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Organic Conductor Based on Nucleobase: Structural
and Electronic Properties of a Charge-Transfer Solid
Composed of TCNQ Anion Radical and
Hemiprotonated Cytosine

Tsuyoshi Murata

Kazukuni Nishimura

Gunzi Saito

Division of Chemistry, Graduate School of Science, Kyoto University,
Oiwakecho, Kitashirakawa, Sakyo-ku, Kyoto, Japan

A semiconductive charge-transfer solid was prepared by the reaction of cytosine
and TCNQ. Cytosine molecules formed a hemiprotonated cytosine pair by comp-
lementary triple hydrogen bonds, and the pairs were then linked by complemen-
tary double hydrogen bonds to form infinite ribbons. TCNQ molecules formed
uniform segregated columns. The robust hydrogen bonds linking the cytosine
and TCNQ molecules preserved the uniform arrangement even at low tempera-
tures. Such structural regulation demonstrated a high conductivity of 3 x 1072
S em™1 in a fully ionic TCNQ salt by virtue of large transfer interaction and short
interplanar distance of TCNQ molecules.

Keywords: charge-transfer conductor; complementary hydrogen bond; cytosine;
Nucleobase; TCNQ

INTRODUCTION

Biomolecular systems have attracted much attention in the recent
research on molecule-based materials. Electrical conduction of biomo-
lecules is of particular interest [1]. DNA is one of the candidates for
biomolecular conductors, where the one-dimensional (1D) = stack of
nucleobases is regarded as a hole transport path [2]. The base pairing
of nucleobases by complementary hydrogen bonds (HBs) is an impor-
tant factor in establishing the DNA duplex. The robust and directional
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CHART 1 Chemical structure of (CHC')TCNQ®"), 1.

HB features of nucleobases have inspired the exploration of molecular
conductors based on the charge-transfer (CT) complexes in tetrathia-
fulvalene derivatives having nucleobase skeletons [3]. There has been
some research into CT solids composed of nucleobases, which provides
a deep insight into electrical conduction of DNA. However, no conduc-
tive CT solids have been reported [4]. To explore organic conductors
incorporating biomolecules, we have investigated the preparation,
crystal structure, and electronic properties of the CT solids formed
by cytosine (C) and TCNQ derivatives [5], and we report here the con-
ductive CT solid composed of a hemiprotonated C pair and TCNQ
anion radical (TCNQ®*") (1, Chart 1).

C is a nucleobase and a Bronsted base (pK, = 4.55) [6], which forms
readily protonated cation, CH' in acidic conditions. Furthermore, a
pair of C and CH', hemiprotonated C pair (CHC™"), where two C mole-
cules are connected by complementary triple HBs (Chart 1), have
rarely been observed in some salts of C [7], its derivatives [8], and
established well-defined supramolecular structures such as oligocyti-
dine quadruplex [8b]. The complex formation between C and TCNQ,
which produced a 2:1 salt of TCNQ®", has been examined by Sheina
et al., though no physical and structural studies in the solid state have
been elucidated [4c].

EXPERIMENTAL
General Information

Measurements of absorption spectra were done with a KBr disk on a
Perkin-Elmer Paragon 1000 series FT-IR (resolution 2 cm™?) for infra-
red (IR) and near-IR regions (400-7800 em™Y), and on a Shimadzu
UV-3100 spectrometer for near-IR, visible, and ultraviolet (UV-vis-
NIR) regions (3800—42,000cm ). Dc conductivity was measured by
a standard two-probe technique by attaching gold wires (15-25 umd)
on samples using gold paste (Tokuriki 8560-1A). Static magnetic
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TABLE 1 X-Ray Crystallographic Data of 1 (020H15N1002
427.42wt) at 200K and 9K

Value
Parameter 200K 9K
Crystal system triclinic triclinic
Space group p1 pr1
a/A 3.764(1) 3.724(1)
b/A 7.408(2) 7.401(4)
c/A 17.010(5) 16.946(9)
a/° 88.25(2) 88.25(3)
B/° 89.74(2) 89.04(3)
7/° 84.65(2) 84.71(3)
V/A3 472.0(2) 464.8(4)
Z 1 1
deate/g-cm™? 1.504 1.527
No. of intensity meas. 1801 1725
No. of refined parameters 177 174
R (F > 40(F)) 0.067 0.065
wRo 0.198 0.181
GOF 1.032 0.963

susceptibility measurement was done using a Squid magnetosuscept-
ometer (Quantum Design MPMS) from 300K to 2.0 K.

The intensity data of structural analyses were collected using an
oscillator type X-ray imaging plate (DIP-2020K) with a monochro-
mated MoK, radiation at 200 and 9 K. The structures were solved by
direct methods using SHELXS-97 [9]. Refinements of structures were
done by the full-matrix least-squares method (SHELXL-97) [9]. Posi-
tions of hydrogen atoms were determined by D-synthesis. Parameters
were refined by adopting anisotropic and isotropic temperature factors
for nonhydrogen and hydrogen atoms, respectively. Selected crystal
data and data collection parameters are shown in Table 1. The data
was deposited in the Cambridge Crystallographic Data Centre (CCDC
602000 and 602001).

