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Chapter 5

Synthesis, Characterization and Magnetic Properties of Cyano
Bridged Heterometallic Mn(11)-Fe(I1)/Fe(111) Aggregates

Abstract: The possibility to control the aggregation pattern of pentagonal bipyramidal
Mn(I1) complex formed by 2,6-diacetylpyridine bis(benzoylhydrazone) with sodium
nitroprusside and potassium ferricyanide as metalloligands has been explored.
Syntheses, characterization, structures and magnetic properties of five new

heterometallic complexes have been reported.
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5.1. Introduction

The discovery of high T, molecule based magnetism in Prussian Blue analogues have
led to an outburst of activities in cyano bridged architectures [1]. During the last two
decades, cyano bridged assemblies exhibiting a fascinating assortment of intriguing
characteristics e.g. room temperature magnetism [2], spin-crossover [3], single
molecule magnetism [4-6], single chain magnetism [7-8], photomagnetism [9], etc.
have been developed. These versatile features of cyano bridged aggregates can be
primarily attributed to the short and effective magnetic superexchange mediated by
bridging cyano groups. Further, due to the interplay of strong exchange interaction
between the spin carriers, the magnetic and photomagnetic properties of cyano bridged
assemblies are largely governed by their structural topology and nuclearity. Therefore,
rational approaches to build discrete cyano-bridged polynuclear assemblies of
predetermined structure has so far remained a highly desirable and fundamental goal in
contemporary molecular magnetism [7-13]. Fortunately, the linear coordination mode
of cyano ligand facilitates reasonable prediction of the structure of the resulting cyano
bridged architectures. Moreover, the nature of magnetic superexchange between the
spin carriers can also be controlled by careful choice of the precursors. In view of the
above, bottom up assembling of suitable building blocks by using cyanometallate
linkers have emerged as one of the most prolific approach to engineer cyano bridged
species of desired topology and dimensionality [14-17].

Mononuclear complexes of rigid macrocyclic ligands with labile axial sites have
emerged as highly preferred choice of building blocks for bottom up assembly of
cyanometallate aggregates [18-21]. Substitution of the labile axial sites in such
complexes by cyanometallate linkers have resulted in cyano bridged heteronuclear
aggregates of varied topology, nuclearity and dimensionality. Further, the structure and
dimensionality of these species can be efficiently modulated by using capping ligands
either in the cyanometallate linker or in the macrocyclic complex [22-25]. Apart from
the above, several other parameters viz. charge on the assembling units, solvent and
ancillary ligands used also play crucial roles in determining the final structure of the
resulting species.

The macrocyclic complex based building block approach to design cyano bridged
heterometallic aggregates has been also extended for PBP complexes. It is pertinent to
note here that many transition metal ions display large single ion anisotropy in PBP
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geometry [26-27]. Therefore heterometallic aggregates assembled from magnetically
anisotropic PBP transition metal building blocks and cyanometallates have emerged as
prospective candidates for single molecule magnets. For example, due to the presence
of inherent magnetic anisotropy in PBP complexes of Fe(ll), Co(ll) and Ni(ll), the
resulting cyano bridged heterometallic assemblies show SMM behaviour [27-34].

Reaction of PBP Mn(Il) complexes with different cyanometallate precursors have so
far resulted in discrete dinculear, trinuclear, pentanuclear aggregates in addition to 1D,
2D and 3D architectures [29, 35-45]. The planer pentadentate ligand, 2,6-
diacetylpyridine bis(benzoyl hydrazone) (H,L) allows isolation of several PBP
transition metal complexes [44-45]. The axial sites of these complexes are usually
occupied by labile groups. This facilitates rapid reaction with metallo-ligands e.g.
cyanometallates. Moreover, the PBP geometry around the 3d metal center can be

retained in the resulting heterometallic structures [33, 46].
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Chart 5.1. The ligand 2,6-diacetylpyridine bis(benzoyl hydrazone) (H,L)

In the present study, we have investigated the possibility to control the self assembly
process of seven coordinated Mn(Il) complexes, [Mn(H,L)(H,O)CI]CI formed by 2,6-
diacetylpyridine bis(benzoyl hydrazone) with different cyanometallate based
metalloligands. The precursor complex, [Mn(H,L)(H,O)CI]CI has labile axial ligands
and therefore expected to undergo spontaneous self-assembly with cyanometallate
linkers. Further, the resulting heterometallic structures of such charge-mediated self-
assembly processes are strongly dependent on the charge of the PBP precursor as well
as cyanometallate linker. Therefore, the reaction of [Mn(H,L)(H,O)CI]CI was studied
with two different cyanometallate linker, [Fe(CN)s(NO)]** and [Fe(CN)s]*.
Dependence of subtle variations in the reaction conditions or reactants on the
architecture of the resulting heteronuclear assemblages have been explored to gain

better understanding of the self assembling process. Initial investigations were carried
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out by mixing nitroprusside as the linker. Nitroprusside based assemblies are
particularly interesting due to its intriguing photophysical properties [47-48]. But due
to the diamagnetic character of nitroprusside ion, cooperative magnetic phenomena are
not expected in the resulting heterometallic architectures. Therefore, we later switched
to a paramagnetic cyanometallate precursor, [Fe(CN)e]> and investigated its reaction
with [Mn(H,L)(H.O)CI]CI. Facile substitution of the axial coordination sites of
[Mn(H,L)(H,O)CI]CI by cyanometallate precursors leading to the formation of
heterometallic cyano bridged Mn(ll)-Fe(l1l) aggregates was observed. Thus, five new
cyanobridged heterometallic Mn(I1)-Fe(11)/Fe(I11) assemblages,
[Mn(H,L)(H20)][Fe(CN)s(NO)].H.O  (15),  [{Mn(H:L)}{Fe(CN)s(NO)}]  (16),
[{Mn(H2L)}{Fe(CN)s(NO)}-(H20)0.75]n(17),

[{Mn(H,L)(H20)}{Mn(H,L)}{Fe(CN)s}.].9H,0 (18) and
[Mn(HL)(H20)2]2[{Mn(H:L)(H20)}2{Fe(CN)e} I [{Mn(H:L) }2{Fe(CN)s}3]. 13H20(19)
are prepared. The syntheses, characterization and magnetic properties of these

compounds have been reported in this chapter.

5.2. Experimental Section

5.2.1. Materials and Methods

Starting materials were procured from commercial sources and used as received.
Solvents were purified by conventional techniques and distilled prior to use. 2,6-
diacetylpyridine bis(benzoyl hydrazone) and [Mn(H,L)CI(H,O)]CI were prepared
according to the reported literature procedure [45-46]. Elemental analyses were
performed on a Perkin Elmer Model PR 2400 Series Il Elemental Analyzer. Infrared
spectra were recorded on a Nicolet Impact 1-410 FT-IR spectrometer as KBr diluted
discs and a Perkin Elmer MIR-FIR FT-IR spectrometer. Melting points were collected
on a Buchi M-560 Melting Point apparatus and are reported uncorrected. Magnetic
susceptibility data were collected on microcrystalline samples over a 2-300 K
temperature range with an applied field of 1000 Oe using a MPMS SQUID
magnetometer. Magnetization studies were performed between 0-7 T at 2 K, 5 K, 7 K
and 10 K.

5.2.2. Synthesis of [Mn(H,L)(H20),][Fe(CN)s(NO)].H.O (15)
To a solution of [Mn(H,L)CI(H.0)]CI (0.027 mmol, 0.016 g) in 15 mL methanol,
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KSCN (0.027 mmol, 0.003 g) was added. The reaction mixture was stirred at room
temperature for 3 hours. A solution of Naz[Fe(CN)sNO].2H,0 (0.0135 mmol, 0.004 g)
in 20 mL distilled water was added without stirring and the resulting solution was kept
undisturbed in dark. Brown needle-shaped crystals were observed after 48 hours. The
mother liquor was discarded and crystals were washed with ethanol followed by diethyl
ether and then air dried. Yield: 0.006 g (71% based on Mn); M. p. >250°C; Elemental
analysis: Found C, 50.06%; H, 3.87%; N, 18.65%. CysHsFeosMnN7s50s5 requires C,
50.83%; H, 4.27%; N, 17.10%. IR (KBr, cm™): 3411(br), 2141(m), 1891(s), 1616(m),
1536(m), 1488(m), 1367(m), 1298(m), 1152(m), 1047(w), 810(m), 707(m), 413(w).

