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ABSTRACT: The charge-transfer material TTF-SV'YMo,,0,, (TTF = tetrathiafulvalene)
was prepared by a spontaneous redox reaction between TTF and the vanadium-substituted
polyoxometalate (n-BuyN);[SV'Mo;,0,,] in both solution and solid state phases. Single
crystal X-ray diffraction gave the stoichiometry TTF,[SVMo,;0,,]-2H,0-2CH,Cl,, with
the single V atom positionally disordered with eight Mo atoms over the whole a-Keggin
polyanion [SVMo,;0,,]*. Raman spectra support the 1+ charge assigned to the oxidized
TTF deduced from bond lengths, and elemental and voltammetric analysis also are
consistent with this formulation. Scanning electron microscopy images showed a rod-type
morphology for the new charge-transfer material. The conductivity of the solid at room
temperature is in the semiconducting range. The TTF and (n-Bu,N);[SVMo,,0,,] solids
also undergo a rapid interfacial reaction, as is the case with TTF and TCNQ (TCNQ =
tetracyanoquinodimethane) solids. EPR spectra at temperatures down to 2.6 K confirm the
presence of two paramagnetic species, V(IV) and the oxidized TTF radical. Spectral

evidence shows that the TTF-SV'VMo,;0,, materials prepared from either solution or solid state reactions are equivalent. The
newly isolated TTF-SV"VMo,,0,, material represents a new class of TTFE-polyoxometalate compound having dual electrical and
magnetic functionality derived from both the cationic and anionic components.

B INTRODUCTION

Charge-transfer materials, which are composed of an electron
donor and an electron acceptor, have attracted considerable
attention due to their versatile electronic functionalities which
result from the ground-state electron transfer between donor
and acceptor moieties. Following the synthesis of the electron
donor tetrathiafulvalene (TTF)"?* it was soon discovered that
the combination of TTF and the electron acceptor
tetracyanoquinodimethane (TCNQ) formed the charge-trans-
fer complex TTE-TCNQ>* which exhibited remarkable
properties. For example, crystalline TTE-TCNQ_exhibits one-
dimensional metallic conductivity down to 54 K and hence
became the first reported organic metal.®> The fact that, in the
solid state, reaction of TTF with TCNQ_is rapid facilitated
studies of the interfacial chemistry between these two solids.®™”
Recently, metallic conductivity was reported at the interface
between the two insulating TTF and TCNQ_crystals if they
were in direct mechanical contact,®” which in turn generated a
new research direction of interfacial phenomena for charge-
transfer complexes. In particular, the formation of TTF-TCNQ
nanowires was found in the interfacial reaction between
aqueous TTF and TCNQ microparticles.®
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The discovery of the metallic TTF-TCNQ complex was
followed by the synthesis of other charge-transfer complexes
derived from TTF that have demonstrated properties
associated with semiconductors, metals, and even super-
conductors.’> A goal in this area of research is to develop
bifunctional materials that combine properties not normally
associated with a monofunctional material. Materials based on
the combination of TTF and a polyoxometalate (POM)
represent one such class that could display interesting
properties. Polyoxometalate anions are large inorganic clusters
that have rich redox chemistry, electronic versatility, magnet-
ism, and photochemistry.'°”"> These properties make them
attractive building blocks for multifunctional hybrid materials.
Consequently, hybrid TTF-POM charge-transfer complexes
have formed an important category of bifunctional materials
over the past two decades.'® Most commonly, TTE-POM
complexes have been synthesized by electrocrystallization, with
TTF being oxidized at an anode in the presence of a POM
anion. However, in principle, if the POM anions can be
designed appropriately, TTE-POM complexes should become
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available by a spontaneous reaction between TTF and POM,
analogous to the reaction between TTF and TCNQ. In this
study, the vanadium-substituted Keggin-type polyoxometalate
(n-Bu,N);[SVMo,;0,,], synthesized by the vanadium sub-
stitution of the parent POM, (n-Bu,N),[SMo;,0,,], provides
access to the V¥V reduction process that lies more positive
than the TTF®* oxidation process."®™'® Thus, the synthesis of
the charge-transfer complex TTF-SVMo,,0,, occurs by a rapid
and spontaneous reaction between TTF and (n-
Bu,N);[SVMo,,04]. A single crystal of this compound was
isolated, and the structure was determined by X-ray
crystallography. This is the first report of the synthesis and
structural characterization of a semiconducting TTF-POM
charge-transfer complex prepared by either a solution phase or
a solid state spontaneous redox reaction. On the basis of its
electrical and magnetic bifunctional properties, this newly
isolated TTF-POM material is of interest from both
fundamental and applied perspectives.

