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Heterobimetallic ion-pair complexes of the type [M(bpy)3][M’(cdc),] (M = Fe?*, Co?*, and Ni**; M’ = Ni** and
Cu?t; bpy = 2,2-bipyridine, cdc>~ = cyanoiminomethanedithiolate (C;N,S,%7)) have been synthesized by reacting a
solution of K,[M’(cdc),] with [M(bpy);]X, (X = Cl~ and SO427) in equimolar ratio. These complexes have been char-
acterized by elemental analysis, solution conductance, and magnetic susceptibility measurements, IR, 'H and '3C NMR,
ESR, and UV-visible spectroscopies and pressed pellet conductivity technique. Three of these salts show behavior of
semiconductors in the 295-443 K temperature range while the remaining are insulators. The lowering of the V(C=N)
frequency in I,-doped products of these complexes as compared to the parent complexes clearly reveals interaction
of the C=N group of the ligand cdc?~ resulting in decrease in V(C=N) bond order and in turn partial reduction of
I,. The I,-doped products of the majority of the complexes show enhanced room-temperature conductivity and exhibit

semiconducting behavior.

Inorganic material chemistry dealing with sulfur rich com-
plex based molecular electrical conductors, magnets, nonlinear
optical materials, and photo-sensitizers has achieved signifi-
cant advances in the recent years.>”' The description,'"-!? of
(TTF)[Ni(dmit)], (TTF = tetrathiafulvalene, dmit’~ = 1,3-
dithiol-2-thione-4,5-dithiolate) as the first superconductor rev-
olutionized the designing and synthesis of a variety of mono-
metallic charge-transfer salts of the ligand mnt?~ (maleonitrile-
dithiolate) and other related 1,2-dithio ligands.'® There is pres-
ently an upsurge of interest in heterobimetallic ion-pair and
bridged complexes having two metals with diverse electronic
configuration because of their importance in outer- and inner-
sphere electron-transfer reactions, catalytic activities, molecu-
lar magnetism, and biological systems.>%!4-17 The properties
of the resulting materials are predetermined by the nature of
the molecular building unit as well as their packing in the
lattice. When both complex cation and complex anion are
magnetically different e.g. [Fe(nS-CsMe4SBu’)2][M’(mnt)z]
(M’ = Ni?* and Pt?*; Bu’ = tertiary butyl) interesting mag-
netic and conducting behavior are observed.'®2! Several of
these bimetallic salts have found useful applications particu-
larly in the field of electrical conductivity and magnetism. In
many cases, the ion-pair complexes contain two kinds of spin
carriers due to the presence of either two different metal cen-
ters or different geometries associated with counter ions. Inter-
actions in these bimetallic salts are considered to be ionic, be-
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cause the metal ions present on the cationic centre attain their
highest coordination number.

Transition-metal complexes with bifunctional unsaturated
sulfur-containing ligands such as dinegative 1,2-dithio ligands,
dmit>~ and mnt>~ (Fig. 1) where the thio functions are at
neighboring carbons and the dinegative 1,1-dithio ligands,
e.g. 2,2-dicyanoethylene-1,1-dithiolate (i-mnt*~) and cyano-
iminomethanedithiolate (cdc?>~) where thio functions are on
the same carbon atom differ significantly in chemistry and
properties because (i) the former forms a less strained five-
membered chelate ring while the latter a more strained four-
membered chelate ring, (ii) the metal-ligand 7= bonding is
more dominant in 1,2-dithio complexes resulting in higher
S--S/M--S molecular stacking, one of the prerequisites for
higher conductivity of molecular materials, and (iii) the
uniqueness of the ligand cdc®~ like i-mnt>~ stems from its
ability to exhibit a high degree of electron delocalization in
the metal dithiolate ring and beyond the M-S, bonds. As a
consequence, transition-metal dithio complexes exhibit elec-
tronic transitions at usually low energy and may be utilized
in molecular conducting and magnetic materials exploration.
Despite synthetic ability and chemical versatility, scant litera-
ture is available?’?® on the monometallic and heterometallic
complexes of ligand cdc?~. Cationic metal polypyridine com-
plexes such as [M(bpy);]** (M = Fe?*, Ru?**, Os>*, Co’*,
or Ni**) are of intense interest because of their facile redox
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behavior and electronic absorption properties.’ In addition to
intermolecular stacking, partial oxidation—reduction of the
compounds caused by I,-doping or electrochemical methods
is one of the important factors for the enhancement in the con-
ductivity of the compounds. From our inspection of the exist-
ing literature in this field and complete absence of studies
on the heterometallic ion-pair complexes involving the (S, S)
binucleating ligand cdc>~ and (N-N) bidentate ligand bpy as
well as in the quest for new conducting and magnetic materials
we herein report the synthesis, characterization, and properties
of a new series of heterobimetallic ion-pair complexes of
the type [M(bpy);][M’(cdc),] (M = Ni?*, Co?*, and Fe?*;
M’ = Ni** and Cu®*) and their I,-doped products.