RESULTS AND DISCUSSION
Preparation and Optical Properties

Slow diffusion of C and TCNQ in a methanol (MeOH)-acetonitrile
(MeCN) mixed solvent at room temperature (RT) produced black
plates of 1. Mixing hot solutions of C/MeOH and TCNQ/MeCN in
equimolar portions, or metathesis of C, CH"Cl~, and Li-TCNQ, also
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FIGURE 1 UV-vis-NIR spectra of 1 and K- TCNQ in KBr pellets. As for the
assignment of Band-B, see the text.

produced 1. Selected physical data of 1: mp 211-214°C (dec). IR (KBr)
3400-2600, 2187, 2170, 2157, 1898, 1727, 1698, 1651, 1632, 1570,
1508 cm ™. UV (KBr) 268, 362, 608, 850, 1410 nm. Anal. caled. for
(C4H5N30)(C4H6N30)(C12H4N4)2 C, 5620, H, 354, N, 3277, O, 7.49.
Found: C, 56.30; H, 3.77; N, 32.64; O, 7.74.

Figure 1 compares the UV-vis-NIR spectra of 1 and K- TCNQ.
Among the several absorption bands, a band at 8.5 x 10®cm ! (labeled
band B) in K- TCNQ is a characteristic of an electronic transition
within the segregated column of a fully ionic TCNQ®~ [10]. The tran-
sition energy is related to the effective on-site Coulomb energy needed
to transfer an electron from a certain TCNQ®~ site to another site in a
fully anionic column. At less than 30 x 103cm ™%, 1 has a similar fea-
ture to K TCNQ, except for a slight red shift of band B
(7.1x10>cm 1), confirming that the TCNQ molecule is ionized to
TCNQ®™ in 1. Because 1 did not exhibit an absorption band at less
than 5 x 10 3cm !, as seen in the partial CT state [11], the CT degree
(7) of TCNQ molecule in 1 is estimated to be 1. In agreement with this
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FIGURE 2 IR spectra of 1, KTCNQ, C, and CH'Cl™ in KBr pellets in the
range of 1400-1800cm . Dashed lines indicate C=C and C=O stretching
modes.

estimation, the C=C stretching modes in the IR spectrum (Fig. 2) of
TCNQ (b1y, bsy), which are sensitive to molecular ionization while
insensitive to short atomic contacts around TCNQ [11a], are similar
to those of K-TCNQ. Whereas the C=N stretching modes, which were
conventionally used to estimate ionicity [12b], are very sensitive to
atomic contacts around the C=N groups (vide infra) and hence did
not yield precise information on the ionicity of TCNQ in 1.

The C=0 stretching modes, which provide information on the C
species of 1 (Fig. 2), are not simple superimposes of those of C and
CH'Cl, but peaks at 1727, 1698, and 1651cm ! are reminiscent of
those in the cytidinium—cytidine pair [12]. Therefore, the C species
in salt 1 is assigned to CHC". Consequently, the optical data clearly
deduced that 1 is represented as (CHC)"(TCNQ®~) with a segregated
column of TCNQ®~, consistent with both elemental analysis for the
chemical formula and structural analysis for the chemical species
and column structure.
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Crystal Structure

Compound 1 crystallized in a triclinic system, and one C and halfof TCNQ
molecules are independent. No significant difference in the crystal struc-
ture was found between 200 and 9 K, and so the details are based on the
data at 200 K. The ionicity of TCNQ was evaluated as approximately
1 based on the intramolecular bond lengths (Table 2) [13], which is in
good agreement with the optical data. Uniform segregated stacks of
TCNQ®*~ columns were formed along the a-axis (Fig. 3), and a one-
dimensional (1D) band structure was calculated by the tight-binding
approximation based on the crystal structure. The interplanar distance
between TCNQ molecules was 3.14 A and decreased to 3.10 A at 9K,
which was shorter than any other TCNQ salts with a uniform column
(3.22-3.48 A at RT), even taking the thermal contraction into account
[14]. In sharp contrast to the 1D alkali metal TCNQ®~ salts exhibiting
monomer—dimer transition above 200K, due to spin-Peierls instability
[15], the uniform TCNQ stacks in 1 could be preserved down to 9 K.
Two C molecules form a oCHC* pair by complementary triple HBs
with two N3—H---O1 (2.84 A) bonds and an N2—H---N2 bond (2.84 A)
(Fig. 4). Because the hydrogen atom on N2 is disordered into two
sites with a site occupancy factor of 0.5, an inversion center is located
at the center of CHC'. The CHC™ unit in 1 is symmetric, similar to
those observed in (CHC")[trichloroacetate] [7a], but different from
the asymmetric CHC™' unit observed in (CHC')[resorcylate]-Hy0,
(CHC")3[ZnCl,], [Ni(nta)(H;0):l(CHC")-2H,0 (nta: nitrilotriacetic
acid), and (CHC")[BF,] [7Tb—e]. Between CHC" pairs, complementary
double HBs (N3---0O1 = 2.88 A) exist, forming an infinite flat ribbon
(//b, Fig. 5). Such a ribbon structure has been observed in [Ni(nta)
(H50),J(CHC™)-2H,0 [7d] and cytosine-5-acetic acid [8a]. In addition,