5.2.3. Synthesis of [{Mn(H,L)}{Fe(CN)s(NO)}] (16)

To a solution of [Mn(H,L)CI(H,0)]CI (0.027 mmol, 0.016 g) in 15 mL methanol,
KSCN (0.027 mmol, 0.003 g) was added. The reaction mixture was stirred at room
temperature for 3 hours. 200 mL of distilled water was added and then
Naz[Fe(CN)sNO].2H,0 (0.0135 mmol, 0.004 g) was added without stirring and kept
undisturbed in dark. Brown block shaped crystals were observed after four weeks. The
mother liquor was discarded and crystals were washed with ethanol followed by diethyl
ether and then air dried. Yield: 0.005 g (62% based on Mn); M. p. >250°C; Elemental
analysis: Found: C, 48.97 %; H, 3.03%; N, 22.43%. CysH23FeMnN1;04 requires C,
48.86%; H, 3.37%; N, 22.38%. IR (KBr, cm™): 3444(br), 2149(m), 1903(s), 1621(m),
1531(m), 1442(m), 1374(m), 1292(m), 1172(m), 1073(w), 1015 (w), 894 (w), 807(m),
696(m), 661 (M), 546(w), 407(s).

5.2.4. Synthesis of [{Mn(H,L){Fe(CN)s(NO)}-(H20)0.75]n (17)

To a solution of [Mn(H,L)CI(H,0)]CI (0.027 mmol, 0.016 g) in 15 mL methanol, 200
mL distilled water was added. The reaction mixture was stirred at room temperature
for 5 min. Then, Nay[Fe(CN)sNO].2H,0 (0.0135 mmol, 0.004 g) was added without
stirring and kept undisturbed in dark. Yellow needle-shaped crystals were observed
after 3 days. The mother liquor was discarded and crystals were washed with ethanol
followed by diethyl ether and then air dried. Yield: 0.005 g (60% based on Mn); M. p.
>250°C; Elemental analysis: Found: C, 48.82%; H, 3.19%; N, 22.93%.
CaosHo7FeMnN1;Og requires C, 49.20%; H, 3.29%: N, 22.53%. IR (KBr, cm™):
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2959(br), 2156(m), 1906 (m), 1625(m), 1531(w), 1445(w), 1377(w), 1292(m),
1159(w), 810(m), 702(m), 409(s).

5.2.5. Synthesis of [{Mn(H,L)(H20)}{Mn(H,L){Fe(CN)¢}.].9H,O (18) and
[Mn(H2L)(H20)2]2[{Mn(HL) (H20)}{Fe(CN)s} [{Mn(H2L)}{Fe(CN)e}s]. 13H.0
(19)

To a solution of [Mn(H,L)(H,O)CI]CI (0.03 mmol, 0.0180 g) in 10 mL ethanol,
NaClO4.H,0O (0.015 mmol, 0.0021 g) dissolved in 1 mL distilled water was added.
Stirring was continued for an hour at room temperature. Then, the reaction mixture was
diluted with 50 mL of distilled water followed by the addition of aqueous solution of
Ks[Fe(CN)e] (0.015 mmol, 0.0049 g) without agitation. The reaction mixture was kept
undisturbed for slow evaporation at room temperature in dark. Yellow plate shaped
crystals of compound 18 are observed after 24 hours. Crystals of compound 18 were
isolated and the mother liquor was left undisturbed in dark. Yellow needle shaped
crystals of compound 19 were observed after 72 hours. The mother liquor was
discarded and crystals were extracted, washed with ethanol and diethyl ether and air
dried. Characterization data for 18: Yield: 0.011 g (55 % based on Mn); M. p. >250°C;
Elemental analysis: Found C, 49.47%; H, 4.23%; N, 19.27%. Cg;HgsN,701;MnsFe;
requires C, 49.01%; H, 4.32%; N, 19.05%. IR (KBr, cm™): 3402(br), 2377(s), 2116(m),
1622(s), 1527(m), 1484(m), 1375(w), 1286(s), 1167(s), 1075(m), 1017(w), 810(m),
700(m), 411(m). Characterization data for 19: Yield: 0.006 g (29 % based on Mn); M.
p. >250°C; Elemental analysis: Found C, 50.80%; H, 3.32%; N, 19.01%.
Cia7H147N4705:MnsFe, requires C, 50.31%; H, 2.97%; N, 19.57%. IR (KBr, cm™):
3398(br), 2115(s), 1625(s), 1524(m), 1440(m), 1379(w), 1284(s), 1172(s), 1079(m),
895(w), 809(m), 706(m), 432(w).

5.2.6. Single Crystal X-Ray Diffraction Studies

Suitable single crystals of all the compounds obtained directly from the reaction
mixtures were used for diffraction measurements. The diffraction data for the
compounds were collected on a Bruker APEX-II CCD diffractometer using MoKa
radiation (,=0.71073 A) using ¢ and « scans of narrow (0.5°) frames at 90-100K. All

the structures were solved by direct methods using SHELXL-97 as implemented in the
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WinGX program system [49]. Anisotropic refinement was executed on all non-
hydrogen atoms. The aliphatic and aromatic hydrogen atoms were placed on calculated
positions but were allowed to ride on their parent atoms during subsequent cycles of
refinements. Positions of N-H and O-H hydrogen atoms were located on a difference
Fourier map and allowed to ride on their parent atoms during subsequent cycles of
refinements. Crystallographic data (excluding structure factors) have been deposited
with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge
CB21EZ, UK. Copies of the data can be obtained free of charge on quoting the
depository number CCDC 993506 (15), CCDC 993117 (16), CCDC 1009780 (17) and
CCDC 1489308 (18). The crystal data and refinement parameter of compounds 15-19
are listed in Table 5.2.

Continuous SHAPE analysis of the coordination environment around the central Mn(I1)
center was performed [50]. The results obtained from careful shape analysis are listed
in Table 5.1.

Table 5.1. Shape analysis data for compounds 15-19 using SHAPE program
Complex | HP-7 | HPY-7 | PBPY-7 | COC-7 | CTPR-7 | JPBPY-7 | JETPY-7
15 32.066 | 20.222 | 0.951 6.366 4.684 3.944 20.288
16 32.751 | 24543 | 0.558 8.259 6.207 3.575 23.446
17 (Mnl) | 31.731 | 22.867 | 0.850 6.844 4.950 3.994 19.147
17 (Mn2) | 32.214 | 20.610 | 1.288 7.259 4.989 4.297 17.722
18 (Mn1) | 31.329 | 21.313 | 0.823 6.876 5.347 3.771 19.435
18 (Mn2) | 30.306 | 32.423 | 0.447 8.312 8.470 1.853 38.459
19 (Mnl) | 32.541 | 24.274 | 0.439 7.340 5.647 3.824 23.133
19 (Mn2) | 33.220 | 23.002 | 0.510 7.611 5.774 3.618 22.106
HP-7:Heptagon (D7,); HPY-7:Hexagonal pyramid (Ce,); PBPY-7:Pentagonal bipyramid (Ds);
COC-7:Capped octahedron (Cs,); CTPR-7: Capped trigonal prism (C,,); JPBPY-7: Johnson
pentagonal bipyramid J13 (Dsy,); JETPY-7: Johnson elongated triangular pyramid J7 (Cs,).