Experimental

Materials and Methods. All manipulations and procedures
were carried out in open air at room temperature. The starting
chemicals cyanamide, 2,2’-bipyridine (bpy), and KOH were pur-
chased from Sigma Aldrich Chemical Company and all other re-
agent grade chemicals were available from commercial sources
and used as received. The potassium salt of the ligand cyanoimi-
nomethanedithiolate (K,cdc) was prepared according to known
procedure®® by the reaction of cyanamide, potassium hydroxide,
and carbon disulfide in dry ethanol and characterized by elemental
analysis, IR and '*CNMR spectra. Solvents were distilled and
where necessary dried before use. After decomposing the organic
part of the complexes with conc. HNO3/aqua-regia, sulfur was
determined as BaSO,. C, H, and N analysis were performed on
a Carlo Erba 1108 elemental analyzer. Melting points were deter-
mined in open capillaries and are uncorrected. Magnetic suscep-
tibilities of the powdered samples were measured on a Cahn
Faraday electro balance using CoHg(SCN), as calibrant. The dia-
magnetic corrections were made using Pascal’s constant. The
solution conductivities of the complexes were measured in 1073
M DMSO solution on an Elico CM 180 conductivity meter
using a platinum electrode with cell constant of 0.50cm™! and
AC current. Infrared (4000-400cm™") spectra were recorded on
a JASCO FTIR-5300 spectrophotometer. Electronic absorption
spectra were recorded in DMSO solution on a Pharma Spec.
UV-1700 and UNICAM UV2-100 UV-vis spectrophotometers.
The room-temperature EPR spectra of the powdered samples were
obtained on a Varian Model 109 CE-line X-band spectrometer.
The microwave frequency was calibrated against tetracyano-
ethylene (TCNE), g = 2.00277. The 'H and '*C{'H} NMR spec-
tra were recorded in DMSO-dg using tetramethylsilane (TMS)
as internal standard on a JEOL AL 300 FT NMR spectrometer.
Pressed pellet electrical conductivities of the complexes and their
I,-doped products were measured over a 295-383 K temperature
range using conventional two probe technique on a Keithley
236 source measure unit. The pellets were made at a pressure
of 2.0 x 10° kN m~2 and contacts of on the pellet surfaces were
made using silver paint.

Preparation of the Ion-Pair Complexes. [M(bpy);][M'-
(cdc),] (M = Ni?t, Fe?t, or Co?t; M’ = Ni2t or Cu?*): The
potassium salt of the anionic metal complex moiety K,[M’(cdc),]
was prepared in situ according to literature procedure®>>* by grad-
ual addition of a 30 mL solution of NiCl, -6H,0 (0.238 g, 1 mmol)
in EtOH-H,0 (50:50, v/v) to a SmL solution of Kycde (0.4 g,
2mmol) in the same solvent mixture with vigorous stirring. The
green precipitate, presumably of Ni(cdc), initially appeared is
immediately dissolved producing a dark green solution of K,[Ni-
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(cdc),]. This was additionally stirred for 30 min. The wine red so-
lution of K;[Cu(cdc),] was prepared in exactly analogous manner
by reacting Cu(NO3),+3H,0 (0.241 g, 1 mmol) and Kycde (0.4 g,
2 mmol) in EtOH-H,0 (80:20, v/v). Here also, the reddish brown
precipitate of Cu(cdc) formed is instantly dissolved generating a
wine-red solution of K;[Cu(cdc);].