B EXPERIMENTAL SECTION

Materials. Tetrathiafulvalene (TTF, supplied by Aldrich), silver
nitrate (Aldrich), ferrocene (Fc, Riedel-de Haén), acetonitrile (MeCN,
HPLC grade, Merck), and dichloromethane (CH,Cl,, HPLC grade,
Merck) were used as received from the manufacturer. Tetrabuty-
lammonium hexafluorophosphate (n-Bu,N)(PF4) was purchased from
Wako Pure Chemical Industries and recrystallized from ethanol (95%)
before use as the supporting electrolyte in electrochemical experi-
ments. The vanadium substituted polyoxometalate, (n-Bu,N);-
[SVMo,,0,], was synthesized and purified according to a literature
procedure'® with minor modification. Instead of NH,VO, which was
used in the literature procedures, a V(V) stock solution prepared by
mixing V,05 and NaOH in water was used in this synthesis. Moreover,
concentrated H,SO, was used instead of 2 M H,SO,, but the
concentrations of V(V) and H,SO, in the mixture of the reactants
were set to be the same as reported in the literature.

Voltammetry. Voltammetric experiments were undertaken at 20 +
2 °C with a Bioanalytical Systems (BAS) 100B electrochemical
workstation using a conventional three-electrode cell. Glassy carbon (3
mm in diameter, BAS), gold (1 mm diameter, BAS), and indium tin
oxide (ITO)-coated glass (8—12 ©Q sq~' sheet resistance, Delta
Technologies) disks were used as the working electrodes. The glassy
carbon and gold electrodes were polished with 0.3 ym aqueous
alumina slurries, rinsed with distilled water and acetone, and then
dried with nitrogen gas. The reference electrode was Ag/Ag* (10 mM
AgNO;, 0.1 M (n-Bu,N)(PFs) in MeCN, —0.078 V vs Fc/Fc*) while
Pt wire was used as the counter electrode. All potentials are reported
versus the Ag/Ag" reference electrode. All solutions were degassed
with the purified nitrogen gas for 10 min prior to electrochemical
experiments.

X-ray Crystallography. Data were collected on a single crystal of
TTF,[SVMo,,0,0)-2H,0-2CH,Cl, (prepared as described in the
Results and Discussion section) at the Australian Synchrotron using
the PX1 beamline operating at 15 KeV (4 = 0.7292 A). The data
collection temperature was maintained at 100 K using an open-flow N,
cryostream. Initial data processing was carried out using XDS
software,'® and the structure was solved by direct methods with
SHELXS-97.*° Least-squares refinements against F* were carried out
using SHELXL-97, using the program X-Seed as a graphical
interface.”’ All hydrogen atoms were placed in idealized positions
and refined using a riding model.

Crystallographic data for TTF,[SVMo,,0,,]-2H,0-2CH,Cl, are as
follows: C,H,,Cl,Mo,,0,,S,7V, M = 2801.55, monoclinic, space
group C2/c (No. 15), a =21.699(4) A, b = 13.883(3) A, ¢ = 23.120(5)
A, B =9798(3)°, V=6897(2) A}, Z = 4, D, = 2.698 g/cm®, Fyy =
5364, Mo Ka radiation, 4 = 0.7292 A, T = 100(2) K, 26, = 50.0°,
100 519 reflections collected, 6032 unique (R;,, = 0.0358). Final GOF
= 1.052, Rl = 0.0518, wR2 = 0.1266, R indices based on 5978

reflections with I >26(I) (refinement on F?), 484 parameters, 4
restraints. Lp and absorption corrections were applied; y = 2.821
mm~'. CCDC 838494 contains the supplementary crystallographic
data for this paper and can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccde.cam.ac.uk/
data_request/cif.

Other Instrumentation and Procedures. Raman (Renishaw RM
2000 Raman spectrograph with 630 nm excitation laser source) and
ATR-FTIR (Perkin-Elmer Spectrum 100 instrument with universal
ATR sampling accessory) spectroscopies were used for solid state
characterization. "H NMR spectra were recorded using a Bruker DPX
300 spectrometer. 'H resonances were referenced to the residual
hydrogen from DMSO-dy (6 = 2.5 ppm, vs TMS). Scanning electron
microscopy (JEOL JSM-7001F FEGSEM) provided the morphological
information for electrocrystallized solid samples. Sheet resistance
measurements on the solid samples were undertaken with a Jandel
RM3-AR four-point probe test meter at 20 + 2 °C. The thickness was
estimated with a Veeco Dektak 150 surface profilometer. Solid samples
for resistance measurements were prepared by drop casting a
concentrated MeCN suspension of the sample on a piece of
microscope glass followed by drying of the sample in a stream of
air. The dried pellet was vacuum pressed using a cold isostatic press
before its sheet resistance and thickness were measured.

