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Synthesis, structure and properties of the new tetracyanoquinodimethane anion-radical
salt (ARS) having the composition (N-Et-2.5-di-Me-Pz)(TCNQ), (Pz is pyrazine) are re-
ported. The compound has a layered structure where conducting anion-radical layers
formed by TCNQ alternate with non-conducting cation layers along the a axis. The charges
of TCNQ particles in the stack alternate, i.e. are localized appreciably, which can account
for a rather unusual temperature dependence of electric resistance. Such a peculiarity of
structure renders to the ARS electronic system a somewhat two-dimensional character that
is unusual for TCNQ ARS and agrees with the electrophysical measurements.

OmnucaHbl CHHTE3 M CBOMCTBA HOBOI aHMOH-pagukaabHOil conu (APC) rerpanmnaHOXMHOIM-
merana cocraBa (N-Et-2,5-di-Me-Pz)(TCNQ), (Pz — nupasun). CoeguHeHme mMeeT clOHC-
TYI0 CTPYKTYPY, B KOTOPOU MIPOBOAAIINE AaHNOH-pafuKajbHBIE ciou, oOpasoBamunie |CNQ,
yepenyloTes ¢ HeIPOBOAAINIMMY KATHOHHBIMU CJIOAMM BAOJbL ocu @. 3apaabl yactuir 1CNQ B
CTOIIKAX aJbTePHUPYIOT, TO €CTb, 3aMETHO JIOKAJAM30BAHBLI, UTO MOMKET OBITb IIPUYUHON He-
OOBIYHOI TeMIepaTypPHOII 3aBUCHMOCTH JJEKTPOCOIPOTHBIEHUs. Takasd 0COOEHHOCTL CTPYK-
TypBl mIpugaer 2JeKTpoHHON cucreme APC ompemeseHHY0 IBYMEPHOCTb, HEOOLIUHYIO [IJIS
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APC TCNQ, u corsacyercsi ¢ pesyJbTaTaMU 2JEKTPOPU3NUYECKUX M3MEPEHUI.

Anion-radical salts (ARS) of TCNQ have
been recently in the focus of attention due
to their wide range of possible applications
[1-3] and due to the discovery of ARS capa-
ble of forming magnetically ordered struc-
tures [4—6]. ARS of NMP-TCNQ (NMP is
N-methylphenazinium ion) was one of the
first organic metals where, however, transi-
tion to the Mott dielectric state was ob-
served at T,;~ 220 K [7]. However, after
the discovery of organic metals and sub-
sequently of superconductors based on cat-
ion radical salts (CRS) of tetrathiafulvalene
and its derivatives [8], the interest to TCNQ
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ARS was weakened considerably. In spite of
a long history of TCNQ chemistry, no ARS
with pyrazine (Pz) derivatives as a cation
are known. Pyrazine is the simplest ana-
logue of phenazine being a constituent of
the first organic metal, NMP-TCNQ.

TCNQ ARS with N-alkylpyrazinium cat-
ions are of a particular interest. Including a
nonalkylated nitrogen atom, such a cation
may interact quite specifically with anion-
radicals or, due to donor-acceptor interac-
tion, with metal cations, which may result
in formation of supramolecular structures.
Recently [9], we have synthesized the first
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Fig. 1. Cation [N-Et-2.5-di-Me-Pz]* and anion-radicals TCNQ in [N-Et-2.5-di-Me—Pz](TCNQ),.
Atoms are shown as 50 % thermal probability ellipsoids.

ARS of TCNQ, (N-Et-Pz)(TCNQ)3, having a
quasi-two-dimensional structure (all the
previously known ARS of TCNQ are one-di-
mensional). The quasi-two-dimensional char-
acter of this ARS follows from its structure
and the analysis of its electro-physical and
optical properties. In this paper, we report
the synthesis, crystal and molecular struc-
tures, IR spectra and electro-physical prop-
erties of a new TCNQ ARS, (N-Et-2.5-di-
Me-Pz)(TCNQ),.