The cationic complexes [M(bpy);]1X,; (X = CI™ and S0,427)
required for the synthesis of the mixed-metallic ion-pair com-
plexes were prepared in solution by reaction of a 5mL EtOH-
H,0 (50:50, v/v) solution of (NH4),Fe(SO4),-6H,0 (0.392¢,
1 mmol), CoCl,-6H,0 (0.239 g, 1 mmol) or NiCl,.6H,0O (0.238
g, I mmol), and 10 mL ethanolic solution of bpy (0.469 g, 3 mmol)
which in turn were allowed to react with a freshly prepared 35 mL
solution of Ky[M’(cdc),] M’ = Ni?t and Cu?*) as described
above. The reaction mixture was stirred for 15 min. The colored
heterobimetallic salts formed as microcrystalline solid were fil-
tered off, washed with ethanol followed by diethyl ether succes-
sively and dried in vacuum over CaCl,. The relevant analytical
and physicochemical data are included in Table 1.

I,-Doping of the Complexes. The I,-doped products of the
ion-pair complexes were obtained via vapor diffusion method by
keeping 1g of I, and 200 mg of the ground complex separately
on a watch glass in a closed desiccator for 6-7 days. The I,-doped
powder products thus formed were dried in vacuum.

Results and Discussion

Ion-pair heterobimetallic complexes [M(bpy)s;][M’(cdc),]
were isolated in high yield by mixing stoichiometric quantities
of K;[M’(cdc),] and [M(bpy)s]X, in an EtOH-H,0O mixture
according to the following metathesis reactions:

MX; + 3bpy — [M(bpy)3]Xa, (1)
M'X, + 2Kscde — Kr[M'(cde),] + 2KX, 2)
Kz [M'(cde),] + [M(bpy)31X2

— [M(bpy)s][M’(cde)y ] + 2KX. 3)

(M = Fe?*, Co?*, and Ni**; M’ = Ni** and Cu?";
X = Cl~,S804%", and NO3™)

These air-stable solids decompose in the temperature range
115-250°C. The compounds were characterized by micro
analysis, solution conductance, magnetic susceptibility, IR,
UV-vis, 'H and *CNMR, and ESR spectral measurements
and pressed pellet conductivity technique. The compounds are
insoluble in water as well as common organic solvents such
as ethanol, methanol, acetone, acetonitrile, benzene, and di-
chloromethane but are fairly soluble in DMSO and DMF.
The solution conductivity Ay (1073 M): 22-97 Q! cm? mol ™!
in DMSO suggests their ionic nature.®® In the majority of
cases Ay values are lower for 1:1 electrolytes and show exten-
sive ion-pairing because of the existence of highly charged
species in a solvent like DMSO of relatively low dielectric
constant and higher Lewis basicity as shown in the following
equilibrium.

[M(bpy)s][M’(cdc)a] = [M(bpy)s > + [M'(cde) ]~
= [M(bpy)s I** [M’(cde)2 > “

NMR Spectra. The 'HNMR spectra of the diamagnetic

salt [Fe(bpy);][Ni(cdc),] and weakly paramagnetic [Fe(bpy);]-

[Cu(cdc),] in DMSO-dg solution consist of a sharp multiplet
for the former and relatively broad signals®' for the later in
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Analytical and Physical Data of the Complexes

Table 1.
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a) lodine-doped complexes. b) Sticky product.
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Table 2. Selected IR Bands (KBr, cm™!) of the Complexes®

Compound Y(C=N) v(C=N)» PC=N) bpy
Ksycdce 2151s 1317 s
[Ni(bpy)s][Ni(cdc),]  2175s  2102s 1450s 645w, 432m
2068 s
[Co(bpy)s][Ni(cdc),]  2174s 2066 1441s 652m, 444 m

[Fe(bpy);][Ni(cdc),]  2168s
[Ni(bpy)3][Cu(cdc),] 2172

2112m 1421s 640w, 435w
2202 m 1396s 643w, 432m
2119w

2091 ms 1443s  650m, 442 m
2068 ms

2168 m 1421s 640w, 432w

[Co(bpy)3][Cu(cdc),]  2174s

[Fe(bpy);][Cu(cdc),]  2170s

a) m = medium, s = strong, w = weak. b) Iodine-doped com-
plexes.

