Chapter I1. Self-Assembly of Anderson Cluster Based Hybrid Solids: Synthesis, Structure and Application

Summary

Three Anderson-Evans type polyoxomolybdate hybrid solids

[{Hpz}{H,CrMos024}]-6H,0 (1), [{Cr3(0)(CH3CO0)s(H20)3}{H7CrMogO24}]-24H,0
(2) and [Na{Na(H20)s}{HsCrMosO24}]-2H,O (3) have been crystallized via solvent
evaporation technique in the presence of pyrazole (pz) as organic ligand. The solids were
characterized using single crystal X-ray diffraction, fourier transform infrared
spectroscopy and thermal analysis. While, solid 1 is an example of organically templated
Anderson-Evans cluster based hybrid solid (Type 1); in both 2 and 3 Anderson cluster is
stabilized due to inorganic cationic moieties. Crystal structure analysis of 1-3 suggested
that supramolecular interactions facilitate the crystal packing in synthesized solids. The
role of synthetic parameters in dictating the nature of self-assembly of solids in aqueous
medium was analyzed and the potential of solids 1-3 for the synthesis of Polypyrrole or

Polypyrrole composite using chemical oxidative polymerization of pyrrole was examined.
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11.1 Introduction

Self-assembly of hybrid solids involves a spontaneous aggregation of molecular
precursors usually driven by metal-ligand coordination and supramolecular interactions
such as hydrogen bonding, =---m and C-H---m interactions [1, 2]. However, synthetic
parameters such as temperature, pH, metal ions, nature of organic ligand and solvent can
alter the nature of the reacting molecular precursors. Therefore, subtle changes in reaction
parameters can affect the aggregation of molecular precursors in the reaction medium,
which in turn, affects the crystallization of hybrid solids [3-6]. Polyoxometalates,
particularly Anderson-Evans cluster based solids provide an excellent opportunity to
explore these issues as they can form a large variety of hybrid solids ranging from
organically templated cluster based solids to coordination polymer incorporated cluster

anions forming extended 3-D architectures [7, 8].

Anderson-Evans cluster has the general formula [Hy(XOg)MgO15]®™", where x = 6-7, M
= addenda atoms (Mo"') and X = a central heteroatom [9]. Since, it can incorporate
various heteroatoms, inorganic and organic cations and molecules exhibiting various
coordination modes, it serves as an attractive building block for the crystallization of
hybrid solids having rich topology, intriguing physico-chemical properties and diverse
applications [10-13]. In addition, Anderson-Evans cluster specifically exhibits a relatively
high tendency to undergo protonation and incorporate a large number of lattice water
molecules during crystallization [14-16]. However, there are only limited examples of
organically templated Anderson-Evans cluster based solids reported in literature (refer
Table 11.1).Therefore, in the present work an attempt has been made to synthesize
Anderson-Evans cluster based solids using organic ligands and understand the role of
synthetic parameters in dictating the nature of self-assembly in aqueous medium. The

results are significant as such analysis provides clues for engineering new solids with
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desired structure and dimensionality. In addition, the use of Anderson solids, for the

synthesis of Polypyrrole (Ppy) or Polypyrrole composite via oxidative polymerization has

also been investigated.

Table 11.1 Organically templated Anderson-Evans cluster based solids reported in

literature.
S. Solid Cell parameters Synthetic Structural description Ref.
No. technique
1 | {Hpym}, Triclinic Solvent Anderson-Evans cluster 16
[5:73'\/'06024}] P-1 evaporation | anions linked to a pair of
o E‘f ?08228)1 '&A method protonated  pyrimidine
pym= pyrimidine | ; 10.644((2)),& moieties  through C-
o= 76'.922(3)° H---O forming a zig-zag
B = 74.540(3)° 1-D chains.
y = 87.543(4)°
zZ=1
2 | {(Htemed)s} Monoclinic Solvent Organic  amine  links 16
[‘Eg'ﬁlc(r)'\"ofsom}z] P2i/c evaporation | Anderson-Evans cluster
R E‘f;3-592(3)§ method into 1-D chains through
temed= c ; 11;’;2((2)) A N-H---O interactions.
tetramethylethyle o= 900'
nediamine £ = 114.538(4)°
$=90°
Z=2
3 | (BEDT- Triclinic Electrochemic | The cluster and the 17
T-('_DF)‘*[;V_'(OOH)GM P-1 al synthesis | organic  moieties  are
0s01a]-2H; ‘Sf iéggéggzz;AA arranged  alternatively
BEDT-TTE= c ; 21.8643((6; A leading to 1-D chains
bis(ethylenedithio) o= 11(') 829(2)° through H-bonding
tetrathiafulvalene] o A interacti
£ =91.262(2) interactions.
y=98.129(1)°
Z=1
4 | {(N2HsCO)[(CHs)s | Monoclinic Solvent Anderson anion cluster is 18
N(ﬁ%)RAOH(])Z} C2/c evaporation | linked to a pair of choline
[Hs ZHZ% 2l |a=13707(3) A | ethod  at | molecules  and  one

b=22113(4) A
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c =13.194(3) A | room protonated urea molecule