TABLE 2 Intramolecular C—C Bond Lengths of TCNQ Molecule in 1, TCNQ°
and Ionic TCNQ®*~

N N
N\ pE Vi
(o]

V4 AN

N N
TCNQ Molecule a/A b/A c/A d/A
1 1.371(4) 1.413(4), 1.423(4) 1.416(4) 1.409(4), 1.420(4)
TCNQ°[12a] 1.346 1.448 1.374 1.441

TCNQ*®[12b] 1.373 1.426 1.420 1.416
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FIGURE 3 Crystal packing of 1 viewed along the b-axis at 200 K.

the CHC™ pair formed HBs with TCNQ (N1-H.--N=C, 2.88 A) to
establish a two-dimensional (2D) HB sheet (Fig. 5).

CHC" ribbons stacked uniformly along the a-axis with an interpla-
nar distance of 3.32 A to form a thin polycationic layer in the a—b
plane. In addition, a polyanionic layer was formed in the a-b plane
by a weak C—H---N=C HB (3.36 A) connecting neighboring TCNQ
columns. Therefore, the crystal is regarded as a layered compound
consisting of an alternating arrangement of polycationic (9.10 A wide)
and polyanionic layers (8.23 A) along the c-axis with robust HBs
between them. These robust HBs stabilize the uniform layered struc-
ture even at low temperatures.

Electric and Magnetic Properties

It is known that fully ionic TCNQ radical salts with uniform stacks are
insulators of Mott type with ogr = 10*-10"° Sem ™! [15]. The electri-
cal conductivity of 1 along the stacking direction at RT was 3 x 102
Scm ! with an energy gap of 0.28eV (Fig. 6). Such a large ogr value
is because of the favorable uniform stacking of TCNQ®*  with a
ring-over-bond type pattern and the short face-to-face distance in
the TCNQ column. The temperature dependence of -electrical
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FIGURE 4 A CHC " pair with complementary triple HBs.

conductivity between RT and 100 K showed no anomaly due to spin-
Peierls transition, which is in agreement with the crystal structural
analysis. The magnetic susceptibility value (fstar, 4.5 x 107° emu
mol 1) of 1 at RT indicates that only 3.6% of spins survive because of
the considerable magnetic coupling by strong antiferromagnetic
exchange (Fig. 7). No magnetic ordering such as spin-Peierls transition
or antiferromagnetic ordering was present down to low temperatures
(9K), contrary to other conventional 1D TCNQ®*™ Mott systems [15].

Stabilization of Uniform One-Dimensional Structure

To study the stabilization mechanism of the preservation of the uni-
form arrangement in the TCNQ column, we studied the self-asembling
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FIGURE 5 The a-axis projection of HB sheet of CHC* and TCNQ®. Thick
and thin dotted lines represent strong N-H.--X (X=0, N) and weak
C—H- - N HBs, respectively.
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FIGURE 6 Temperature dependence of electric conductivity for a single
crystal of 1 (//a).
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FIGURE 7 Temperature dependence of paramagnetic susceptibility for the
polycrystalline sample of 1.

natutre of CHC™ units. The theoretical calculation at the MP2/6-31G
level [16] evaluated the stablization energy of the CHC™" assembly in
1 as —45kcal mol ! for the HB direction and as — 16kcal mol ! for
the n-stacking direction. They were larger than the dimerization
energy of TCNQ®~ molecules (—10.4kcal mol ) [17], and the mono-
mer—dimer transition in the TCNQ column requires a large lattice
energy to overcome the stabilization energy of CHC™' units. Therefore,
the origin of the suppression of spin-Peierls transition in 1 is under-
stood as the strong self-assembling nature of CHC™" units to form a
one-dimensional ribbon along the side-by-side direction, robust HBs
between C and TCNQ molecules, and n-stacking structure.

CONCLUSION

In summary, we have investigated the C incorporated CT solid,
(CHCH(TCNQ® ") 1, which established a new motif of crystal architec-
ture constructed by complementary HBs in symmetric CHC" ribbon,
robust HBs between CHC' and TCNQ® ribbons, and weak HBs
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between TCNQ®~ columns. The HB interactions in 1 regulated the
molecular arrangement to form a layered architecture and maintain
a uniform stacking pattern. Furthermore, the robustness of
complementary HBs and n-stacking structure inherent in the nucleo-
base system suppressed the spin-Peierls transition in 1. These effects
demonstrated a high conductivity of 3 x 10 2 Scm ! for a fully ionic
TCNQ salt. Our observations indicate that self-assembled architec-
tures in biological systems would provide a promising strategy for
the design of new molecular conductors. Furthermore, investigations
are being conducted into the CT solids of other nucleobases
and acceptors to demonstrate biomolecule-incorporated molecular
conductors.
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