X-band (ca. 9.5 GHz) EPR spectra were recorded with a Bruker
ESP380E CW/FT spectrometer. Temperatures between 290 and 110
K were obtained using a standard rectangular TE,,, cavity together
with a Bruker VT2000 temperature controller and associated nitrogen
gas flow insert. Lower temperatures between 100 and 2.6 K were
obtained using a Bruker ER4118 dielectric resonator inserted in an
Oxford Instruments CF93$ helium cryostat. Temperatures below 100
K were calibrated against a germanium thermometer using a carbon
resistor as a transfer standard. The microwave frequency was measured
with an EIP Microwave 548A frequency counter and the g-values were
determined by reference to the F* line in CaO (g = 2.0001 +
0.0001).>* The uncertainty in the g-values is estimated as +0.001. The
experimental spectra were obtained as the first derivative of the
absorption, and the spectral intensities were obtained by double
integration of the experimental spectrum using the integration routine
in the Bruker WINEPR suite. Spectrum simulations were performed
using the Bruker XSophe—Sophe—XeprView computer simulation
software suite.”> Magnetic susceptibility measurements were made
with sample masses of ~30 mg using a Quantum Design MPMS 5
SQUID magnetometer in dc magnetic fields of 0.01, 0.10, and 1.0 T.
Diamagnetic and other corrections were made as described previously
using Pascal’s constants and other published data as applicable.**

B RESULTS AND DISCUSSION

Thermodynamic Data Derived from Cyclic Voltam-
metry of TTF and (n-Bu,N);[SVMo,,0,,] in Acetonitrile.
Initially, cyclic voltammograms derived from individual
solutions of TTF and (n-Bu,N);[SVMo,;;O,] in MeCN
solutions (0.1 M (n-Bu,N)(PF4)) were obtained. As
reported,m’25 one derived from TTF exhibited two reversible
diffusion-controlled, one electron oxidation processes (eqs 1
and 2) with midpoint potentials, E,,; = 0.03 Vand E,,, = 041 V
(Figure 1). E, values (all reported versus Ag/Ag") were
calculated from the average of the oxidation EJ* and reduction
E;ed peak potentials and equate to the reversible formal
potentials Ef, assuming that the diffusion coefficients for TTF,
TTF", and TTF*" are identical. In order to achieve the charge
transfer material TTF-POM by a spontaneous redox reaction,
the [SV'Mo,,0,0]* to [SVIVMo,,0,]* reduction of the
polyoxometalate anion must lie between the TTFY* and
TTF"?* oxidation processes. Polyoxometalate anions often
exhibit multiple reversible electron transfer processes, and in
MeCN (0.1 M (n-Bu,N)(PF4)) solution, (n-
Bu,N);[SVMo,,04] gives rise two well-defined chemically
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Figure 1. Cyclic voltammograms showing overlap of TTE”* and V¥V
processes when TTF (0.3 mM) is oxidized and (n-Bu,N),
[SVMo,,0,0] (1 mM) is reduced in MeCN (0.1 M (n-Bu4N)(PF6))
Electrode: glassy carbon (diameter 3 mm). Scan rate = 0.1 V s™".

reversible one electron reduction processes with E_; = 0.148 V
and E,, = —0.692 V (Figure 1, eqs 3 and 4), respectively.
Further reduction of this POM occurs at even more negative
potentials (Figure S1) but is not discussed in this study, as
these processes do not contribute to the chemistry of interest.

Accordlng to previous studies of the voltammetry of
[XVYMo,,0,]* (X = P, As) in_ MeCN'” and [SVVMo,,0,,]*
in mixed MeCN/H,O solvent,'® the initial process is assigned
to a V¥V reduction (eq 3), and the second, at more negative
potential, is ascribed to the reduction of molybdenum in the
POM framework (eq 4).

TTF = TTF" + e E,, =003V (1)
TTE' = TTF** + ¢ E_, =041V )
[SV'Mo,,0,0 > + ¢ = [SV"VMo,,0,]*

E,; = 0148V ©)
[SVVMo,,0,0]* + & = [SV'"Mo,,0,,]*

E,, = —0.692V (4)

A minor redox process detected at about —0.34 V is attributed
to protonation from adventitious water. Proton sources are
known to modify the voltammetry of related systems.***” In
summary, the fact that E_ ; = 0.148 V for the reduction of POM
VYWV lies above the TTE”* process (E,, = 0.03 V) should
allow for a spontaneous redox reaction to occur between TTF,
and [SVYMo,,04)%, to give TTF*; and [SV'VMo,;0,0] %1
as shown in eq S. Precipitation then occurs as shown in eq 6.

TTE, + [SV'Mo, 0,0

sol

= TTF*; + [SV"Mo,,0,,]" )

sol

— TTE[SV"Mo,,0,,],
(6)

Solution Phase Reaction of TTF and (n-
BuyN)3[SVMo0,,04]. An insoluble TTF-SVMo,,0,, material
was prepared by mixing equimolar (n-Bu,N);[SVMo,,0,,] and
TTF solutions (both at 1 mM in MeCN). The color of the
solution rapidly changed, initially to dark red and then to dark
green, and finally a dark brown precipitate was formed. This
reaction given in eqs 5 and 6 was allowed to proceed for one

4 TTE, + [SV'Mo,,0,0]" |
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hour before the precipitate was collected by centrifugation. The
isolated solid material was washed copiously with acetonitrile
followed by drying under vacuum to achieve a yield of ~80%
based on TTF. A small amount of this dark solid was then
attached to a glass slide for imaging by scanning electron
microscopy. The image (Figure 2) reveals the formation of
microrods with the average dimensions of 1.5 X 1.5 X 8 um®.

