05-Zn4-03 79.3(3)
03-Zn1-N1 169.7(3) 05-Zn4-04 84.3(3)
02-Zn1-04 77.0(3) 05-Zn4-09 91.3(3)
02-Zn1-06 92.7(3) 05-Zn4-014 150.2(3)
02-Zn1-01 170.8(3) 05-Zn4-N4 121.9(4)
02-Zn1-N1 88.1(3) 03-Zn4-04 82.1(3)
04-Zn1-06 167.8(3) 03-Zn4-09 169.5(3)
04-Zn1-01 93.9(3) 03-Zn4-014 102.8(3)
04-Zn1-N1 95.1(3) 03-Zn4-N4 97.5(4)
06-Zn1-01 96.2(3) 04-Zn4-09 92.4(3)
06-Zn1-N1 91.1(3) 04-Zn4-014 66.8(3)
04-Zn4-N4 153.4(4) Zn1-03-Zn4 101.9(3)
09-Zn4-014 83.0(3) Zn2-03-Zn4 100.1(3)
09-Zn4-N4 91.5(4) Zn1-02-Zn2 91.5(3)
014-Zn4-N4 87.6(4) Zn1-02-Zn3 102.7(3)
Zn2-05-Zn3 102.4(3) Zn2-02-Zn3 95.9(3)
Zn2-05-Zn4 97.7(3) Zn1-04-Zn3 102.3(3)
Zn3-05-Zn4 94.2(3) Zn1-04-Zn4 96.2(3)
Zn1-03-Zn2 97.2(3) Zn3-04-Zn4 93.8(3)
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Zn3-03
Zn3-04
Zn3-08
Zn3- 012
Zn3-011
Zn2-04
Zn2-07
Zn2-08
Zn2-06
Zn2-05
Znl-03
03-Zn3-04
03-Zn3-08
03-Zn3-012
03-Zn3-011
04-Zn3-08
04-Zn3-012
04-Zn3-011
08-Zn3-012
08-Zn3-011
012-Zn3-011
04-Zn2-07
04-Zn2-08
04-Zn2-06
04-Zn2-05
07-Zn2-08
07-Zn2-06
07-Zn2-05
08-Zn2-06
08-Zn2-05
06-Zn2-05
03-Zn1-04
03-Zn1-07
03-Zn1-01
03-Zn1-02
03-Zn1-N1
04-Zn1-07
04-Zn1-01
04-Zn1-02
04-Zn1-N1
Zn1-07-Zn4
Zn3-08-Zn2

1.966(3)
2.393(3)
1.985(3)
2.020(4)
1.941(3)
1.994(3)
1.991(3)
2.337(3)
1.937(4)
2.007(4)
2.146(3)
82.7(1)
88.7(1)
99.2(1)
138.0(1)
79.7(1)
173.0(1)
82.9(1)
106.9(1)
126.9(1)
91.3(2)
87.4(1)
81.0(1)
124.4(1)
107.2(1)
83.0(1)
142.8(2)
98.3(1)
83.8(1)
171.7(2)
90.3(2)
83.2(1)
80.9(1)
172.3(1)
98.5(1)
81.6(1)
79.3(1)
89.2(1)
178.1(1)
81.5(1)
98.4(1)
100.6(1)

Znl1-04
Znl-07
Zn1-01
Zn1-02
Znl-N1
Zn4-03
Zn4-07
Zn4-08
Zn4-09
Zn4- 010
Zn4-N2
07-zZn1-01
07-Zn1-02
0O7-Zn1-N1
01-Zn1-02
01-Zn1-N1
02-Zn1-N1
03-Zn4-07
03-2Zn4-08
03-Zn4-09
03-Zn4-010
03-Zn4-N2
07-Zn4-08
07-Zn4-09
07-Zn4-010
O7-Zn4-N2
08-Zn4-09
08-Zn4-010
08-Zn4-N2
09-Zn4-010
09-Zn4-N2
010-Zn4-N2
Zn3-03-Znl
Zn3-03-Zn4
Zn1-03-Zn4
Zn3-04-Zn2
Zn3-04-Znl
Zn2-04-Znl
Zn2-07-Znl
Zn2-07-Zn4
Zn3- 08- Zn4
Zn2- 08- Zn4

Table 2.5. Selected bond lengths (A) and bond angle (deg) parameters of 2.4

2.219(3)
2.091(3)
2.034(4)
2.016(4)
2.099(4)
2.100(3)
2.137(4)
2.245(3)
2.002(4)
2.008(4)
2.089(6)
97.6(1)
99.9(1)
155.4(1)
89.2(1)
97.5(2)
99.6(2)
80.9(1)
78.9(1)
97.0(1)
99.6(1)
155.7(2)
82.1(1)
169.6(1)
99.7(1)
82.1(2)
87.5(1)
177.4(2)
81.7(2)
90.6(2)
96.6(2)
100.3(2)
103.9(1)
97.7(2)
97.8(1)
98.5(1)
89.1(1)
93.7(1)
97.9(1)
103.5(1)
92.5(1)
90.1(1)
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Table 2.6. Selected bond lengths (A) and bond angle (deg) parameters of compound 2.5

11-X,1-Y,1-Z

Zn2-04
Zn2-06
Zn2-06!
Zn2-N2
Zn2-N3t
Zn1-04
04-Zn2-06
04-Zn2-06*
04-Zn2-N2
04-Zn2-N3t
06-Zn2-06*
06-Zn2-N2
06-Zn2-N3!
N2-Zn2-06!
N3!-Zn2-06!
N31-Zn2-N2
04-Zn1-06!
04-Zn1-02
N1-Zn1-03
Zn2-04-7Znl
Zn2-06-Zn2!
Zn2-06-Zn1t

1.993(3)
2.000(3)
2.395(3)
2.058(4)
2.021(4)
2.056(3)
112.30(13)
74.88(12)
91.72(15)
122.73(16)
85.25(12)
100.29(14)
114.35(15)
166.60(14)
77.77(14)
110.35(16)
81.20(12)
71.54(13)
75.22(17)
108.75(14)
94.75(12)
119.33(15)

Zn1-06!
Znl1-01
Zn1-02
Zn1-03
Zn1-N1

Zn1'-06-Zn2!

04-Zn1-03
04-Zn1-N1
06%-Zn1-02
06'-Zn1-03
01-Zn1-04
01-Zn1-06*
01-Zn1-02
01-Zn1-03
01-Zn1-N1
03-Zn1-02
N1-Zn1-O6!
N1-Zn1-02
N1-Zn1-03
Zn2-04-7Znl
Zn2-06-Zn2t

2.072(3)
1.981(3)
2.378(4)
2.231(4)
2.071(4)
94.64(12)
83.70(15)
154.85(17)
151.95(13)
96.29(16)
108.54(14)
95.62(14)
87.10(16)
164.11(15)
90.29(16)
87.32(18)
114.24(16)
93.61(17)
75.22(17)
108.75(14)
94.75(12)
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Table 2.7. Ligand coordination mode of 2.1-2.5.

Compound Ligands binding mode Auxiliary ligand binding mode
2.1 | ” [” - ™)
\/ ] 24
Zn
\0
22 Me(,) | =
o_ N /
Zn/l Zn/ \Zn
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Zn/
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TGA data:
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Figure 2.14. TGA of compound 2.1 Figure 2.15. TGA of compound 2.2
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Figure 2.18. TGA of compound 2.5
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IR data:

Ligand 1-4

¢

I
(o]
=
I
5 9

L3

N

OH N

HO

L4

)

Table 2.8. IR stretching frequency(d)(cm™) of ligands L1-L4

L1 L2 L3 L4 Streatching.frequency
(d) of group

3338.96 3354.72 3354.50 3357.90 (O-H----N)
Intramolecular H-
bonding

1630.00 1630.82 1629.89 1632.60 (C=N)azomithine

1526 1463 1494 1464 Cc=C

1338 1340 1337 1341 (C-OH)phenolic

1275 1224 1276 1221 C-0 phenolic

1060 1076 1060 1071 C-O alcoholic

753 735 754 735 C-H out of plane
bending
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Table 2.9. Comparison of IR stretching frequency(d)(cm™) of ligand L1-L4 & compound

2.1-2.5.
Ligand(L)/ | (O-H----N) (C=N) | (C=C) | (C- C-O C-O C-H ClOs
compound | Intramolecular OH) phenolic | alcoholic | out of
H-bonding/ plane
H.0 bending
L1 3338 1630 1526 1338 1275 1060 753
Compoundl | 3205 1591 1519 1233 1065 744
L2 3354 1630 1463 1340 1224 1076 735
Compound2 | ------ 1596 1452 1222 1066 717
Compound3 | 3483 1614 1442 1211 1058 733 1058
L3 3354 1629 1494 1337 1276 1060 754
Compound4 | ------ 1594 1474 1272 1065 716
L4 3357 1632 1464 1341 1221 1071 735
Cmpound5 | 3538 1627 1449 1212 1054 740 1054
IR spectra of compound 2.1-2.5.
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Figure 2.19. IR spectra of compound 2.1.
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Figure 2.20. IR spectra of compound 2.2.

Figure 2.21. IR spectra of compound 2.3.
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Figure 2.23. IR spectra of compound 2.5.
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UV-VIS absorption spectra of compound 2.1-2.5.
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Table 2.10. Experimental and calculated electronic transition, oscillator strength (f),

contributing orbitals for compound 2.1 and compound 2.4

System

Calculated A(nm)

Experimental
AMnm)

Major Contribution

f (oscillator
strength)

Compound 2.1

420.65

H — L (98.88%)

0.0062

352.79

H-2 > L (43.02%)
H-3 — L (29.59%)
H-4 — L (15.67%)
H-1 - L (5.07%)
H-6 — L (3.77%)

0.0116

352.39

H — L+1(95.97%)

0.1364

339.35

H-3 — L(3.74%)
H-1 — L(90.02%)

0.6177

323.44

H-3 > L(3.01%)
H-3 — L+1(2.47%)
H-2 — L(5.61%)
H-2 — L+1(64.97%)
H-1 — L+1(2.96%)

0.0244

Compound 2.4

384.22

377

H-1— L(33.88%)
H-1 — L+1(4.13%)
H — L(42.17%)

H — L+1(19.53%)

0.0055

365.85

H — L+2(44.85%)
H — L+1(19.3%)

H-1 — L+2(12.44%)

0.0767

364.19

H-1 — L+2(34.43%)
H — L+3(24.6%)

H-1 —» L+1(17.05%)

0.065
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H-1 — L+2(12.48%)

362.36

H — L+1(50.49%)
H — L+2(20.85%)
H-1 — L(10.61%)

0.0179

346.53

H-2 — L(90.17%)
H-1— L+2(3.00%)

0.0609

276.77

279

H-5 — L+1(33.10%)
H-8 — L+1(23.62%)
H-11 — L(12.50%)

0.0169

272.59

H-3 > L(3.01%)
H-3 — L+1(2.47%)
H-2 — L(5.61%)
H-2 — L+1(64.97%)
H-1 — L+1(2.96%)

0.5783

271.85

H-6 — L+2(4.45%)
H-5 — L+2(3.96%)
H-5 — L+3(46.91%)
H-4— L+3(38.35%)

0.019

270.98

H-8 — L+2(4.45%)

H-5 — L+2(42.98%)
H-5 — L+3(32.33%)
H-4 — L+2(17.70%)

0.0507

270.56

H-4 — L+3(83.72%)
H-6 — L+3(4.16%)

0.0372
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Figure 2.30. Compound 2.4 Optimized Structure
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Emission spectra of compound 2.1-2.5.
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'H NMR and 3C NMR of compound 2.1-2.5:
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Figure 2.36. 'H NMR of compound 2.1
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Figure 2.37. 3C NMR of compound 2.1
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96



Figure 2.47. Packing diagram of 2.2
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Figure 2.48. Packing diagram of 2.3

Figure 2.49. Packing diagram of 2.4
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Figure 2.50. Packing diagram of 2.5

SHAPE ANALYSIS DATA

SHAPEvV21  Continuous Shape Measures calculation(Cshm)
(c) 2013 Electronic Structure Group, Universitat de Barcelona

Contact: llunell@ub.edu

Table 2.11. Shape calculation of compound 2.1.

1 PP-5 D5h  Pentagon 28.654
2 vOC-5 C4v  Vacant octahedron 3.332
3 TBPY-5 D3h  Trigonal bipyramid 3.693
4 SPY-5 C4v  Spherical square pyramid 2.281
5 JTBPY-5 D3h  Johnson trigonal bipyramid J12 4.159

Table 2.12, 2.13. Shape calculation of compound 2.2.

.No. Cshm value for Znl
1 HP-6 D6h Hexagon 31.550
2 PPY-6 C5v  Pentagonal pyramid 26.577
3 0OC-6 Oh  Octahedron 0.717
4 TPR-6 D3h  Trigonal prism 14.882
5 JPPY-6 C5v  Johnson pentagonal pyramid J2 30.381
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1 HP-6 D6h Hexagon 32.161
2 PPY-6 C5v  Pentagonal pyramid 17.230
3 0OC-6 Oh  Octahedron 7.452
4 TPR-6 D3h Trigonal prism 3.891
5 JPPY-6 C5v  Johnson pentagonal pyramid J2 20.646

Table 2.14-2.17. Shape calculation of compound 2.3.

1 HP-6 D6h Hexagon 30.940
2 PPY-6 C5v  Pentagonal pyramid 27.760
3 0C-6 Oh  Octahedron 0.568
4 TPR-6 D3h Trigonal prism 14.976
5 JPPY-6 C5v  Johnson pentagonal pyramid J2 31.587
1 PP-5 D5h  Pentagon 28.171
2 vOC-5 C4v  Vacant octahedron 2.696
3 TBPY-5 D3h  Trigonal bipyramid 3.462
4 SPY-5 C4v  Spherical square pyramid 3.094
5 JTBPY-5 D3h  Johnson trigonal bipyramid J12 5.706
1 HP-6 D6h Hexagon 31.214
2 PPY-6 C5v  Pentagonal pyramid 27.289
3 0OC-6 Oh  Octahedron 0.494
4 | TPR-6 D3h Trigonal prism 14.477
5 JPPY-6 C5v  Johnson pentagonal pyramid J2 31.205
1 HP-6 D6h Hexagon 31.955
2 PPY-6 C5v  Pentagonal pyramid 21.514
3 0C-6 Oh  Octahedron 3.810
4 TPR-6 D3h Trigonal prism 8.407
5 JPPY-6 C5v  Johnson pentagonal pyramid J2 24.582
Table 2.18-2.21. Shape calculation of compound 2.4.

S.No. Geometry Cshm value for Znl
1 HP-6 D6h  Hexagon 32.248
2 PPY-6 C5v  Pentagonal pyramid 25.384
3 0C-6 Oh  Octahedron 0.918
4 TPR-6 D3h Trigonal prism 13.884
5 JPPY-6 C5v  Johnson pentagonal pyramid J2 29.244
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S.No. Geometry Cshm value for Zn2
1 PP-5 D5h  Pentagon 26.033
2 vOC-5 C4v  Vacant octahedron 3.599
3 TBPY-5 D3h  Trigonal bipyramid 3.665
4 SPY-5 C4v  Spherical square pyramid 3.301
5 JTBPY-5 D3h Johnson trigonal bipyramid J12 4.385
1 PP-5 D5h  Pentagon 26.357
2 vOC-5 C4v  Vacant octahedron 4.491
3 TBPY-5 D3h  Trigonal bipyramid 3.303
4 SPY-5 C4v  Spherical square pyramid 4114
5 JTBPY-5 D3h Johnson trigonal bipyramid J12 3.714
S.No. Geometry Cshm value for Zn4
1 HP-6 D6h  Hexagon 32.381
2 PPY-6 C5v  Pentagonal pyramid 25.890
3 OC-6 Oh Octahedron 0.876
4 TPR-6 D3h  Trigonal prism 14.093
5 JPPY-6 C5v  Johnson pentagonal pyramid J2 29.726
Table 2.22-2.23. Shape calculation of compound 2.5.
1 HP-6 D6h  Hexagon 33.895
2 PPY-6 C5v  Pentagonal pyramid 20.001
3 OC-6 Oh Octahedron 3.300
4 | TPR-6 D3h  Trigonal prism 9.135
5 JPPY-6 C5v  Johnson pentagonal pyramid J2 24.323
S.No. Geometry Cshm value for Zn2
1 PP-5 D5h Pentagon 32.114
2 vOC-5 Cav Vacant octahedron 5.889
3  TBPY-5 D3h Trigonal bipyramid 1.613
4 SPY-5 Cav Spherical square pyramid 4.556
5 JTBPY-5  D3h Johnson trigonal bipyramid J12 2.546
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PXRD data:
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Figure 2.51. Powder X-ray diffraction pattern of a bulk sample of 2.1 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 2.52. Powder X-ray diffraction pattern of a bulk sample of 2.2 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 2.53. Powder X-ray diffraction pattern of a bulk sample of 2.3 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 2.54. Powder X-ray diffraction pattern of a bulk sample of 2.4 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 2.55. Powder X-ray diffraction pattern of a bulk sample of 2.5 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Aza-donor ligands- A key to
synthesizing mononuclear to
coordination polymers of cadmium
phosphinates.

Four cadmium phosphinate complexes were synthesized based on Bis-[a-hydroxy(p-
methylphenyl)methyl]phosphinic acid (L) ligand. These complexes [Cd(L)2(H20):]
(3.1), [Cd(L)2(py)s]-py (3.2), [Cd(L)2(4,4’-bpy)a]n (3.3), [Cd(L)4(4,4’-azo-bpy)(H20)]n
(3.4), were well characterized by single crystal X-ray diffraction, IR spectroscopy,
powder X-ray diffraction, elemental analysis and TGA. 3.1 and 3.2 are zero-
dimensional(0OD) structures while 3.3 and 3.4 are two dimensional net-like(2D), one
dimensional chain-like(1D) structures, respectively. N-donor co-ligands(py, 4,4’-bpy,

4.4’-azo-bpy) contribute to the formation of these architectures.
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3.1 Introduction:

Metal-organic framework(MOF) and coordination polymers(CPs) are the most attractive and
continuously explored research topics in the modern era.> This is due to the great potential
application of MOF, CPs in gas adsorption,2® catalysis,*’ ion-exchange,®° magnetic
property,'* luminescence,>'® gas storage'’, separation technology,'8-?° nanotechnology,?*?2
sensors in the field of material science.?>2° Along with this, the beautiful architectures of metal
ions with multi-functional ligands are quite fascinating.?® Proper design and synthesis of a
determined structure are very challenging in the field of MOF and CPs. Desired structures can
be obtained only by fine-tuning the natural interactions between the reactants through
continuous efforts. A small modification in the synthetic process (metal-ion, ligand, solvent,
temperature, pH, etc.) can dramatically change the framework structure. The use of
multifunctional carboxylate ligands such as terephthalic acid,?”~® trimesic acid,**? benzene
tetracarboxylic acids' 3 with different metal species is widely reported in MOF synthesis by
researchers. Phosphates and phosphinates which are analogous to these carboxylic acids have
also greatly contributed to the synthesis of multidimensional architectures with their
coordinating sites.**-% Reports of metal phosphonates and phosphates are quite prevalent when
compared to metal phosphinates which are rarely investigated and not well explored. From
simple crystallization to hydrothermal conditions, different strategies have been followed to
obtain MOF and CPs. Room temperature synthesis is a low-cost synthetic strategy for
MOF/CPs preparation. To construct coordination polymers, the self-assembly of metal ions
and polycarboxylate /phosphonates cooperating with the N-donor ligand is one of the most
effective approaches.” Bipyridine derivatives such as 4,4’-bpy, 2,2’-bpy are multifunctional
ligands largely used in the assembly of CPs.”*"® They act as bridging/chelating ligands to
connect the metal ions.”®#° and form coordination compounds with established properties; it is
known as a spacer when they act as a bridging ligand.