0=90° temperature | leading to 3-D assembly

,B_: 100973(3)0 via N(urea)-H' e

72_:92 interactions.
(4-Hampy),[H30] | Triclinic Hydrothermal | Protonated 4- 19
(H/CrM05054)- P-1 (no. 2) synthesis aminopyridine moieties
2H,0 a=7.951(5) AA and Hs;O" cations link
ampy = E;iggi’g((g)) A Anderson polyoxoanions
aminopyridine o= 88.976(5)° Fhrough. NTHWO

B=78.016(5)° interactions forming a

y= 86.207(5)° layered structure.

Z=1
(HsO)[(3-ampy). | Triclinic Hydrothermal | Protonated 3- 20
(HeCrMOsO24)]- | P-1 synthesis aminopyridines link the
3H0 a=7.848(8) A Anderson cluster anion

E; 1184?883))/&& Fhrough_ strong N-H---O

a=288.031(3)° Interactions.

B=178.308(2)°

y=88.842(3)°

Z=1
(C4H1oNO)3 Triclinic Refluxed and | The cluster anion, 21
[HeCrMOcO24]: P-1 cooled to | organic cations and water
40 a=7947 @A | o0m molecules are linked by

b=9.965 (5) A

_ temperature, | N-H---O and O-H---O

c=13.740 (7) A . )

a = 110.392 (1)° followed by | interactions.

B =102.921 (1)° solvent

y=90.635 (1)° evaporation.

Z=1
(Hbipy). Triclinic Hydrothermal | [Cr(OH)sMogO1s]™ 22
[Cr(OH)sM0eOss | P-1 synthesis anion and three bipy
HI(bipy) a=8.540 (5) A molecules, two of which

bipy = bipyridine

b=10.593 (5)A
c=11.864 (5)A
o =74.901 (5)°

f =85.216 (5)°

y = 88.651 (5)°
z=1

are protonated are linked
via H-bonding
interactions leading to
supramolecular
assembly.
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11.2 Experimental
11.2.1 Synthesis

All reagents were of reagent grade and were used as received from commercial sources
without further purification in the present thesis. The solids were synthesized using
solvent evaporation technique, similar to that reported in literature [23]. Scheme 11.1
summarizes the synthetic methodology employed in this study to prepare Anderson
cluster based hybrid solids. Initially, two different aqueous solutions were prepared for
the synthesis of 1. Solution A was prepared by adding Na;Mo0Q,-2H,0 (2.35 mmol,
Merck, 99%) to a solution of CrCl3-6H,0 (1.57 mmol, Merck, 99%) in 15 mL of water
and 5 mL of glacial acetic acid. Solution B was prepared by adding pyrazole (2.52 mmol,
Merck, 99%) to a solution of CoCl,-6H,0 (1.68 mmol, Merck, 99%) in 10 mL of water
and 10 mL of methanol. Subsequently, Solution B was added to Solution A and acidified
using dilute HCI. The resultant green colored solution of pH ~ 2 was left for
crystallization at room temperature. After 4 weeks, purple needle like crystals of 1 were
obtained, filtered, washed with acetone and air dried. Yield: 72% (based on Mo).

When Solution A was left undisturbed at room temperature, dark green block like crystals
of 2 were obtained after 3 weeks in about 54% yield (based on Mo). The crystals of 2
were washed with acetone, filtered and air dried. The filtrate upon evaporation at room
temperature resulted in pink block like crystals of 3 after 2 weeks in about 32% vyield
(based on Mo). Using 2-aminopyrazine (2-ampz) instead of pyrazole resulted in

crystallization of solid [Co(2-Hampz),Cl,], 4, which is discussed in detail in Chapter I11.
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CrCl3-6H,0/ _
[{CrsO(CH;CO0)g(H,0)5), 3 Weeks Na,Mo0,-2H,0/H,0/ C%(azc?:fsgz/
{H;,CrMog0,4}]-24H,0, 2 pH~3 CH,COOH Ehalaly:
. (Solution B)
Filter (Solution A)
- Clear green
[Supernatant lquId] .%

2 weeks 4 weeks | Dilute HCI

pH~3 pH~2
[Na{Na(H20)3}2{Hach06024}]'2H20, 3 [{HpZ}Z{H7CrM06024}]‘6H20, 1

Scheme 11.1 Scheme showing the synthetic pathway for the crystallization of solids 1-3.