Table 3. Magnetic Moment and Electronic Absorption
Bands of the Complexes in DMSO (Solution)

Complex //Leff/l’l‘B /lmax/nm
[Ni(bpy);][Ni(cdc),] 2.7 620, 470
[Co(bpy)s][Ni(cdc), ] 4.9 550-700, 470
[Fe(bpy);][Ni(cdc),] dia 530, 500, 450
[Ni(bpy);][Cu(cdc)s] 3.9 700, 450
[Co(bpy)3]1[Cu(cdc)s] 3.1 700, 450
[Fe(bpy)s][Cu(cdc),] 0.8 730, 540, 500, 450

the § 7.5-9.0 region for the aromatic protons of the ligand 2,2’-
bipyridine. Their 3CNMR spectra produced sharp signals at
& 124-158 characteristic of carbons of the ligand bpy in the
cationic fragment [Fe(bpy);]** and at § 214 and & 120 due to
S,C=N and N-C=N moieties of the coordinated ligand cdc?~
in [M’(cdc),]>~ (M’ = Ni** and Cu?*). The position and fea-
tures of the NMR resonances confirm the purity and composi-
tion of the complexes. The NMR studies clearly reveal that no
ligand-exchange reaction occurs in solution.

IR Spectra. The IR spectra of the complexes (Table 2)
show strong absorption bands near 2170 and 1375-1450 cm™!
characteristic’>?* of the nitrile (C=N) and imido (C=N))
stretching frequencies of the ligand cdc?~. A perceptible in-
crease in the V(C=N) and V(C=N)) frequencies compared to
the uncoordinated cdc?~ in Kycde is concomitant with the
change in delocalization over the S,C-N-C group suggesting
an (S, S) chelating mode®>~2* of the ligand cdc®~ to the metal
ions M’ in the complex bimetallic salts. Also, the bands near
640 and 435cm™! characteristic of out of plane and in plane
ring deformation of the bpy indicate (N-N) bidentate coordina-
tion of this ligand to the metal ions M in the complexes.

The I,-doped products of these complexes give rise to
V(C=N) bands (Table 2) at lower wavenumbers i.e. 2066—
2119cm~'. This lowering in V(C=N) for all the complexes
excepting [Fe(bpy)s;][Cu(cdc),;] may be ascribed to consider-
able interaction between the C=N group of the ligand cdc?~
and I, thereby decreasing C=N bond order in turn causing
partial reduction of the I, molecule.

Magnetic Moment. The effective magnetic moment val-
ues are listed in Table 3. [Fe(bpy)s;][Ni(cdc),] is diamagnetic
suggesting low-spin octahedral geometry about iron(II) with
intact [Fe(bpy);]>* and square-planar environment around
nickel(Il) in the [Ni(cdc),]*~ fragment. In the case of the
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Fig. 2. The UV-vis absorption spectra of the complexes in

DMSO (solution).

ion-pair complexes [M(bpy)s][Cu(cdc),] (M = Fe?*, Co?*, or
Ni%?*) the [.q values are lower than the sum of the magnetic
moments contributed by Co** 3d’, Ni** 3d®, or Cu>* 3d°
paramagnetic centers showing some sort of antiferromagnetic
interaction between (M—Cu or Cu—Cu) in these species. The
room-temperature L. values correspond to the spin only val-
ues for the isolated ion-pairs possessing high-spin octahedral
geometry about Co?t and low-spin square-planar coordination
about Ni** in [Co(bpy);][Ni(cdc),] and [Ni(bpy)s][Ni(cdc),]
respectively.

UV-Vis Spectra.  The electronic absorption bands of
the complexes are summarized in Table 3 and displayed in
Fig. 2. The DMSO solution electronic absorption spectra of
[Fe(bpy)s][Ni(cdc),] and [Fe(bpy);][Cu(cdc),] exhibit weak
to intense bands near 450nm (€ =9 x 103M~'cm™"), 500-
540nm (8 x 103M~'em™!), and 730nm (300M~'cm™!) as-
signable to Ni?* or Cu?*t « S(cdc?™), iron(Il) to bpy MLCT
and d-d transitions respectively following square-planar
geometry about nickel(Il) and copper(Il) and low-spin octa-
hedral geometry about iron(Il).?>2332 Absorption bands near
450470 (¢ = 10°M~'em™') and 550-700nm (€ = 70-250
M~'ecm™!) in the UV-vis spectra of [M(bpy);][M’(cdc),]
(M = Co?* and Ni**; M’ = Ni** and Cu**) correspond to
M’ <« S(cdc)®>~ and d-d transitions respectively showing pres-
ence of high-spin octahedral [M(bpy);]** and square-planar
[M’(cdc),]*>~ moieties in these bimetallic complexes. The fea-
tures of the electronic absorption bands of the I,-doped prod-
ucts of these salts are almost comparable to the parent com-
plexes showing no significant charge transfer on metal centers
occurring during the doping. In all the complexes the bands
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Fig. 3. The X-band ESR spectra of the complexes.

below 400nm are attributed to intraligand charge-transfer
transitions.