In this regard, we have synthesized different geometries and architectures of cadmium
complexes and coordination polymer by room temperature synthetic strategy. The ligand [(Bis-
[a-hydroxy(p- methylphenyl)methyl]phosphinic acid] {(R-PO2H)[R= CH(OH)PhMe]}, for the
first time has been utilized in the coordination polymer field. With this alpha-hydroxy
phosphinic acid, mononuclear octahedral, mononuclear tbp, and 1D, 2D coordination polymer

of cadmium compounds were synthesized and characterized.
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3.2 Experimental Section:
3.2.1 General information:

High purity cadmium acetate dihydrate (Finar), 4-methylbenzaldehyde (Sigma Aldrich),
Hypophosphorous acid (50% w/w in aqueous solution) (Avra), pyridine (Avra), 4,4’-bipyridine
(Sigma Aldrich), 4,4’-azo-bipyridine (Sigma Aldrich), and all other chemicals were purchased
from commercial sources. All solvents were used distilled, and chemicals were used without

further purification.

3.2.2 Synthesis:

The ligand [Bis-[a-hydroxy(p-methylphenyl)methyl]phosphinic acid] (L) was synthesized
using the literature procedure.?'"3? The synthetic procedures of the compounds are given in the

following-

Compound 3.1: A mixture of ligand (L) (0.054 g, 0.179 mmol) and Cd(OAc)2.2H20 (0.047 g,
0.179 mmol) were taken in 15 ml of distilled methanol. To it, triethylamine (0.716 mmol,0.099
ml) was added dropwise. The reaction mixture was stirred for 24 h at room temperature. The
volume of the solvent was reduced under vacuum to about 7 ml, this was filtered and kept for
crystallization at room temperature by slow evaporation. After 10 days colorless crystals
suitable for X-ray analysis were obtained. Yield: 0.110 g (82.21% based on Cd(OAc)2.2H20);
major decomposition temperature: 213°C. 3P{*H} NMR (202 MHz, DMSO-ds, ppm): & 31.50.
Anal. Calcd. for C32H4CdO10P2 (758.98) C 50.64 H 5.31. Found: C 51.03% H 6.01%. IR(cm"
Y. 3566(s), 3385(m), 3021(m), 2917(m), 2583(m), 1631(s), 1509(s), 1462(s), 1457(w),
1408(w), 1376(w), 1260(w), 1207(w), 1125(s), 1037(s), 1007(s), 856(w), 829(m), 746(s),
726(s), 616(w), 583(w), 511(s), 473(w), 433(w).

Compound 3.2: To a 15 ml methanolic solution of ligand (L) (0.054 g, 0.179 mmol) and
Cd(OAC)2.2H20 (0.047 g, 0.179 mmol) triethylamine (0.716 mmol, 0.099 ml) was added
dropwise. The reaction mixture was stirred for 24 h at room temperature. The volume of the
solvent was reduced under vacuum to about 7 ml, this was filtered to it 0.1 ml of pyridine was
added and kept for crystallization at room temperature by slow evaporation. After 2 weeks
colorless crystals suitable for X-ray analysis were obtained. Yield: 0.150 g (81.87% based
Cd(OAC)2.2H,0); major decomposition temperature: 208°C. *P{*H} NMR (202 MHz,
DMSO-ds, ppm): 6 31.38. Anal. Calcd. for Cs2HssCdN4OsP2 (1039.34) C 60.09 H 5.43 N 5.39.
Found: C 71.20% H 6.91% N 5.52%. IR(cm™): 3221(m), 3024(w), 2961(m), 2921(m),
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2857(w), 2360(m), 1599(s), 1573(w), 1510(s), 1484(w), 1442(s), 1259(s), 1216(s), 1147(s),
1064(s), 1017(s), 858(w), 789(s), 739(w), 698(s), 629(w), 544(s), 500(s), 457(m), 416(m).

Compound 3.3: A mixture of ligand (L) (0.054 g, 0.179 mmol) and Cd(OAc)2.2H.0 (0.047 g,
0.179 mmol) were taken in 15 ml of distilled methanol. To it 4,4’-bipyridine (0.027 g, 0.179
mmol) was added following triethylamine (0.716 mmol, 0.099 ml) dropwise. The reaction
mixture was stirred for 24 h at room temperature. This was filtered and kept for crystallization
at room temperature by slow evaporation. After 3 weeks colorless crystals suitable for X-ray
analysis were obtained. Yield: 0.120 g (65.75% based on Cd(OAc)2.2H20); major
decomposition temperature: 233 'C. 3P{*H} NMR (202 MHz, DMSO-ds, ppm): § 30.87. Anal.
Calcd. for Cs2Hs2CdN4OgP2 (1035.31) C 60.32 H 5.06 N 5.41. Found: C 61.56% H 6.01% N
6.32%. IR(cm™): 3367(s), 1601(s), 1537(w), 1510(m), 1412(s), 1323(w), 1236(w), 1205(s),
1166(s), 1078(s), 1035(s), 1018(s), 858(w), 811(s), 721(w), 704(w), 625(s), 501(s), 445(w).

Compound 3.4: A mixture of ligand (L) (0.054 g, 0.179 mmol) and Cd(OAc)2.2H20 (0.047 g,
0.179 mmol) were taken in 15 ml of distilled methanol. To it 4,4’-azo-pyridine (0.032 g, 0.179
mmol) was added following triethylamine (0.716 mmol, 0.099 ml) dropwise. The reaction
mixture was stirred for 24 h at room temperature. This was filtered and kept for crystallization
at room temperature by slow evaporation. After 3 weeks colorless crystals suitable for X-ray
analysis were obtained. Yield: 0.120 g (73.80% based on Cd(OAc)2.2H20); major
decomposition temperature: 217°C. 3'P{*H} NMR (202 MHz, DMSO-ds, ppm): & 31.25. Anal.
Calcd. for C42Ha3CdN4OgP2 (922.14) C 54.70 H 4.70 N 6.08 Found: C 55.10% H 5.71% N
6.16%. IR(cm™): 3319(s), 1648(w), 1559(s), 1411(s), 1221(s), 1128(s), 1041(m), 1014(s),
933(w), 836(s), 662(m), 613(m), 567(w), 545(w), 519(m), 489(w), 464(w).

3.2.3 Instrumentation:

Infrared spectra were recorded with a NICOLET iS5 FTIR Spectrometer. Elemental analysis
was performed with a Flash EA Series 1112 CHNS analyzer. TGA was recorded with a
PerkinElmer STA 8000 thermogravimetric analyzer under a nitrogen gas flow rate of 20 ml/min
and a heating rate of 10°C/min. The *'P {H}NMR spectra were recorded in DMSO-ds solution
on a Bruker spectrometer operating at 202 MHz. 3.1, 3.3 were collected at 298K, and 100K
with a Bruker APEX-II CCD diffractometer system [A (Mo Ka) = 0.71073 A] with a graphite
monochromator using the ¢-o scan technique. The data were reduced using the Bruker SAINT
package. Absorption correction was performed using the SADABS program. The structures

were solved by the direct methods and refined on £~ by full-matrix least-squares using the
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program SHELXL-2018/3. The Single crystal X-ray data (SCXRD) data for 3.2, and 3.4 were
collected at 105K, and 111K with an XtaLAB Synergy, Single source at offset/far,
HyPix3000 diffractometer. Rigaku Oxford HyPix3000 CCD plate detector system [A (Mo Ka)
=0.71073 A] with a mirror monochromator. Using Olex2*, the structure was solved with the
ShelXT® structure solution program using Intrinsic Phasing and refined with the SHELXL-
2018/3%°% refinement package using Least Squares minimization. All non-hydrogen atoms
were refined anisotropically, hydrogen atoms were fixed at calculated positions and refined as
a riding model. Graphics of the crystal structures have been done with Diamond (version 2.1e)
and Mercury (version 3.10.3) software. Details of the data have been given in the analytical

and spectroscopic data section.

3.3 Results and discussions:

A methanolic  solution of a mixture of ligand  [Bis-[a-hydroxy(p-
methylphenyl)methyl]phosphinic acid] (L), Zn(OAc)2.6H-0, and an aza-donor ligand gave
compounds 3.1-3.4 as described in Schemel. When we varied small aza-donor molecule to
long spacer aza-donor group we got two different kinds of coordination polymer two
dimensional (2D) and one dimensional (1D). Analysis and characterization of the compounds
were carried out by FT-IR and single-crystal X-ray diffraction (SCXRD) techniques.

Infrared Spectroscopy Study:

In the IR spectra of 3.1-3.4, (Fig.3.14-3.17)the characteristic Cd-O-P band appears in the region
1007-1078 cm™, and O-H stretching of CH,OH moiety is seen in the region 3221-3385 cm™.
Aromatic C=C and C=N (pyridyl) bands are seen in the region 1408-1601 cm™. The aromatic
and aliphatic C-H stretching and the out-of-plane bending band appear at 2703-3096 cm™ and
662-779 cm respectively. The characteristic band of P=0 for 3.1-3.3 appears in the region
1125-1166cm™ while for compound 3.4 the peak appears at 1128 cm™ due to the PO -
asymmetric stretching. In cases 3.1 and 3.4 the presence of H.O molecule shows O-H stretching
frequency at 3566, 3319 cm™* and bending frequency at 1631, 1648 cm™ respectively.
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0" ©OH
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N

AN

(All the cases reaction were done 24h at room temperature )

Scheme 1
PXRD and Thermogravimetric Analysis(TGA) and 3P{H} NMR :

For checking the purity of 3.1-3.4 compounds at room temperature we studied the sample with
PXRD (Figure 3.22-3.25). The experimental peaks and simulated peaks are well-matched
implying the bulk purity of samples. The thermal studies of 3.1-3.4 were examined in a nitrogen
atmosphere with thermogravimetric analysis (TGA) in the range of 25-800°C. TGA plots
(Figure 3.1) show that the major weight loss occurs at 213, 208, 233, and 217°C for 3.1-3.4
respectively. Compound 3.1 shows a 5.33% weight loss due to the two coordinated water
molecules in the temperature range of 30-170°C. Weight losses of compound 3.1 takes place
up to 800°C. Among these weight losses, the major weight loss due to partial ligand(L)
decomposition starts from 170°C to 390°C and is approximately 45.46%(Fig.3.34). For
compound 3.2 the first two weight loss overlapped partially. Among these two weight losses,
the first 15.26% is due to the lattice pyridine and coordinated pyridine molecules in the region
30-175°C. 51.88% weight loss takes place between temperatures of 175-564°C(Fig.3.35).
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Major weight loss for ligand(L) decomposition takes place with a weight loss of 38.24% at
175-368°C. In the case of compound 3.3, total weight loss obtained 63.17% up to 30-567°C in
the gradual decomposition of 4,4’-bipyridine, Ligand (L), and two-dimensional structural
breakdown(Fig.3.36). Major weight loss of 53.10% occurs between 30-346°C. For compound
3.4,5.42% weight loss due to the surface moisture and coordinated water molecule at 30-140°C
region. In the temperature region of 140-556°C, 59.99% total weight loss occurs due to the
decomposition of 4,4’-azo-bipyridine, ligand(L), and one-dimensional chain structure collapse.
The major weight loss of ca. 33.01% occurs between 140-289°C(Fig.3.37). After TGA the
residue sample for each case was analyzed by PXRD(Fig.3.38). The patterns revealed that all
the residual solids are amorphous in nature. 3'P{H} NMR was taken in DMSO-ds solution,
showing the solution stability of compounds 3.1-3.4. Only one peak was observed for
compounds 3.1-3.4 at 31.50, 31.38, 30.87, and 31.25 ppm respectively (supporting info.
Fig.3.18-3.21). It indicates the presence of a similar electronic environment around the

phosphorus atoms in the complexes.
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Figure 3.1. TGA curves for compounds 3.1-3.4
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X-ray Crystallographic Study:

Figure 3.2. Ball and stick view of the molecular structure of 3.1. Hydrogen atoms are
removed for clarity. Key: pink, P; red, O; black, C; white, H; green, Cd.

Structure 1:

Compound 3.1 crystallizes in the monoclinic centrosymmetric C2/c space group and shows a
mononuclear complex. There are two Bis-[a-hydroxy(p-methylphenyl)methyl]phosphinic acid
ligand(LHs3) in the molecular structure in Figure 3.2. In the ligand three labile protons are
present, one from the phosphinic acid and another two from the alpha positioned hydroxyl
group. In the molecular structure, the central cadmium atom (Cd) hexacoordinated with a
distorted octahedral geometry confirmed from the bond angles around the cadmium. The
octahedral coordination was satisfied with two phosphinic acid oxygen atoms (O3 and O3%*),
two hydroxyl group oxygen atoms (O4 and O4%*), and two water molecule oxygen (O5 and
O5%*). Here in the ligands, the alpha-positioned hydroxyl group remains protonated. The water
molecule present in the structure and the phosphinic acid oxygen remains in a cis manner[O5-
Cd-O5* (98.90°) and 0O3-Cd-O3* (89.0°)] and both the hydroxyl groups are in a trans
manner[O4-Cd-O4* (163.50°)]. The bond lengths of Cd-O around the cadmium coordination
environment fall in the range of 2.224-2.399 A.
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Figure 3.3. Ball and stick view of the molecular structure of 3.2. Hydrogen atoms are
removed for clarity. Key: blue N; pink, P; red, O; black, C; white, H; green, Cd.

Structure 2:

When aza donor pyridine was added to react with Bis-[a-hydroxy(p-
methylphenyl)methyl]phosphinic acid ligand and Cd(OAc)..2H20, compound 3.2 was
obtained. Compound 3.2 crystallizes in the monoclinic P2:/c space group and shows a
mononuclear complex (Figure 3.3). In the complex, the central cadmium atom shows penta-
coordinated distorted trigonalbipyramidal (tbp) geometry, where the Cd atom is surrounded by
three pyridine nitrogen (N1, N2, N3) in the equatorial basal plane and two phosphinic acid
oxygen atoms (O1, O5) axially. To the basal plane bond angles between three pyridine
molecules are N1-Cd-N2 (130.60°), N2-Cd-N3 (134.30°), N1-Cd-N3 (94.92°) and the bond
angle between the two axial atoms is O1-Cd-O5 (170.80°) reveals the distorted tbp geometry.
From the bond lengths around the cadmium atom Cd-N1 (2.290 A), Cd-N2 (2.306 A), Cd-N3
(2.315 A), Cd-01 (2.226 A), Cd-05 (2.211 A) it observed that the axial bonds are shorter than

the equatorial bonds i.e., z-in manner.
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Figure 3.4. Ball and stick view of the molecular structure of 3.3. Hydrogen atoms are
removed for clarity. Key: blue N; pink, P; red, O; black, C; white, H; green, Cd.

Figure 3.5. 1D infinite chain structure formed by Cd(ll), L*, and bpy along the c-axis.
Hydrogen atoms are removed for clarity. Key: blue N; pink, P; red, O; black, C; white, H;
green, Cd.

Figure 3.6. Ball and stick view of 3.3 along ab-plane. Hydrogen atoms are removed for
clarity. Key: blue N; pink, P; red, O; black, C; white, H; green, Cd.
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Structure 3:

Compound 3.3 crystallizes in the monoclinic C2/c space group and has a 2D structure. The
coordination environment around the Cd atom is embodied by two Ligand (L") anions and four
bipyridine (bpy) moieties (Figure 3.4). Here the Cd atom generating a [CdO2N4] coordination
sphere distorted octahedral geometry. The two ligands (L") anions are present in trans to each
other with O1 and O1* atom connectivity [01-Cd-O1(176.40A)]Jand four 4,4’-bpy molecules
connected with Cd through N atoms (N1, N2, N3, N3*) in the same basal plane [N3-Cd-
N1(96.32 A), N1-Cd-N3* (96.32 A), N3*-Cd-N2 (83.68 A), N2-Cd-N3 (83.68 A), N1-Cd-N2
(180.00 A), N3-Cd-N3* (167.30 A)]. The mononuclear unit is connected through a bidentate
4,4’-bpy ligand to form a 1D chain along the c-axis (Figure 3.5). These 1D layers are
interconnected with another 1D layer molecule by 4,4’-bpy linker to construct a 2D network
along bc-plane (Figure 3.7). Bond length around the Cd atom is Cd-N3 (2.345 A), Cd-N1
(2.354 A), Cd-N3* (2.345 A), Cd-N2 (2.441 A), Cd-O1 (2.235 A), Cd-O1* (2.235 A). Along
c-axis inter-cadmium distance is 11.71 A. Along b-axis inter-cadmium distance is 11.87 A.

Figure 3.7. 2D structure formed by Cd(ll), L* and bpy along bc-plane. Hydrogen atoms are
removed for clarity. Key: blue N; pink, P; red, O; black, C; white, H; green, Cd.
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(a) (b)

Figure 3.8. (a) 1D structure formed by Cd(ll), L** and aza-bpy along the b-axis. (b) Ball and
stick view asymmetric unit of 3.4. Hydrogen atoms are removed for clarity. Key: blue N;
pink, P; red, O; black, C; white, H; green, Cd.

Figure 3.9. 1D infinite chain of 3.4 along the b-axis. Hydrogen atoms are removed for
clarity. Key: blue N; pink, P; red, O; black, C; white, H; green, Cd.

Structure 4:

Replacing the 4,4’-bpy with a 4,4’-azo-bipyridine(4,4’-azo-bpy) and keeping all conditions
same compound 3.4 was isolated. Compound 3.4 crystallizes in the monoclinic P21 space group
and has a 1D structure. The coordination environment of the Cd atom consists of four
phosphinic acid oxygen atoms (O1, O5, O2*, O6*), one aza-bpy nitrogen atom (N1), and one
water molecule oxygen atom (O9) in a hexacoordinate distorted octahedral geometry. In the
structure, the water molecule and aza-bpy are trans to each other [N1-Cd-0O9 (174.4°)]. (Figure
3.8 (b)) To the basal plane, two phosphinic acids are bridges between two cadmium atoms
constructing a 1D infinite chain structure along the b-axis. (Figure 3.8 (a)) The angle between
the Cd atom and oxygen atoms in the basal plane is [O5-Cd-O6 (87.82°), O1-Cd-06 (93.3°),
02-Cd-05 (91.56°), 01-Cd-02 (87.34°)]. Bond length around the cadmium atom environment
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is Cd-01 (2.213 A), Cd-02 (2.288 A), Cd-05 (2.202 A), Cd-06 (2.325 A), Cd-09 (2.373 A),
Cd-N1 (2.296 A). The inter-cadmium distance along the b-axis is 10.89 A.