11.2.2 Synthesis of Polypyrrole using Anderson-Evans hybrid solids

To a stirring solution of 10 mL of [{Cr3(0)(CH3COO0)s(H20)3}2{H;CrMog024}].24H,0,
2 (0.03M), 0.5 mL pyrrole dissolved in 20mL of distilled water was added, followed by
0.02g of ammonium persulphate (APS). The contents were stirred for about 15 minutes
and the resultant black powder was washed with distilled water, filtered and dried in oven
at 50°C. The same procedure was repeated with solid 3. Polypyrrole was also synthesized

using only APS with the same concentration of pyrrole and APS as stated above.
11.2.3 Characterization
11.2.3.1 X-ray crystallographic studies

X-ray diffraction studies of crystal mounted on a capillary were carried out on a
BRUKER AXS SMART-APEX diffractometer with a CCD area detector (MoKa =
0.71073A, monochromator: graphite) [24]. Frames were collected at T = 298K (for 1) and
293K (for 2 and 3) by ®, ¢ and 26-rotation at 10s per frame with SAINT [25]. The
measured intensities were reduced to F? and corrected for absorption with SADABS [25].

Structure solution, refinement, and data output were carried out with the SHELXTL
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program [26]. Non-hydrogen atoms were refined anisotropically. C-H and N-H hydrogen
atoms were placed in geometrically calculated positions by using a riding model. Images
were created with the DIAMOND program [27]. Hydrogen bonding interactions in the
crystal lattice were calculated with SHELXTL and DIAMOND [26, 27]. Crystal and

refinement data have been summarized in Table I1.2.
11.2.3.2 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) data was collected on a Malvern Panalytical Aeris
diffractometer using Ni-filtered CuKa radiation. Data were collected with a step size of

0.02° and count time of 2s per step over the range 5° < 26< 60°.

11.2.3.3 Fourier Transform Infrared Spectroscopy
Fourier transform infrared (FTIR) spectra were recorded using Shimadzu FTIR
spectrophotometer (model: IR Affinity-1S) equipped with Attenuated total reflection

(ATR) in the range 400-4000 cm™.

11.2.3.4 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was done on Perkin-Elmer TGA7 from room
temperature to 900°C at a heating rate of 10°C/min. in nitrogen atmosphere to determine

water and organic content as well as overall thermal stability of the products.

33



Chapter I1. Self-Assembly of Anderson Cluster Based Hybrid Solids: Synthesis, Structure and Application

Table 11.2 Crystal data and structure refinement parameters for 1-3.

1 2 3
Chemical formula CeH22CrMogN4O3p | C24H36Cr7MogOsgp | CrMogNazOs,
Molecular weight 1257.91 2544.17 1208.61
Temperature (K) 298(2) 293(2) 293(2)
Crystal system orthorhombic Triclinic Triclinic
Space Group Pbca P-1 P-1
a (A) 23.1796(8) 10.1347(14) 6.4631(16)
b (A) 11.1281(4) 14.688(2) 10.904(3)
c(A) 25.1499(9) 15.442(2) 10.929(3)
a (°) 90.00 108.076(2) 109.100(4)
B (°) 90.00 93.539(2) 106.790(4)
Y (°) 90.00 92.825(2) 95.509(4)
Volume (&%) 6487.3(4) 2175.4(5) 681.1(3)
Z 8 1 1
pcalc (g-em™) 2.576 1.942 2.700
p(mm ) 2.678 1.791 2.727
F (000) 4816 1240.0 1274
Crystal size (mm) 0.47 x0.31x0.26 0.35x0.29x0.25 | 0.37 x 0.27 x0.22
Radiation Mo Ka Mo Ka Mo Ka
20 range for data 4.12 to 56.280 2 to 60 2.08 to 50
collection (°)
Index ranges -28<h<30,-14< |-12<h<12,-17< <h<13,-12<k

k<13,-33<1<29 |k<17,-18<I<18 |<13,-16<1<17

Reflections collected 38438 20309 7773
Independent reflections 7911 7660 3380
Data/restraints/parameters | 7911/0/442 7660/0/535 5549/0/433
Goodness-of-fit on F? 1.061 1.051 1.125

R[F*> 26(F?)], wR(F?)

