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ABSTRACT: The tetrabutylammonium complex with a 2:S stoichiometry, (n-BuyN),(TCNQ)s, has been prepared and
structurally characterized by X-ray crystallography. Diagnostic bands in the Raman spectrum and signature features in the
electrochemistry confirm that the TCNQ moieties are partially charged in the solid state. EPR, magnetic susceptibility, and
electrical conductivity measurements are all consistent with (n-Bu,N),(TCNQ), behaving as a quasi-one-dimensional organic

semiconductor.

B INTRODUCTION

7,7,8,8-Tetracyanoquinodimethane (TCNQ) is well-known to
be an electron acceptor which readily forms charge—transfer
(CT) complexes.">> These TCNQ-based materials are found
with a number of different cation:anion stoichiometries and are
of considerable interest because of their extensive and novel
electrical, electrochemical, and magnetic properties arising from
the characteristic z-stacking of the TCNQ moieties into
columns. Accordingly they offer exciting applications as
molecular devices.*>™'

TCNQ_ derivatives with lower stoichiometries are quite
common and generally exhibit weak semiconductivity at room
temperature,3’16_23 although (TTF)(TCNQ) is a rare case of
an organic metal conductor.”* Examples with higher
stoichiometries are rare and were reported by Ashwell et al
~30 years ago. These included 2:5,%° 1:4,°7%° and 1:5°%*!
cation:anion ratios, and these complexes all employed
bipyridinium dication derivatives. These examples display the
high range semiconductivity (2 X 107 to 2.2 X 10* S cm™),
and one even shows metallic behavior at low temperature.*”
Interestingly, X-ray structures of these higher stoichiometries
reveal that the TCNQ moieties are arranged into tetramers or
pentamers, suggesting that these small organisational units
within the TCNQ_column enhance the conductivity for these
samples.>> ™!

Of the TCNQ complexes in which the cations are
tetraalkylammonium salts (e.g, Me,N, Et,N, Pr,N, and
Bu,N), the highest stoichiometry reported to date is 2:3,>
and only a 1:1 complex has been crystallized for the
tetrabutylammonium-TCNQ case.>* Here we report the
synthesis, the single crystal X-ray structure, and comprehensive
physicochemical characterization of a new tetrabutylammo-
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nium—TCNQ_complex with the unusual higher stoichiometry
of 2:5.

B RESULTS AND DISCUSSION

The complex was synthesized by mixing 0.3 mM equivalence of
(n-Bu,N)(TCNQ) and TCNQ" in THF. The solution was
filtered to remove some precipitants followed by evaporation of
the solvent to afford a dark blue solid. Single crystals were
grown by diffusion of diethyl ether into a methanol solution
and were suitable for X-ray crystallographic studies. The
polycrystalline solid was also characterized by NMR, IR, and
Raman spectroscopy and electrochemistry. These data
supported the formulation (n-Bu,N),(TCNQ);-2MeOH and
are consistent with the single crystal structure.

The complex crystallized in the triclinic space group P-1. The
asymmetric unit contained one n-Bu,N cation with its charge
balanced by the two and a half TCNQ species. One methanol
solvent of crystallization was also included (Supporting
Information Figure S1). The crystal structure shown in Figure
1A reveals that the TCNQ_ columns are separated by the n-
Bu,N cation layers, resulting in a 2D network supported by
weak hydrogen bonding between the nitrile groups of the
TCNQ’s and the CH, groups of the n-Bu,N cations. The
methanol solvate is clearly resolved and resides between the
TCNQ columns and the n-Bu,N cation layers as shown in
Figure 1A.