3.4 Conclusion:

In summary, we have successfully synthesized and characterized cadmium phosphinate
compounds .2D-network like coordination polymer and 1D-infinite chain like coordination
polymer by varying the aza-donor co-ligand. The aza donor atoms have a crucial role to form
these architectures in the presence of the Bis-[a-hydroxy(p-methylphenyl)methyl]phosphinic

acid ligand.
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3.5 Analytical and Spectroscopic
Data
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Table 3.1. Crystallographic information of compound 3.1-3.4.

il

3.2

3.3

3.4

Empirical formula

Formula weight
Temperature/K
Crystal system
Space group
alA

b/A

c/A

a/°

pre

Y/°

Volume/A3

Z

pcalcg/Cm3
p/mmt

F(000)

Crystal size/mm?3

Radiation

20 range for data
collection/®
Index ranges

Reflections collected
Independent reflections

Data/restraints/parame
ters

Goodness-of-fit on F?
Final R indexes [I>=2¢
(]

Final R indexes [all
data]

Largest diff. peak/hole
/e A3

Flack parameter

C32H40CdO10P2

758.98
298.4
monoclinic
C2lc
22.0196(10)
5.4537(2)
28.3235(13)
90
98.186(3)
90
3366.7(3)
4
1.497
0.798
1560.0
0.06 x 0.02 x
0.01
MoKa (A =
0.71073)
4.396 to 52.822

-27<h<27,-6
<k<6,-35<1
<35
42079
3442 [Rin =
00943, Rsigma =
0.0357]

3442/0/212

1.076
R1=0.0335,
wR2 = 0.0631
R1=10.0462,
WR2 =0.0661

0.42/-0.51

Cs2Hs6CdN4
OsP2
1039.34
105(8)
monoclinic
P2i/c
10.8590(2)
17.3061(3)
26.6128(5)
90
98.697(2)
90
4943.76(16)
4
1.396
0.564
2152.0
0.2 x0.15 x
0.1
MoKa (A =
0.71073)
3.794 to
54.034
-11<h<13,
21 <k <22,
-33<1<33
43320
10327 [Rint =
0.0583,
Rsigma =
0.0560]
10327/0/612

1.019
R1=0.0467,
WR2 =0.1183
R1=0.0583,
WR2 =0.1240

2.47/-1.02

Cs2Hs52CdN4Os

P,
1035.31
100.15
monoclinic
C2/c
18.8699(14)
11.8843(8)
22.8914(17)
90
105.234(3)
90
4953.1(6)
4
1.388
0.563
2136.0
0.2x0.1x
0.03
MoKa (A =
0.71073)
4.092 to
55.004
-24<h<24,-
15<k<15, -
20<1<29
138163
5627 [Rint =
0.0495,
Rsigma =
0.0153]
5627/0/305

1.284
R1=0.0422,
wR2 =0.1193
R1 =0.0431,
wR> =0.1198

1.58/-0.51

C42H43CdN4OgP>

922.14
111(2)
monoclinic
P21
16.4002(10)
5.4482(5)
22.0809(14)
90
93.283(6)
90
1969.7(3)
2
1.555
0.699
946.0
0.07 x 0.04 x
0.02
MoKa (A =
0.71073)
4,572 t0 53.974

-20<h<20,-6 <
k<6,-27<1<27

18878
7206 [Rint =
01089, Rsigma =
0.1310]

7206/1/494

1.020
R1=0.0889,
WRz = 0.2082
R1=10.1134,
WR2 =0.2295

2.28/-1.77

-0.04(5)
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Figure 3.11. ORTEP view of 3.2 with thermal ellipsoids shown at 50%probability
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Figure 3.13. ORTEP view of 3.4 with thermal ellipsoids shown at 50%probability
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Figure 3.15. IR spectra of compound 3.2.
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Figure 3.17. IR spectra of compound 3.4.
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Figure 3.18. 3P{H} NMR of compound 3.1.
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Figure 3.20. *P{H} NMR of compound 3.3.
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Figure 3.21. 3P{H} NMR of compound 3.4.
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Cd1-04

Cd1-04
Cd1 03!

11-X, +Y,3/2-Z

04! -Cd1-04
03!-Cd1-04!
03-Cd1-04!
03'"Cd1-04
03-Cd1-04
03'-Cd1-03
03!-Cd1-05
03!-Cd1-05*

11-X, +Y,3/2-Z

Cd1-05
Cd1-01
Cd1-N1

05-Cd1-01
0O5-Cd1-N1
0O5-Cd1-N2
0O5-Cd1-N3
01-Cd1-N1

Cd1-01*
Cdi1-01
Cd1-N3

01!-Cd1-01
01!-Cd1-N3
01-Cd1-N3
0O1'-Cd1-N1
01-Cd1-N1
O1'-Cd1-N2*

2.3991(19)

2.3990(19)
2.2242(17)

163.52(9)
75.23(6)
117.35(6)
117.35(6)
75.23(6)
89.00(9)
94.86(7)
147.42(7)

2.211(2)
2.226(2)
2.290(3)

170.89(8)
89.03(9)
84.30(9)
95.63(9)
96.79(9)

2.2412(19)
2.2413(19)

2.354(3)

176.25(9)
88.12(5)
88.12(5)
91.88(5)
91.88(5)
88.66(8)

3.1

Cd1 03

Cd1 05
Cd1 05!

03-Cd1-05
03-Cd1-05?
05-Cd1-041
05! -Cd1-04
05'-Cd1-04!

05-Cd1-04
05-Cd1-05!

Cd1-N2
Cd1-N3

01-Cd1-N2
01-Cd1-N3
N1-Cd1-N2
N1-Cd1-N3
N2-Cd1-N3

Cd1-N1
Cd1-N2
Cd1-N2*

12-X, +Y,3/2-Z; 2+ X,1+Y, +Z; 32-X,1+Y,3/2-Z; *2-X,1-Y ,2-Z

01-Cd1-N2*
N3-Cd1-N1
N2!-Cd1-N3
N2-Cd1-N3
N2-Cd1-N1
N2!-Cd1-N1

Table 3.2 and 3.3. Selected bond lengths (A) and bond angle (deg) parameters of compound

2.2243(17)

2.2698(19)
2.2698(19)

147.42(7)
94.86(7)
94.84(7)
94.83(7)
74.30(7)
74.29(7)
98.90(10)

Table 3.4 and 3.5. Selected bond lengths (A) and bond angle (deg) parameters of compound
3.2.

2.306(3)
2.315(3)

86.59(9)
90.86(9)
130.65(10)
94.91(10)
134.36(10)

Table 3.6 and 3.7. Selected bond lengths (A) and bond angle (deg) parameters of compound
3.3.

2.446(3)
2.344(2)
2.344(2)

91.77(8)
180.0
96.46(6)
96.46(6)
83.54(6)
83.54(6)
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01'-Cd1-N2 91.77(8)
01-Cd1-N2 88.66(8)

N2-Cd1-N2!

167.07(12)

12-X, +Y,312-Z; 2+ X,1+Y, +Z; 32-X,1+Y,3/2-Z; *+X, -1+Y, +Z; °2-X,1-Y,2-Z

Table 3.8 and 3.9. Selected bond lengths (A) and bond angle (deg) parameters of compound

3.4.
Cd1-06* 2.325(8)
Cd1-05 2.201(10)
Cd1-022 2.294(9)

L X, -14Y, +Z; 2+ X,1+Y, +Z

06! -Cd1-09 86.0(5)
05-Cd1-06* 88.1(3)
05-Cd1-02? 91.8(3)
05-Cd1-09 88.4(6)
05-Cd1-N1 87.1(5)
05-Cd1-01 178.7(3)
022 -Cd1-06t 176.8(3)
022-Cd1-09 90.9(5)

L X -1+Y ,+Z: 24X, 1+Y +Z

Cd1-09
Cd1-N1
Cd1-01

022-Cd1-N1
N1-Cd1-06!
N1-Cd1-09
01-Cd1-06*
01-Cd1-02?
01-Cd1-09
01-Cd1-N1

2.368(9)
2.306(9)
2.211(10)

92.3(4)
90.9(4)
174.6(5)
93.2(3)
86.9(3)
91.7(6)
92.9(5)
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Figure 3.22. Powder X-ray diffraction pattern of a bulk sample of 3.1 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 3.23. Powder X-ray diffraction pattern of a bulk sample of 3.2 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 3.24. Powder X-ray diffraction pattern of a bulk sample of 3.3 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 3.25. Powder X-ray diffraction pattern of a bulk sample of 3.4 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Quantitative results
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Figure 3.26. EADX spectrum of compound 3.1
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Figure 3.27. Elemental mapping of compound 3.1
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Figure 3.28. EADX spectrum of compound 3.2
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Figure 3.29. Elemental mapping of compound 3.2
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Figure 3.30. EADX spectrum of compound 3.3
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Figure 3.31. Elemental mapping of compound 3.3
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Quantitative results
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Figure 3.32. EADX spectrum of compound 3.4
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Figure 3.33. Elemental mapping of compound 3.4
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Figure 3.34: TGA curve of compound 3.1.
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Figure 3.35: TGA curve of compound 3.2.
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Figure 3.37: TGA curve of compound 3.4.
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SHAPE v21 Continuous Shape Measures calculation(Cshm)

(c) 2013 Electronic Structure Group, Universitat de Barcelona

HP-6
PPY-6
0C-6
TPR-6
JPPY-6

Contact: llunell@ub.edu

Table 3.10-3.11. SHAPE analysis for compounds 3.1-3.4.

1 D6h
2 Chv
3 0Oh

4 D3h
5 C5v

Hexagon

Pentagonal pyramid
Octahedron

Trigonal prism

Johnson pentagonal pyramid J2

33.153
16.716
6.141
6.435
20.261

33.010
26.943
0.467
14.569
30.243

31.857
28.568
0.171
15.690
31.674
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10
11

12

13

14

15

16

g1~ wN e

PP-5 1 D5h  Pentagon 26.562
vOC-5 2 C4v  Vacant octahedron 5.401
TBPY-5 3 D3h Trigonal bipyramid 2.177
SPY-5 4 C4v  Spherical square pyramid 4.108
JTBPY-5 5D3h Johnson trigonal bipyramid J12 5.447
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Synthesis and Characterization of
Paddlewheel dinuclear and
trinuclear lanthanide phosphinate
clusters.

A series of isostructural dinuclear and trinuclear paddlewheel Ln(I11) clusters have been
synthesized in reaction with chiral phosphinic acid ligand [(Bis-[a-hydroxy(p-
methylphenyl)methyl]phosphinic acid] and [Bis-[a-hydroxy(p-
bromophenyl)methyl]phosphinic acid] {(R'2/R%PO.H)[R!= CH(OH)PhMe], [R*=
CH(OH)PhBr]}. The complexes represented as  [Lnz(dent:n* PO
R%)3(NO3s)s](HNEts); where Ln= Dy(4.1), Ho(4.2), Nd(4.3), Y(4.4) and [Lns(pz-nt:nt
PO, RZ%)s(NOs3)s](HNEt3)s where Ln= Nd(4.5), Pr(4.6), Dy(4.7), NdLax(4.8),
characterized by SCXRD. Synthesis, structural interpretation are discussed in this
chapter.

4
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4.1 Introduction:

1993 after the discovery of the famous Mniz-cluster, [Mn12012(OAC)16(H20)4] by Sessoli et
al., begins the era of SMM(single molecular magnet).> (Mni2Ac) retains magnetization for a
long period relatively at liquid Helium temperature after removing the externally applied field,
a molecular origin phenomenon.? Though it started with a transition metal atom, a vast number
of 3d, 4f, and mixed metal (3d-4f) clusters using various ligands such as Schiff-base, diketone,
carboxylates, calixarenes, alkoxide, amino acids, phosphate, phosphonates SMM properties are
reported.® Lanthanide atoms are most useful in SMM # compared to transition metal due to the
large single-ion anisotropy,® which causes a large anisotropic barrier; the greater SMM
property. Among the lanthanides, Th, Dy, Ho, and Er are the most commonly used lanthanide
ions in SMM. [Th(Pc).] is the first reported SIM (single-ion magnet) with a very high energy
barrier for the magnetization-reversal by Ishikawa et. al. in 2003.% Dy-SMM is widely used
because of the Kramer’s ion (odd number of f-electron 4f%) Dy(Ill) has a large magnetic
anisotropy, a large energy-gap between the ground and first excited m; levels, and a bistable
ground state disregarding to the symmetry of ligand fields.” SMMs are contemplated as the
molecular analogous of bulk-ferromagnets used such as NdFeB, AINiCo, and SmCos. They
can be used as storage devices, quantum computing, molecular spintronics, magneto-optical

switches, etc.® in chemistry, physics, material science, and nanoscience.

Phosphorous-based ligands are an interesting research topic for the past few decades. Several
phosphorous lanthanide complexes/clusters are reported in the literature using phosphine
oxide, phosphonic acid, and organophosphate ligands®. Lanthanides with phosphinic acid
ligands are not that well explored due to the insoluble nature of phosphinate compounds.
Increasing the steric hindrance or substitution in the ligands lanthanide phosphinate complexes
can be solubilized in a variety of organic solvents/water. Introducing the hydroxy group in
phosphinic acid increases the solubility of lanthanide compounds in polar solvents like
methanol, acetonitrile, etc. Dinuclear paddlewheel structures are common for transition metals
(Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn).1° Several paddlewheel-type structures with lanthanide
and carboxylic acid! and linear trinuclear lanthanides*? are reported but with carboxylic acid
analogous phosphinic acid, no report except our lab’s lanthanide-tritylphosphinates which
shows weak ferromagnetic interaction between two Gd(lll)ions (dinuclear complex) and
Dy(I11), Ho(lll) (linear trinuclear complex) are shown anti-ferromagnetic interaction
(unpublished results). This work is the second paddlewheel-type result with phosphinic acid

from our lab.
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In this work, we have synthesized four dinuclear paddle-wheel type lanthanide complexes of
Dy», Hoz, Ndz, and Y2 using a chiral phosphinic acid ligand [Bis-[a-hydroxy(p-
methylphenyl)methyl]phosphinic acid] and three linear trinuclear paddle-wheel type
lanthanide complexes of Nds, Prs; Dys and NdLax using [Bis-[a-hydroxy(p-
bromophenyl)methyl]phosphinic acid]. These complex structures are characterized by
SCXRD, PXRD, IR, and TGA studies. The details of the crystal synthesis and characterization
of 4.1-4.4 and 4.5-4.8 are discussed below.

4.2 Experimental Section:
4.2.1 General information:

All the general chemicals were purchased commercially and used without further purification.
Bis-[a-hydroxy(p-methylphenyl)methyl]phosphinic acid and [Bis-[a-hydroxy(p-
bromophenyl)methyl]phosphinic acid] were prepared by the reported procedure.® Hydrated
lanthanide nitrate salts were prepared from their corresponding oxides by neutralizing them

with concentrated HNOs, followed by evaporation to dryness.
4.2.2 Synthesis:

To a 15 ml methanolic solution of Bis-[a-hydroxy(p-methylphenyl)methyl]phosphinic
acid(R'2PO;H) [R! = CH(OH)PhMe] (for 4.1-4.4) or R! = [Bis-[a-hydroxy(p-
bromophenyl)methyl]phosphinic acid] (for 4.5-4.8), Ln(NO3)3.6H20 was added and stirred for
1-2 minutes following triethylamine base dropwise. The solution was stirred at room
temperature for 5 h. After the reaction, methanol was evaporated with rotor-vapor and the
residue was redissolved in acetonitrile for crystallization. X-ray quality crystals suitable for

SCXRD were obtained by slow evaporation of the solvent mixture.

Compound 4.1: R%PO2H (0.050 g, 0.163 mmol), Dy(NO3)s3.6H20 (0.074 g, 0.163 mmol),
EtsN (0.06 ml, 0.489 mmol). Yield: 0.125 g, 68.64% (Based on Dy(NOz3)s.6H20). IR(cm™):
3486.16(m), 3046.74(m), 2989.59(m), 2735.39(w), 1470.75(m), 1392.36(m), 1296.87(s),
1198.32(s), 1154.27(m), 1066.64(s), 1034.96(s), 816.06(s), 744.08(w), 606.56(w), 536.94(w),
461.09(w), 417.32(w).

Compound 4.2: R%PO2H (0.050 g, 0.163 mmol), Ho(NO3)3.6H20 (0.074 g, 0.163 mmol),
EtzN (0.06 ml, 0.489 mmol). Yield: 0.120 g, 66.15% (Based on Ho(NOs3)3.6H20). IR(cm™):
3491.95(m), 3033.88(m), 2992.76(m), 2926.04(m), 2722.87(w), 1472.25(m), 1390.27(m),
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1299.89(s), 1199.32(m), 1154.71(m), 1067.39(s), 1035.90(s), 826.13(s), 745.41(w),
607.43(w), 541.04(w), 461.73(w), 414.85(w).

Compound 4.3: R%PO2H (0.050 g, 0.163 mmol), Nd(NO3)3.6H20 (0.071 g, 0.163 mmol),
EtsN (0.06 ml, 0.489 mmol). Yield: 0.105 g, 63.36% (Based on Nd(NO3)s.6H20). IR(cm™):
3504.75(m), 3034.35(m), 2989.59(m), 2716.33(w), 1441.30(m), 1394.87(m), 1290.53(s),
1200.71(m), 1176.13(s), 1062.86(s), 1031.18(s), 818.06(s), 736.66(w), 609.23(w), 537.47(w),
462.22,(w) 416.53(w).

Compound 4.4: R%,PO,H (0.050 g, 0.163 mmol), Y (NO3)s.6H20 (0.062 g, 0.163 mmol), EtsN
(0.06 ml,0.489 mmol). Yield: 0.112 g, 65.88% (Based on Y(NOs)3.6H20). IR(cm™):
3247.69(m), 3031.00(m), 2986.41(m), 2922.86(m), 2716.33(w), 1440.79(w), 1398.82(m),
1302.48(s), 1181.64(m), 1148.57(s), 1066.11(s), 1035.00(s), 824.47(s), 746.69(w), 702.90(w),
607.47(w), 540.38(w), 479.04(w), 415.64(w).

Compound 4.5: R%PO2H (0.050 g, 0.114 mmol), Nd(NO3)3.6H20 (0.049 g, 0.114 mmol),
EtzN (0.045 ml,0.344 mmol). Yield: 0.100 g, 48.30% (Based on Nd(NO3)3.6H20). IR(cm™):
3410.67(m), 3048.00(m), 2986.47(m), 2948.40(m), 2710.28(w), 1638.35(s), 1590.25(w),
1441.44(s), 1398.03(s), 1297.58.(s), 1197.58(m), 1153.70(s), 1062.45(s), 1030.79(s),
1007.47(s), 822.66(s), 735.51(w), 705.09(w), 657.58(w), 554.43(m), 507.34(s), 427.34(w).

Compound 4.6: R%PO,H (0.050 g, 0.114 mmol), Pr(NO3)s.6H.0 (0.049 g, 0.114 mmol), Et;N
(0.045 ml,0.344 mmol). Yield: 0.080 g, 57.55% (Based on Pr(NOs)s.6H20). IR(cm™):
3386.15(m), 3056.71(m), 2986.74(m), 2951.60(m), 2708.76(w), 1647.19(w), 1593.61(w),
1439.31(s), 1397.44(s), 1298.78.(s), 1152.08(s), 1060.82(s), 1032.55(s), 1006.85(s), 819.74(s),
733.46(w), 704.31(w), 652.69(w), 555.10(m), 510.35(s), 424.51(w).