0.0338, 0.0841

0.0313, 0.0954

0.0344, 0.0776
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11.3 Results and Discussion
11.3.1 Crystal Structure of 1-3
11.3.1.1 Crystal Structure of 1

The asymmetric unit of 1 consists of one Anderson-Evans cluster anion, two protonated
pyrazole moieties (designated as {N1N2} and {N3N4} hence forth) and six lattice water
molecules. The crystal structure analysis of 1 revealed that Anderson-Evans cluster anion
was identical to those reported in literature (Table 11.1). The Anderson cluster anion viz.
[H/CrMo0gO24] was a B-type Anderson structure consisting of six [MoOg] octahedra
arranged in a hexagonal manner around the central [Cr(OH)g] octahedron (Figurell.1).
Each [MoOg] octahedra exhibited three kinds of Mo-O distances in 1(Table 11.3). These
included molybdenum-terminal oxygen, Mo-Ot bonds (1.695(2)-1.709(2) A) and two
types of molybdenum bridging oxygen bonds namely Mo-Ob and Mo-Oc. While, Ob
adopted a pp-bridging mode linking two adjacent molybdenum centers (1.892(2)-2.037(2)
A), Oc adopted ps-bridging mode linking two molybdenum centers and the central
chromium atom (2.268(2)-2.314(2) A). The bond-valence sum calculations [28]
suggested that Cr was in +3 oxidation state, all Mo atoms were in the +6 oxidation state
and seven oxygen atoms in 1 were protonated. Lattice water molecules namely O1S, O2S,
O5S and O6S formed strong hydrogen bonds (Table 11.4) with the cluster ions to form
zig-zag 1-D chains propagating along b axis (Figurell.2). One of the pyrazole moieties
viz. {N1N2} was linked to cluster anions via O1S through N-H---O interactions. O2S
connected the 1-D chains via H-bonding interactions to form a sheet along ab-plane
(Figurell.3). The sheets were further connected via lattice water molecules (O3S and

045S) and {N3N4} moiety to form 3-D supramolecular structure as shown in Figure 11.4.
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Figure 11.1 ORTEP diagram of 1. Non hydrogen atoms are shown as 50% ellipsoids and

hydrogen atoms as arbitrary spheres. Lattice water molecules have been omitted for

clarity.
Table 11.3 Mo-O distances in 1.
Category Mo---O Bond Distance (A)
Mol---01 1.697(2)
Mo1l---O2 1.706(2)
Mo2---O7 1.691(2)
Mo2---08 1.690(2)
Mo3---011 1.702(2)
Mo3---012 1.706(2)
Molybdenum-terminal oxygen (Mo-Ot) Mo4---015 1.705(2)
Mo4---016 1.708(2)
Mo5:-- 019 1.695(2)
Mo5---020 1.706(2)
Mo6---023 1.699(2)
Mo6--- 024 1.709(2)
Mo1l--- 06 1.946(2)
Mol---03 1.936(2)
Mo2---06 1.905(2)
Mo2--- 09 2.037(2)
Mo3:-- 09 2.028(2)
Mo3:-- 013 1.899(2)
Molybdenum-bridging oxygen (Mo-Ob) | Mo4--- 013 1.986(2)
Mo4--- 017 1.892(2)
Mo5--- 017 1.961(2)
Mo5---022 1.915(2)
Mo6---022 1.932(2)
Mo6--- 03 1.946(2)
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Mol---O4 2.280(2)
Mo1l---O5 2.303(2)
Mo2---05 2.299(2)
Mo2---010 2.273(2)
Mo3--- 010 2.272(2)
Mo3---014 2.268(2)
Molybdenume-internal oxygen (Mo-Oc) Mo4--- 014 2.274(2)
Mo4--- 018 2.287(2)
Mo5--- 018 2.299(2)
Mo5---021 2.314(2)
Mo6--- 021 2.300(2)
Mo6--- O4 2.279(2)

Figure 11.2 1-D zig-zag chains in 1. H-bonding interactions are shown in dashed red
lines. Each cluster anion is linked to lattice water molecules O1S, O2S, O5S and O6S
through H-bonding. Lattice water molecule, O1S is linked to {N1N2} moiety through N-

H---O interaction.
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Figure 11.3 (a) O2S connecting two neighboring 1-D zig-zag chains (depicted in cyan and
pink polyhedral) to form 2-D sheet in 1. Inter-chain H-bonding interactions are shown in

solid red lines. (b) View along b axis showing two 1-D chains forming a sheet.
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Figure 11.4 View along b axis showing O3S and O4S connecting two neighboring sheets
(depicted in cyan and green) via H-bonding interactions mediated by {N3N4} moiety in

1.