Figure 2. SEM image of the TTF-SVMo,;O, material formed by
mixing equimolar (1 mM) MeCN solutions of TTF and (n-
Bu,N);[SVMo,,0,4]-

Square wave voltammetry was used to follow the reaction
progress by detecting the change in concentration of POM
before and after the reaction with TTF. Initially, a voltammo-
gram for 0.5 mM (n-Bu,N);[SVMo,,0,,] in MeCN (0.1 M (n-
Bu,N)(PF;)) was obtained. The peak at —0.69 V shown in
Figure 3 is assigned to the second reduction process derived
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Figure 3. Square wave voltammograms in acetonitrile for (a) 0.5 mM
(n-BuyN);[SVMo,,0,,] and (b) the supernatant of the mixture of 0.5
mM TTF and 0.5 mM (n-Bu,N);[SVMo,,0,,] containing 0.1 M (n-
Bu,N)(PF) after reaction for overnight. Electrode: 3 mm GCE. Scan
rate = 0.1 Vs™%,

from dissolved POM (i.e, Mo reduction) which, according to
the voltammetric data in Figure 1, should not be influenced by
the reaction with TTF. Consequently, the peak current
associated with this process can be used to monitor the
POM concentration. A 1 mM POM solution was then added to
a 1 mM TTF solution in equal volumes to give a mixture that
prior to precipitation of solid contained 0.5 mM (n-
Bu,N);[SVMo,,0,4] and 0.5 mM TTF. The mixture was left
to react overnight, to ensure the reaction went to completion.
The supernatant solution was collected and subjected to
analysis by square wave voltammetry. Comparison with the
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original voltammogram of 0.5 mM (n-Bu,N);[SVMo;;0,]
revealed that the magnitude for the current from the reduction
peak at —0.69 V had decreased to 73% of that found before the
reaction with TTF, in good agreement with the value of 75%
predicted by eqs S and 6.

Reaction between TTF and (n-BuyN);[SVMo0,,0,4,] in
the Solid State. The spontaneous reaction between TTF and
(n-BuyN);[SVMo,,0,,], when dissolved into acetonitrile, is
predicted on the basis of E,, values. However, it was intriguing
to find that a solventless reaction in the solid state also occurred
spontaneously between these two reagents. Figure 4 provides

Figure 4. Photographs of TTF, (n-Bu,N);[SVMo,,0,,) (SVMoy,),
and a mixture of TTF and (n-Bu,N);[SVMo,;0,,) after grinding
together for 1 min (TTF-SVMoy,).

photographs of an equimolar mixture of TTF; and (n-
Bu,N);[SVMo,,04], (SVMoy;,) after grinding, showing the
rapid changes in color from orange (SVMo,;,) and yellow
(TTF,) to dark brown (SVMo;; + TTE). The solid reaction
product was washed with copious amount of acetonitrile,
followed by drying under vacuum before being dissolved in
DMSO-dg and examined by 'H NMR. The NMR spectrum
showed no indication of any (n-Bu,N)" present, as would be
expected if TTF,[SVMo,;0y4]; was the only solid present after
washing with acetonitrile. That is, no mixed cation TTF*-(n-
Bu,N)" solid was present in the washed solid. In principle, the
simplest stoichiometric redox reaction between TTF; and (n-
Bu,N);[SVMo,,04] in the solid state would give TTF(n-
Bu,N);[SV'YMo,,0,,], as the product. However, rearrange-
ment can produce a 1:3 molar mixture of TTF,[SVVMo,;0,,],
and (n-BuyN),[SV'VMo,,0,]; (eq 7) or in general
TTF,[Bu,N],[SV"VMo,,0,0] (0 < x < 4). Apparently,
TTF,[SVIYMo,,0,], is the least soluble material in acetoni-
trile, and any TTF,[Bu,N],, [SV"VMo,,0,] (0 < x < 4)
compounds formed were removed by washing with acetonitrile,
leaving TTF,[SV'VMo,,0,,] as the isolated product. The EPR
spectra of the solid derived from either the solution phase
reaction or the solid state reaction (after washing with
acetonitrile) exhibited the same features, implying that the
solids isolated from these two methods are identical.
TTE + (n-Bu,N),[SV'Mo,,0,];