Compound 4.7: R%PO2H (0.050 g, 0.114 mmol), Dy(NO3)3.6H20 (0.052 g, 0.114 mmol),
EtzN (0.045 ml,0.344 mmol). Yield: 0.090 g, 59.21% (Based on Dy(NOs3)3.6H20). IR(cm™):
3382.90(m), 3047.76(m), 2983.55(m), 2948.40(m), 2710.59(w), 1638.35(w), 1587.22(w),
1481.93(s), 1397.30(s), 1300.57.(s), 1154.33(s), 1065.58(s), 1034.35(s), 1007.89(s), 821.15(s),
731.03(w), 703.44(w), 652.79(w), 555.09(m), 509.27(s), 456.96(w).

Compound 4.8: R%PO2H (0.050 g, 0.114 mmol), Nd(NO3)3.6H20 (0.016 g, 0.037 mmol),
La(NO3)3.6H20 (0.032 g, 0.075 mmol), EtsN (0.045 ml,0.344 mmol). Yield: 0.080 g, 57.55%
(Based on Nd(NOs3)s.6H20). IR(cm™): 3395.74(m), 3049.33(m), 2986.74(m), 2948.40(m),
2702.37(w), 1638.35(w), 1589.59(w), 1438.78(s), 1398.00(s), 1299.00.(s), 1153.76(s),
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1060.91(s), 1031.46(s), 1007.23(s), 820.16(s), 733.30(w), 704.80(w), 653.04(w), 554.34(m),
506.69(s), 433.91(w).

4.2.3 Instrumentation:

Infrared spectra were recorded with a NICOLET iS5 FTIR Spectrometer. Elemental analysis
was performed with a Flash EA Series 1112 CHNS analyzer. TGA was recorded with a
PerkinElmer STA 8000 thermogravimetric analyzer under a nitrogen gas flow rate of 20 ml/min
and a heating rate of 10°C/min. The SCXRD data for 4.1-4.8 were collected at 114 K, 141 K,
110 K, 119 K, 299 K, 298 K, 298 K and 299 K, respectively with an XtalL AB Synergy, Single
source at offset/far, HyPix3000 diffractometer. Rigaku Oxford HyPix3000 CCD plate detector
system [A (Mo Ka)= 0.71073 A] with a mirror monochromator. The structure was solved with
the Olex2'*, ShelXT'” structure solution program using Intrinsic Phasing and refined with the
SHELXL.'®- 2018/3 refinement package using Least Squares minimization. All non-hydrogen
atoms were refined anisotropically and hydrogen atoms were fixed at calculated positions and
refined as riding horse models. EADP, RIGU, SIMU, DELU, SADI, and FLAT
constrained/restrained commands were used to fix the disordered atoms. For 4.1-4.4, the Olex2
solvent mask (similar to PLATON/SQUEEZE) was used to mask out the electron density of

disordered counterions. The details of the solvent masks used are given below-

For 4.1, a solvent mask was calculated and 354 electrons were found in a volume of 1305 A3
in 1 void. This is consistent with the presence of 3[CsHisN] per formula unit which accounts
for 354.0 electrons. For 4.2, a solvent mask was calculated and 352 electrons were found in a
volume of 1359 A3 in 1 void. This is consistent with the presence of 3[C¢Hi6N] per formula
unit which accounts for 354.0 electrons. For 4.3, a solvent mask was calculated and 492
electrons were found in a volume of 2466 A% in 1 void. This is consistent with the presence of
4[CeH16N], and 1[NO3] per formula unit which account for 534.0 electrons. For 4.4, a solvent
mask was calculated and 270 electrons were found in a volume of 944 A® in 2 voids. This is
consistent with the presence of 1[CsHi6N], and 1[Cs¢H16N] per formula unit which account for
236.0 electrons. For 4.5, a solvent mask was calculated and 454 electrons were found in a
volume of 10460 A* in 1 void. This is consistent with the presence of 3[CsH16N] per formula
unit which accounts for 531.0 electrons. For 4.6, a solvent mask was calculated and 531
electrons were found in a volume of 10540 A3 in 1 void. This is consistent with the presence

of 3[CsH16N] per formula unit which accounts for 531.0 electrons. For 4.7, A solvent mask was
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calculated and 902 electrons were found in a volume of 10346 A®in 1 void. This is consistent
with the presence of 3[CsH16N], 6] CH3CN] per formula unit which account for 927.0 electrons.
For 4.8, a solvent mask was calculated and 706 electrons were found in a volume of 10581 A3
in 1 void. This is consistent with the presence of 3[CsHi6N], 6[H20] per formula unit which

accounts for 711.0 electrons.

4.3 Results and discussions:

The ligand was synthesized according to the literature procedure!®. The hydrated lanthanide
nitrates were reacted in a methanolic solution of the ligand (Bis-[a-hydroxy(p-
methylphenyl)methyl]phosphinic acid(R*PO.H)[R'= CH(OH)PhMe] (for 4.1-4.4) or [Bis-[o-
hydroxy(p-bromophenyl)methyl]phosphinic acid] (for 4.5-4.8)) following the addition of the
base triethylamine in a 1:1:3 ratio. (scheme 1) A clear solution was obtained after 5 hrs at room
temperature. The clear solution was evaporated with rotor vapor and crystallized in acetonitrile.
X-ray quality crystals were obtained after slow evaporation of the solution. Only for 4.8, we
have used two lanthanide metal ratios 1:2 (Nd/La) keeping the same condition as the synthesis
procedure. Standard-analytical and spectroscopic techniques were used to characterize the
products. IR spectra of 4.1-4.8 show the characteristic peaks of aromatic and aliphatic C-H
stretching of the ligand around 2922-3034 cm™, O-H stretching band shows in between 3427-
3504 cm, inorganic nitrate appears in the region 1440-1472 cm™ and 816-826 cm™, P-O and
P-O-M stretching observed in the range 1031-1200 cm™. (figure 4.15-4.22) TGA studies reveal
the decomposition temperature range for 4.1-4.8 is 240 °C, 236 °C, 238 °C, 238 °C, 246 °C,
260 °C, 254 °C and 246 °C respectively (figure 4.13-4.14). The 3!P-NMR spectrum of
diamagnetic 4.4 shows the equivalent environment around the metal atom at 30.82 ppm.
(figure 4.31) The crystallinity and phase purity of the bulk samples for 4.1-4.8 is represented
by the PXRD data. (figure 4.23-4.30)
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Scheme 1: Synthetic scheme of compounds 4.1-4.8

4.1-4.4 compounds are isostructural dinuclear complexes (scheme 1), crystallized in the
triclinic P-1 space group. As all the complexes are structurally similar, only complex 4.1 is
described in detail. The crystal structure of 4.1 is dinuclear, consisting of two Dy(lll) ions,
three monoanionic ligands [Bis-[a-hydroxy(p-methylphenyl)methyl]phosphinic acid)], and six
nitrate anions. (figure 4.1(a)) The complex is tri-negative which is charged-balanced by three
monocationic triethylammonium cations. Each of the Dy atoms is nine coordinated.(figure
4.2(b)) Among these nine coordination, three are from the phosphinic acid oxygen atom, and
another six are from three nitrate anions. Three phosphinic acids bridge the two dysprosium
(1) ions in a [2.11] mode (Harris notation). Nitrate ions are attached to bidentate [1.11] mode
with Dy(lll) ions. SHAPE analysis shows the coordination geometry of the Dy(lll) is a
spherical tricapped trigonal prism(Dan) (table 4.11). Important bond metric parameters are
listed as follows; Dy-OrzprozH), and Dy-Oqpitrate) distances are of the order of 2.227(3)-2.257(3)
A, 2.475(5)-2.528(4) A respectively. Dy(III)...Dy(Ill) intranuclear bond distance in the
structure is 5.258 A. Selected bond distances and bond angles for 4.1-4.4 are given in tables
4.3-4.6.
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Figure 4.1. (a) Ball and stick view showing solid-state structure side view of 4.1 and (b) Ball
and stick view showing solid-state structure along the metal axis view of 4.1

(@) (b)

Figure 4.2. (a) Ball and stick view showing solid state metal-oxo core structure of 4.1 and

(b) representation of coordination geometry of dysprosium atoms in 4.1

Two types of structural conformation of the lanthanide coordinated phosphinic acid ligand

were captured in the crystal structure as shown in figure 4.3.
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Figure 4.3. (a) and (b) Ball and stick view of two types of conformation of the dysprosium

coordinated phosphinic acid ligand in 4.1

All the crystal structures are similar for 4.5-4.8. The crystal structure of 4.5 was described in
detail as representative of all other crystals (4.6-4.8). The crystal of 4.5 was crystallized in the
trigonal R-3 space group. The trinuclear crystal contains three Nd-atoms, six phosphinic acid
ligands, and six nitrate anions (figure 4.4(a)). The overall crystal is tri-anionic, to charge
balance three triethylammonium cation is required which is truly seen from the electron density
in the crystal data using the solvent mask. From the core structure, (figure 4.4(c)) it has been
seen that three Nd-atoms are situated in exactly linear arrangements. Two terminal Nd-atoms
are nine coordinated and the central Nd-atom is six coordinated. The two terminal Nd-atoms
has similar environment. The coordination environment of the central Nd-atom is six, all come
from the phosphinic acid ligand oxygen atoms. Terminal Nd-atoms connected with the central
Nd-atom with three phosphinic acid ligands in a [2.11] (Harris notation) coordination manner.
In the terminal Nd-atoms nine coordination filled with three phosphinic acid oxygen atoms and
three nitrate anions six oxygen atoms in a bidentate [1.11] mode. SHAPE analysis shows the
central and terminal Nd-atoms are octahedron (On) and spherical tricapped trigonal prism(Dan)
geometry. (table 4.15-4.16)

Another important aspect seen in the crystal structure is that all the hydroxy groups of the
phosphinic acids (each phosphinic acid has two hydroxy groups) are towards the central Nd-
atom (figure 4.4(f)). Each phosphinic acid hydroxy group two H-bonded with opposite
phosphinic acid ligands hydroxy group and oxygen atom which connected with Nd-atom
forming a five-membered ring. Important bond metric parameters are listed as follows; Nd-
O(rzrozH), and Nd-Oitrate) distances are of the order of 2.219(5)-2.339(4), 2.519(4)-2.603(4) A
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respectively. Nd(III)...Nd(I11) intranuclear bond distance in the structure is 5.341 A. Selected

bond distances and bond angles for 4.5-4.8 are given in tables 4.7-4.10.

P1
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Figure 4.4. Ball and stick view (a) showing solid-state structure side view of 4.5, (b) solid-
state structure along the metal axis view of 4.5, (c) (solid state metal-oxo core structure of
4.5, (d) and (e) representation of coordination geometry of neodymium atoms in 4.5, (f) H-
bonding interactions in 4.5, (g) conformation of the dysprosium coordinated phosphinic acid
ligand in 4.5.

In the case of 4.8, we have used two lanthanide metal ratios 1:2 (Nd/La) keeping the same

condition as the synthesis procedure of 4.5-4.7. (scheme 2) With this dilution with diamagnetic

La-ions we obtained the same structural complexes as 4.5-4.7 but terminal two La-atoms and
the central Nd-atom which was confirmed by SCXRD and supported by the EADX results.

(figure 4.34)
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Scheme 2: Synthetic scheme of compound 4.7
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Only one type of structural conformation of the lanthanide coordinated phosphinic acid ligand

was captured in the crystal structure as shown in figure 4.4(g).

4.4 Conclusion:

In conclusion, we have synthesized and structurally confirmed four dinuclear isostructural
lanthanide phosphinates of Dy., Hoz, Ndz, and Y2 (4.1-4.4) and four trinuclear lanthanide
phosphinates of Nds, Pr3, Dys and NdLa> (4.5-4.8)complexes. Among these NdLa> (4.8) is a
magnetically diluted crystal structure. All these dinuclear and trinuclear lanthanide clusters
show paddlewheel-type structures which is probably the second example in the lanthanide

phosphinate realm. These structures are very unique for solid-state structural reason.
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4.5 Analytical and Spectroscopic
Data
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Figure 4.5. ORTEP view of 4.1 with thermal ellipsoids shown at 30%probability.

Figure 4.6. ORTEP view of 4.2 with thermal ellipsoids shown at 30%probability.
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Figure 4.8. ORTEP view of 4.4 with thermal ellipsoids shown at 30%probability.
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Figure 4.10. ORTEP view of 4.6 with thermal ellipsoids shown at 30%probability
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Figure 4.12. ORTEP view of 4.8 with thermal ellipsoids shown at 30%probability
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4.1

4.2

Table 4.1. Crystallographic information of compound 4.1-4.4.
4.3

4.4

Empirical
formula
Formula
weight

Temperature/K

Crystal system

Space group
alA

b/A

c/A

a/°

p/e

v/°
Volume/A3
Z
pealcg/cm?
p/mm?
F(000)

Crystal
size/mm3
Radiation

20 range for
data
collection/®
Index ranges

Reflections
collected
Independent
reflections

Data/restraints

/parameters

Goodness-of

C78H134N13
O36P3Dy>
2247.88
114(3)
Triclinic
P-1
15.0251(2)
15.0383(2)
23.4198(3)
83.9970(10)
73.7210(10)
85.3300(10)
5044.21(12)
2
1.480
1.603
2316.0

0.04 x 0.03
x 0.02
Mo Ka (A =
0.71073)

3.758 to 54.068

-19<h<18,

-18<k <19,

-20<1<29
117952

21089 [Rint =

0. 1014, Rsigma =

0.0731]

21089/0/1048

1.051

C7gH133.39N13

Ogss5.95P3HO2
2251.33
141(50)
Triclinic

P-1

15.0249(5)

15.0536(3)

23.5177(6)

83.735(2)
73.922(3)
85.275(2)
5073.0(2)
2
1.474
1.681
2318.0

0.05 x 0.04
x 0.02
Mo Ka (A =
0.71073)

3.744 t0 54.28

-18<h <19,

-19<k<19,

-30<1<29
90766

21215 [Rint =

01682, Rsigma =

0.1571]

21215/114/1020

0.928

C72H118N11
O33P3Nd:
2047.16
110(3)
Triclinic
P-1
14.9424(2)
15.0364(2)
23.7599(5)
82.678(2)
73.969(2)
85.1240(10)
5081.99(15)
2
1.338
1.134
2112.0

0.03 x 0.02
x 0.01
Mo Ka (A =
0.71073)
3.744 to 54.07

-18<h<19,

-18<k <19,

-30<1<29
93905

21216 [Rint =
0.0614,
Rsigma =
0.0719]

21216/11/708

1.037

CrsH13aN13
OssP3Y2
2100.70

119(4)
Triclinic
P-1

15.0320(2)

15.0419(2)

23.3613(4)

73.7140(10)
84.0260(10)
85.2800(10)
5034.92(13)
2
1.386
1.280
2208.0

0.35 % 0.33 x
0.02
Mo Ka (A =
0.71073)
3.646 to 54.14

-19<h<19,

-19<k<19,

-290<1<29
120992

21138 [Rint =
0.1022,
Rsigma =
0.1336]

21138/10/1093

1.030



-fiton F2

Final R indexes
[I>=2¢ (D]

Final R indexes
[all data]

Largest diff.

peak/hole
le A3

R1=0.0537,
wR2 =0.1411

R1=0.0884,
WR2 = 0.1582

1.53/-1.07

R1=0.0714,
WR2=0.1774

R1=10.1509,
WR2 =0.2168

1.31/-1.10

R1=0.0773,
WRz = 0.2381

R1=0.1274,
WR2 =0.2723

1.47/-0.72

R1=0.0852,
WR2 = 0.2158

R1=10.1765,
WRz = 0.2534

0.84/-0.59

Table 4.2. Crystallographic information of compound 4.5-4.8.

Identification
code
Empirical
formula
Formula
weight

Temperature/K

Crystal system
Space group
a/lA

b/A

c/A

a/°

p/e

v/°
Volume/A3
Z

pcalcg/ cm?®
p/mm?t
F(000)
Crystal
size/mm?

Radiation

20 range for
data
collection/°

Index ranges

Reflections
collected

Independent
reflections

4.5

Br12C102H120
NoNd3042Ps

3721.52

299.15
trigonal
R-3
23.6571(4)
23.6571(4)
35.8664(7)
90
90
120
17383.7(7)
3
1.066
2.819
5463.0
0.31 x0.27 x
0.24
Mo Ka (A =
0.71073)

4.58 t0 54.112

-29<h <30, -

30<k <30, -45

<1<45
134535

8303 [Rint =

01989, Rsigma =

0.1380]

4.6

Br12C102H120
NgO42P6Prs

3711.53

298.0(4)
trigonal
R-3
23.6924(8)
23.6924(8)
35.9212(13)
90
90
120
17462.2(13)
3
1.059
2.765
5454.0
0.28 x 0.26 x
0.18
Mo Ka (A =
0.71073)

4.128 to 54.044

-29<h<29, -
29<k<30, -
45<1<38

43371
8165 [Rint =

01005, Rsigma =
0.1531]

4.7

Br12C114H138
N15042PeDys3

4022.63

298.15
trigonal
R-3
23.6097(9)
23.6097(9)
35.6028(15)
90
90
120
17186.8(15)
3
1.166
3.154
5913.0
0.26 % 0.25 x
0.24
MoKa (A =
0.71073)

4.146 to
54.218

229<h<29,-
29 <k <29, -
44<1<45

136389

8210 [Rin =
0.4714,
Rsigma =
0.2988]

4.8

Bri12Ci02H132
NoOusgPsNdLay

3818.96

299.15
trigonal
R-3
23.6597(7)
23.6597(7)
36.1153(14)
90
90
120
17508.1(12)
3
1.087
2.724
5625.0
0.27 x 0.26 x
0.24
MoKa (A=
0.71073)

4132 to
54.084

30<h <29, -
30 <k <30, -
43<1<44

46935
8208 [Rint =

0.1555,Rsigma =
0.2362]
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Data/restraints
/parameters
Goodness-of
-fit on F?