5.3. Results and Discussions
5.3.1. Synthesis and characterization of [Mn(H,L)(H20).][Fe(CN)s(NO)].H,O (15)
Reaction of [Mn(H,L)(H-0)CI]CI with [Fe(CN)s(NO)]* in aqueous methanolic

medium immediately leads to the formation of an amorphous solid, which is insoluble

164



Cyano-Bridged Heterometallic Mn(I1)-Fe(11)/Fe(111) Aggregates

Table 5.2. Crystal data and refinement parameters of compounds 15-19

Complex 15 16 17 18 19
Empirical formula CsyHs,N1501,FeMn, CygH23N1,0,FeEMN CgaHg7N33011 25FesMnN; Cs1Hg1N27O25Fe,Mn; C162H114N5,03.FesMng
Formula weight 1228.82 688.36 4102.09 2057.09 3866.11
CCDC 993506 993117 1009780 1489308 -
Temperature/K 100 100 100 296 100
Crystal system Triclinic Monoclinic Triclinic Monoclinic Triclinic
Space group P-1 P2,/c P-1 C2/c P-1
alA 9.782 (3) 8.888 (4) 10.317 (8) 32.757 (2) 10.323 (15)
b/A 10.001 (3) 17.128 (8) 17.425 (15) 16.903(7) 15.691 (2)
c/A 15.302 (4) 20.021 (9) 26.010 (2) 18.219(9) 29.469 (4)
a/° 87.20 (1) 90.00 77.31 (6) 90.00 103.34 (4)

/e 77.81 (1) 96.28 (2) 84.36 (5) 96.70 (2) 97.14 (4)

v/° 72.72 (1) 90 85.21 (5) 90.00 95.14 (4)

Volume/A® 1397.1 (7) 3029.8 (2) 4530.7 (6) 10019 (7) 4538.8 (8)

z 1 4 1 4 1

Peale, § €M™ 1.460 1.509 1.503 1.364 1.404

wmm™ 0.774 0.949 0.952 0.730 0.789

Crystal size, mm? 0.47x0.08x0.03 0.36x0.32x0.16 0.16x0.10x0.04 0.14x0.10x0.08 0.38x0.12x0.08

F(000) 633 1404 2086 4188 1966

Data/parameters/restraints 5367/410/20 7126/424/0 20667/1246/3 9349/639/0 9552/1171/12

Goodness-of-fit on F? 0.885 1.095 0.862 1.023 1.049

Final R indexes [I>=2c6 ()] R;=0.0410; R;=0.0320; R;=0.1133; R;=0.0960 ; R;=0.0819;
WR,=0.0811 WR,=0.0913 WR,=0.1282 WR,=0.2290 WR,=0.1966

Final R indexes [all data] R,;=0.0921, R;=0.0379; R;=0.3004 ; R;= 0.1846; R1=0.1409;
WR,=0.0978 WR,=0.1047 WR,=0.1654 WR,=0.2833 WR,=0.2350
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in common organic solvents. Therefore, in order to prevent the formation of any
polymeric material, initial investigation of the self-assembly between PBP Mn(ll)
complex [Mn(H,L)CI(H,O)]CI with nitroprusside anion was carried out in presence of
KSCN.
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Scheme 5.1. Synthesis of compound 15

It was anticipated that KSCN will coordinate to one of the axial sites of
[Mn(H,L)CI(H20)]CI and thus prevent formation of polymeric species. Reaction of
Naz[Fe(CN)s(NO)] with [Mn(H,L)CI(H,0)]CI in presence of KSCN resulted in the
formation of [Mn(H,L)(H20):][Fe(CN)s(NO)].H,O (15) as yellow single crystalline
product (Scheme 5.1). Contrary to our anticipation, SCN failed to coordinate to the
axial sites of [Mn(H,L)]*". Instead, the nitroprusside ion is present as an anion, thereby

maintaining the charge neutrality of the compound. However, isolation of a molecular
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Figure 5.1. FT-IR spectrum of compound 15 as KBr diluted discs
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species indicates the competing character of KSCN in the self assembly process. The
lack of cyano bridges in compound 15 can be primarily attributed to the rapid
crystallization of the ionic pair. Compound 15 was characterized with the help of
elemental analysis, FT-IR and single crystal X-ray diffraction studies.

Results of elemental analysis are in good agreement with the proposed formulation of
compound 15. The IR spectrum of compound 15 recorded as KBr disc is depicted in
Figure 5.1. The spectrum features strong absorption at 2141 cm™, which can be easily
assigned to C=N stretching vibration of the nitroprusside anion. Another strong band
was observed at 1891 cm™. This band can be attributed to N=0 stretching vibration and
it indicates the presence of nearly linear Fe-N-O linkages of the nitroprusside moiety.
Moreover, C=N stretching vibration of the imine group from ligand H,L is observed at
1616 cm™ as an intense band. The absorption peak at 1536 cm™ is due to the phenyl

ring present in the ligand H,L moiety.

5.3.2. Molecular structure of compound 15

Single crystal X-ray structural analysis of compound 15 reveals that it crystallizes in
triclinic P-1 space group with one lattice water molecule. Important bond lengths and
bond angles are listed in Table 5.3. Compound 15 comprises of one [Mn(H,L)(H-0),]**
cation and one [Fe(CN)s(NO)J* anion (Figure 5.2). It was initially anticipated that
cyano groups from nitroprusside anion will bridge the cationic [Mn(H,L)]** unit at the
axial coordination sites and thus result in heterobimetallic aggregate. However,

compound 15 lacks any such interconnection and can be visualized as a simple

N8A /0\

Fe1

Figure 5.2. Molecular structure of compound 15. Lattice solvents and hydrogen atoms
are omitted for clarity
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bimetallic salt formed by cationic [Mn(H.L)(H,0),]** and anionic [Fe(CN)s(NO)]*.
Mn(Il) atom in compound 15 is heptacoordinated with five of its equatorial
coordination sites occupied by donor atoms from the planar pentadentate ligand. The
two axial positions of Mn(l1) are occupied by O atoms from coordinated H,O groups

and thus the Mn(ll) center acquires distorted PBP geometry with a N3O4 coordination
environment. Although the absence of cyano bridges in compound 15 initially appears
unusual, several bimetallic ionic pair compounds featuring cationic Mn(1l) complex ion
and nitroprusside anion have been reported earlier [51]. The axial Mn-O(H,0)
distances measure 2.146(2) A and 2.252(2) A. These values compare well with Mn-
O(H20) distances observed in ionic bimetallic nitroprusside based Mn(Il) complex

reported earlier [51]. The Fe(ll) ions of nitroprusside anions in compound 15 possesses

Table 5.3. Selected bond lengths [A] and angles [°] for compound 15

Mn(1)-0(3) 2.146(2) 0(2)-Mn(1)-0(3) | 90.01(8)
Mn(1)-0(2) 2.208(2) O(4)-Mn(1)-0(3) | 167.83(9)
Mn(1)-O(4) 2.252(2) O(4)-Mn(1)-0(2) | 85.81(8)
Mn(1)-N(4) 2.264(2) N(4)-Mn(1)-0(3) | 93.91(9)
Mn(1)-N(5) 2.272(2) N(4)-Mn(1)-0(2) | 69.11(7)
Mn(1)-O(1) 2.2997(2) O(4)-Mn(1)-N(4) | 95.26(8)
Mn(1)-N(2) 2.344(2) N(5)-Mn(1)-O(3) | 101.24(9)
O(4)-H(4A) 0.86(3) N(G)-Mn(1)-0(2) | 137.78(7)
O(4)-H(4B) 0.84(4) N(G)-Mn(1)-0O(4) | 89.46(8)
N(4)-C(15) 1.289(3) N(G)-Mn(1)-N(4) | 69.61(8)
N(4)-N(3) 1.386(3) O(1)-Mn(1)-0(3) | 84.75(8)
C(8)-N(2) 1.282(3) O(1)-Mn(1)-0(2) | 86.63(7)
N(2)-N(1) 1.384(3) O(1)-Mn(1)-O(4) | 83.60(8)
N(1)-C(7) 1.355(4) O1)-Mn(1)-N(4) | 155.70(8)
N(1)-H(1A) 0.84(3) O1)-Mn(1)-N(5) | 134.49(8)
N(3)-C(17) 1.338(4) N(2)-Mn(1)-0(3) | 92.72(8)
C(14)-N(5) 1.344(3) N(2)-Mn(1)-0(2) | 152.92(7)
N(5)-C(10) 1.335(3) O(4)-Mn(1)-N(2) | 85.92(8)
C(24)-Fe(1) 1.990(6) N(2)-Mn(1)-N(4) | 137.40(8)
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a distorted octahedral geometry with approximate C4, symmetry. It is coordinated by
five carbon atoms of cyano ligand and a nitrogen atom from nitrosyl ligand. The
average Fe-C distance is 1.859(6) A while the average Fe-N distance is 1.939(7) A. The
nitroprusside anion is present in a special position and only one half of the
nitroprusside anion is present in the asymmetric unit while the other half is symmetry
generated. This creates ambiguity in assigning the exact position of the nitrosyl group
within the nitroprusside anion as there is only one nitrosyl group. Moreover, the CN
and NO groups appear at the same position because of positional disorder. Terminal
nitrogen atom of cyano group N(8) and oxygen atoms of NO groups, O(8) are modelled
with 50% site occupancy factor. However, the linked C atoms of cyano group and N
atoms of nitrosyl groups are not modelled and kept as 100% occupancy of carbon
C(26). However, both C(26) atoms should have 50% site occupancy factor of carbon
and nitrogen. The [Mn(H.L)(H,0),]* cation, [Fe(CN)s(NO)]* anion and lattice water
molecule in compound 15 are involved in extensive hydrogen bonding and a
perspective view of H-bonding network present in compound 15 is depicted in Figure
5.3. Hydrogen atoms, H(4A) and H(4B) atoms from one of the coordinated water

\m
@0
A N

¢C
®Fe

Figure 5.3. Hydrogen bonded network present in compound 15
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molecule O(4) in [Mn(H,L)(H,0),]** cation are involved in H-bonding with the ligand
oxygen O(1) and O(2) atoms in a neighbouring [Mn(H.L)(H,0),]**. This leads to the
formation of a moderately strong (mean donor-acceptor distances measure 2.756 A H-
bonded [Mn(H;L)(H20),], dimeric units. Hydrogen atoms H(3B) from the remaining
coordinated water (O(3)) molecule in this dimer are involved in hydrogen bonding with
N(6) atoms of neighbouring nitroprusside anions (O(3)-H(3B) "N(6)) distance measure
2.877(3) A). H(1A) atom attached to the hydrazide nitrogen atoms, N(1) is H-bonded
with oxygen O(5) atom from lattice water molecule.