Table 11.4 H-bonding interactions in 1.

D-H---A

D-H (A)

H---A (A)

D---A(A)

Z D-H---A (%)

O(1S)-H(1SA)--

015

0.8510(27)

1.9202(19)

2.7628(32)

170.3(1)

O(1S)-H(1SB)--

-05

0.8500(27)

2.0211(23)

2.8657(36)

172.3(1)

0(2S)-H(2SA)--

019

0.8489(28)

1.7511(19)

2.5699(32)

161.4(1)

0(2S)-H(2SB)--

012

0.8495(30)

1.9548(21)

2.7863(35)

165.8(1)

0(3S)-H(3SA)--

-018

0.8507(28)

2.0102(19)

2.8175(33)

158.1(1)

0(3S)-H(3SB)--

-014

0.8501(28)

1.9859(23)

2.8316(36)

173.0(1)

O(4S)-H(4SA) -

-06

0.8509(30)

1.9710(19)

2.7902(35)

161.2(2)

O(4S)-H(4SB)--

-010

0.8514(30)

2.0048(22)

2.8364(37)

165.2(2)

0(5S)-H(5SA)--

-06

0.8494(24)

1.7503(19)

2.5757(30)

163.3(1)

0(5S)-H(5SB)--

-010

0.8514(23)

1.9300(23)

2.7790(33)

174.8(1)

0(6S)-H(6SA)--

-06

0.8492(28)

1.7807(19)

2.5732(32)

154.4(1)

0(6S)-H(6SB)-

-03

0.8492(29)

1.9194(21)

2.7649(35)

173.5(1)

N(2)-H(2N) ---O(1S)

0.8608(32)

1.8238(32)

2.6733(46)

168.7(2)

N(3)-H(4N) ---O(4S)

0.8603(42)

1.8444(33)

2.7047(54)

179.5(2)

N(4)-H(4) ---O(3S)

0.8598(38)

1. 9493(30)

2.7090(49)

146.6(2)

39




Chapter I1. Self-Assembly of Anderson Cluster Based Hybrid Solids: Synthesis, Structure and Application

Table I1.5 O---O interactions in 1.

0---0 Bond distance (A)
02---023 2.7329(27)
011---024 2.7561(27)
04.--021 2.6807(27)
013020 | 2.6838(28)

11.3.1.2 Crystal Structure of 2

Solvent evaporation of Solution A (as shown in Scheme 11.1) resulted in the
crystallization of green block like crystals of
[{Cr3(O)(CH3CO0)6(H20)3}2{H7CrM0s024}].24H,0, 2. The asymmetric unit of 2
consists of an Anderson-Evans cluster anion, [H;CrMogO,4]*and the counter cation being
a chromium trinuclear cluster, [{Cr3(O)(CH3COO0)s(H,0)s}** as shown in Figure 11.5. The
inter cluster regions are occupied by twenty four lattice water molecules. Similar to the
crystal structure of 1, the Anderson cluster anion viz. [H;CrMosO-4], a B-type Anderson
structure consist of six [MoOg] octahedra arranged in a hexagonal manner around the
central [Cr(OH)g] octahedron (Figure 11.5).The Mo-O distances in [MoOg] octahedra in 2
(Table 11.6) ranges from 1.685(3)-1.709(2)A for molybdenum-terminal oxygen (Mo-Ot),
1.935(3)-1.983(3) A for molybdenum bridging oxygen (Mo-Ob) and 2.270(3)-2.314(3)A
for Mo-Oc bonds. The bond valence sum calculations suggested +3 oxidation state for Cr
atoms and +6 oxidation state for all Mo atoms and protonation of seven oxygen atoms in
2. Strong intermolecular hydrogen bonding interactions in 2 (2.462(4)-2.529(5) A, Table
I1.7) between Anderson cluster and chromium acetate complex leads to 1-D chain (Figure
I1.6). The chains are further connected by inter chain H-bonding interactions (2.620(4)-
2.641(4) A) to form 2-D sheets as shown in Figure 11.7. The packing of 2-D sheets into 3-

D supramolecular structure is facilitated by lattice water molecules mediated by O---O
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interactions (2.604(6)-3.090(6) A) as shown in Figure 11.8a. Figure 11.8b shows the

interaction of water molecules resulting in 1-D zig-zag chain in 2.

Figure 11.5 Asymmetric unit in 2. Lattice water molecules are omitted for clarity.

Table 11.6 Mo-O distances in 2.