Final R indexes
[I>=2¢ (I)]

Final R indexes
[all data]

Largest diff.

peak/hole
[e A3

8303/0/201

0.971

R1=0.0927,
wR2=0.2174

R1=0.1619,
WR2 = 0.2465

0.93/-1.52

8165/0/172

0.953

R1=0.0950,
WR2=0.2170

R: =0.1809,
wR2 = 0.2512

1.45/-1.42

8210/0/171

1.012

R1=0.1628,
WR2 = 0.3625

R1=10.2429,
WR2 = 0.4009

2.00/-1.27

8208/195/171

0.931

R1=0.0992,
WR2 =0.1935

R1=0.1981,
wWR2 =0.2259

0.69/-0.89

Table 4.3. Selected bond lengths (A) and bond angle (deg) parameters of compound 4.1

Dy1-01
Dy1-0O5
Dy1-09
Dy1-016
Dy1-017
Dy1-014
Dy1-020
Dy1-013
Dy1-019
01-Dy1-09
01-Dy1-016
0O1-Dy1-017
01-Dy1-014
01-Dy1-020
01-Dy1-013
01-Dy1-019
05-Dy1-01
05-Dy1-09
05-Dy1-016
05-Dy1-017
05-Dy1-014
05-Dy1-020
05-Dy1-013
05-Dy1-019
09-Dy1-016
09-Dy1-017
09-Dy1-014
09-Dy1-020
09-Dy1-013
09-Dy1-019
016-Dy1-017
016-Dy1-014
016-Dy1-020
016-Dy1-013

2.242(4)
2.227(3)
2.248(3)
2.475(4)
2.519(4)
2.528(4)
2.497(4)
2.511(4)
2.503(4)
85.40(14)
155.00(11)
149.15(15)
75.32(12)
84.95(13)
125.48(14)
78.55(14)
84.15(12)
87.44(12)
74.16(12)
124.44(15)
78.33(12)
145.91(15)
87.74(13)
154.64(13)
81.42(14)
84.73(13)
156.98(13)
123.70(16)
148.00(16)
72.92(15)
50.28(14)
111.32(12)
120.02(13)
66.84(14)

Dy2-06
Dy2-02
Dy2-010
Dy2-029
Dy2-023
Dy2-026
Dy2-028
Dy2-025
Dy2-022
06-Dy2-02
06-Dy2-010
06-Dy2-029
06-Dy2-023
06-Dy2-026
06-Dy2-028
06-Dy2-025
06-Dy2-022
02-Dy2-029
02-Dy2-023
02-Dy2-026
02-Dy2-028
02-Dy2-025
02-Dy2-022
010-Dy2-02
010-Dy2-029
010-Dy2-023
010-Dy2-026
010-Dy2-028
010-Dy2-025
010-Dy2-022
029-Dy2-028
023-Dy2-029
023-Dy2-028
026-Dy2-029

2.239(3)
2.257(3)
2.246(3)
2.516(4)
2.503(4)
2.501(4)
2.521(4)
2.496(4)
2.491(4)
86.62(12)
86.67(12)
74.74(12)
83.13(12)
156.20(12)
124.71(14)
148.23(14)
78.64(13)
78.64(12)
148.13(15)
73.14(12)
85.85(13)
123.63(13)
154.41(12)
86.04(12)
156.43(11)
123.18(14)
79.71(13)
146.94(14)
86.15(13)
72.44(12)
50.09(13)
69.56(14)
75.63(15)
112.16(13)
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016-Dy1-019
017-Dy1-014
020-Dy1-017
020-Dy1-014
020-Dy1-013
020-Dy1-019
013-Dy1-017
013-Dy1-014
019-Dy1-017
019-Dy1-014
019-Dy1-013

117.09(14)
118.24(13)
76.51(15)
67.67(15)
72.76(16)
50.80(15)
72.19(15)
50.27(13)
70.62(16)
114.35(14)
117.41(15)

026-Dy2-023
026-Dy2-028
025-Dy2-029
025-Dy2-023
025-Dy2-026
025-Dy2-028
022-Dy2-029
022-Dy2-023
022-Dy2-026
022-Dy2-028
022-Dy2-025

120.66(12)
67.26(14)
117.25(13)
75.16(14)
50.54(13)
72.06(15)
116.59(13)
50.75(14)
114.95(13)
119.75(13)
69.69(14)

Table 4.4. Selected bond lengths (A) and bond angle (deg) parameters of compound 4.2

Ho1-03
Hol-05
Ho1l-016
Hol-01
Hol-017
Ho1-013
Ho1-019
Ho1-020
Hol-014
03-Hol-05
03-Ho1-016
03-Ho1-01
03-Ho1-017
03-Ho1-013
03-Ho1-019
03-Ho1-020
03-Ho1-014
05-Ho1-016
05-Ho1-017
05-Ho1-013
05-Ho1-019
05-Ho1-020
05-Ho1-014
016-Ho1-017
016-Ho1-013
016-Ho1-019
016-Ho1-020
016-Ho1-014
01-Hol-05
01-Ho1-016
01-Ho1-017
01-Ho1-013
01-Ho1-019
01-Ho1-020

2.220(6)
2.232(5)
2.440(6)
2.229(6)
2.533(6)
2.490(7)
2.504(6)
2.519(6)
2.502(6)
83.87(19)
155.05(18)
85.6(2)
149.8(3)
85.3(2)
125.5(2)
75.0(2)
78.8(2)
74.5(2)
124.2(3)
144.3(2)
87.8(2)
77.75(19)
155.4(2)
49.7(2)
119.5(2)
66.8(2)
111.4(2)
117.1(2)
87.35(19)
81.2(2)
85.0(2)
125.6(2)
147.7(3)
156.6(2)

Ho2-04
Ho2-02
Ho2-06
Ho2-028
Ho2-026
Ho2-029
Ho2-022
Ho2-025
Ho2-023
04-Ho2-02
04-Ho2-06
04-Ho2-028
04-Ho2-026
04-Ho2-029
04-Ho2-022
04-Ho2-025
04-Ho2-023
02-Ho2-06
02-Ho2-028
02-Ho2-026
02-Ho2-029
02-Ho2-022
02-Ho2-025
02-Ho2-023
06-Ho2-028
06-Ho2-026
06-Ho02-029
06-Ho2-022
06-Ho2-025
06-Ho02-023
028-Ho02-029
028-Ho2-023
026-Ho2-028
026-Ho2-029

2.240(5)
2.243(5)
2.274(6)
2.503(6)
2.493(6)
2.526(6)
2.484(6)
2.501(6)
2.513(6)
85.98(18)
86.2(2)
77.83(19)
73.1(2)
86.0(2)
148.4(2)
124.7(2)
154.15(19)
87.43(19)
156.27(19)
79.5(2)
147.2(2)
123.1(2)
85.5(2)
72.74(19)
74.4(2)
156.10(18)
123.6(2)
83.4(2)
147.6(2)
78.5(2)
49.4(2)
117.0(2)
111.5(2)
67.8(2)
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0O1-Ho1-014
013-Ho1-017
013-Ho1-019
013-Ho1-020
013-Ho1-014
019-Ho1-017
019-Ho1-020
020-Ho1-017
014-Ho1-017
014-Ho1-019
014-Ho1-020

Nd1-01
Nd1-05
Nd1-03
Nd1-025
Nd1-022
Nd1-028
Nd1-026
Nd1-029
Nd1-023
01-Nd1-05
01-Nd1-03
01-Nd1-025
01-Nd1-022
01-Nd1-028
01-Nd1-026
01-Nd1-029
01-Nd1-023
05-Nd1-025
05-Nd1-022
05-Nd1-028
05-Nd1-026
05-Nd1-029
05-Nd1-023
03-Nd1-05
03-Nd1-025
03-Nd1-022
03-Nd1-028
03-Nd1-026
03-Nd1-029
03-Nd1-023
025-Nd1-026
025-Nd1-029
022-Nd1-025
022-Nd1-028

74.0(3)
77.1(3)
71.3(3)
66.6(2)
51.6(2)
71.7(2)
50.6(2)
118.4(2)
71.0(3)
116.5(2)
113.9(2)

2.309(4)
2.353(5)
2.328(5)
2.578(6)
2.575(6)
2.577(5)
2.610(6)
2.582(5)
2.556(7)
86.85(17)
87.06(17)
73.43(17)
82.46(18)
150.4(2)
122.27(19)
157.50(17)
79.7(2)
79.18(19)
150.7(2)
122.0(2)
84.48(18)
72.75(18)
155.27(19)
86.40(19)
156.19(17)
120.0(2)
88.33(18)
148.6(2)
82.4(2)
72.4(2)
48.87(19)
110.7(2)
71.6(2)
74.7(2)

026-Ho2-025
026-Ho02-023
022-Ho2-028
022-Ho2-026
022-Ho2-029
022-Ho02-025
022-Ho2-023
025-Ho2-028
025-Ho02-029
025-H02-023
023-Ho02-029

Nd2-06
Nd2-02
Nd2-013
Nd2-020
Nd2-014
Nd2-04
Nd2-019
Nd2-016
Nd2-017
06-Nd2-02
06-Nd2-013
06-Nd2-020
06-Nd2-014
06-Nd2-019
06-Nd2-016
06-Nd2-017
02-Nd2-013
02-Nd2-020
02-Nd2-014
02-Nd2-019
02-Nd2-016
02-Nd2-017
013-Nd2-020
013-Nd2-014
013-Nd2-019
013-Nd2-016
013-Nd2-017
020-Nd2-014
020-Nd2-019
020-Nd2-016
020-Nd2-017
014-Nd2-019
014-Nd2-016
04-Nd2-06

51.6(2)
115.7(2)
70.6(2)
120.5(2)
75.3(2)
74.2(2)
50.4(2)
118.0(2)
73.3(2)
69.1(2)
119.9(2)

2.316(5)
2.325(5)
2.542(6)
2.549(5)
2.576(6)
2.303(5)
2.591(5)
2.604(7)
2.549(7)
82.92(17)
153.27(17)
75.96(18)
151.1(2)
125.6(2)
80.7(2)
87.0(2)
72.80(18)
79.99(19)
123.0(2)
89.12(19)
155.6(2)
148.4(2)
109.69(18)
50.3(2)
66.2(2)
118.1(2)
119.6(2)
117.85(19)
49.7(2)
113.0(3)
68.5(2)
72.0(2)
70.6(3)
83.4(2)

Table 4.5. Selected bond lengths (A) and bond angle (deg) parameters of compound 4.3
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022-Nd1-026 78.4(2) 04-Nd2-02 88.43(19)

022-Nd1-029 120.01(18) 04-Nd2-013 84.9(2)
028-Nd1-025 115.37(19) 04-Nd2-020 157.4(2)
028-Nd1-026 71.5(2) 04-Nd2-014 84.7(2)
028-Nd1-029 49.32(19) 04-Nd2-019 150.3(3)
029-Nd1-026 66.2(2) 04-Nd2-016 71.9(3)
023-Nd1-025 116.0(2) 04-Nd2-017 120.1(3)
023-Nd1-022 47.7(2) 019-Nd2-016 115.1(2)
023-Nd1-028 71.0(2) 017-Nd2-014 76.4(2)
023-Nd1-026 120.25(19) 017-Nd2-019 72.7(2)
023-Nd1-029 115.4(2) 017-Nd2-016 48.2(3)

Table 4.6. Selected bond lengths (A) and bond angle (deg) parameters of compound 4.4

Y1-03 2.222(4) Y2-04 2.226(3)
Y1-01 2.231(4) Y2-023 2.496(4)
Y1-015 2.509(4) Y2-02 2.245(4)
Y1-021 2.453(5) Y2-06 2.235(4)
Y1-014 2.495(4) Y2-027 2.468(4)
Y1-05 2.244(4) Y2-029 2.487(4)
Y1-017 2.471(4) Y2-030 2.506(4)
Y1-018 2.493(5) Y2-026 2.481(4)
Y1-020 2.505(4) Y2-024 2.499(4)
03-Y1-01 84.60(13) 04-Y2-023 74.88(13)
03-Y1-015 78.31(13) 04-Y2-02 86.85(13)
03-Y1-021 74.47(14) 04-Y2-06 87.33(14)
03-Y1-014 88.04(15) 04-Y2-027 83.34(13)
03-Y1-05 87.46(14) 04-Y2-029 147.73(16)
03-Y1-017 145.40(18) 04-Y2-030 156.66(13)
03-Y1-018 154.71(15) 04-Y2-026 78.12(14)
03-Y1-020 124.65(16) 04-Y2-024 125.28(16)
01-Y1-015 75.56(14) 023-Y2-030 111.72(14)
01-Y1-021 155.36(13) 023-Y2-024 50.55(15)
01-Y1-014 125.88(17) 02-Y2-023 78.50(14)
01-Y1-05 85.53(15) 02-Y2-027 147.94(18)
01-Y1-017 85.08(14) 02-Y2-029 123.83(15)
01-Y1-018 78.27(15) 02-Y2-030 73.23(14)
01-Y1-020 148.76(17) 02-Y2-026 154.17(14)
021-Y1-015 111.79(14) 02-Y2-024 86.20(14)
021-Y1-014 67.15(16) 06-Y2-023 157.05(13)
021-Y1-017 119.55(14) 06-Y2-02 86.29(14)
021-Y1-018 116.43(17) 06-Y2-027 123.47(17)
021-Y1-020 50.20(16) 06-Y2-029 85.23(14)
014-Y1-015 50.49(15) 06-Y2-030 79.53(15)
014-Y1-020 71.27(17) 06-Y2-026 72.28(15)
05-Y1-015 157.20(14) 06-Y2-024 145.98(17)
05-Y1-021 80.77(16) 027-Y2-023 69.48(17)
05-Y1-014 147.63(18) 027-Y2-029 74.90(16)
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05-Y1-017 124.47(19) 027-Y2-030 120.00(14)

05-Y1-018 72.89(17) 027-Y2-026 51.22(16)
05-Y1-020 85.22(15) 027-Y2-024 75.02(16)
017-Y1-015 67.14(17) 029-Y2-023 117.52(14)
017-Y1-014 71.78(18) 029-Y2-030 50.62(15)
017-Y1-018 51.61(18) 029-Y2-024 71.78(17)
017-Y1-020 75.85(16) 026-Y2-023 116.71(15)
018-Y1-015 114.52(16) 026-Y2-029 69.70(16)
018-Y1-014 117.08(16) 026-Y2-030 115.27(15)
018-Y1-020 70.49(18) 026-Y2-024 119.62(14)
020-Y1-015 117.52(14) 024-Y2-030 66.54(16)

Table 4.7. Selected bond lengths (A) and bond angle (deg) parameters of compound 4.5

Nd1-01! 2.603(4) Nd1-02 2.519(4)
Nd1-01 2.603(4) Nd2-05?2 2.219(5)
Nd1-012 2.603(4) Nd2-05° 2.219(5)
Nd1-042 2.339(4) Nd2-05! 2.219(5)
Nd1-04! 2.339(4) Nd2-05* 2.219(5)
Nd1-04 2.339(4) Nd2-055 2.219(5)
Nd1-02! 2.519(4) Nd2-05 2.219(5)
Nd1-022 2.519(4)
LoYoX, 1X,4Z; 210Y, 14X-Y,4Z; 32/3-Y4X,1/3+X,1/3-Z; 4-1/3+Y,1/3-X+Y,1/3-Z; °2/3-X,4/3-Y,1/3-Z
01!-Nd1-01° 113.55(8) 022-Nd1-01 118.12(16)
01?-Nd1-01 113.55(8) 022-Nd1-012 49.21(14)
01!-Nd1-01 113.55(8) 02!-Nd1-012 118.12(16)
04-Nd1-012 75.68(14) 02-Nd1-012 68.12(16)
04?-Nd1-01 158.07(15) 022-Nd1-01! 68.12(16)
04-Nd1-01 77.63(14) 02-Nd1-01* 118.12(16)
04-Nd1-01* 158.07(15) 021-Nd1-02 74.61(19)
04!-Nd1-01% 77.63(14) 02!-Nd1-022 74.60(19)
04!-Nd1-012 158.07(15) 022-Nd1-02 74.61(19)
04!-Nd1-01 75.69(14) 05!-Nd2-05° 94.60(18)
04?-Nd1-012 77.63(14) 05!-Nd2-05* 94.60(18)
042-Nd1-011 75.69(14) 0O5-Nd2-05°2 180
042-Nd1-04 87.67(16) 052-Nd2-05° 94.60(18)
042-Nd1-04 87.67(16) 05!-Nd2-05 85.40(18)
041-Nd1-04 87.67(16) 052-Nd2-05* 180
04!-Nd1-02 124.82(16) 05%-Nd2-05° 85.40(18)
04-Nd1-022 124.82(16) 05-Nd2-05* 94.60(18)
042-Nd1-022 83.63(17) 05°-Nd2-05* 85.40(18)
041-Nd1-02t 83.63(17) 0O5-Nd2-05° 180
042-Nd1-02 145.75(16) 05¢-Nd2-05° 85.40(18)
041-Nd1-022 145.75(16) 05-Nd2-05° 94.60(18)
042-Nd1-02 124.82(16) 052-Nd2-05 85.40(18)
04-Nd1-02" 145.75(16) 05!-Nd2-05? 85.40(18)
04-Nd1-02 83.63(17) 052-Nd2-05° 94.60(18)
021-Nd1-01* 49.20(14) 051-Nd2-05 94.60(18)
02-Nd1-01 49.20(14) 05-Nd2-05* 94.60(18)
021-Nd1-01 68.13(16)
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Table 4.8. Selected bond lengths (A) and bond angle (deg) parameters of compound 4.6

Pr1-01t 2.358(5) Pri-06 2.589(6)
Pr1-012 2.358(5) Pri-05! 2.534(6)
Pri-01 2.358(5) Pri-05 2.534(6)
Pr1-062 2.589(6) Pri-052 2.534(6)
Pr1-06! 2.589(6) Pr2-02 2.290(5)
LiYX,1-X,4Z; 21-Y, 14X 42
01'-Pr1-012 88.6(2) 052-Pr1-062 47.3(2)
01%-Pr1-01 88.6(2) 05-Pr1-06 47.3(2)
01%-Pr1-01 88.6(2) 05-Pr1-06* 118.0(2)
012-Pr1-06! 75.8(2) 05-Pr1-06! 47.3(2)
01'-Pr1-06? 159.6(2) 05'-Pr1-06 68.6(2)
012-Pr1-062 77.99(18) 05%-Pr1-06 118.0(2)
01%-Pr1-06 75.8(2) 05'-Pr1-062 118.0(2)
01%-Pr1-06! 77.99(18) 023-Pr2-022 180.00(19)
01-Pr1-06 77.99(18) 02-Pr2-022 84.6(2)
01-Pr1-06? 75.8(2) 023-Pr2-02! 95.4(2)
01-Pr1-O61 159.6(2) 02%-Pr2-022 95.4(2)
012-Pr1-06 159.6(2) 024-Pr2-025 84.6(2)
01%-Pr1-05 123.1(2) 023-Pr2-02* 84.6(2)
01%-Pr1-05! 82.3(2) 021-Pr2-02 84.6(2)
01'-Pr1-052 146.5(2) 025-Pr2-02 95.4(2)
012-Pr1-052 82.3(2) 021-Pr2-022 84.6(2)
01-Pr1-05* 146.5(2) 021-Pr2-02* 95.4(2)
01?-Pr1-05* 123.1(2) 024-Pr2-02 180
01-Pr1-05? 123.1(2) 023-Pr2-02° 84.6(2)
01%-Pr1-05 146.5(2) 025-Pr2-022 95.4(2)
01-Pr1-05 82.3(2) 02%-Pr2-02° 180
06'-Pr1-062 112.84(12) 023-Pr2-02 95.4(2)
06-Pr1-062 112.84(12) 05'-Pr1-05 76.1(3)
06-Pr1-06* 112.84(12) 05-Pr1-052 76.1(3)
052-Pr1-06! 68.6(2) 05'-Pr1-052 76.1(3)
05-Pr1-06? 68.6(2)

LoYoX, 1X,4Z; 210Y, 14XY,4Z; 32/3-X,4/3-Y,4/3-Z; 22/3-Y+X,1/3+X,4/3-Z; °-1/3+Y,1/3-X+Y,4/3-Z

Table 4.9. Selected bond lengths (A) and bond angle (deg) parameters of compound 4.7

Dy1-05! 2.424(11) Dy1-06 2.512(11)
Dy1-05 2.424(11) Dy2-023 2.214(12)
Dy1-05? 2.424(11) Dy2-02' 2.214(12)
Dy1-01 2.289(9) Dy2-02* 2.214(12)
Dy1-01 2.289(9) Dy2-02° 2.214(12)
Dy1-012 2.289(9) Dy2-02 2.214(12)
Dy1-06' 2.512(11) Dy2-022 2.214(12)
Dy1-06? 2.512(11)
LY XY, 4Z; 214YX,1X,4Z; 31/3-Y4X,-1/3+X,2/3-Z; 41/3+Y,2/3-X+Y,2/3-Z; °4/3-X,2/3-Y,2/3-Z