Moreover, the hydrogen atoms, H(5A) and H(5B) of lattice water molecules are H-
bonded with N(8) atom from nitroprusside anion. This leads to the formation of a
nearly planer square shaped eight member ring as shown in Figure 5.3. The mean donor
acceptor distance of the hydrogen bonds formed by water molecules measure 3.033 A.
This hydrogen bonding interaction of compound 15 resulted in the formation of 2D

network throughout the plane. The hydrogen bonded parameters are listed in Table 5.4,

Table 5.4. Hydrogen bonding parameters of compound 15

Interaction | H"A(A) |D"A(A) | zD-H"A (°) | Symmetry
N1-H1AO5 | 2.18 2.999 (3) | 163.9 X,Y,Z
O3-H3A"N3 | 1.98 2.827 (3) | 172.6 -X+1,-y,-z+2
05-H5B~N8 | 1.96 2.898 (5) | 166.8 XL 4y, +7
O4-H4A 01 | 1.97 2.795 (3) | 158.6 -X+1,-y+1,-z+2
0O4-H4B"02 | 1.94 2.717 (3) | 1535 -X+1,-y+1,-z+2
03-H3B"N6 | 1.96 2.877(3) | 173.7 X+1y+l,-z+1
O5-H5A"N8 | 2.26 3.203(4) | 1744 -X+1,-y+1,-z+1

5.3.3. Synthesis and characterization of [{Mn(H;L)}{Fe(CN)s(NO)}] (16)

Since the reaction of [Mn(H,L)CI(H.0)]CI with [Fe(CN)s(NO)]* in presence of KSCN
resulted in the formation of an ionic species with no cyano linkage, the same reaction
was carried out in presence of excess water. When the reaction of Nay[Fe(CN)s(NO)]
with [Mn(H,L)CI(H2,0)]Cl and KSCN was carried out in the presence of excess water,
it resulted in the formation of a dimeric complex [{Mn(H,L)}{Fe(CN)s(NO)}] (16). As

anticipated, excess water helped to keep the ionic species in solution and favour the
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formation of compound 16 with cyano bridges. Thus, dark brown block shaped crystals

of compound 16 were obtained after one month (Scheme 5.2).
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Scheme 5.2. Synthesis of compound 16

Compound 16 was also characterized with the help of elemental analysis, FT-IR and
single crystal X-ray diffraction studies. The elemental analysis data obtained agrees
well with the calculated data of the proposed formulation of compound 16. The FT-IR
spectrum of compound 16 is depicted in Figure 5.4. Strong absorptions at 1903 cm™
and 2149 cm™ in the IR spectrum of compound 16 as KBr disc, are attributed to N=0
and C=N stretching vibrations of the nitroprusside anion. Another strong absorption
observed at 1621 cm™ can be assigned to C=N stretching vibration of the imine group
from the ligand. The absorption peak at 1531 cm™ is due to the presence of the phenyl

rings.
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Figure 5.4. FT-IR spectrum of compound 16 as KBr diluted discs
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5.3.4. Molecular structure of compound 16

Single crystal X-ray diffraction analysis reveals that compound 16 crystallizes in
monoclinic P2;/c space group. Molecular structure of compound 16 depicted in Figure
5.5 clearly reveals the formation of a cyano-bridged Mn(ll)-Fe(ll) binuclear species.
Important bond lengths and bond angles are listed in Table 5.5. Mn(Il) atom in
compound 16 retains the hepta-coordinated PBP geometry present in the precursor
complex. The planar pentadentate ligand occupy the five equatorial sites of the Mn(ll)
centre as in the case of the precursor complex. One of the axial positions of the PBP
Mn(I1) unit is linked to the [Fe(CN)s(NO)]? unit via a cyanide N atom. The other axial
site of Mn(Il) atom is occupied by a coordinated water molecule and thus prevent the

formation of higher nuclearity aggregates through further bridging.

Figure 5.5. Molecular structure of compound 16. Lattice solvents and hydrogen atoms

are omitted for clarity

Thus, Mn(Il) atom in compound 16 has a N4Os coordination environment with a
distorted PBP geometry. The Mn(I1)-Fe(ll) separation in compound 16 is found to be
5.134 A. Several heterobimetallic Mn(111)-nitroprusside aggregates have been reported
in literature [52-57]. Intriguingly, apart from [Mn(bpy).(H20)][FECN)s(NO)].H-0,
compound 16 represent the only example of bimetallic Mn(ll)-nitroprusside aggregate
where cyano group of nitroprusside unit is coordinated to Mn(ll) [58]. Hydrogen
atoms, H(3A) and H(3B) from the axial water O(3) molecule coordinated to Mn(ll) in
compound 16 are involved in hydrogen bonding with nitrogen atoms, N(9) and N(10)
of two neighbouring molecules. This leads to the formation of a O-H---N H-bonded 2D
network with mean donor acceptor distance measuring 2.890 A. These 2D networks are

172



Cyano-Bridged Heterometallic Mn(I1)-Fe(I1)/Fe(l11) Aggregates

further interconnected by N-H---N hydrogen bonding leading to the formation of a 3D
supramolecular assembly. The 3D assembly of the compound 16 formed through
hydrogen bond is depicted in Figure 5.6. The hydrogen bonding parameters of
compound 16 are listed in Table 5.6. While viewing from another plane, the linkages
between the consecutive planes are observed. The N(1) and N(6) atoms of the two

planes are H-bonded, giving rise to the 3D network of the compound. (Figure 5.7).

Table 5.5. Selected bond lengths [A] and angles [°] for compound 16

Mn(1)-0(3) 2.2131(12) 0(3)-Mn(1)-N(5) | 171.35(5)
Mn(1)-N(5) 2.2135(14) 0(2)-Mn(1)-03) | 94.11(5)
Mn(1)-0(2) 2.2652(12) 0(2)-Mn(1)-N(5) | 91.74(5)
Mn(1)-O(1) 2.2678(12) O(1)-Mn(1)-0(3) | 87.91(5)
Mn(1)-N(2) 2.3086(15) O)-Mn(1)-N(5) | 98.72(5)
Mn(1)-N(11) 2.3001(14) O(1)-Mn(1)-0(2) | 87.48(4)
Mn(1)-N(3) 2.3228(14) 0(3)-Mn(1)-N(2) | 84.97(5)
Fe(2)-N(7) 1.6558(16) N(2)-Mn(1)-N(G) | 92.20(5)
Fe(2)-C(27) 1.9355(19) 0(2)-Mn(1)-N(2) | 156.36(5)
Fe(2)-C(29) 1.9429(16) 0(3)-Mn(1)-N(11) | 84.36(5)
Fe(2)-C(25) 1.9451(17) N(5)-Mn(1)-N(11) | 87.00(5)
Fe(2)-C(28) 1.9516(17) 0(2)-Mn(1)-N(11) | 135.59(5)
C(10)-N(11) 1.342(2) O)-Mn(1)-N(11) | 136.59(5)
C(14)-N(11) 1.344(2) N(2)-Mn(1)-N(11) | 67.92(5)
N(1)-N(2) 1.378(2) 0(3)-Mn(1)-N3) | 91.91(5)
N(3)-N(4) 1.3756(20) 0(2)-Mn(1)-N3) | 68.52(5)
N(7)-O(4) 1.143(2) N(2)-Mn(1)-N(3) | 135.08(5)