Category Mo---O Bond Distance (A)
Mol---011 1.689(3)
Mol---012 1.704(3)
Mo2---04 1.697(3)
Molybdenum-terminal oxygen (Mo-Ot) Mo2---05 1.707(3)
Mo3---01 1.685(3)
Mo3---02 1.709(2)
Mol---O8 1.936(3)
Mo1l---09 1.983(3)
Molybdenum-bridging oxygen (Mo-Ob) | Mo2---03 1.952(3)
Mo2---08 1.940(3)
Mo3:--03 1.935(3)
Mo3---09 1.970(3)
Mol.---07 2.314(3)
Mol---010 2.276(3)
Molybdenume-internal oxygen (Mo-Oc) Mo2---06 2.270(3)
Mo2---O7 2.285(2)
Mo3:--06 2.295(3)
Mo3---010 2.307(2)
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.529(5& \
2.462(4) Ar%t ! H3C T % h‘

1

Figure 11.6 Anderson clusters are connected by H-bonding interactions through

chromium acetate complex to form 1-D chain.

Figure 1.7 (a) View along a axis showing 2-D sheets in 2 formed by H-bonding
interactions between Anderson cluster and chromium acetate species. (b) View along ¢

axis showing 2-D sheets in 2.
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(b)

Figure 11.8 (a) Two neighboring sheets are connected via hydrogen bonded clusters to
form 3-D supramolecular structure. Lattice water molecules are shown in pink color and
O---0O interactions are shown in solid pink lines. (b) Water-water interactions resulting in

1-D zig-zag chain of water cluster in 2.
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Table 11.7 H-bonding interactions in 2.

D-H..A D-H(A) |H..AR) |D..AR) | £ D-H..A ()
C3-H3C---011 0.961(5) | 2.529(5) | 3.426(8) | 155.44(3)
C7-H7C---01 0.960(4) | 2.462(4) |3.327(6) | 149.81(2)
C9-H9B---05 0.960(5) | 2.641(4) |3.517(7) | 151.99(3)
C1-H1A.--01 0.960(5) | 2.620(4) |3.278(7) | 126.13(2)
C3-H3A---08 0.960(5) | 2.777(6) | 3.635(8) | 149.37(2)
C1-H1A---O12W | 0.960(5) | 2.759(7) | 3.539(9) | 139.0(3)

Table 11.8 O---O interactions in 2.

0---0 Bond distance(A)
Olw ---O8w 2.710
O7w---08w 2.799
O6w:---08w 3.071
O6w:--0O10w 2.879
O4w---010w 3.047
O4w:---O9w 2.746
O5w:---09w 3.075
O5w---0O7w 2.865
O9w---0O11w 2.761
O3w:---O5w 3.200
O3w---09w 3.090
O2w---03w 2.779
O2w---011w 2.722
O11lw---0O12w 2.604

11.3.1.3 Crystal Structure of 3

The supernatant liquid after filtration of 2 was left undisturbed at room temperature and it
resulted in the formation of pink crystals of [Na{Na(H,0)3}{HsCrMo¢O,4}].2H,0, 3. It
consists of Anderson cluster anion [HsCrMogO,4]> and hydrated sodium cations along
with two lattice water molecules. Of the two sodium centers, Na2 is surrounded by lattice
water molecules forming 1-D chains propagating along c axis (Figure 11.9). Neighboring

Na2 hydrate chains are connected by Anderson clusters to form 2-D sheets as shown in

44



Chapter I1. Self-Assembly of Anderson Cluster Based Hybrid Solids: Synthesis, Structure and Application

Figure 11.10. These neighboring 2-D sheets are further connected by sodium (Nal)
hydrate complexes to form 3-D structure as shown in Figure I1.11. The bond-valence
calculations suggested that Cr atoms are in the +3 oxidation state and all Mo atoms are in
the +6 oxidation state in 3.

Table 11.9 Mo-O distances in 3.

Category Mo---O Bond Distance (A)
Mol---01 1.694(2)
Mol---02 1.708(3)
Mo2--- O3 1.709(3)
Mo2:-- 04 1.718(2)
Mo3:-- 05 1.696(2)
Molybdenum-terminal oxygen (Mo-Ot) Mo3--- 06 1.685(2)
Mo4- .- 07 1.695(1)
Mo4--- 08 1.707(3)
Mo5--- 09 1.703(3)
Mo5:-- 010 1.709(2)
Mo6--- 011 1.699(2)
Mo6--- 012 1.696(2)
Mol:--013 1.907(1)
Mol.--014 1.951(2)
Mo2:--014 1.956(1)
Mo2:-- 015 1.904(3)