05%-Dy1-052 77.2(5) 01-Dy1-062 76.0(4)

05'-Dy1-05 77.2(5) 01-Dy1-06? 156.2(4)

05%-Dy1-05 77.2(5) 01-Dy1-06! 76.0(4)

05%-Dy1-06" 120.5(5) 01%-Dy1-06 76.0(4)

05'-Dy1-06 120.5(5) 01-Dy1-06 77.4(4)

05%-Dy1-06 49.3(4) 01!-Dy1-06 156.2(4)
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05!-Dy1-06? 49.3(4) 01'-Dy1-06* 77.4(4)

05'-Dy1-06" 68.4(4) 062-Dy1-06* 114.1(2)
05-Dy1-062 120.5(5) 06'-Dy1-06 114.1(2)
05-Dy1-06 68.4(4) 062-Dy1-06 114.1(2)
05-Dy1-06! 49.3(4) 02!-Dy2-02? 84.5(4)
05%-Dy1-06?2 68.4(4) 023-Dy2-02* 95.5(4)
01'-Dy1-05? 144.2(5) 024-Dy2-02° 84.5(4)
012-Dy1-05 144.2(5) 024-Dy2-02 95.5(4)
01'-Dy1-05 126.7(4) 025-Dy2-02? 95.5(4)
01-Dy1-05t 144.2(5) 025-Dy2-02° 84.5(4)
01'-Dy1-O5* 82.7(5) 024-Dy2-02* 180
012-Dy1-05* 126.7(4) 023-Dy2-02? 180
01-Dy1-05 82.7(5) 024-Dy2-02? 95.5(4)
01-Dy1-05? 126.7(4) 025-Dy2-02 180
012-Dy1-05? 82.7(5) 02-Dy2-022 84.5(4)
01-Dy1-012 86.1(5) 024-Dy2-025 84.5(4)
011-Dy1-012 86.1(5) 023-Dy2-02 95.5(4)
01'-Dy1-01 86.1(5) 02!-Dy2-02 84.5(4)
012-Dy1-O6* 156.2(4) 025-Dy2-02* 95.5(4)
012-Dy1-06? 77.4(4)

LY XY 4Z; 214Y-X,1X,+Z; 31/3-Y4X,-1/3+X,2/3-Z; *1/3+Y,2/3-X+Y,2/3-Z; °4/3-X,2/3-Y,2/3-Z

Table 4.10. Selected bond lengths (A) and bond angle (deg) parameters of compound 4.8

Nd1-02 2.219(5) La2-01 2.368(5)
Nd1-022 2.219(5) La2-05? 2.623(6)
Nd1-02 2.219(5) La2-05 2.623(6)
Nd1-023 2.219(5) La2-05° 2.623(6)
Nd1-02* 2.219(5) La2-06° 2.552(6)
Nd1-025 2.219(5) La2-06 2.552(6)
La2-012 2.368(5) La2-06? 2.552(6)
La2-013 2.368(5)
L 1/34Y,-2/3-X+Y,1/3-Z; 2-1-Y 4X-Y,4Z; 3-14Y-X,-1-X,42Z; -4/3-X,-2/3-Y,1/3-Z; 5-1/3-Y+X,1/3+X,1/3-Z
021-Nd1-022 85.2(2) 015-La2-05° 158.7(2)
023-Nd1-02* 94.8(2) 01%-La2-06 125.0(2)
021-Nd1-02* 94.8(2) 015-La2-06° 145.5(2)
02-Nd1-02* 85.2(2) 015-La2-06 83.1(2)
022-Nd1-02° 94.8(2) O1-La2-06° 125.0(2)
023-Nd1-02° 94.8(2) 015-La2-06* 125.0(2)
021-Nd1-023 85.2(2) 014-La2-06° 83.1(2)
02-Nd1-02 94.8(2) 014-La2-06* 145.5(2)
022-Nd1-023 85.2(2) 01-La2-06" 83.1(2)
02-Nd1-02° 180 O1-La2-06 145.5(2)
02-Nd1-023 180 05%La2-05 112.83(11)
02%-Nd1-02 94.8(2) 055-La2-05 112.83(11)
02-Nd1-02° 85.2(2) 05¢-La2-05° 112.83(11)
022-Nd1-02* 180 06°-La2-05 67.5(2)
024-Nd1-025 85.2(2) 06°-La2-05° 48.3(2)
01-La2-015 87.3(2) 06¢-La2-05* 48.3(2)
01-La2-01* 87.3(2) 06°-La2-05 118.0(2)
015-La2-014 87.3(2) 06°-La2-05* 118.0(2)
01-La2-05"* 78.10(18) 0(6)-La(2)-05° 118.0(2)
01%La2-05° 78.10(18) 06-La2-05" 67.5(2)
015-La2-05* 76.67(19) 06-La2-05 48.3(2)

171



01%-La2-05 78.10(18) 06%-La2-05° 67.5(2)

01-La2-05° 76.67(19) 06°*-La2-06° 75.7(3)
01%La2-05* 158.7(2) 06°-La2-06 75.7(3)
01%-La2-05 76.67(19) 06°-La2-06 75.7(3)
01-La2-05 158.7(2)

L 1/34Y,2/3-X+Y,1/3-Z; 2-1/3-Y4X, 1/3+X,1/3-Z; 3-4/3X,-2/3-Y,1/3-Z; - 14Y-X,-1-X,4Z; °-1-Y,+X-Y +Z

Table 4.11. Shape calculation of compound 4.1

Geometry Cshm Cshm
value value
for Dyl for Dy2
1 EP-9 D9h Enneagon 33.912 33.278
2 OPY-9 C8v Octagonal pyramid 24.030 24.341
3 HBPY-9 D7h Heptagonal bipyramid 18.490 18.539
4 JTC-9 C3v Johnson triangular cupola J3 12.943 12.838
5 JCCU-9 Cav Capped cube J8 10.459 10.476
6 CCU-9 C4v Spherical-relaxed capped cube 9.289 9.270
7 JCSAPR-9 C4v Capped square antiprism J10 3.474 3.577
8 CSAPR-9 Cav Spherical capped square antiprism 2.516 2.663
9 JTCTPR-9 D3h Tricapped trigonal prism J51 3.148 3.080
10 | TCTPR-9 D3h Spherical tricapped trigonal prism = 2.390 2.448
11  JTDIC-9 C3v Tridiminished icosahedron J63 11.498 11.658
12 | HH-9 C2v Hula-hoop 12.552 12.562
13 MFF-9 Cs Muffin 2.605 2.647
Table 4.12. Shape calculation of compound 4.2
S.No. Geometry Cshm Cshm
value value
for Hol  for Ho2
1 EP-9 D%h Enneagon 34.282 34.282
2 OPY-9 C8v Octagonal pyramid 24.080 24.080
3 HBPY-9 D7h Heptagonal bipyramid 18.743 18.743
4 | JTC-9 C3v Johnson triangular cupola J3 13.160 13.160
5 JCCU-9 Cav Capped cube J8 10.339 10.339
6 CCU-9 Cav Spherical-relaxed capped cube 9.191 9.191
7  JCSAPR-9 Cav Capped square antiprism J10 3.460 3.460
8 CSAPR-9 Cav Spherical capped square antiprism 2.461 2.461
9 JTCTPR-9 D3h Tricapped trigonal prism J51 3.166 3.166
10 | TCTPR-9 D3h Spherical tricapped trigonal prism 2.310 2.310
11  JTDIC-9 C3v Tridiminished icosahedron J63 11.563 11.563
12 | HH-9 C2v Hula-hoop 12.553 12.553
13 MFF-9 Cs Muffin 2.510 2.510

Table 4.13. Shape calculation of compound 4.3
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S.No. Geometry Cshm Cshm
value value
for Nd1  for Nd2
1 EP-9 D%h Enneagon 32.679 34.062
2 OPY-9 C8v Octagonal pyramid 24.274 24.563
3 HBPY-9 D7h Heptagonal bipyramid 18.039 18.405
4 | JTC-9 C3v Johnson triangular cupola J3 12.589 12.781
5 JCCU-9 Cav Capped cube J8 10.275 10.548
6 CCU-9 C4v Spherical-relaxed capped cube 8.969 9.153
7 JCSAPR-9 C4v Capped square antiprism J10 4.154 3.748
8 CSAPR-9 Cav Spherical capped square antiprism 3.188 2.881
9 JTCTPR-9 D3h Tricapped trigonal prism J51 3.651 3.718
10 | TCTPR-9 D3h Spherical tricapped trigonal prism | 2.993 2.786
11  JTDIC-9 C3v Tridiminished icosahedron J63 11.351 10.710
12 | HH-9 C2v Hula-hoop 12.386 11.806
13 MFF-9 Cs Muffin 3.172 2.791

Table 4.14. Shape calculation of compound 4.4

S.No. Geometry Cshm Cshm
value value
for Y1 for Y2

1 EP-9 D9h Enneagon 34.256 33.325
2 OPY-9 C8v Octagonal pyramid 24.084 24.106
3 HBPY-9 D7h Heptagonal bipyramid 18.713 18.432
4 JTC-9 C3v Johnson triangular cupola J3 13.312 12.980
5 JCCU-9 C4v Capped cube J8 10.413 10.434
6 CCU-9 Cav Spherical-relaxed capped cube 9.243 9.267
7 JCSAPR-9 Cav Capped square antiprism J10 3.421 3.441
8 CSAPR-9 Cav Spherical capped square antiprism 2.464 2.552
9 JTCTPR-9 D3h Tricapped trigonal prism J51 3.112 2.973
10 | TCTPR-9 D3h Spherical tricapped trigonal prism | 2.283 2.394
11  JTDIC-9 C3v Tridiminished icosahedron J63 11.575 11.790
12 | HH-9 C2v Hula-hoop 12.704 12.614
13 MFF-9 Cs Muffin 2.535 2.596

Table 4.15. Shape calculation of compound 4.5

S.No. Geometry
1 EP-9 D%h Enneagon 33.007
2 OPY-9 C8v Octagonal pyramid 24.358
3 HBPY-9 D7h Heptagonal bipyramid 19.048
4 JTC-9 C3v Johnson triangular cupola J3 12.881
5 JCCU-9 C4v Capped cube J8 10.884
6 CCU-9 Cav Spherical-relaxed capped cube 9.783
7  JCSAPR-9 Cav Capped square antiprism J10 3.917
8 CSAPR-9 Cav Spherical capped square antiprism 3.028
9 JTCTPR-9 D3h Tricapped trigonal prism J51 3.042
10 | TCTPR-9 D3h Spherical tricapped trigonal prism 2.715
11  JTDIC-9 C3v Tridiminished icosahedron J63 12.815
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12 | HH-9 C2v Hula-hoop 13.187
13  MFF-9 Cs Muffin 2.985
Table 4.16. Shape calculation of compound 4.5

O eo
0 O
1 HP-6 1 D6h Hexagon 31.742
2 PPY-6 2 C5v Pentagonal pyramid 29.639
8 0OC-6 30h Octahedron 0.308
4 TPR-6 4 D3h Trigonal prism 15.403
5 JPPY-6 5 C5v Johnson pentagonal pyramid J2 32.971

Table 4.17. Shape calculation of compound 4.6

S.No. Geometry
1 EP-9 D9h Enneagon 32.097
2 OPY-9 C8v Octagonal pyramid 24.138
3 HBPY-9 D7h Heptagonal bipyramid 18.691
4 JTC-9 C3v Johnson triangular cupola J3 12,591
5 JCCU-9 Cav Capped cube J8 11.018
6 CCU-9 C4v Spherical-relaxed capped cube 9.837
7 JCSAPR-9 C4v Capped square antiprism J10 4.474
8 CSAPR-9 Cav Spherical capped square antiprism 3.514
9 JTCTPR-9 D3h Tricapped trigonal prism J51 3.573
10 | TCTPR-9 D3h Spherical tricapped trigonal prism 3.296
11  JTDIC-9 C3v Tridiminished icosahedron J63 13.036
12 | HH-9 C2v Hula-hoop 12.992
13 | MFF-9 Cs Muffin 3.372

Table 4.18. Shape calculation of compound 4.6

Geometry

1 HP-6 1 D6h Hexagon 31.497
2 PPY-6 2 C5v Pentagonal pyramid 29.543
3 OC-6 30h Octahedron 0.425

4 TPR-6 4 D3h Trigonal prism 15.222
5 JPPY-6 5 C5v Johnson pentagonal pyramid J2 32.827

Table 4.19. Shape calculation of compound 4.7

HP-6

Geometry

1 D6h Hexagon

31.468
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2 PPY-6 2 C5v Pentagonal pyramid 29.533
3 OC-6 30h Octahedron 0.440

4 TPR-6 4 D3h Trigonal prism 15.200
5 JPPY-6 5 C5v Johnson pentagonal pyramid J2 32.811

Table 4.20. Shape calculation of compound 4.7

S.No. Geometry Cshm
value
for Dyl
1 EP-9 D9h Enneagon 33.178
2 OPY-9 C8v Octagonal pyramid 23.968
3 HBPY-9 D7h Heptagonal bipyramid 19.429
4 JTC-9 C3v Johnson triangular cupola J3 12.714
5 JCCU-9 Cav Capped cube J8 11.175
6 CCU-9 Cav Spherical-relaxed capped cube 10.078
7 JCSAPR-9 Cav Capped square antiprism J10 3.924
8 CSAPR-9 Cav Spherical capped square antiprism 3.019
9 JTCTPR-9 D3h Tricapped trigonal prism J51 3.012
10 | TCTPR-9 D3h Spherical tricapped trigonal prism 2.749
11 JTDIC-9 C3v Tridiminished icosahedron J63 13.334
12 | HH-9 C2v Hula-hoop 13.146
13  MFF-9 Cs Muffin 2.996

Table 4.21. Shape calculation of compound 4.8

S.No. Geometry
1 EP-9 D9h Enneagon 33.015
2 OPY-9 C8v Octagonal pyramid 24.188
3 HBPY-9 D7h Heptagonal bipyramid 19.159
4 | JTC-9 C3v Johnson triangular cupola J3 12.624
5 JCCU-9 Cav Capped cube J8 11.126
6 CCU-9 C4v Spherical-relaxed capped cube 9.980
7 JCSAPR-9 C4v Capped square antiprism J10 4.195
8 CSAPR-9 Cav Spherical capped square antiprism 3.261
9 JTCTPR-9 D3h Tricapped trigonal prism J51 3.336
10 | TCTPR-9 D3h Spherical tricapped trigonal prism 2977
11  JTDIC-9 C3v Tridiminished icosahedron J63 13.131
12 | HH-9 C2v Hula-hoop 13.128
13 MFF-9 Cs Muffin 3.139
Table 4.22. Shape calculation of compound 4.8
S.No. Geometry Cshm
value
for Nd
1 HP-6 1 D6h Hexagon 31.684
2 PPY-6 2 C5v Pentagonal pyramid 29.616
3 OC-6 30h Octahedron 0.333
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5

TPR-6 4 D3h Trigonal prism 15.360
JPPY-6 5 C5v Johnson pentagonal pyramid J2 32.936
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Figure 4.13. TGA of compound 4.1-4.4.
100 -

= Dy,-complex
= Nd,-complex
= Pr,-complex

20

— NdLa,-complex

Ll T T I T I L] | L] | L] I L)
300 400 500 600 700
Temperature (°C)

T T
100 200

Figure 4.14. TGA of compound 4.5-4.8.
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Figure 4.19. IR spectra of compound 4.5
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Figure 4.23. Powder X-ray diffraction pattern of a bulk sample of 4.1 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 4.24. Powder X-ray diffraction pattern of a bulk sample of 4.2 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 4.25. Powder X-ray diffraction pattern of a bulk sample of 4.3 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 4.26. Powder X-ray diffraction pattern of a bulk sample of 4.4 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 4.27. Powder X-ray diffraction pattern of a bulk sample of 4.5 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 4.28. Powder X-ray diffraction pattern of a bulk sample of 4.6 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 4.29. Powder X-ray diffraction pattern of a bulk sample of 4.7 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 4.30. Powder X-ray diffraction pattern of a bulk sample of 4.8 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Element | Weight%  Atomic%
CK 45.12 58.11
N K 4.20 4.64
OK 35.79 34.60
P K 0.91 0.45
BrL 7.79 1.51
LalL 4,12 0.46
Nd L 2.07 0.22
Totals 100.00
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Figure 4.34. (a), (b), (c) EADX and (d) SEM image of compound 4.7
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o A new type of square grid [2x2] g A

lanthanide Ln(I11), complexes self- CHAPTER
assembled with chiral racemic (R, R/

S, S)bis-[a-hydroxy(p- 5
bromophenyl)methyl]phosphinic acid

- ligand. \ )

A series of isostructural tetranuclear [2 x 2] square-grid like Ln (111) clusters have been
synthesized in reaction with chiral phosphinic acid ligand [Bis-[a-hydroxy(p-
bromophenyl)methyl]phosphinic acid] {(R:PO:H)[R= CH(OH)PhBr]} represented as
[Lna(pz-ntint-PO2R2)s(n>-CO2BUY)4] where Ln= Er (5.1), Dy (5.2), Tb (5.3) and
characterized by SCXRD. Synthesis, structural interpretation are discussed in this
chapter.
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5.1 Introduction:

Polynuclear lanthanide clusters have great attention since the past decades due to their

3 magnetic refrigeration,*® and

applications in various fields of luminescence,' catalysis,
molecule magnets’ such as single ion magnets (SIMs), single chain magnets (SCMs), single
molecular magnets (SMMs). Among them, molecular magnetism has been investigated a lot
since the discovery of the famous Mni>-SMM behavior.!” Lanthanide ions inherent in large
single-ion anisotropy and magnetic bistability are the key to good SMMs. Uesr (anisotropic
energy barrier) and Tg (blocking temperature) are the two terms associated with SMM
behavior. Larger Uesr and higher Tg is the characteristic of a decent SMM. Dy, Tb, and Er are
the most promising candidates for SMM for their large spin-orbit coupling and large magnetic
moment.” Very recently two Dy complexes have been reported as having high blocking
temperature (20 K)!! and effective energy barrier(1025 K)!2. Dy SMMs are the most useful

among the lanthanides due to their strong uniaxial magnetic anisotropy(g,>>gxy). Di-nuclear'?,

trinuclear'?, tetranuclear(butterfly, square, cubane, rhombus shape, chain-like, linear, Y-shape,

) 15-47,47-51 52-54

sea-saw, zig-zag irregular shape , and higher nuclear lanthanide clusters are

reported in literatures.

Among them, Dys-cluster has observed interesting SMM behavior by Chandrasekhar et al.>
Tetranuclear [2x2] square-grid topology reported the highest Uesr (143 cm™) by Tong et al.>
Self-assembled polymetallic square-grid [n x n] (n= 2-5) (M4 to Mas) complexes are quite
common for transition metals such as Mn, Fe, Co, Ni, Cu, Zn using poly n-topic hydrazone
related ligands.’’° The first genuine heteroleptic self-assembled [2 x 2] grid is reported by
Murugesu et al.®® This grid arrangement of Dy shows the high Uesr (270 K) (t0= 4.0 x 1071% 5)
by a peak maxima shifted towards the high-temperature regime, implies that the reduction of
QTM (quantum tunneling of magnetization). Several square grids [2 x 2] were synthesized in

23,56,60-78

the literature utilizing thiolate, thiacalix[4]arene, triazole ligand, Schiff-base ligand,

and hydrazide, hydrazone-based Schiff-base ligands.