S

= TTF(n-BuN);[SV'"Mo,,0,,],

1
= ZTTE[SVNM01104O]S

3
+ Z(n-Bu4N)4[SVIVMoUO40]S -

X-ray Crystallography. Dark crystals of
TTF,[SVMo,;0,0]-2H,0-2CH,Cl, that appeared blue under
the microscope were suitable for X-ray crystallographic analysis.
These were obtained by layering a solution of (n-
Bu,N),;[SVMo,;,0,,] (1 mM in MeCN) over a solution of
TTF (2 mM in MeCN/CH,Cl,, v/v = 4:1). The crystals
obtained had the monoclinic space group C2/c¢ with two

crystallographically independent TTF" moieties, TTF*-A and
TTE*-B, a half [SVMo,;0,,]* anion, and one water and one
dichloromethane solvates in the asymmetric unit, as shown in
Figure Sa. The crystal structure shows alternating layers of the

Figure S. X-ray single crystal structure showing the (a) asymmetric
unit for TTF,[SVMo,,0,4,]-2H,0-2CH,Cl, and (b) crystal structure
viewed along the ¢ axis. Red dotted line: H-bond interactions between
the oxygen atoms of POMs and the CH groups in TTF or CH,Cl,
solvate.

a-Keggin-type POM and the TTF moieties (Figure Sb). A
noticeable feature in this structure is the locations of Mo and V
atoms. Of the six crystallographically independent Mo atoms,
two could be refined as Mo atoms (e.g, Mo, and Moy),
whereas the remaining four could only be refined as a mixed
Mo/V atom with an occupancy factor being 90% for Mo,, Mo,
and Mog and 80% for Mo,; thus, the vanadium is crystallo-
graphically distributed over these four locations with a total
50% atom occupancy in the asymmetric unit cell. This type of
disorder has also been observed in the X-ray structure of the
reactant polyoxometalate, (n-Bu,N);[SVMo;;O,,], where four
Mo atoms were refined as a mixed Mo/V atom with a
population of 75% for each Mo location.”®

The reduced [SV"Mo,;;04]* is a structurally typical a-
Keggin polyoxometalate anion, which is formed from 12 MoOq
octahedra and 1 SO, tetrahedron. The central S atom is
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Figure 6. TTF chains of dimers in the TTF,[SVMo,,0,,] crystal structure (I) viewed along the a axis, (II) viewed along the b axis, (III) viewed
along the c axis, and (IV) showing the diagram of TTF overlap pattern where red, blue, green, and purple colors represent different isolated TTF

dimerized chains. Wireframe: TTF-A. Ball: TTF-B.

surrounded by four oxygen atoms with each oxygen site half-
occupied. The S—O distances lie in the range 1.404(10)—
1.567(8) A. The Mo—O distances in the a-Keggin cluster can
be grouped into three sets, M—O, (terminal) 1.648(6)-
1.664(6) A, M—0O, (bridge) 1.865(7)—1.947(6) A, and M—
O. (central) 2.461(9)—2.513(9) A. In the structure, the donor
TTF" cations, TTF'-A and TTF*-B, are close to planar and lie
almost parallel to each other with a dihedral angle of 1.44°
between the planes of these two TTF" moieties (Figure 6I).
The strong S—S interaction between the TTF'-A and the
TTF*-B links them in stacks of (TTF),** dimers along the b
axis, with the sequence —ABAB—. The interplanar distance
between TTF*-A and TTF*-B is 3.27 A (S1-S8) (Figure 6I1I)
which is considerably shorter than commonly observed in
TTF"* stacks.””*® Furthermore, strong S—S interactions are also
observed between the adjacent TTF" dimers, i.e,, TTF*-B and
TTF'-A/, with the interplanar distance of 3.45 A (S3-S8)
(Figure 6III). Thus, TTF" moieties form isolated 1D chains
along the b axis (Figure 6II) and are separated by the
polyoxometalate anions. In addition, the molecules within the
TTF" dimer are parallel to each other, albeit subtly slipped
along the ¢ axis and the a axis. This is an unusual arrangement
of molecular overlapping pattern compared with other reported
“ring over central C=C bond” examples, where the TTF-
dimers®' ~** are not offset along the a axis. A similar overlap
pattern also occurs in the adjacent TTF* dimers, i.e., TTF-B
and TTF-A’ (Figure 6IV).