Table 5.6. Hydrogen bonding parameters of compound 16

Interaction HA@AR) | D'AA) | 2D-H"A(®) Symmetry
N4-H4A N8 2.04 2.876 (2) 168.1 -X+1,+y-1/2,-z+1/2
03-H3A N9 2.15 2918 (2) 1793 | xy+1/2+1,+2-12
NI-1A"N6 212 2.933 (2) 1673 | x+L+y+1/2,-2+1/2
03-H3B"N10 2.04 2.863 (2) 168.4 x-1,-y+1/2+1,+z-1/2
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Figure 5.6. O-H---N-bonded network present in compound 16. Aromatic and aliphatic

hydrogen atoms are omitted for clarity

Figure 5.7. N-H---N hydrogen bonded network present in compound 16. Aromatic and

aliphatic hydrogen atoms are omitted for clarity
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5.3.5. Synthesis and characterization of [{Mn(H,L)H{Fe(CN)s(NO)}:(H20)0.75]n (17)
Although in case of compounds 15 and 16, KSCN did not coordinate to the Mn(ll) ion
in the final product, its influence was evident as nitroprusside did not link both the axial
sites. It was anticipated that higher nuclearity Mn(Il)-Fe(ll) species can be possibly
obtained if both the axial coordination site of [Mn(L)]** are linked by nitroprusside
anions. Therefore, when the reaction of Nay[Fe(CN)s(NO)] with [Mn(H,L)CI(H,O)]CI
was carried out in absence of KSCN, it resulted in the formation of
[{Mn(H,L)}H{Fe(CN)s(NO)}-(H20)o0.75]n (17) as yellow needle shaped crystals. The
crystals of compound 17 were isolated in good yield from the above reaction mixture
(Scheme 5.3).
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Scheme 5.3. Synthesis of compound 17
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Figure 5.8. FT-IR spectrum of compound 17 as KBr diluted discs
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The synthesized compound was characterized by elemental analysis, FT-IR and single
crystal X-ray diffraction studies. The data obtained from elemental analysis agrees well
with the calculated data of the proposed composition of compound 17. The FT-IR
spectrum of compound 17 as KBr disc is depicted in Figure 5.8. The spectrum features
strong absorptions peaks at 2156 cm™ and 1906 cm™ which can be easily assigned to
C=N and N=O0 stretching vibrations respectively. The C=N stretching vibration of the
imine group of H,L ligand is observed as strong absorption at 1625 cm™. The stretching
frequency due the phenyl ring is observed at 1531 cm™.

5.3.6. Molecular structure of compound 17
Single crystal X-ray diffraction measurement was carried out to unambiguously
establish the crystal structure of compound 17. It crystallizes in P-1 space group. A

perspective view of the crystal structure of compound 17 is depicted in Figure 5.9.

@Fe
« Mn
®N

¢C
=/

Figure 5.9. Molecular structure of compound 17. Aromatic and aliphatic hydrogen

atoms are omitted for clarity

Compound 17 has a chain like structure formed by alternate [Mn(H,L)]** and
[Fe(CN)s(NO)]* moieties. As in case of compounds 15 and 16, Mn(Il) atom in
compound 17 is also heptacoordinated with a PBP geometry. While the equatorial
coordination sites of Mn(Il) are occupied by N3O, donor atoms of the bishydrazone
ligand. Both the axial coordination sites of the Mn(Il) atom are occupied by N atoms of
the cyano groups of neighbouring nitroprusside anions. This eventually leads to the
formation of an electro-neutral 1D polymeric chain structure in compound 17 as shown

in Figure 5.9. The important bond lengths and bond angles of compound 17 are listed in
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Table 5.7. Careful shape analysis of the compound reveals that pentagonal bipyramidal
coordination environment is maintained around the Mn((Il) centres. The data obtained

by using SHAPE program is listed in Table 5.1.

Table 5.7. Selected bond lengths [A] and angles [°] for compound 17

Fe(1)-N(11) 1.653 (4) N(11)-Fe(1)-C(24) 97.67 (2)
Fe(1) -C(24) 1.929 (5) C(24)-Fe(1)-C(25) 86.67 (2)
Fe(1) -C(25) 1.939 (5) N(22)- Fe(2)-C(53) 92.86 (2)
Fe(1) -C(26) 1.923 (5) C(53)-Fe(2)-C(56) 166.99 (2)
Fe(1) -C(27) 1.939 (4) C(53)-Fe(2)-C(54) 81.94 (2)
Mn(1)-0(2) 2.221 (3) C(53)-Fe(2)-C(55) 89.52 (2)
Mn(1)-N(2) 2.319 (4) C(56)-Fe(2)-C(54) 85.51 (2)
Mn(1)-N(6) 2.195 (4) C(56)-Fe(2)-C(52) 91.24 (2)
0(4)- C(29) 1.242 (6) C(54)-Fe(2)-C(52) 82.91 (2)
0(3)-N(11) 1.152 (6) C(52) -Fe(2)-C(55) 171.88 (2)
N(23)-N(24) 1.363 (5) N(33)-Fe(3)-C(82) 17535 (2)
N(23)-C(57) 1.364 (7) Fe(1)-N(11)-0(3) 174.61 (4)
N(8)-C(26) 1172 (7) 0(2) -Mn(1)-N(3) 134.80 (1)
N(2)-N(1) 1.379 (5) O(1)-Mn(1)-N(2) 68.58 (1)
N(3)-C(10) 1.332 (6) N(3)-Mn(1)-N(6) 92.34 (2)
N(3)-C(14) 1.344 (6) 0(4)-Mn(2)-0(5) 85.24 (1)
0(6)-N(22) 1.154 (7) 0(5)-Mn(2)-N(17) 89.22 (2)

The N-H hydrogen atoms are H-bonded to N/O atom of nitroprusside unit from nearby
chains and thus leads to the formation of an interesting supramolecular architecture.
The hydrogen atoms attached to N(26) and N(11) i.e., H(26A) and H(11A) are bonded
to the nitrogen atoms, N(7) and N(9) respectively of the nitroprusside units. These H-
bonding interactions bridge three nearby 1D chain as shown in Figure 5.10 and the
hydrogen bonding parameters are listed in Table 5.8. The remaining N-H atoms of
[Mn(H2L)] units within the triple chains are involved in extensive H-bonding with
hydrogen atoms of lattice water molecules. This leads to the formation of a 2D sheet

like supramolecular network in compound 17 (Figure 5.10).
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Figure 5.10. N-H---N and N-H---O hydrogen bonding network in compound 17

Table 5.8. Hydrogen bonding parameters of compound 17

Interaction H"AA) | D"AA) | zD-H"A(°) | Symmetry
N(23)-H(23A)"O(11) | 1.83 |2.794 (6) 168.2 XY,z
N(12)-H(12A)"N(32) | 2.10 |2.969 (6) 171.4 x-1,+y,+z
O(10)-H(10A)"N(29) | 2.07 |2.848(7) 179.6 | x-1,+y,+z

N(1)-H(1A)"N(21) 1.98 | 2.984 (6) 1712 [ x-14y+1,+z
O(10)-H(10B)"N(8) 2.19 [3.017 (6) 169.7 X+1,-y+1,-z+1
N(5)-H(5A)0(10) 198 [2965(6)| 1689 [ x+y+z+l

O(11)-H(11A)"N(10) 2.03 2.860 (5) 161.0 X,+y,+z-1

5.3.7. Synthesis and characterization of [{Mn(H,L)(H20)};{Mn(H;L)H{Fe(CN)s}.]
9H,0 (18) and [Mn(H2L)(H20)2]2[{Mn(H2L)(H20)}{Fe(CN)e}]
[{Mn(H:L)}2{Fe(CN)e}s]. 13H20 (19)

The PBP precursor [Mn(H,L)CI(H,O)]CI undergoes facile self-assembly with
[Fe(CN)s]* and leads to the formation of a brown insoluble solid. An insoluble
amorphous solid was obtained even in the presence of KSCN. However, when the
reaction of [Mn(H,L)(H.O)CI]CI with Ks[Fe(CN)g] was carried out in presence of
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NaClO4.H,O at room temperature, two novel cyano bridged complexes,
[{Mn(H,L)(H20)}AMn(H,L) }H{Fe(CN)e}2(H20)].9H.0 (18) and