Along with SMM, the tetranuclear Dy cluster's square grid structures often show an aesthetic
feature called single molecule toroics (SMT).”% This is triggered by the vortex arrangement
of magnetic dipoles,®' ™ T = Z?’:l 1; X S; (N > 2 spins per unit cell)(where T= toroidal
magnetic moment, r= displacement of the magnetic-ions from the centre-position, s = spins of
the magnetic ions). [Dys] triangle, reported'* by Powell’s group in 2006, first demonstrated the
fascinating property of SMM even though it has a non-magnetic ground state. This opens a

new class of magnetic materials.®*% Tong et al. in 2012 first reported tetranuclear toroidal
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moment SMT for planar Dys cluster.®* This area of research is now a growing field and the
property of SMT is now not only limited to the planar [Dys] triangle!*>*#-°2 but also several
wheel shape topologies viz. [Dya4] planar,3* [Dya] square,®':°¢%® [Dys] wheel,”>*® coupled
[Dys]’! containing SMT have been reported. Even [Dya]-cubic® and [Dya4] tetrahedral®

topology recently opens the area more extensively from planar (2D) to non-planar (3D) SMTs.

Herein we have synthesized a series of isostructural lanthanide complexes(5.1-5.3) of [2 X 2]
grid topology using Bis-[a-hydroxy(p-bromophenyl)methyl]phosphinic acid and pivalic acid
as co-ligand. From the literature reviews, it is presumed that probably this is the first example

of a square grid [2 x 2] complex of phosphinic acid ligand.

5.2 Experimental Section:
5.2.1 General Information:

All the general chemicals were purchased commercially and used without further purification.
Bis-[a-hydroxy(p-bromophenyl)methyl|phosphinic acid was prepared by the reported
procedure.!°%1°! Hydrated lanthanide chloride salts were synthesized from their corresponding

oxides by neutralizing with concentrated HCI, followed by evaporation to dryness.
The synthetic procedure followed for synthesizing these complexes is detailed below.

5.2.2 Synthesis:

To a 60 ml methanolic solution of Bis-[a-hydroxy(p-bromophenyl)methyl]phosphinic acid
(R2PO2H) [R= CH(OH)PhBr], LnCl3.6H>0 was added and stirred for a few minutes (2-3 min).
Then dropwise tetramethylammonium hydroxide was added and stirring was continued. After
30 minutes a 2 ml methanolic solution of pivalic acid with MesNOH was added to it. The
reaction mixture was stirred at room temperature for 5 h. The solvent was evaporated with rotor
vapor. A white color solid was formed, it was washed with diethyl ether twice and crystallized

in acetonitrile to get X-ray-quality single crystals.

Compound 5.1: R,PO2H (0.100 g, 0.229 mmol), ErClz.6H>O (0.043 g, 0.114 mmol), pivalic
acid (0.023 g, 0.229 mmol), MesNOH (in 25% MeOH) (0.035 ml + 0.011 ml, 0.458 mmol).
Yield: 0.92 g, 70.76% (Based on ErCl3.6H,0). IR (cm™): 3352.37 (br), 2962.16(m),
2872.02(w), 1645.27(w), 1534.57(s), 1484.33(s), 1435.83(w), 1403.47(s), 1362.17(m),
1171.52(s), 1069.73(s), 1008.60(s), 948.74(s), 906.91(m), 863.42(m), 821.87(s), 703.87(w),
605.00(w), 557.40(m).

Compound 5.2: RoPO2H (0.100 g, 0.229 mmol), DyCl3.6H>0 (0.042 g, 0.114 mmol), pivalic
acid (0.023 g, 0.229 mmol), MesNOH (in 25% MeOH) (0.035 ml + 0.011 ml, 0.458 mmol).
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Yield: 0.085 g, 66.40% (Based on DyCl3.6H,0). IR (cm): 3344.72(br), 2970.18(m),
2872.02(w), 1645.54(w), 1575.64(w), 1524.34(s), 1484.89(s), 1436.30(m), 1401.19(m),
1364.32(w), 1192.49(m), 1169.89(s), 1103.55(w), 1069.20(s), 1008.88(s), 947.75(m),
907.36(m), 863.97(m), 821.57(s), 776.38(w), 730.28(m), 704.21(w), 648.11(w), 607.37(w),
555.58(m).

Compound 5.3: R2PO2H (0.100 g, 0.229 mmol), ThCl3.6H20 (0.042 g, 0.114 mmol), pivalic
acid (0.023 g, 0.229 mmol), MesNOH (in 25% MeOH) (0.035 ml + 0.011 ml, 0.458 mmol).
Yield: 0.089 g, 68.99% (Based on ThCls.6H.0). IR(cm™): 3359.15(br), 2961.85(m),
2868.84(w), 1646.07(w), 1530.96(s), 1484.22(s), 1439.01(w), 1401.73(s), 1369.11(w),
1192.49(m), 1169.92(s), 1103.60(w), 1068.98(s), 1008.53(s), 948.28(s), 905.04(m),
862.64(m), 822.42(s), 774.93(w), 729.77(m), 703.69(m), 647.98(w), 605.09(w), 556.37(m).

5.2.3 Instrumentation:

Infrared spectra were recorded with a NICOLET iS5 FTIR Spectrometer. Elemental analysis
was performed with a Flash EA Series 1112 CHNS analyzer. TGA was recorded with a
PerkinElmer STA 8000 thermogravimetric analyzer under a nitrogen gas flow rate of 20 ml/min
and a heating rate of 10°C/min. The SCXRD data for 5.1-5.3 were collected at 100K with a
Bruker APEX-II CCD diffractometer system [A (Mo Ko) = 0.71073A] with a graphite
monochromator using the ¢@-o scan technique. The data were reduced using Bruker SAINT
package. Absorption correction was performed using the SADABS program. The structures
were solved by the direct methods and refined on F? by full-matrix least-squares using the
program SHELXL-2018/3. The structure was solved with the Olex2!%2, ShelXT'* structure
solution program using Intrinsic Phasing and refined with the SHELXL!'*'%. 2018/3
refinement package using Least Squares minimization. All non-hydrogen atoms were refined
anisotropically and hydrogen atoms were fixed at calculated positions and refined as a horse
riding model. EADP, RIGU, SIMU, DELU, SADI, and FLAT -constrained/restrained
commands were used to fix the disordered atoms. Graphics of the crystal structures have been
done with Diamond(version 2.1¢) and Mercury(version 3.10.3) software. The details of the
data have been given in supporting information. For 1-3, the Olex2 solvent mask (similar to
PLATON/SQUEEZE) was used to mask out the electron density of disordered counterions.

The details of the solvent masks used are given below-
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For compound 5.1 a solvent mask was calculated and 396 electrons were found in a volume of
4546 A3 in 4 voids. This is consistent with the presence of 2[CH3CN], 2[H.0], 4[CH3CN],
2[CH3CN] per formula unit which accounts for 392.0 electrons.

For compound 5.2 a solvent mask was calculated and 270 electrons were found in a volume of
4264 A* in 3 voids. This is consistent with the presence of 4{CH3;CN], 2[CH3;CN], 2[H20],

0.6[H20] per formula unit which accounts for 316.0 electrons.

For compound 5.3 a solvent mask was calculated and 488 electrons were found in a volume of
4218 A in 3 voids. This is consistent with the presence of 6{CH3CN], 4[CH3CN], 2[H,O] per

formula unit which accounts for 480.0 electrons.

5.3 Results and discussions:

The ligand was synthesized according to the literature procedure.!°%!°! The complexes 5.1-5.3
were synthesized as summarized in schemel. The hydrated lanthanide chloride salts were
reacted in a methanolic solution of the ligand following the addition of the base
tetramethylammonium hydroxide in a 1:2:2 ratio. A clear solution was stirred for 30 minutes
at room temperature. To the clear solution, deprotonated pivalic acid with
tetramethylammonium hydroxide (1:1) was added dropwise. After 5 hr clear reaction mixture
was evaporated with rotor vapor and washed the white solid twice with diethyl ether and kept
for crystallization in acetonitrile. Single crystal X-ray quality crystals were obtained after slow
evaporation of the solution. Standard analytical and spectroscopic techniques were used to

characterize the products.

The IR spectra of 5.1-5.3 show (figure. 5.4, 5.12, 5.20) the characteristic peaks of aromatic
and aliphatic C-H stretching of the ligand around 2868-2970 cm™, O-H stretching band of
ligand and coordinated water molecule shows in between 3344-3359 cm™!, water bending 1645-
1646 cm™, P-O stretching around 1008-1069 cm™!, C-O stretching(for CH,OH) 1169-1192 cm’
!, symmetric CO; stretching shows 1364-1369 cm™!, asymmetric CO; stretching around 1524-
1534 ecm™!, aromatic C-Br stretching 1103 cm™!, C=C stretching shows 1435-1484 cm™!, C-H
out-of-plane bending at around 821-822 cm™..

TGA studies (figure. 5.5, 5.13, 5.21) reveal that major weight loss occurred for 5.1-5.3 at 289
°C, 287 °C, and 288 °C respectively. Crystallinity and phase purity of the bulk samples for 5.1-
5.3 were represented by the PXRD data (figure . 5.11, 5.19, 5.27).
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B
Br r
HH

MeOH
Ho” Yp” OH * LnCl; .6H,0 + + Me,yNOH ——  » Ln, Cluster

O// \OH CO,H rt, 5h

Compound 5.1-5.3
(Ln= Er, Dy, Tb)
Scheme 1: Synthesis scheme of compounds 5.1-5.3
Crystal Structure :

Complexes 5.1-5.3 were crystallized in the tetragonal crystal lattice system in the 14 space
group with Z = 2. The asymmetric unit consists of one-fourth of the molecule. Two molecules
are present in the unit cell structure and both of them are similar. The crystal structure of 5.2
was taken as a representative of the whole isostructural series 5.1-5.3. The molecular structure
of the compound was confirmed by SCXRD. A representative neutral crystal structure of 5.2
is formed self-assembled [2 x 2] square grid-like which is shown in (figure 5.1(a)). Each Dy-
atom is hepta-coordinated, SHAPE analysis shows pentagonal bipyramidal (Dsh) structure
(table 5.2). The hepta-coordination is satisfied with four oxygen atoms from four phosphinic
acid ligands (HL), two oxygen atoms from one bidentate 7> pivalic acid, and one oxygen atom
from one water molecule, therefore Os coordination environment around the Dy-atom. In the
core structure (figure 5.1(b)) two neighboring dysprosium atoms are connected through two
phosphinic acids with [2.11] mode according to Harris notation and each dysprosium atom is
coordinately saturated with one pivalic acid in a [1.11] mode. In the crystal structure, four Dy-
atoms are located on the four vertices of a parallelogram displaying a square grid [2 x 2] motif
since all the neighboring intramolecular Dy...Dy distance is 4.672 A and diagonally situated
Dy...Dy distance is 6.607 A. All the Dy-O bond distances fall in the range 2.221-2.640 A and
Dy-Om0 bond distance is 2.640 A. From the crystal packing diagram, the intermolecular
distance between the two shortest Dy...Dy is ca. 12.048 A. Selected bond distances (table 5.1)
and bond angles for 5.1-5.3 are given in table 5.4-5.6. More closely screening the crystal
structure reveals that all the phosphinic acid ligands arranged themselves in a specific
conformation where the two phenyl rings of a particular ligand have n-n interaction (3.654-

3.858 A) (figure 5.1(e)) itself within the ligand(intra-ligand n-w interaction)(figure 5.1(d)).
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Tablel. Important bond distances(A) for complexes 5.1-5.3 in this work.

Er....Er
4.653
Er....Er9
6.580
Er-Opa
2.191-2.311
Er-Opiv
2.464-2.488
Er-OH»
2273
Er....Er®)

12.089

@ diagonal, PA= Phosphinic acid, piv=Pivalic acid, ?® Packing shortest.

Dy....Dy
4.672
Dy....Dy@
6.607
Dy-Opa
2.221-2.284
Dy-Opiv
2.464-2.474
Dy-OH»
2.640
Dy....Dy®
12.048

Tb....Tb
4.709
Tb....Tb@
6.659
Tb-Opa
2.275-2.281
Tb-Opiv
2.456-2.468
Tb-OH,
2.670
Tb....Tb®®
12.116

(b)
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(€)

Figure 5.1. Ball and stick view (a) showing solid-state structure side view of 5.2, (b)

showing the core structure of 5.2, (c) representation of coordination geometry of Dy(I11) ions

in 5.2, (d) ligand conformation in the crystal structure, (e) intra-ligand ©-7 interaction of 5.2.

Another important aspect of the crystal structure is that all four Dy-atoms are existing on the
same molecular plane forming a [2 % 2] square grid-like structure (figure. 5.2(a) ). A total eight
number of phosphinic acid ligand molecules are present in the crystal structure. Four of them
are present above and another four are below the Dys-molecular plane. Each ligand phosphinic
acid has two hydroxy groups, among these groups one hydroxy group is directed towards the
inside with interaction.(figure 5.1(a)) Four sets of these hydroxy groups formed a plane above
the Dys-molecular plane while another four sets of hydroxy groups formed a plane below the
Dys-molecular plane. The plane formed by four sets of water molecules attached to dysprosium
atoms is ca. 3.937A and 3.948A distance from the above and below the plane of hydroxy groups
of the ligands (Figure 5.2(b)).
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(a) (b)

Figure 5.2. Ball and stick view (a) showing the tetranuclear lanthanide Dy(l11) ions are in the
same plane. (b) showing the plane of four set HO molecules attached with Dy(111) ions and

the plane of the four-set hydroxyl groups of the above ligands and four set hydroxyl groups of

the below ligands.

In the crystal unit cell packing of 1, empty-space/void is present (3978.47A%) which is
calculated using the contact surface 1.2 A probe radius and 0.7 grid spacing which is 21% of
the unit cell in the packing diagram.(figure 5.3(a)) When the empty voids are calculated using
solvent accessible surface it is 1495.66 A3 which is 7.9% of the unit cell volume.(figure 5.3(b))

(b)

Figure 5.3. Packing diagram view of void/empty space (a) using contact surface for 5.2.

(b) using the solvent accessible surface for 5.2.
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5.4 Conclusion:

We have successively synthesized and characterized tetranuclear self-assembled [2 x 2] grid-
like topological structures where all the lanthanide metal atoms are present in the same plane.
The neutral tetranuclear Lns-cluster is formed using chiral racemic bis-[a-hydroxy(p-
bromophenyl)methyl]phosphinic acid. Probably it is the first example of a tetranuclear [2 x 2]

square grid-like structure using such a chiral phosphinic acid ligand.
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5.5 Analytical and Spectroscopic
Data

203



%Transmittance

MONDAL-425
95

85
80
75
70
65
60

55

45
40
35
30
25

20

3352.37

296216
2872.02
1645.27

1362.17

1403 4583 —
906.91

1534.57
1171.52

1359.58

1484.33
1069.73

605.00

512.63

244000

3500

3000 2500 2000 1500 10002
} Wavenumbers (cm-1) :
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Figure 5.6. (a) A View of the square grid core of 5.1 where all the Er(I11) ions are in the
same plane (b) Ball and stick representation of coordination geometry of dysprosium atoms
in5.1

Figure 5.7. ORTEP view of 5.1 with thermal ellipsoids shown at 30%probability.
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Figure 5.9. (a) Crystal packing diagram of 5.1 showing voids/empty spaces. (b) Crystal
packing diagram of 5.1 showing solvent accessible surface.
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100 pm*

EHT = 3.00 kV Signal A = SE2

Date :16 Aug 2022
WD = 6.7 mm Mag= 358X Time :11:28:38

Figure 5.10. SEM image of 5.1

Powder pattern Er-complex
——Simulated from single crystal

Intensity (a.u.)

I ! I ! I
10 20 30
20 (Degree)

T 1 L)
40 50

Figure 5.11. Powder X-ray diffraction pattern of a bulk sample of 5.1 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 5.13. TGA of compound 5.2
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Figure 5.14. (a) A View of the square grid core of 5.2 where all the Dy(l11) ions are in the
same plane (a) Ball and stick representation of coordination geometry of dysprosium atoms
in5.2

Figure 5.15. ORTEP view of 5.2 with thermal ellipsoids shown at 30%probability.
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20 pm* EHT = 3.00 kv Signal A = SE2 Date :16 Aug 2022
WD = 6.1 mm Mag= 500X Time :11:43:43

Figure 5.18. SEM image of 5.2

— Powder pattern Dy-complex
—— Simulated from single crystal

Intensity (a.u.)
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20 (Degree)

Figure 5.19. Powder X-ray diffraction pattern of a bulk sample of 5.2 compared to the
simulated powder pattern extracted from single crystal diffraction data.
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Figure 5.22. (a) A View of the square grid core of 5.3 where all the Tb(lll) ions are in the
same plane (b) Ball and stick representation of coordination geometry of dysprosium atoms
in5.3

Figure 5.23. ORTEP view of 5.3 with thermal ellipsoids shown at 30%probability.
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Figure 5.25. (a) Crystal packing diagram of 5.3 showing voids/empty spaces. (b) Crystal
packing diagram of 5.3 showing solvent accessible surface.
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20 pm* EHT = 3.00 kV Signal A = SE2 Date :16 Aug 2022
WD = 66mm Mag= 500X Time :12:49:44

Figure 5.26. SEM image of 5.3.

Powder pattern Tb-complex
—— Simulated from single crystal
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Figure 5.27. Powder X-ray diffraction pattern of a bulk sample of 5.3 compared to the
simulated powder pattern extracted from single crystal diffraction data.

215



Table 5.2. Shape calculation of compound 5.1-5.3

SI. No. Geometry Cshm Cshm  Cshm
value value value
forEr forDy forTb

1 HP-7 30.813  30.505 31.766
D7n
Heptagon
2 HPY-7 22593 | 22.163 @ 22.893
C6v
Hexagonal pyramid
3 PBPY-7 1.451 2.653 2.458
Dsh
Pentagonal bipyramid
4 COC-7 7.009 7.333 6.605
C3v
Capped octahedron
5 CTPR-7 5.694 6.269 5.647
C2v
Capped trigonal prism
6 JPBPY-7 4.215 5.406 5.139
Dsh
Johnson pentagonal bipyramid J13
7 JETPY-7 22.831  21.738 21.459
C3v
Johnson elongated triangular pyramid J7
Table 5.3. Crystallographic information of compound 5.1-5.3.
5.1 5.2 5.3
.. Br32CossErgHossNgsO  BraaCo7oDysH2152Ne  BraaCargH226N 10090
Empirical formula 50.30P1s Oso5P1s PLThs
Formula weight 9408.63 9345.91 9470.67
Temperature/K 100.0 100.0 100.0
Crystal system tetragonal tetragonal tetragonal
Space group 14 14 14
a/A 24.729(2) 24.695(2) 24.841
b/A 24.729(2) 24.695(2) 24.841
c/A 31.087(4) 31.094(4) 31.117
a/° 90 90 90
p/° 90 90 90
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v/°
Volume/A3
Z
pealcg/cm?
p/mm?
F(000)

Crystal size/mm?