The three crystallographically inequivalent TCNQ_moieties,
namely, TCNQ-A, TCNQ-B, and TCNQ-C, are close to planar
and stack into a pentamer within the TCNQ columns,
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Figure 1. X-ray crystal structure of (n-Bu,N),(TCNQ);. (A) The
packing diagram viewed along the c¢ axis illustrating columns of cation
and anion. (B) The TCNQ anion stacking of the pentamers composed
of individual TCNQ_units (A, B and C). (C) The z-stacking of the
adjacent TCNQ moieties that overlap as shown in the diagram as top-
bottom: TCNQ-AB, TCNQ-BC, TCNQ-AA.

therefore forming the ABCBAA' pattern along the ¢ axis (Figure
1B). There are strong 77— interactions between the adjacent
TCNQ moieties, with interplanar distances of 3.22 A (TCNQ-
AB), 324 A (TCNQ-BC), and 3.37 A (TCNQ-AA'). The
TCNQ_moieties overlap in a pattern that is characteristic of
most mixed-valence TCNQ_dimers, in which the ring of one
TCNQ_molecule overlaps with the external double bond of a
second TCNQ_ (Figure 1C)."*** However, an interesting
structural feature is that the TCNQ pentamers are also offset or
staggered along the longitudinal axis. Thus, within a TCNQ
pentamer, the external bond to ring overlap for adjacent
TCNQ’s is in the same direction (Figure 1C, TCNQ-AB,
TCNQ-BC); however, between pentamers the direction for
“staggering” is reversed (Figure 1C, TCNQ-A'A). We speculate
that such ordering may result in the somewhat lower
conductivity observed in our case in comparison with the
published examples containing (cation),:(TCNQ); ratio
complexes (n = 1, 2).233% The degree of charge transfer (p)
for (n-Bu,N),(TCNQ)s can be estimated using an empirical
relationship correlating the bond lengths of each TCNQ
moie‘cy.36’37 We calculate these p values to be —0.3 (TCNQ-A),
—0.5 (TCNQ-B), and —0.4 (TCNQ-C). Interestingly, the two
electrons are unevenly distributed over the TCNQ_pentamers.
Thus the total charge across the five TCNQ_ moieties can be
estimated as ca. —2.0 as required for neutralization of the two
cations. This is in marked contrast to the bipyridinium—TCNQ
complexes, in which we have calculated p and shown that the
charges are evenly distributed across the TCNQ_pentamer for
the 2:5 complex,” and also in the case of the 1:5 complex,* the
one charge is localized on 2 of the S TCNQ moieties and the
remaining TCNQ moieties are approximately neutral.

Raman and IR spectroscopy were also used to support the
analysis for the degree of charge transfer for the TCNQ
moieties. In the Raman spectrum, two stretching bands at 2211

and 1437 cm ™!, corresponding to the C=N and the extracyclic
C=C groups, were observed. These frequencies lie between
those expected for the neutral TCNQ_and anionic TCNQ!~,*
indicative of a partially charged TCNQ_moiety in the solid
state. The IR spectrum confirmed that the complex contained
fractionally charged TCNQ species with sharp stretching bands
at 2197 and 2160 cm ™" attributable to C=N, strong absorption
of C—H band at 834 cm™!, again lying between that expected
for TCNQ? and TCNQ!".

In the solution phase, the TCNQ_pentamer is believed to
dissociate into TCNQ® and TCNQ!™. Electrochemical studies
of TCNQ are characterized by two well-defined TCNQ"'~ and
TCNQI_/Z_ reduction processes in acetonitrile (0.1 M
Bu,NPF). Steady-state voltammetry is a useful method to
determine the redox level of the species, from the position of
zero current. Thus the steady-state voltammogram shown in
Figure 2 (black curve) has the zero current passing through the
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Figure 2. Steady-state (black curve) and transient voltammograms
(red curve) of a 1.0 mM (#-Bu,N),(TCNQ); MeCN solution
containing 0.1 M Bu,NPF as the supporting electrolyte. Steady-state
employed a 10 um diameter Pt electrode at a scan rate of 50 mV s™".
Cyclic voltammogram (red curve) employed a 2.0 mm diameter glassy

carbon electrode at a scan rate of 100 mV s,

first reduction process TCNQ®'~ at a level that corresponds to
39% TCNQ'™ and 61% TCNQ" and is close to the value of 2
TCNQ'™ per 3 TCNQ®. Once again, this agrees well with the
stoichiometry deduced from crystal structure. A UV—vis study
in acetonitrile (Supporting Information, Figure S2) also
supports the coexistence of TCNQ® and TCNQ'™ in solution
at a ratio of close to 2:3. Thus both electrochemical and UV—
vis studies confirm that TCNQ moieties in the solid dissociate
into neutral TCNQ" and TCNQ'~ in acetonitrile. This pseudo-
disproportionation has been observed previously for the (n-
Pr,N)(TCNQ), solid.*