Mo3--- 015 1.945(3)
Molybdenum-bridging oxygen (Mo-Ob) | Mo3--- 016 1.934(4)

Mo4--- 016 1.919(1)
Mo4:-- 017 1.940(2)
Mo5:-- 017 1.946(1)
Mo5--- 018 1.918(3)
Mo6:-- 013 1.959(4)
Mo6--- 018 1.931(3)
Mol:-- 020 2.293(4)
Mol---010 2.276(3)
Molybdenume-internal oxygen (Mo-Oc) Mo1l--- 021 2.260(3)

Mo2--- 021 2.263(1)
Mo2--- 022 2.302(5)

Mo3--- 022 2.372(2)

Mo3--- 023 2.300(1)

) Mo4--- 023 2.289(4)
Molybdenum-internal oxygen (Mo-Oc) Mo4--- 024 2.306(3)
Mo5--- 024 2.287(1)

Mo5--- 019 2.301(5)

Mo6--- 019 2.295(2)

MO06--- 020 2.293(1)
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Figure 11.9 Two sodium centers (Na2) connected by lattice water molecules forming 1-D

chains propagating along c axis in 3.

GCr
®Vo
®Na
@o

Figure 11.10 Neighboring Na2 hydrate chains are connected by Anderson clusters to form

2-D sheets in 3.
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Figure 11.11 2-D sheets are connected by sodium (Nal) hydrate complexes to form 3-D

structure.
11.3.2 Vibrational and Thermal Analysis

The FTIR spectra of solids 1-3 displayed similar vibrations which are characteristic of the
Anderson-type structure (Figure 11.12). Vibrational bands were observed between 890 and
950 cm™ for the Mo-Ot bonds, between 660 and 740 cm™ for the Mo-Ob groups, and
between 400 and 600 cm™ for the Mo-Oc groups. In 1, peaks in the range 3000-3300 cm™
could be attributed to stretching vibrations of the N-H group in the pyrazole moiety.
Peaks at 1621 and 1517 cm™ corresponded to C-N stretching and N-H bending vibrations
respectively. In 2, strong bands at 1612 and 1456 cm™were attributed to va(CO>) and vs
(CO,) modes, respectively of the bridging acetic acid groups and strong band observed at
665 cm™ were attributed to the vas(Cr30) vibration. 3 also showed IR spectra

characteristics of the Anderson cluster anion.

TG analysis of 1 (Figurell.13a) showed weight loss in three steps. In 1, the first weight

loss upto 110°C corresponding to 8.9% was due to loss of six lattice water molecules

47



Chapter I1. Self-Assembly of Anderson Cluster Based Hybrid Solids: Synthesis, Structure and Application

(calcd. 8.6%). The thermal degradation of two pyrazole moieties could be accounted for

the second weight loss of 11.4% upto350°C (calcd. 10.9%). Subsequent loss could be

assigned to the decomposition of {CrMogO,4} cluster anion.TGA of solids 2 and 3

showed the weight loss in multiple steps wherein the first step was due to loss of lattice

water molecules. In 2, weight loss in next step was observed corresponding to the loss of

chromium trinuclear complex, followed by degradation of Anderson cluster (Figure

11.13b). 3 showed loss of lattice water molecules and degradation of Anderson cluster

(Figure 11.13c).
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Figure 11.12 FTIR spectra of solids 1, 2 and 3.
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11.3.3 Chemistry of Formation

Self-assembly of Anderson-Evans cluster based solids usually occurs via solvent
evaporation technique under acidic conditions. The synthetic methodology used in the
current investigation involved mixing of aqueous molybdate solution containing
chromium ions with a solution of cobalt ions in the presence of an organic ligand viz.
pyrazole, under constant stirring. Once the two solutions were mixed, the solution was
further acidified using HCI. Finally, the resultant solution when left undisturbed resulted
in crystallization of solid 1. The addition of HCI resulted in a decrease in the pH of the
reaction medium and provided large number of protons in the solution. Therefore, the
addition of HCI had a twofold effect. Firstly, the highly acidic pH favored the formation
of protonated [HX(XOg)MgO15]®™ cluster species and secondly, it resulted in the
protonation of the organic ligands. Therefore, in the case of 1, the increase in positively
charged organic moieties (Hpz)* (pKa of pyrazole: 2.1[29]) inhibited cobalt-pyrazole
interaction resulting in an organically templated hybrid solid
[{Hpz}{H;CrMos04}]-6H,0 (1). Additionally, the crystal structure of 1 also showed
the presence of six lattice water molecules. Earlier it has been demonstrated in several
examples that aggregation of water cluster is a secondary factor in the crystal packing of
such complex structures [16]. Protonation of Anderson-Evans cluster anion and synthesis
under ambient conditions are the key factors that seem to be responsible for the
aggregation of water molecules in cluster based solids. A close examination of results
reported in literature (Table 11.1) also suggested that Anderson-Evans cluster based solids
synthesized under hydrothermal conditions were less hydrated as compared to those
obtained via solvent evaporation technique.