[Mn(H2L)(H20)2]2[{Mn(H,L) (H20) }o{Fe(CN)e I [{Mn(H2L) }2{Fe(CN)s}s]. 13H.0

(19) are obtained as block shaped and needle shaped crystals (Scheme 5.4). The

crystals of compounds 18 and 19 were collected separately in good yield.
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Scheme 5.4. Synthesis of compounds 18 and 19
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The IR spectra of compounds 18 and 19 recorded as KBr discs are depicted in Figure
5.11. The two IR spectra are almost identical apart from slight differences in peak
positions. Apart from the characteristic bands of the acyclic ligand, IR spectra of
compounds 18 and 19 also show strong absorption peaks at 2116 cm™ and 2115 cm™
respectively. These bands can be easily assigned to -C=N stretching vibrations of the
ferricyanide moiety present in both the complexes. Intense peaks observed at 1622 cm™
and 1625 cm™ for compounds 18 and 19 respectively can be attributed to >C=N

stretching vibration of the imine group from the bis-hydrazone ligand, H,L.
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Figure 5.11. FT-IR Spectra of 18 and 19 as KBr diluted discs

5.3.8. Molecular structure of compound 18

Single crystal X-ray structure analysis of compound 18 reveals that it crystallizes in
monoclinic C2/c space group. Relevant structural parameters are listed in Table 5.2
while important bond lengths and angles are listed in Table 5.9. It has a linear
pentanuclear structure formed by three [Mn(H,L)]** and two [Fe(CN)g]* moieties. The
three [Mn(H,L)]** moieties are bridged by two [Fe(CN)g]* metalloligands and this
leads to the formation of a discrete [Mn(ll)sFe(ll1),] heterometallic aggregate (Figure
5.12). All three Mn(ll) centers in compound 18 retain the PBP geometry and
continuous SHAPE analysis of the coordination environment around Mn(Il) centers

unambiguously suggest a Ds, geometry (Table 5.1).
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Figure 5.12. Molecular structure of compound 18. Lattice solvent molecules and

hydrogen atoms are omitted for clarity

Both the axial sites of the central Mn(ll) are occupied by the nitrogen atoms from
cyano groups of ferricyanide anions, while for the terminal Mn(Il) centers the axial
sites are occupied by an aqua ligand and a nitrogen atom of bridging cyano group from
[Fe(CN)s]* units. The equatorial coordination sites of all three Mn(lI) centers are
occupied by donor atoms of the planar pentadentate ligand, H,L. The cyano groups of
[Fe(CN)s]* units involved in bridging [Mn(H.L)]** are disposed trans to each other.
The structural parameters observed for the [Mn(H,L)]*" units are in good agreement
with those observed in case of the mononuclear precursor complex. Moreover, the
respective structural parameters observed within the two terminal [Mn(H,L)]** units
are identical and differ slightly from those observed in case of the central [Mn(H,L)]*
unit. The terminal Mn-Ngyanige distances measure 2.181 A, while a slightly shorter Mn-
Neyanice distance of 2.124 A is observed for the central Mn(ll) center. Both, terminal O-
Mn-N and central N-Mn-N linkages are nearly linear as the bond angles are found to be
176.1° and 176.2° respectively. However, all Mn-C-N linkages deviate from linearity
as these bond angles are in 155.9-156.4° range. The intramolecular Mn(I1)-Fe(l1I)
separation through bridging cyano groups are found to lie within the range of 5.094-
5.132 A and these distances are comparable to those observed in earlier reported
Mn(11)-Fe(I11) cyano bridged complexes [37-44]. One of the cyano nitrogen atom N(8)
is involved in intermolecular H-bonding with hydrogen atom of hydrazone N(2)-H(2A)
group from a nearby molecule. This leads to the formation of a H-bonded 1D chain
structure as shown in Figure 5.13 and the hydrogen bonding parameters are listed in
Table 5.11.

181



Cyano-Bridged Heterometallic Mn(I1)-Fe(11)/Fe(111) Aggregates

Table 5.9. Selected bond lengths [A] and angles [°] for compound 18

Fe(1)-C(41) 1.929(8) N(6)-Mn(1)-O(1) 93.8(2)
Fe(1)-C(27) 1.936(8) 0(3)-Mn(1)-0(1) 85.4(2)
Fe(1)-C(25) 1.939(8) N(6)-Mn(1)-N(4) 91.3(2)
Fe(1)-C(24) 1.951(8) 0(3)-Mn(1)-N(4) 87.8(2)
Mn(1)-N(6) 2.181(6) N(6)-Mn(1)-N(3) 87.5(2)
Mn(1)-0(3) 2.216(6) 0(3)-Mn(1)-N(3) 95.7(2)
Mn(1)-O(1) 2.238(5) O(1)-Mn(1)-N(3) 135.66(19)
Mn(1)-N(4) 2.280(6) N(4)-Mn(1)-N(3) 69.0(2)
Mn(1)-N(3) 2.291(6) N(6)-Mn(1)-0(2) 90.4(2)
Mn(1)-0(2) 2.305(5) 0(3)-Mn(1)-0(2) 85.7(2)
Mn(1)-N(2) 2.340(6) O(1)-Mn(1)-0(2) 86.14(17)
Mn(2)-N(11)#1 2.124(5) N(4)-Mn(1)-0(2) 69.3(2)
Mn(2)-N(11) 2.124(5) N(3)-Mn(1)-0(2) 138.2(2)
Mn(2)-O(4)#1 2.262(6) 0(3)-Mn(1)-N(2) 99.7(2)
Mn(2)-N(13) 2.337(8) N(6)-Mn(1)-O(1) 93.8(2)
Mn(2)-N(13)#1 2.337(8) 0(3)-Mn(1)-0(1) 85.4(2)
N(12)-C(35)#1 1.324(10) N(13)-Mn(2)-(13)#1 | 134.8(4)

Figure 5.13. Two dimensional hydrogen bonding network present in compound 18

Table 5.10. Hydrogen bonding parameters of compound 18

Interactions H*A(A)| D"A(A) |<D-H...A (°) Symmetry
N(1)-H(1A)...0(13) 2.182 | 3.098(.008) 154.5 Yotx, -Yaty, z
N(5)-H(2A)...N(8) 2.019 | 2.851(.010) 171.7 Yo-X, Y2-y, Z
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5.3.9. Molecular structure of compound 19

Yellow needle shaped crystals of compound 19 crystallizes in P-1 space group. Single
crystal X-ray diffraction analysis revealed that compound 19 is a neutral decanuclear
species which comprises of isolated pentanuclear, trinuclear and two mononuclear

structural motifs within the same molecule (Figure 5.14).

Figure 5.14. Molecular structure of compound 19. Lattice solvent molecules and
hydrogen atoms are omitted for clarity

The pentanuclear, [Mn(11).Fe(I11)s]> motif consist of two [Mn(H,L)]** bridged together
by three [Fe(CN)e]* moieties. Thus, the axial sites of both the [Mn(H,L)]** units are
occupied by the cyano groups of the neighbouring ferricyanide anions and the Mn(Il)
centers have slightly distorted PBP geometry with NsO, coordination environment.
Meanwhile, the trinuclear, [Mn(I1),Fe(11)]** motif consists of two [Mn(H,L)]** units
bridged by the cyano groups of a [Fe(CN)s] unit. One of the axial sites of the Mn(ll)
center is occupied by N atoms of bridging [Fe(CN)e] group while the other axial site is
occupied by O atom of an aquo ligand. Thus, the Mn(Il) centers within the trinuclear
motifs have distorted PBP geometry with NsO, coordination environment. It is
pertinent to note that in compound 19, the bis-hydrazone ligand of alternate
[Mn(H2L)]** moieties within the pentanuclear [Mn(I1),Fe(l11)s]> motif and trinuclear
[Mn(11)2Fe(111)]*" motif are disposed trans to each other. Apart from the pentanuclear
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and trinuclear motifs, two mononuclear [Mn(H,L)(H,0),]** units are also present in
compound 19 for charge neutrality. The structural parameters observed for all six
[Mn(H,L)]** moieties within the decanuclear compound 19 are in good agreement with
those observed for the precursor complex (Table 5.2). Important bond lengths and bond

angles are listed in Table 5.12.