Room temperature electrical conductivity (S) measurements
were obtained using a pressed pellet and gave Sy = 7.1 X
107 S cm ™. This is within the typical semiconductor range.
The temperature dependence of the resistance was obtained
using a single crystal with a four point probe, which also
confirmed the semiconducting behavior, as shown in Figure 3.
The absolute value of resistance (R) at room temperature was
24 kQ. The electrical resistance of several single crystals was
measured between 300 and ~200 K, and these samples all
showed an exponential increase in electrical resistance with
decreasing temperature. A further decrease in temperature
caused a dramatic increase in R to values that were beyond the
experimental range of the equipment used. This temperature
dependence is characteristic of a Type I semiconductor’®* and
can be represented by an equation of the form R = R, /X7,
where E is an activation energy and T is the absolute
temperature. The data in Figure 3 gives an estimate for E of
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Figure 3. The temperature dependence of the resistance of a single
crystal of (n-BuyN),(TCNQ);. The inset figure shows the data fitted
according to the nearest neighbor hopping transport model. (O)
Experimental data.

~0.15 eV. However, a detailed exposition of the conduction
mechanism (i.e., whether nearest neighbor hopping is used to
fit the data, see insert in Figure 3, or a band gap model that also
can be used to fit the data, not shown) awaits further study.
Due to fragility and small size of the single crystals, it was
impossible to measure the resistance along a particular crystal
direction, e.g., along the axis of the TCNQ_pentamer columns.
Thus it is not surprising that the conductivity we report here
was somewhat lower than we anticipitated, and we noted that it
was also lower than that of some of the other TCNQ pentamer
complexes.”>*3%3

The EPR spectrum of a polycrystalline powder of (n-
Bu,N),(TCNQ); exhibited an intense resonance at 290 K with
partially resolved orthorhombic features with g, = 2.0037, g, =
2.0029, and g; = 2.0025 (Figure 4a). These g-values are typical
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Figure 4. EPR spectra of a polycrystalline powder of (n-
Bu,N),(TCNQ); at (a) 290 K and 9.4228 GHz and (b) 110 K and
9.4215 GHz. Spectrometer settings: microwave power 1.0S yW; 100
kHz modulation amplitude 10 yT; field scan range/time 1 mT/41.9 s;
time constant 20.48 ms; spectrometer gains (a) 1.0 x 10° and (b) 2.0
x 107,

for TCNQ!™ anions* and are very similar to those found for
(n-Pr,N)(TCNQ),.** As also was the case for (n-Pr,N)-
(TCNQ),, a reduction in temperature to 110 K resulted in a

spectrum with the appearance of axial symmetry with g, =
2.0034 and g, = 2.0024 (Figure 4b). The lowering of the
temperature to 110 K resulted in a decrease in the product I X
T to about two-thirds of its value at 290 K, where I is the area
under the absorption curve, T is the temperature and the
product I X T is proportional to the effective number of
unpaired spins with S = 1/2. This decrease is consistent with
the magnetic susceptibility measurements described below and
is indicative of antiferromagnetic interactions between the
electron spins. However, the absence of EPR resonances in the
regions around g = 2 and g = 4, even at system gains 10° times
higher than that used for Figure 4, indicates that the two
electrons per (n-Bu,N),(TCNQ); unit do not form a discrete
antiferromagnetically coupled pair with spin S =1 similar to that
found for (n-Pr,N)(TCNQ).*> Rather, the electrons are
delocalized over the TCNQ_ chain and are sufficiently mobile
on the EPR time scale (~107!% s) for both the electron—
nuclear hyperfine interactions and the dipolar interactions
between nearby spins to be averaged out.*”

The temperature dependence of the static magnetic
susceptibility of a polycrystalline powder of (n-
Bu,N),(TCNQ) (Figure S) shows a maximum in the curve
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Figure 5. Plot of temperature dependence of the magnetic
susceptibility yp ((J) and y, T (O) for (n-Bu,N),(TCNQ); measured
at 0.5 T magnetic field.