The degree of charge transfer of the TTF moieties may be
estimated using the mean bond lengths of the central C=C
and the C—S bonds.>® Thus, the degrees of charge transfer for
TTF-A and TTF-B are identical and agree with the oxidation
state of TTF* (Table 1). The sum of the charges on the four

12933

Table 1. Degree of Charge Transfer (p) Calculated from the
Mean Bond Lengths (A)

¢ s
S
b
d =
a
S S
TTE,[SVMo;,0,,]-2H,
0-2CH,Cl,
bond TTF®  TTECIO,”” TTE-TCNQ*® TTF-A TTE-B
a 1.349(3)  1.404(14) 1.369(4) 1.399(4)  1.398(4)
b 1.757(2)  1.713(9) 1.743(4) 1.720(3)  1.720(4)
c 1.726(4)  1.725(11) 1.736(5) 1.727(5)  1.716(2)
d 1.314(3)  1.306(11) 1.323(4) 1.330(3)  1.339(2)
p* 0 +1 +0.59 +1 +1

TTF moieties is then estimated as +4 as required for a charge
balance with one [SVMo,,0,]* polyoxometalate anionic
cluster where the vanadium has been reduced from V(V) to
V(IV). Finally, extensive hydrogen bond interactions exist
between the oxygen atoms in the [SVMo,;0,,]* anion and CH
groups in either TTF or the CH,Cl, solvate, which lead to the
construction of 2D networks (Figure Sb). The H,O and
CH,CIl, solvates reside within channels between the TTF*
chains and [SVMo,;,0,,]* layers (Figure Sb, Table S1).

The TTE-SVMo,;,0, complex prepared in the solution
phase reaction was also subjected to elemental analysis. This
complex corresponded to a stoichiometry of
TTF,[SVMo,,0,,]-CH,CN-H,0. Caled: C, 11.71; H, 0.79;
N, 0.53; S, 20.42. Found: C, 12.14; H, 0.88; N, 0.67; S, 20.63.
The presence of solvated water and acetonitrile was also
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supported by IR spectra. These data are consistent with the
results obtained by X-ray crystallography, with variation in the
solvate which is associated with the solvents used to prepare the
microcrystalline samples and to grow the single crystals.

Raman Spectroscopy. Raman spectra obtained from
TTF,[SVMo,,0,4,] also were examined in order to probe the
redox level of TTF. Since the D,;, symmetry of TTF does not
change significantly upon oxidation to TTF?, the same
assignments can be used for neutral TTF and TTF*** The
vibrational mode v; (C=C symmetrical stretching) is
particularly sensitive to the TTF charge and typically exhibits
a large frequency shift upon oxidation.”*~* The v, frequency
shifts from 1515 (in TTF) to 1414 cm™' (in
TTF,[SVMo,,0,]) in the Raman spectra (Figure S2),
consistent with the presence of TTF". The doublet at 1553
and 1568 cm™' in TTF also shifts and is found at 1481 and
1503 cm™' in TTF,[SVMo;;0,]. These two bands are
assigned to the v, fundamental and the combination band of
A, vibrational modes.*”*

Electrical and Magnetic Characterizations of the TTF-
SVMo,,0,, Complex. 1. Conductivity. The sheet resistance
of TTF,[SVMo,,0,,] for a solid sample prepared by solution
phase reaction in acetonitrile was measured using the four point
probe method at room temperature (293 + 2 K). The
calculated conductivity for this sample, 1.6 X 107° S cm™, lies
within the semiconducting range.

2. Magnetic Susceptibility. The magnetic susceptibility was
measured on the TTF,[SVMo,;;04] solid prepared by the
solution phase reaction. The temperature dependence of both
the susceptibility and the magnetic moment is shown in Figure
7. The temperature dependence of the latter is the more
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Figure 7. Susceptibility and magnetic moment (u.) in Bohr
magneton (ug) of TTF,[SVMo,;Oy] material as a function of
temperature at a magnetic field of 1 T.

the behavior of the szg orbital ground state of this ion. Unlike
the case of the TTF-P,W Oy, material described previously,”*
the magnetic moment was essentially independent of the
magnetic field (0.001-1.0 T).

3. EPR Spectroscopy. TTF exhibited only a very weak
resonance of width 0.96 mT at approximately g = 2.010
associated with the presence of trace amounts of TTEF"
Similarly, polycrystalline (n-BuyN);[SVMo,;,0,] exhibited
only very weak resonances due to the parallel and perpendicular
components of the 8-line hyperfine spectrum arising from V**
ions (*'V; I =7/, 99.75%). Spectra some 1000 times more
intense were obtained at room temperature from the
polycrystalline powders obtained by grinding together mixtures
of TTF and (n-Bu,N);[SVMo,;0,] in the solid state and by
crystallization from a mixture of these two components in a
MeCN solution. The strong EPR resonances described below
have therefore resulted from the interaction of TTF and the
POM in both the solid state and in MeCN solution. The
spectra of the solids obtained through crystallization from
MeCN solution were more consistent than those of samples
obtained by the solid state route. Quantification was further
complicated by the sensitivity of the TTF" moieties to light and
moisture.*> Nevertheless, the EPR spectral behavior could be
correlated in a qualitative fashion with the results of the
magnetic susceptibility measurements.

As shown in Figure 8a, the EPR spectrum at 290 K showed
the multiline hyperfine resonances expected from V*" and also a

Intensity (a.u.)