Table 5.11. Selected bond lengths [A] and bond angles [°] of compound 19

Fe(1)-C(47) 1.904(10) C(47)-Fe(1)-C(47)#1 180.0(5)
Fe(1)-C(47)#1 1.904(10) C(46)#1-Fe(1)-C(48)#1 | 84.9(3)
Fe(1)-C(46)#1 1.927(9) N(11)-Mn(2)-0(5) 92.9(2)
Fe(1)-C(48)#1 1.949(9) N(11)-Mn(2)-N(14) 174.9(3)
Fe(1)-C(48) 1.949(9) 0(5)-Mn(2)-N(14) 90.8(2)
Mn(2)-N(11) 2.219(8) N(11)-Mn(2)-O(6) 88.7(2)
Mn(2)-O(5) 2.220(6) 0(5)-Mn(2)-0(6) 86.9(2)
Mn(2)-N(14) 2.227(7) 0(6)-Mn(2)-N(9) 68.8(2)
Mn(2)-0(6) 2.303(6) N(8)-Mn(2)-N(9) 67.5(2)
Mn(2)-N(8) 2.312(7) N(11)-Mn(2)-N(7) 95.1(2)
Mn(2)-N(9) 2.324(7) 0(5)-Mn(2)-N(7) 68.6(2)
Mn(2)-N(7) 2.330(7) N(10)-N(9)-Mn(2) 116.9(5)
Mn(1)-0(2) 2.176(6) 0(3)-Mn(1)-N(2) 88.6(2)
Mn(3)-N(22) 2.263(10) 0(15)-Mn(3)-O(8) 87.9(5)
Mn(3)-O(8) 2.269(8) 0(7)-Mn(3)-0(8) 81.1(3)
Mn(3)-N(21) 2.297(11) N(22)-Mn(3)-O(8) 137.7(4)
Mn(1)-N(2) 2.288(7) 0(15)-Mn(3)-N(21) 80.9(6)

Within the pentanuclear motif in compound 19, the terminal Mn-Ncyanige distances
measure 2.227 A while the inner Mn-Ngyanige bond distances measure 2.219 A. These
distances are slightly longer as compared to Mn-Ncyanige distances observed in
compound 18. Again for the pentanuclear motif in compound 19, the N-Mn-N bond
angles measuring 174.9° slightly deviate from linearity while the average C-N-Mn
bond angle measuring 149.5° significantly deviate from linearity. The intra-motif Mn-

Fe separation in the pentanuclear and trinuclear units in compound 19 lie within the
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range 5.010-5.198 A which is comparable to those observed in case of compound 18.
The N atoms of the cyano ligands in the pentanuclear and trinuclear units are
interconnected to the oxygen atoms of the mononuclear unit through the intramolecular
hydrogen bonds (Table 5.13). A large volume of the crystal lattice is occupied by
highly disordered H,O molecules (approximately 13 H,O molecules as per PLATON

calculated lattice solvent void volume) [59].

Table 5.12. Hydrogen bonding parameters of compound 19

Interactions H*AA) | D'AR) | <D-H"A (?) | Symmetry
N(1)-H(LA)..N(13) | 2092 | 3.221(0) 173.4 -

5.3.10. Variable temperature magnetic studies

The diamagnetic character of nitroprusside ion in compounds 15-17 impedes magnetic
exchange pass-way. Therefore cooperative magnetic phenomena are not expected in
these heterometallic assemblies. Nevertheless, magnetization studies on polycrystalline
samples of compounds 15 & 17 were performed under a constant static field of 1000
Oe between 2-300 K. Figure 5.15 depicts the variation of ywT with temperature for
compound 15. At 300 K, the ywT product for compound 15 is 4.325 cm®*Kmol ™ and that
of compound 17 is found to be 4.367 cm®Kmol™. This value is close to the expected
ywT value of 4.375 cm®*Kmol™ for an isolated high spin Mn(ll) center with S =5/2
(considering g=2.0). The yuT product for both compounds 15 & 17 do not change
appreciably within the temperature range 10-300 K and this indicates a paramagnetic
behaviour. Small increase in yvT product is observed near 50 K and this may be
attributed to onset of very weak ferromagnetic interactions mediated by intermolecular
H-bonding interactions. Careful analysis of the ywT behaviour of several other
nitroprusside based paramagnetic species reported earlier revealed presence of similar
weak ferromagnetic couplings [36-44]. On lowering the temperature below 10 K, sharp
decrease in ywT is observed for both the complexes. This can be attributed to
intermolecular antiferromagnetic coupling mediated through diamagnetic nitroprusside

groups.
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Figure 5.15. Variation of yu T with temperature of compound 15 (left) and 17 (right)

Moreover, the variation of 1/yyv with temperature reveals an almost linear dependence
of 1/ym on temperature for both the compounds 15 and 17. The 1/ym behaviour between
5-300K obeys Curie-Weiss law with a Weiss constant 6 = -1.59 K and -1.57 K for
compounds 15 and 17 respectively. The Curie constant C of compounds 15 and 17 are
found to be 4.34 cm®*Kmol™ and 4.27 cm®Kmol™ respectively. This indicates that both
the compounds obey the Curie law for paramagnetic substances (Figure 5.16). The
experimental value of C agrees well with the calculated value of 4.37 cm®Kmol™ for an
isolated high spin Mn(ll) (S=5/2) and a low spin Fe(l1l) (S=1/2). Moreover, the sign of
Weiss constant indicates the presence of antiferromagnetic interactions between the

spin carriers.
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Figure 5.16. Temperature dependence of 1/yy of 15 (left) and 17 (right) respectively

The field dependence of magnetization for compounds 15 and 17 at 2 K and 10 K are
depicted in Figure 5.17. With increase of field strength, magnetization first increases
linearly and at 7 T, magnetization reaches 4.77 and 4.91 N for compounds 15 and 17
respectively. The observed saturation magnetization value is close to the expected
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saturation magnetization value of 5.00 Nf for one Mn(II) center (considering g = 2.00
and S = 5/2).
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Figure 5.17. Field dependence of magnetization of compound 15 (left) and 17 (right)
respectively at 2 K and 10 K

Heterometallic Mn(1l)-Fe(111) complexes show interesting magnetic behaviours and
therefore such species have been subjected to intense investigation [35-42]. The plot of
temperature dependence of T for compound 18 is depicted on Figure 5.18. The value
of ymT for compound 18 at 300 K is 14.16 cm®*Kmol™ and this agrees well with the
expected value of 13.875 cm®Kmol™ for three isolated high spin Mn(ll) and two
isolated low spin Fe(lll) centers. On lowering the temperature, ymT decreases slowly
and reaches 14.08 cm®*Kmol™ at 50 K. On further cooling, T decreases sharply to
reach a minimum at 35 K (13.83 cm®Kmol™) after which an abrupt increase of yuT

product upto 16.47 cm®Kmol™ at 5 K is observed.
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Figure 5.18. Temperature dependence of yuT for compound 18. Circles represent

experimental data and the solid line indicates best fit obtained by using PHI program
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The 1/ym behaviour between 5-300 K obeys Curie-Weiss law with a Weiss constant 6 =
-1.85 K and a Curie constant C of 14.088 cm®Kmol™ (Figure 5.19). The experimental C
value is in good agreement with the calculated C value (13.875 cm®*Kmol™) for three
isolated high spin Mn(Il) (S = 5/2) and two isolated low spin Fe(l1l) (S = 1/2) assuming
Omn = Ore = 2.0.
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Figure 5.19. Variation of 1/yv against temperature for compound 18. Circles represent
experimental value and the solid line represents the best fit obtained by using PHI

program

The sign of Weiss constant indicates the presence of antiferromagnetic interactions
between the spin carriers in compound 18. Moreover, both the sign and magnitude of
Weiss constant agrees well with the Weiss constants reported for cyano bridged
Mn(Il)-Fe(lll) species. The reduced magnetization plot at 5 K, 7 K and 10 K for
compound 18 superimposes on each other (Figure 5.20) which indicates that the
compound 18 lacks magnetic anisotropy and accordingly it did not show any out of
phase signal during ac susceptibility measurement.
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——10K

0.0 OTZ 0.l4 076 0.8 1?0
Hr! (k1)
Figure 5.20. Reduced magnetization plot of compound 18
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The field dependence of magnetization of compound 18 at 5 K, 7 K and 10 K is shown
in Figure 5.21. With the increase of the applied field strength, the value of
magnetization at 5 K increases linearly and reaches upto 12.96 NP at 5 K. The
calculated value of saturation magnetization for antiferromagnetically coupled
pentanuclear unit with three Mn(Il) and two Fe(lll) centres is 13 NB (Su,=5/2 and
Ske=1/2, assuming gmn=0re=2).
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Figure 5.21. Field dependence of magnetization between 0-5 T for compound 18.
Circles represent experimental value and the solid lines are the best fit obtained by

using PHI program

The above magnetic behaviour is typical for antiferromagnetically coupled species
having irregular spin state structure with a ground spin state of 13/2. Lowering of
temperature increases population of the Ms = -13/2 ground state and therefore ymT
product increases upto 16.41 cm®Kmol™ at 5 K. It is pertinent to note here that the
calculated yuT product for an isolated S = 13/2 system considering g = 2.0 is 24.375
cm®Kmol™. However, due to the weak exchange interaction between the spin carriers
the Mg = -13/2 state is not saturated and therefore the observed ymT product remains far
below the expected value.