at ~80 K and a paramagnetic Curie-like tail, attributed to
isolated and localized spins, below ~30 K. The p.¢ at 290 K
corresponds to approximately two unpaired electrons per (n-
Bu,N),(TCNQ); unit, consistent with the EPR intensity. The
product yyT (yuT is proportional to the magnetic moment and
thus the number of available spins) as a function of T shows a
decrease with temperature, indicating antiferromagnetic cou-
pling between spins. Although the temperature dependence of
the magnetism between 300 and ~20 K can be fitted to a dimer
model with two electrons per (n-Bu,N),(TCNQ); unit and an
antiferromagnetic exchange interaction J = —54 cm™', the
results are better described as being due to a quasi-one-
dimensional Heisenberg antiferromagnetic system.*"** A
description of the present system in these terms is also
consistent with the resistance and EPR measurements. The
similarity of the temperature dependence of both yy and T
of (n-BuyN),(TCNQ); with that of the quasi-one-dimensional
organic semiconductor (n-Bu,NH,)(TCNQ)," should be
noted, although in the present case there is no clear evidence
for a Peierls-like phase transition.
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B CONCLUSIONS

In summary we have reported the synthesis of an unusually
high stoichiometry organic semiconducting material, (n-
Bu,N),(TCNQ)s, which represents the first 2:5 ratio complex
found in the tetraalkylammonium—TCNQ_series and is a rare
example of this stoichiometry. X-ray structure analyses
indicated that the complex consists of a layered structure
supported by H-bond interactions. The TCNQ anions form a
1D pentamer column with a short interplanar distances of 3.2
A, leading to a comparatively high conductivity. Raman and IR
spectroscopy support partially charged TCNQ moieties in the
solid state. The solution studies by electrochemistry and UV—
vis spectrum indicated that (n-Bu,N),(TCNQ); complex
undergoes a pseudo-disproportionation into TCNQ’ and
TCNQ'™ in MeCN. Both the magnetic susceptibility and
EPR spectra of this new material showed behavior typical of a
quasi-one-dimensional organic semiconductor.

B EXPERIMENTAL SECTION

Chemicals. Tetrabutylammonium bromide, tetrabutylammonium
iodide, lithium iodide, methanol, acetone, acetonitrile, tetrahydrofuran,
diethyl ether were used as received. 7,7,8,8-Tetracyanoquinodi-
methane (TCNQ) was recrystallized from acetonitrile prior to use.
Tetrabutylammonium hexafluorophosphate was recrystallized twice
from ethanol before use. Gold-coated glass slides with a typical area of
0.20 cm® were used as substrates for Raman characterizations. All
aqueous solutions were prepared from water of resistivity of 18.2
MQ-cm.

Synthesis of the Title Complex, (n-BuyN),(TCNQ)s. (n-
Bu,N)(TCNQ) (141 mg, 0.31 mmol) in THF (5 mL) and 64.2 mg
(0.31 mmol) of TCNQ® in THF (5 mL) were combined and stirred
for 2 h under N, at room temperature. After filtration, the solvent was
removed via rotary evaporation, yielding dark blue powders [120 mg,
51% based on (n-Bu,N)(TCNQ)]. '"H NMR (300 MHz, methanol-
dy): 6 1.0S (t, ] = 6.6 Hz, 13.2), 1.45 (m) 1.69 (m), 3.23 (m). FT-IR
(v/em™): 2197(s), 2160(bs), 1563(s), 1529(m), 1473(w), 1426(s),
1305(s), 1106(s), 1069(s), 951(s), 888(m), 834(s), 742(w), 736(w),
692(s). Anal. Calcd for (Bu,N)(TCNQ),MeOH [C,;H,N,,0]: C,
71.94, H 638, N, 19.64. Found: C, 72.17, H 6.66, N, 19.92.