300 350 400
B/mT

Figure 8. Experimental EPR spectra of TTF,[SVMo,,O,,] solid
(prepared by the solution phase reaction) at (a) 290, (b) 110, and (c)
2.6 K. (d) Simulation of 2.6 K spectrum. Spectrometer settings: (a—c)
receiver gain 1.0 X 10% 100 kHz modulation amplitude 1.0 G; field
scan rate 1400 G/84 s; time constant 41s; microwave frequency (a)
9.619 GHz, (b) 9.690 GHz, (c) 9.685 GHz; microwave power (a)
0.105 mW, (b) 4.18 W, (c) 0.209 uW.

directly informative as to the number of unpaired spins and
here indicates the existence of a multicomponent system with
three regions of spin behavior. As shown in Figure 7, the
magnetic moment of ~2.0 ugz at 150 K increases with
temperature, reaching ~2.8 uz at 300 K* This increase is
indicative of the existence of a collection of electron spins
coupled by antiferromagnetic interactions with |Jl > 300 K. In
the temperature region between 50 and ~150 K, the magnetic
moment varies only slightly with temperature with a value of
around 1.9 g, consistent with the existence of a spin system
with S = '/, and only one unpaired spin per TTF,[SVMo,,0,]
unit. Below ~S50 K the magnetic moment decreases. As
discussed below, this decrease may be due to antiferromagnetic
spin interactions between the V* jons or as a consequence of

resonance at ¢ ~ 1.99 with a width ~8 mT and superimposed
on the central resonance of the V*' spectrum. This latter
resonance is attributed to unpaired electrons associated with
the TTF chains. At 290 K, the intensity of the V** resonances
accounted for all of the V ions present. As the temperature was
reduced, the intensity of the g ~ 1.99 resonance decreased both
absolutely and relative to the V** resonances (see Figure S3)
and, as shown in Figure 8b, was not observed at 110 K. No
resonances other than these were observed over the temper-
ature range from 290 K down to 2.6 K in the magnetic field
range from S to 605 mT, even at spectrometer system gains
some 2 orders of magnitude greater than those used for the
obtaining spectra of Figure 8.
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Table 2. Spin Hamiltonian Parameters Used in the Simulation of the EPR Spectra of TTF,[SVMo,,0,,] (Polycrystalline
Powder at 2.6 K) and (n-Bu,N),[SVMo,,0,,] (Frozen MeCN Solution at 120 K)“

& & g
TTF,[SVMoy,0,] 1.978 1.978 1.936
(n-Bu,N),[SVMo,,0,] 1.978 1.978 1.936

A, A, A, P o’
53 53 148 0.35 0.80
53 53 152 0.35 0.84

“The components of A (*'V hyperfine interaction) and P (nuclear quadrupole interaction) are in units of X10™* cm™". Uncertainties are as follows:
g-values +0.001; A-values +1; P + 0.03. o is the spin density in the 3d,, orbital.

The only resonances observed in the temperature range from
~120 K down to 2.6 K were those due to V*. The 2.6 K
spectrum is shown in Figure 8¢, and a spectrum simulated using
the spin Hamiltonian parameters listed in Table 2 is shown as
Figure 8d. No microwave power saturation effects were
observed at mW power levels at 2.6 K. As described below,
the number of V* ions contributing to the EPR spectrum
decreased below ~50 K although the spectrum itself was
essentially unchanged.

The spectra showed that all V** ion sites are magnetically
equivalent, although the X-ray crystallographic evidence is that
they are distributed over a number of sites in the
polyoxometalate structure. The spin Hamiltonian parameters
listed in Table 2 for TTF-SVMo,,0, are closely similar to
those found for frozen solutions of the electrochemically one-
electron reduced (n-Bu,N),[SVMo,;0,] as also listed for
comparison purposes in Table 2. These are consistent with
those found for the analogous Keggin complexes (n-
Bu,N),XVMo,;0, (X = P, As)."” The g- and A values are
typical for the VO*" ion where the unpaired electron is located
in a metal d,, orbital.*® In the present case, the fractional spin
density in the 3d,, orbital, calculated using the expressions of
McGarvey,47 is & = 0.80, similar to that of the other materials,
and indicates that the unpaired electrons are largely localized
on the V* site.

The prominent resonance at g ~ 199 of width ~8 mT,
observed at 290 K, is attributed to unpaired electrons in the
TTF chains, where these electrons are sufficiently mobile for
the exchange interactions to average out the hyperfine and
dipolar interactions. A feature of this resonance was that it
decreased in intensity as the temperature was reduced from 290
K toward 110 K and was not observed at lower temperatures.
This behavior is consistent with the TTF" cations forming a
one-dimensional Heisenberg antiferromagnetic chain with a
value of ] >> 300 cm™". The decrease in g-value from that of the
TTF" cation can be accounted for by the delocalization of the
electronic wave function onto the Mo ions of the
polyoxometalate. The fraction of the electron density
delocalized onto the polyoxometalate required to give the
reduction in g-value from the approximate g = 2.010 of the TTF
cation may be estimated at around 30%.*

The temperature dependence of the number of EPR
detectable V*' ions is shown in Figure S4 as a plot of I X T
as a function of T, where I is the EPR absorption intensity
(obtained by double integration of the experimental first
derivative spectrum) and T is the absolute temperature. The
data above about 120 K shown in Figure S4 is subject to
significant uncertainties, due to the difficulty of subtracting the
TTF contribution. However, the quantity I X T is seen to
remain approximately constant until the temperature is reduced
to around 50 K, when it commences a decrease to
approximately one-third of its high temperature value at 2.6
K. This decrease in the EPR spin concentration below about 50

K occurs at a similar temperature to that of the decrease in
magnetic moment shown in Figure 7.