ESR Spectra. Powder X-band ESR spectra Fig. 3 of the
[Co(bpy)s][Cu(cdc);] and [Ni(bpy)s][Cu(cdc),] are similar
and do not show well-resolved parallel and perpendicular fea-
tures. However, the derived g values g = 2.13, g, = 2.024,
gav = 2.06 with the trend g > g, > g. = 2.0023 show that
the unpaired electron resides in the d,._,» orbital of the Cut
in these ion-pair complexes. The spectra and the values are
close to the reported Cu?* dithiolates possessing distorted
square-planar geometry about Cu?*.333* The bimetallic salt
[Fe(bpy)s][Cu(cdc),] is weakly paramagnetic (L. = 0.79
M) and yields a poor quality spectrum showing no typical
feature of strong Cu—Cu antiferromagnetic coupling because
the half field signal characteristic of dimeric structure is not
located in the AMg = +2 region.

Based on foregoing physicochemical studies the ionic struc-
ture for the complexes having octahedrally coordinated com-
plex cation [M(bpy);]** (M = Ni**, Co?*, and Fe’") and
square-planar complex anion [M’(cdc),]>~ (M’ = Ni*>* and
Cu?*) in Fig. 1 have been postulated.

Electrical Conductivity. The temperature dependence of
the pressed pellet electrical conductivities of the powdered
complexes and their I,-doped products are shown in
Figs. 4a and 4b. All compounds exhibit electrical conductivity
~10719-103Scm~! at room temperature. The ion-pair com-
plexes [M(bpy)s][Ni(cdc),] (M = Fe>*, Ni**, and Co®") ex-
hibit semiconducting behavior over a 295-443 K temperature
range (with E, = 0.41-0.51eV) as their conductivities in-
crease with the increase in temperature. Exceptionally, some-
what higher conductivity o &~ 107> Scm™! of [Co(bpy)s][Ni-
(cdc);] may be ascribed to the participation of an unpaired
electron on the Co?* centre in the conductivity mechanism.
However, analogous [M(bpy);][Cu(cdc),] complexes are insu-
lators in the considered temperature range. Interestingly the
I,-doped products of all the complexes except that of [Co-
(bpy)3][Ni(cdc),] for which oy is decreased i.e. 1077 Scm™!,
show enhanced conductivity at room temperature i.e. 1078
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Fig. 4. Temperature dependence of electrical conductivi-
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— —_ 2+ — — 2

[M(bpy)3]* [M'(cdo), >
(M = Fe?*, Ni?*, Co?*; M' = Ni?*, Cu®*; bpy = 2,2" -bipyridine; cdc® = cyanoiminomethanedithiolate)

Fig. 5. Suggested structure of the ion-pair complexes.

1077Scm™! and show behavior of semiconductors in the
above temperature range. This indicates that a solid-state reac-
tion occurred between the complex and I, with partial charge
transfer resulting in reduction of I, during doping rather than
its absorption. In general the lower conductivities of these salts
may be attributed to weaker S--S/M--S interaction due to the
presence of larger cations [M(bpy)3]2+.

Conclusion

In conclusion the important findings of this study may be
summarized.

(i) Ligand-exchange reactions do not occur between the cat-
ionic and anionic centers of the intact heterobimetallic ion-pair
complexes [M(bpy);1[M’(cdc),] (Fig. 5) during their prepara-

Heterobimetallic lon-Pair Complexes

tion and solution properties (electronic and NMR) measure-
ments.

(ii) Three of the compounds [M(bpy)s][Ni(cdc),] M =
Ni%+, Co?*t, and Fe?t) show the behavior of semiconductors
while [M(bpy)s][Cu(cdc),] M = Ni**, Co?*, and Fe?*) are
insulators. All of the I,-doped products exhibit behavior of
semiconductors. Conductivities of the I,-doped products
[M(bpy)3][M’(cdc),] are remarkably increased showing partial
charge-transfer interaction between I, and the C=N group of
the ligand cdc?~ resulting in partial reduction of I,, and rules
out the possibility of absorption of I,.

(iii) Considerable antiferromagnetic interaction between
Cu—Cu/M-Cu centers occurs in [M(bpy)s;][Cu(cdc),] (M =
Fe>*, Co?*, and Ni*t).
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