Radiation
20 range for data
collection/°®

Index ranges
Reflections collected

Independent
reflections

Data/restraints/para
meters
Goodness-of-fit on
|:2

Final R indexes
[I>=2¢ (D]

Final R indexes [all
data]

Largest diff.
peak/hole / e A3

Flack parameter

90
19011(4)
2
1.644
5.244
9077.0

0.05 x 0.04 x 0.02
MoKa (A= 0.71073)

2.104 to 55

-32<h<32,-32<k
<31,-40<1<36
215222
21370 [Rint =
01190, Rsigma =
0.0764]

21370/897/909

1.018

R1=0.0880, wR2 =
0.2458
R1=0.1511, wR2 =
0.2967

4.55/-1.08

0.413(5)

90
18962(4)
2
1.637
5.063
8980.0

0.05 x 0.02 x 0.02
MoKa (A= 0.71073)

2.106 to 52.878

-30<h<30,-30<k
<30,-38<1<38
303295

19470 [Rint = 0.1758,
Rsigma = 01006]
19470/99/918

1.023

R1=0.0829, wR2 =
0.1748
R1=0.1614, wR2 =
0.2103

1.17/-0.84

0.191(9)

90
19201.4
2
1.638
4.919
9128.0

0.05 x 0.02 x 0.02
MoKa (1=0.71073)

2.098 t0 52.684

-30<h<30,-30<
k <30,-38<1<38
214980
19554 [Rint =
01439, Rsigma =
0.1086]

19554/837/891

1.041

R1=10.0859, wR =
0.1891
R1=0.1814, wR2 =
0.2326

2.46/-1.26

0.071(7)

Table 5.4. Selected bond lengths (A) and bond angle (deg) parameters of compound 5.1

Er1-05 2.124(16)
Er1-02 2.234(16)
Er1-010 2.429(15)
Erl-06 2.250(16)
Er1-01 2.248(13)
Er1-09 2.432(15)
Erl-012 1.96(2)
Erl-011 2.76(5)
LY -X4Z; 24Y,1-X4Z; 31-Y 4+ X +Z
05-Er1-02t 157.9(8)
05-Er1-010 127.6(7)
05-Er1-06t 86.8(6)
05-Er1-01 95.3(6)
05-Er1-09 78.9(7)
05-Er1-011 67.6(18)

Er1-011
Er2-013
Er2-021
Er2-0142
Er2-017
Er2-022
Er2-0182
Er2-023

012-Er1-06!
012-Er1-01
012-Er1-09
012-Er1-011*
0O11-Er1-010
O11-Er1-09

2.26(3)
2.311(15)
2.488(16)
2.273(14)
2.262(15)
2.464(17)
2.191(15)
2.27(3)

90.3(8)
98.1(8)
160.6(11)
19.7(14)
161.6(18)
138.8(16)
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05-Er1-011t
02'-Er1-010
02!-Er1-06!
02'-Er1-01
02'-Er1-09
02'-Er1-011
02'-Er1-011*
010-Er1-09
010-Er1-011*
06'-Er1-010
06'-Er1-09
06'-Er1-011
06'-Er1-011*
01-Er1-010
O1-Er1-06!
O1-Er1-09
O1-Er1-011t
01-Er1-011
09-Er1-011t
012-Er1-05
012-Er1-02!
012-Er1-010

94.6(13)
74.4(7)
94.2(6)
86.9(7)
123.2(7)
91.5(18)
64.4(14)
50.1(6)
131.4(10)
82.7(7)
89.9(6)
110.7(17)
76.0(13)
89.6(6)
171.5(6)
82.5(7)
111.9(13)
77.7(17)
164.8(15)
81.8(12)
76.1(12)
149.0(11)

Y -X+Z; 24X 1-X+Z; 31-Y X+ Z; Y X2

Dy2-016 2.22(2)
Dy2-020 2.474(18)
Dy2-013! 2.284(17)
Dy2-021 2.460(19)
Dy2-012 2.258(12)
Dy2-0172 2.24(5)
Dy2-0222 2.72(3)
Dy2-022 2.64(3)
V.Y +X,+Z; 24Y,1-X,+Z; 34Y ,2-X 4Z; *2-Y + X ,+Z
016-Dy2-020 75.0(8)
016-Dy2-013! 95.1(7)
016-Dy2-021 124.5(7)
016-Dy2-012 166.5(7)
016-Dy2-0172 86.3(16)
016-Dy2-0222 91.6(8)
016-Dy2-022 72.1(7)
020-Dy2-022 143.0(8)
020-Dy2-0222 164.5(7)
013-Dy2-020 82.9(7)
013!-Dy2-021 87.7(7)
013'-Dy2-022 83.6(9)
013!-Dy2-0222 106.2(7)
021-Dy2-020 50.4(6)
021-Dy2-0222 140.5(7)
021-Dy2-022 162.0(7)
012-Dy2-020 118.5(7)
012-Dy2-013! 87.0(7)
012-Dy2-021 68.8(7)
012-Dy2-022 94.9(7)

0O11-Er1-011*
013-Er2-021
013-Er2-022
0142-Er2-013
0142-Er2-021
0142-Er2-022
0142-Er2-023
017-Er2-013
0O17-Er2-021
017-Er2-0142
0O17-Er2-022
017-Er2-023
022-Er2-021
0183-Er2-013
0183-Er2-021
0183-Er2-0142
0183-Er2-017
0183-Er2-022
0183-Er2-023
023-Er2-013
023-Er2-021
023-Er2-022

Dy1-0O2
Dy1-06°
Dy1-010
Dy1-05
Dy1-013
Dy1-09
Dy1-011®
Dy1-011

02-Dy1-010
02-Dy1-09
02-Dy1-0113
02-Dy1-011
063-Dy1-02
063-Dy1-010
063-Dy1-05
06%-Dy1-013
063-Dy1-09
063-Dy1-0113
063-Dy1-011
010-Dy1-0113
010-Dy1-011
05-Dy1-02
05-Dy1-010
05-Dy1-01°
05-Dy1-09
05-Dy1-011
05-Dy1-0113
013-Dy1-02

46(2)
70.6(7)
123.2(6)
83.1(6)
82.7(7)
80.5(6)
105.0(10)
160.9(6)
128.4(6)
96.6(5)
75.2(6)
90.2(10)
53.7(6)
95.0(6)
84.9(7)
167.4(6)
89.3(6)
90.3(6)
86.1(11)
71.6(10)
140.1(11)
165.0(9)

2.277(16)
2.211(14)
2.458(19)
2.262(15)
2.263(15)
2.442(19)
2.77(7)
2.56(7)

85.8(6)
82.2(6)
112.1(8)
88.2(11)
167.0(6)
81.8(6)
88.4(6)
95.1(5)
87.2(6)
80.3(9)
104.7(11)
141.7(9)
166.6(7)
95.2(6)
123.5(6)
162.6(6)
71.1(6)
69.1(8)
89.7(7)
85.1(6)

Table 5.5. Selected bond lengths (A) and bond angle (deg) parameters of compound 5.2
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012-Dy2-0222 75.1(7) 013-Dy1-010 73.9(7)

0172-Dy2-020 88.5(10) 013-Dy1-09 125.9(6)
0172-Dy2-013* 170.6(9) 013-Dy1-011 93.6(9)
0172-Dy2-021 83.9(12) 013-Dy1-0113 74.3(7)
0172-Dy2-012 93.9(15) 09-Dy1-010 52.9(7)
0172-Dy2-022 105.6(11) 09-Dy1-0113 157.4(7)
0172-Dy2-022? 83.0(10) 09-Dy1-011 137.9(10)
022-Dy2-0222 31.2(11) 011-Dy1-0113 32.7(12)

1-Y X 4Z; 24Y,1-X,+Z; 34Y,2-X +Z; 2-Y +X +Z

Table 5.6. Selected bond lengths (A) and bond angle (deg) parameters of compound 5.3

Th1-05 2.333(16) Th2-015 2.280(14)
Tb1-01 2.326(16) Tbh2-020 2.274(17)
Tb1-010 2.493(18) Th2-022 2.277(15)
Tb1-09 2.477(17) Tb2-019 2.455(18)
Tb1-06! 2.252(18) Tb2-018 2.469(19)
Th1-022 2.250(18) Th2-012 2.271(16)
Tb1-011 2.702) Tb2-021 2.64(4)
Th1-0112 2.69(3) Th2-0213 2.68(4)
Y-Y +X,+Z; 24Y,1-X,+Z; 31-Y,1+X,+Z; -1+Y,1-X,+Z
05-Th1-010 89.1(6) 015-Th2-019 82.5(6)
05-Th1-09 81.7(7) 015-Th2-018 88.6(6)
05-Th1-011 107.3(8) 015-Th2-021 109.7(9)
05-Th1-011! 84.0(8) 015-Th2-0213 83.7(7)
01-Th1-05 168.6(6) 020-Th2-015 87.3(6)
01-Th1-010 80.4(7) 020-Th2-022 94.7(6)
01-Th1-09 88.3(7) 020-Th2-019 124.6(7)
01-Th1-011! 107.3(8) 020-Th2-018 73.5(7)
01-Th1-011 83.8(8) 020-Th2-0213 92.6(8)
010-Th1-011! 163.7(8) 020-Th2-021 72.2(8)
010-Tbh1-011 140.8(7) 022-Tb2-015 168.7(6)
09-Th1-010 51.9(6) 022-Th2-019 87.2(6)
09-Th1-011! 140.7(7) 022-Th2-018 81.3(6)
09-Th1-011 162.6(8) 022-Th2-0213 107.3(7)
062-Th1-05 86.3(7) 022-Th2-021 81.5(9)
062-Th1-01 94.8(6) 019-Th2-018 52.0(6)
062-Th1-010 73.3(6) 019-Th2-0213 139.4(8)
062-Th1-09 123.8(6) 019-Th2-021 160.8(8)
062-Th1-011 72.5(8) 018-Th2-021 140.0(9)
062-Th1-011* 91.4(7) 018-Th2-0213 164.4(8)
02!-Th1-05 95.1(7) 012-Th2-015 94.5(6)
02!-Th1-01 87.2(7) 012-Th2-020 161.2(6)
021-Th1-010 123.7(6) 012-Th2-022 87.1(6)
02!-Th1-09 73.2(6) 012-Th2-019 74.1(6)
02!-Th1-062 162.9(6) 012-Th2-018 125.2(7)
02!-Th1-011* 71.9(8) 012-Th2-021 89.7(8)
021-Th1-011 90.9(8) 012-Th2-0218 69.1(8)
011'-Th1-011 31.4(10) 021-Th2-0213 34.4(10)

LY, 1-X,4Z; 21-Y 4+ X,+Z; 31-Y, 1+ X ,+Z; *-1+Y,1-X +Z
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A few crystal structures
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Figure 6.1. Ball and stick view of zinc phosphinate molecular structure.
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Figure 6.3. Ball and stick view of zinc phosphinate molecular structure.

230



check CIF/PLATON report

Structure factors have been supplied for datablock(s) ananananan

THIS REPORT 15 FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE FOR
PUBLICATION. IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

Mo syntax ermors found. CIF dictionary Interpreting this report

Datablock: aaaaaaaaaan

Bond precision: C-C = 0.0090 A wWavelength=0.71073
Cell: a=17. 807 {2) b=9. 4594 (9) o=27.140(3)
alpha=90 bata=90 gamma=30
Temperature: 299 K
Calculated Reported
Vo lume 4571.6(8) 4571.6(8)
Space group Cmcm cCmcm
Hall group -c 2c 2 -c 2c 2
Molety formula C44 H4T.20 W2 OB P2 Zn, © Cd44 H47.2 W2 OB P2 En, ©
sum formula C44 H47.20 W2 0% P2 Zn C44 H4T7.20 N2 09 PZ Zn
Mr B75.37 B75.34
Dx,g cm-3 1.272 1.272
Zz 4 4
Mu (mm-1} 0. 6&0 0. 6&0
FO00 1B28.8 1829.0
FO0Qr 1B31.50
h, k, Imax 22,11,34 22,11,34
Kref 2483 2477
Tmin, Tmax 0.969,0.980 0. 642,0.745
Tmin" 0.961

Correction method= # Reported T Limits: Tmin=0.642 Tmax-0.745
AbsCorr = MULTI-SCAN
Data completensess= 0.9%8 Theta (max)j=- 26. 438

R{reflections)= 0.0556( 1807) wRZ (reflect lons)=

0.1540¢ 2477)
5 = 1.085 Hpar=- 211
Dambia pmameses ¢ Lomeed wa
- 1t F Prob =

o
(=]
(=] -
& C AN
1 '-Fi- cin

-
g i
E Cid_a
2 -
8 '.2_u
un
.L- = “'_ L
-3 "
1 g ]
E 'A L%
o
i

_s

L =890 sososcossa AES= 0 -90 X

231






checkCIF/PLATON report

Structure factors have been supplied for datablock(s) vb16E

THIS REPORT 15 FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEIDNRE FOR
PUBLICATION. IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

Mo syntax ermors found. CIF dictionary Interpre ting this report

Datablock: vhl168

Bond precision: C-C = 0.0231 A Wavelength=0.71073
Cell: a=17. 62&R (8) b=3.72701{5) c=30.8467 (1B)
alpha=90 beta=101.85%4(5) gamma= 30
Temperature: 295 K
Calculated Reported
Vo lume E17&.1 (5] E1T&.1(5)
Space group Cc 2/c Cc1l2/c1
Hall group -C 2yc -C 2yc
Molety formula ©G52 HS50 W4 08 P2 Zn c52 H50 W4 0O P2 ZEn
Sum formula c52 HG0 W4 08 FZ En C52 HEZ W4 0O P2 EZn
Mr 9B6.29 9B8.28
DX, g cm-3 1.266 1.268
Z 4 4
Mu (mm-1}) D.591 D.591
FO00 205&.0 2064.0
FOo0* 2058.74
h, k, lmax 22,12,39 22,12,39
Nref E&30 £38s
Tmin, Tmax 0.B38,0.868 D.802,1.000
Tmin* D.B38

Correction method= # Reported T Limits: Tmin=0.802 Tmax=1.000
AbsCorr = MULTI-SCAN

Data completeness= 0.9%& Theta (max)= 26. 967

wR2 (reflections)=

Rireflections)= 0.1830( 29%52) 0.4641( 5385)

5 = 1.526 Hpar=- 313

Dhuinbbac is 168 - £ grrad i

-
8

Hom

a@

N

H o A,

fas] ¥ . L

o =

] ".\ a

% 2 I._ < | "_ ! “""

: WD

w o S VA

L clis F ‘Y

T W >

g L

= = [N

L -04 o =] Cl &l A= 0,18 RES= 0 -80 X

233



Figure 6.5. Ball and stick view of tellurium phosphinate molecular structure.
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Figure 6.6. Ball and stick view of zinc Schiff-base molecular structure.
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Figure 6.7. Ball and stick view of zinc Schiff-base molecular structure.

238



check CIF/PLATON report

Structure factors have heen supplied for datablock(s) vb107

THIS REPORT 15 FOR GUIDANCE ONLY. IF USED AR PART OF A REVIEW PROCEDURE FOR
PUBLICATION. IT SHOULD MOT REPLACE THE EXPERTISE OF AN EXPERIEMNCED
CRYSTALLOGRAPHIC REFEREE.

Mo syntax ermors found. CIF dictionary Interpreting this report

Datablock: vh107

Bond precision: C-C = 0.004B A wWavelength=0.71073

Cell: a=19.1643(3) b=21.23%4(3) c=19. 2084 (3)
alpha=90 beta=104.88%9(2) gamma= 90

Temperature: 100 K
Ccalculated Reported

Vo lume 7556.1(2) TE5E.0(2)

Space group F 21/n F 1 21/n 1

Hall group -F 2yn -F 2yn

Molety formula CBZ HE&B I2 W2 014 Zmd, T H CB2 HEH IZ NI 014 Znd4, CTH
cl3 cl3

Sum formola CB3 HE&9 Cl13 17 NZ 014 ZInd CB3 H&Y cl3 17 N2 0l4 Ind

Mr 1940.12 1940.03

Dx,g cm-3 1.70& 1. 705

Z 4 4

Mu {mm-1} 2.246 2. 246

FO00 3BEOD.O 3B80.0

FO0Q- 3BE3.90

h, k, Imax 24,27,24 24,27,24

Kref 16512 15789

Tmin, Tmax 0.515,0.59%7 0. 618, 1.000

Tmin® 0.505

Correction method=- # Reported T Limits: Tmin=0.61B Tmax=-1.000
AbsCorr = MULTI-SC

Data completeness= 0.956 Theta (max)=- 27.00B

wh2 (reflections)=

Rireflections)= 0.0381( 11351) 0.0825{ 15789)

5 = 1.060 Mpar- 975

Duinklss v 17 - 2 Bpraed piod

- ] [ Prob = 50
m Tamp = 100
8

&

&

o

(=}

&

&

(=]

=

i

I

=

=

[

[

T

g

(=

3

m ]

L5 wb 107 F1l2l/m 1 H=0.04 AES= 0 -5 ¥

239



) /‘;
P
#

X\

\\‘I

Figure 6.8. Ball and stick view of zinc Schiff-base molecular structure.
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Future Scope of the thesis

In the thesis, we have worked mainly with two ligand systems- Schiff-base ligand and chiral
phosphinic acid. In chapter 2 we have synthesized and characterized zinc Schiff-base
complexes of mononuclear to polynuclear (compound 2.1-2.5) using various chain lengths and
substituents containing Schiff-bases in the presence and absence of co-ligands. 3d-metal Schiff
base complexes are used in various catalytic/enzymatic applications such as catecholase or
phenoxazinone activity. It can be also done with these zinc Schiff-base clusters. By replacing
another 3d metal (Cu, Ni, Co, Mn, Fe, etc) salts using a similar strategy different complexes
can also be synthesized. Manganese and cobalt complexes of such clusters can be used for

potential applications in electrocatalysis.

In chapter 3, we synthesized cadmium phosphinates (compound 3.1-3.4) of zero-dimension
(OD), and coordination polymers (1D, 2D) by varying aza-donor co-ligands using phosphinic
acid. This type of cadmium coordination polymer can act as a photocatalyst. Similarly can be

tried with other 3d metal ions, which is the scope of this work.

Lanthanide phosphinates are mostly insoluble for their polymeric formation behavior. In
chapter 4 and chapter 5 we have synthesized soluble lanthanide clusters using chiral phosphinic
acid ligand Bis-(a-hydroxy)phosphinic acids. In chapter 4 dinuclear and trinuclear lanthanide-
phosphinate clusters (compound 4.1-4.8) are synthesized and characterized. These can be
further used for catalytic application. Cerium analog of this can be used for electrochemistry

applications.

In chapter 5, tetranuclear [2x2] square-grid lanthanide clusters (compound 5.1-5.3) are
synthesized and characterized. In the crystal structure, each lanthanide ion is coordinately
saturated with one terminal carboxylic acid ligand and which is on the same plane. There has
still scope for the development of this chemistry by changing these carboxylic acids with di-
carboxylic acids (e.g. terephthalic acid) to the formation of a 2D or 3D framework. Cerium

analog of these can be used for electrochemistry applications.
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