4. Discussion of EPR and Magnetism. The interpretation of
the electronic and magnetic properties of TTF,[SVMo;;0,,]
requires a knowledge of the structural arrangement and the
interactions between the organic and inorganic components of
the system. The temperature dependence of both the
magnetism and the EPR spectra shows three distinguishable
regions of behavior. In the temperature range from 300 K down
to around 150 K, the magnetic moment decreases, as does the
intensity of the resonance at g ~ 1.99 attributed to unpaired
electrons in the TTF chains. This is consistent with the
existence of a one-dimensional Heisenberg antiferromagnetic
chain, as may be inferred from the X-ray crystallographic
studies at 120 K. These show that the TTF cations form chains
of (TTF),*" dimers arranged in a stack, where the interplanar
spacing of the components of the dimers is 3.27 A and adjacent
dimers are arranged with their planes at an angle of 44.7°, as
shown in Figure 6.

In the temperature range from ~120 K down to ~50 K, both
the magnetic moment and the V** EPR intensity vary little as
the temperature decreases. The magnetic moment in this
temperature range, ~1.9 g and the EPR intensity imply that
there is only one unpaired electron. The spin density, derived
from the spin Hamiltonian parameters, show that it is localized
in the 3d,, orbital of the V** jons.

In the temperature region below ~50 K, both the magnetic
moment and the EPR intensity show a rapid decrease with
temperature. Decreases in the magnetic moment with
decreasing temperature have been known for V** complexes
for many years*”*° and are interpreted as being a consequence
of the splitting of the ZTZg ground state of the V** (3d') ion
into orbital singlet and doublet states by spin—orbit coupling
and trigonal or tetragonal distortions of the cubic crystal field.
Where the splittings between the singlet and doublet states are
small, the states are mixed and the magnetic moment is strongly
temperature dependent.SI However, in the present case, the
small deviation of the g-values from that of g, together with the
ready observation of V*" resonances at room temperature and
the absence of indications of a Jahn—Teller effect at low
temperatures, are all consistent with the singlet orbital state
being well separated from the doublet by a large axial distortion
of the crystal field, as is consistent with expectation for the
VO?* ion.

A more likely explanation of the decreases in magnetic
moment and EPR detectable spins draws on the similarity with
the decreases observed in other salts of 7z-electron organic
donors and inorganic complex anions.’”** In some of these
cases, a phase change in the TTF chains in the form of a Peierls
transition takes place at low temperatures, with a rearrangement
into tetrameric structures instead of the dimeric structures
observed at the higher temperatures. In the present case, TTF
cations are arranged in a 1-D stack and are linked to the POM
anions by a three-dimensional network of hydrogen bonds. It
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can be speculated that a rearrangement of the TTF cations
from a dimeric to a tetrameric arrangement as a result of a
Peierls-like transition results in the establishment of pathways
for interaction between the electrons on the V*" ions in the
POM structure. This interaction would appear to be similar to
that proposed for some of the (BEDT-TTF)-polyoxometalate
(BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene) com-
plexes described by Coronado et al.>* where the Keggin anions
form a linear chain and antiferromagnetic interactions between
substituted metal ions on the surface of the polyoxometalate
anions of the chain occur via delocalized electrons. However,
we cannot confirm the existence of a Peierls-like transition in
the present case, as we were unable to perform the appropriate
low temperature conductivity measurements or to determine
the structure at liquid helium temperatures.

B CONCLUSION

The charge-transfer complex, TTF,[SVMo;,0,,], was obtained
by spontaneous reaction between TTF and polyoxometalate
(n-BuyN);[SVMo,,0,,] in either the solution or solid state
phases. X-ray diffraction analysis of a solvated single crystal of
this compound indicates a column stacking structure. The
Raman spectrum of the solid confirms that the charge on the
TTF components is +1, in agreement with results derived from
X-ray crystallography. Powdered samples of TTE-SVMo,;0,,
exhibit room-temperature conductivity within the semiconduct-
ing range. EPR spectra of this complex at temperatures down to
2.6 K in combination with magnetic data confirm the presence
of paramagnetic V(IV) and paramagnetic TTF" and also imply
the presence of electronic interactions between oxidized TTF
and polyoxometalate.
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