When solution A consisting of sodium molybdate, chromium chloride and acetic acid was

allowed to evaporate at room temperature, it resulted in the formation of 2 and 3. The
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presence of acetic acid favored the formation of chromium acetate trinuclear complex
which acted as a counter cation to the Anderson cluster anion, 2. Since most of the
chromium ions were utilized during the crystallization of 2, the remaining Anderson

anions aggregate along with sodium ions to form hydrated Anderson cluster, 3.

11.3.4 Synthesis of Polypyrrole and Polypyrrole composite using Solids 1-3

Polypyrrole, a conductive polymer, has gained immense attention owing to its interesting
properties and wide range of applications [30]. One of the simple and feasible methods
for the synthesis of Polypyrrole (Ppy) is by chemical oxidative polymerization of pyrrole
monomer. Various oxidizing agents like ferric chloride (FeCls), ammonium persulphate
(APS), etc. are commonly used for polymerization [31]. Polyoxometalates, especially
those containing molybdenum, have also been used in the synthesis of polymers or
polymer composites since they can provide sufficient oxidizing medium for oxidative
polymerization and can even form composite materials with the polymer [32]. Based on
these considerations, Anderson cluster based solids 2 and 3 were examined for the
formation of Polypyrrole and Polypyrrole composite through oxidative polymerization of
pyrrole. Use of solid 1 was avoided as it already had an organic component incorporated

in it which could hinder the polymerization process.

Ppy was successfully synthesized using APS in presence of Anderson cluster solid
[{Cr3(0)(CH3CO0)6(H20)3}{H7CrM0g024}].24H,0, 2 as per the procedure described in
Section 11.2.2. FTIR spectrum showed bands characteristics of the pyrrole ring (refer
Figure 11.15a). The formation of polypyrrole was further confirmed from the PXRD
patterns of the synthesized polymer. X-ray diffraction pattern of synthesized polypyrrole
showed a broad peak at 26=26°, which is characteristic peak of amorphous polypyrrole

[33] as observed in Figure I1.15b. Polymerization of pyrrole was also carried out using
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Solid 2 without APS and also using only APS as the oxidizing agent. In the later case
polypyrrole was obtained, but the yield was very less when synthesis was carried out
using only APS (i.e. in the absence of 2). When solid 3 was used for polymerization of
pyrrole, it resulted in the formation of Ppy along with traces of Anderson solid 3 which
was confirmed from the PXRD pattern as shown in Figure 11.16 indicating the formation

of a composite material.

n

Pyrrole

Polypyrrole

APS = (NH4)28208
2 = [{Cr3(O)(CH;CO0)6(H,0)3 }, {H7CrMog0,4 1] 24H,0

Scheme 11.2 Formation of Polypyrrole using APS and solid 2.

Pyrrole
APS = (NHy),S,04 Anderson-Ppy composite
3= [Na{Na(H20)3}2{H6CrM06024}]'2HZO

X= {H6CI'M06024}

Scheme 11.3 Formation of Anderson-Polypyrrole composite using APS and solid 3.
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Figure 11.15 (a) FTIR spectrum and (b) PXRD pattern of Polypyrrole synthesized using

APS and Solid 2.
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Figure 11.16 (a) PXRD pattern of product synthesized using APS and solid 3, (b) PXRD

pattern of Anderson cluster, 3.

1.4 Conclusions

Anderson-Evans type polyoxomolybdate solids 1-3 have been crystallized via solvent

evaporation technique. Solvent evaporation technique offers a facile method for the

synthesis of hybrid solids. Subtle changes in reaction parameters can affect the nature of
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molecular precursors in solution and offer alternative pathway for the crystallization of
new phases. Detailed structural analysis revealed the role of supramolecular interactions
in the crystal packing of solids. The hydrogen bonding interactions mediated by organic
cations in 1 and by lattice water molecules in all the three solids plays a significant role in
stabilizing the crystal packing. The ability of solids 2 and 3 for the synthesis of
Polypyrrole and Polypyrrole composite using oxidative polymerization method was
investigated. Anderson cluster based solids were found to be promising candidates for

effective polymerization of pyrrole and for preparing polymer based composite materials.
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