The intramolecular Mn-Fe separations for the terminal and central Mn(Il) units in
compound 18 are slightly different from each other. Therefore, magnetic coupling
between the Mn(ll) centers and the adjacent Fe(lll) centers are described by two
independent coupling constants J; (terminal) and J, (central) with the following spin

Hamiltonian:
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H = -2J1(Sre1)Smn@) + Srea)Smn(a)) - 2J2Smn2)(Sre)+ Sre(n))

Using the above spin Hamiltonian, the yuT data of compound 18 between 5-300 K can
be fitted and the best fit parameters are J, = -5.59 cm™, J, = -5.64 cm™, gun = 2.07 and
gre = 2.11. The negative magnetic exchange interactions observed for compound 18 are
consistent with earlier reported cyano bridged Mn(l1)-Fe(I11) complexes.

Magnetization measurements on polycrystalline sample of the decanuclear compound
19 was carried out between 3-300 K and its magnetic properties are found to be quite
similar to that of the pentanuclear compound 18. The experimental y»T value of
compound 19 at room temperature is 27.72 cm*Kmol™, which slightly deviates from
the expected value of 27.75 cm®Kmol™ for six magnetically non-interacting isolated
high Mn(Il) centres (S = 5/2) and four isolated low spin Fe(lll) centres (S = 1/2)

(Figure 5.22).
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Figure 5.22. Temperature dependence of T for compound 19

On lowering the temperature, the y»T product slightly decreases upto 52 K and then it
decreases rapidly to reach a minimum of 23.23 cm®*Kmol™ at 27 K. On further lowering
the temperature, the yuT value tends to increase abruptly to 27.30 cm®Kmol™ at 3K.
The 1/xm behaviour of compound 19 between 3-300 K conforms well with the Curie-
Weiss law and corresponding Weiss constant was 6 = -12.39 K while the Curie
constant was C = 28.16 cm®*Kmol™ (Figure 5.23). The calculated Curie constant for six
isolated high spin Mn(l1) and four isolated low spin Fe(l11) is 27.75 cm®Kmol™ and it

conforms well with the experimental Curie constant obtained for compound 19.
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Figure 5.23. Variation of 1/yy against temperature for compound 19.

As in the case of compound 18, the reduced magnetization plot at 3 K, 5 K, 7 K and 10
K for compound 19 superimposes on each other as depicted in Figure 5.24. This clearly
indicates that the compound 19 also lacks magnetic anisotropy and thus it did not show

any out of phase signal during ac susceptibility measurement.
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Figure 5.24. Reduced magnetization plot of compound 19

The field dependence of magnetization of compound 19 at 3 K, 5 K, 7 K and 10 K is
shown in Figure 5.25. On increasing the applied field strength, the isothermal
magnetization between 3-10 K increases linearly and becomes 20.23 N at 3K under a
field of 5 T. The calculated value of saturation magnetization for the decanuclear

complex with magnetically non-interacting pentanuclear [Mn(ll),Fe(l11)s], trinuclear
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[Mn(I),Fe(111)] and two mononuclear Mn(Il) units but antiferromagnetic interaction
between adjacent spin centers within the same unit is 26 N (Smn=5/2, Sge=1/2 and
assuming gvn=gre=2.0). Thus, compound 19 also has an irregular spin state structure as
antiferromagnetic interactions between the spin carriers stabilize an S = 13 spin state at
low temperature. Therefore, at low temperature ymT increases abruptly and tends to

reach 91 cm*Kmol™, the expected ymT for a S = 13 system considering g = 2.0.
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Figure 5.25. Field dependence of magnetization between 0-5 T for compound 19.

The intramolecular Mn-Fe separations for the terminal and central [Fe(CN)g]*" units
within the pentanuclear motif of compound 19 are not equivalent, as in case of
compound 18. Therefore, magnetic exchange interaction between adjacent spin carriers
within the pentanuclear motif of compound 19 are described by two independent
coupling constants, Ji(terminal) and Jy(central) with the spin Hamiltonian Hpenta = -
2J1(SreSmn(2) + Sre2a)SMmna)) ~2J2Sre1)(Smnz) + Smna)). Both the Mn-Fe separations
within the trinuclear motif of compound 19 are equivalent and therefore the exchange
interaction is described by single coupling constant J; with the spin Hamiltonian Hy =
-2J3Sre(3)(Smn) + Swminza)). Based on these two spin Hamiltonians, the ymT behaviour of
compound 19 was fitted using PHI software but due to the large number of metal

centres, diagonalization of data was not obtained for compound 19.
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5.4. Conclusions

Thus, the reaction of a PBP Mn(ll) precursor, [Mn(H,L)(H.O)CI]CI with
cyanometallate linkers have been investigated and the results obtained are presented in
this chapter. It was anticipated that the labile axial ligands present in
[Mn(H,L)(H,O)CI]CI can be easily replaced by cyanometallates and this should lead to
the formation of heterometallic cyano bridged architectures. In principle, structures of
such heterometallic aggregates should primarily rely on the charge of the precursors.
Based on this principle of electroneutrality, a range of structural motifs have been
isolated by the reaction of the PBP Mn(Il) precursor, [Mn(H,L)(H,O)CI]CI with the
cyanometallate linkers having different charge, e.g. [Fe(CN)s(NO)]* and [Fe(CN)g]*.
Moreover, results presented herein show that intricate control over the self assembly
process can also be achieved by proper choice of reaction medium. Reaction of
[Mn(H,L)(H,O)CI]Cl  with [Fe(CN)s(NO)]¥in aqueous methanolic medium
immediately leads to the formation of an amorphous solid, which is insoluble in
common organic solvents. Presence of an additional anion with coordinating ability can
overwhelmingly influence the self-assembly process and results described here suggest
that presence of KSCN avert formation of polymeric structure. Therefore, in order to
prevent formation of polymeric material, we carried out the reaction of
[Mn(H,L)(H,0)CIICI with [Fe(CN)s(NO)]* in the presence of KSCN. Presence of
KSCN prevented the coordination of cyanometallate with the PBP Mn(ll) and simple
binuclear salt (15) of the PBP Mn(ll) complex ion with the nitropruisside anion was
isolated. Interestingly, it has been observed that presence of excess water in the above
reaction impedes isolation of the ionic compound 15 but lead to the crystallization of a
neutral bimetallic species 16. One of the axial sites of the PBP Mn(ll) ion is occupied
by cyano group of nitroprusside ion and this eventually leads to the formation of the
dinuclear heterometallic structure in compound 16. Moreover, when the reaction
leading to the formation of compound 16 was carried out in the absence of KSCN, a 1D
polymeric species 17 is formed where both the axial sites of the PBP Mn(ll) ion are
occupied by cyano groups of nitroprusside ion. The structural motifs 15-17 lack
cooperative magnetic properties since the nitroprusside anion is diamagnetic in nature.
However, one can anticipate assembling cyanometallate architectures with intriguing
magnetic features simply by using paramagnetic cyanometallate precursors. Therefore,
reaction of PBP Mn(ll) precursor, [MnL(H,O)CI]CI was investigated with a
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paramagnetic cyanometalate ion, [Fe(CN)s]* and two new cyano bridged Fe(lll)-

Mn(Il) heterometallic aggregates are prepared. The pentanculear structural architecture

observed in 18 is quite prevalent, while the structure of decanuclear compound 19 is

unique in several aspects. Nevertheless, the relatively large magnetic exchange

interaction through the bridging cyano ligand establishes the relevance of

cyanometallates in molecular magnetism. Controlled association of cyanometallates in

a predetermined fashion will allow us to explore the potential of these species in

building molecular magnets with better characteristics.
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