Single crystals suitable for X-ray analysis were obtained by diffusion
of diethyl ether into a methanolic solution of the complex over two
weeks. Crystal data for C,;H,N,,;0, M = 780.95, 0.30 X 0.16 X 0.12
mm?, triclinic, space group P-1 (No. 2), a = 7.7869(6), b =
16.4712(12), ¢ = 17.3078(13) A, a = 100.676(4)°, f = 92.585(4)°, y =
92.799(4)°, V = 2175.5(3) A%, Z = 2, D, = 1.192 g/cm®, Fy = 826,
Mo Ka radiation, 4 = 0.71073 A, T = 123(2) K, 20,,,, = 50.0°, 27917
reflections collected, 7505 unique (R, = 0.0560). Final GoF = 1.022,
R1 = 0.0666, wR2 = 0.1765, R indices based on 4546 reflections with I
> 206(I) (refinement on F?), 538 parameters, 0 restraints. Lp and
absorption corrections applied, ¢ = 0.075 mm™". The asymmetric unit
of the single crystal is shown in Supporting Information, Figure S1.

Electrochemical Procedures and Instrumentation. Voltam-
metric experiments were conducted with an electrochemical work-
station at room temperature (22 + 2 °C). Either a 2.0 mm diameter
glassy carbon macrodisk electrode (area = 0.0297 cm?) or Pt
microelectrode (diameter = 10 um) was used as the working
electrode. The Pt counter electrode was placed directly in the test
solution and an Ag/Ag" reference electrode (10 mM AgNO;, 0.1M
Bu,NPF,, in MeCN) was separated from the test solution by a salt
bridge containing the supporting electrolyte.

Physical Characterization Procedures. A single crystal was
mounted on fine glass fibres using viscous hydrocarbon oil. Data were
collected using a diffractionometer equipped with graphite mono-
chromated Mo Ka radiation. The data collection temperature was
maintained at 123 K using an open-flow N, cryostream. The structure
was solved by direct methods using SHELXS-97.** Least-squares
refinements against F* were carried out using SHELXL-97 with the

program X-Seed as a graphical interface.** All non-hydrogen atoms
were anisotropically refined, and all hydrogen atoms were placed in
their calculated positions and refined following the riding model.
CCDC 817922 contains the supplementary crystallographic data for
this paper and can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif. XRD powder diffraction was measured with a diffractionmeter with
Cu Ka radiation (1 = 1.5418 A). An aluminum insert was used due to
limited sample size.

Raman spectra were acquired with a spectrometer and microscope
using a 514 nm laser line and a power of 18mW. FT-IR spectra were
recorded using an ATR Instrument. 'H NMR spectra were obtained
using an 300 MHz spectrometer. 'H resonances were referenced to
residual hydrogen from methanol-d, as 3.31 ppm (vs TMS).

X-band (ca. 94 GHz) EPR spectra were recorded with a
spectrometer. Temperatures between 290 and 110 K were obtained
using the standard rectangular TE;, cavity together with a
temperature controller and associated nitrogen gas flow insert. The
microwave frequency was measured with an Microwave S548A
frequency counter, and the g-values were determined by reference to
the F* line in CaO (g = 2.0001 + 0.0001).* The experimental spectra
were obtained as the first derivative of the absorption. The spectral
intensities were obtained by double integration of the experimental
spectrum. The g-values were estimated by spectrum simulations using
a computer simulation software suite.*’ The uncertainty in the g-values
is estimated as +0.0002. Magnetic susceptibility measurements were
made with sample masses of ~30 mg using a magnetometer in a dc
field of 0.5 T.

Conductivity Measurements. Room temperature conductivity
measurements were carried out on a pressed pellet of the complex with
a four-point probe test meter. The measurements of the conductivity
on a single crystal have been done using standard four probe
technique. Because of the fragile nature of the samples, first, single
crystals were carefully attached to a MgO single crystalline substrate by
nonconducting apiezon paste. Then the substrate was secured on the
resistivity puck by double-sided sticky tape. For electrical connection,
four contacts were made using high grade silver paste and 25 ym gold
wires. After insertion of the resistivity puck into a chamber, it was
purged with He gas and evacuated to a pressure of around S Torr. The
resistivity versus temperature scans were done by sweeping the
temperature at a rate of 3 K/min from 300 to 200 K.

B ASSOCIATED CONTENT

© Supporting Information

'H NMR, UV—vis, XRD, and crystallographic information in
CIF form for the complex (n-Bu,N),(TCNQ);. This material is
available free of charge via the Internet at http://pubs.acs.org.
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