Synthesis. 2.5-Di-Me—Pz obtained from
Aldrich was used in the experiment. TCNQ
was purified by vacuum zone sublimation.
Ethyl iodide was synthesized using reaction
of ethanol with phosphorus triiodide fol-
lowed by distillation in an inert medium.
N-Ethyl-2.5—-di-Me—Pz iodide was prepared
using the reaction:

2.5-di-Me-Pz + Etl —
> (N-Ethy}+2.5-di-Me—Pz).

(N-Et-2.5-di-Me—-Pz)(TCNQ), ARS was ob-
tained as follows:

1.5(N-ethy}2 5-di-Me-Pz)l + TCNQ —
— (N-Et-2.5-di-Me-P2z)(TCNQ), +
+ 0.5(N-ethyl-2.5-di-Me—Pz)l,.

The ARS precipitate was filtered, washed
with ether-acetone mixture and ether and
dried in vacuum. In order to grow single
crystals and for purification, recrystalliza-
tion from acetone was used. Black-violet
parallelepiped-shaped crystals up to 2 mm
length have been obtained. The ARS compo-
sition was determined spectrophotometri-
cally in acetonitrile as described in [9] and
confirmed by X-ray analysis.

X-ray Diffraction. The X-ray diffraction
examination on (N-Et-2.5-di-Me-Pz)(TCNQ),
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crystals was carried out using a KM-4
KUMA DIFFRACTION diffractometer (©/26-
scanning, Mo-K, radiation, graphite mono-
chromator). The crystal structure was solved
by direct methods and following Fourier syn-
thesis using the SHELXS-97 software pack-
age [10]. The structure was refined by full-
matrix least squares procedures using an an-
isotropic approximation for all non-hydrogen
atoms with the SHELXS-97 program [11]. An
absorption correction was applied using the
DIFABS program.

The crystal structure of (N-Et-2.5-di—
Me-Pz)}(TCNQ), is formed by TCNQ anion-
radicals and (N-Et-2.5-di-Me-Pz)* cations
(Fig. 1). Three types of TCNQ anion-radi-
cals (A, B and C) of different local symme-
tries have been revealed in the crystal unit
cell. The anion-radicals A and C are in spe-
cial center-symmetrical positions while the
anion-radical B is in the general one. Main
crystallographic parameters and details of
the experiment are presented in Table 1.

The ORTEP drawings as well as full ta-
bles of fractional atomic coordinates and in-
teratomic bond distances are deposited at
the Cambridge Crystallographic Data Center
(deposition No.CCDC 258349). The bond
lengths and valence angles are listed in Ta-
bles 2 and 3, enumeration of atoms is
shown in Fig. 1; Fig. 2 shows the structure
projection along the a axis.

The synthesized compound was studied
by two experimental techniques: absorption
measurements in the infrared (IR) spectral
range and the electric conductivity studies
of the obtained samples. When measuring
the IR absorption spectra, the pelletting in
KBr was applied, with registration at room
temperatures on a Specord-75 IR spectro-
photometer, wave numbers ranging from
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Table 1. Crystal data for [N-Et—2.5-di—Me—
Pz](TCNQ),

Table 2. Bond lengths (A) in [N-Et—2.5—di—
Me—Pz](TCNQ),

N(1)-C(1) | 1.821(3) | C(12)-C(13) [1.416(3)
N(1)-C(4) | 1.831(4) | C(12)-C(14)#1 | 1.418(3)
N@2)-C(2) | 1.829(3) | C(13)-C(14) |1.355(3)
N@2)-C(3) | 1.844(3) | C(15)-C(17) |1.418(3)
N@2)-C(5) | 1.492(3) | C(16)-C(17) |1.433(3)
N@3)-C(9) | 1.140(3) | C(17)-C(18) [1.870(3)
N(4)-C(10) | 1.141(3) | C(18)-C(19) |1.430(3)
N(5)-C(15) | 1.141(3) | C(18)-C(23) |1.434(3)
N(@B)-C(16) | 1.126(3) | C(19)-C(20) |1.8340(3)
N(7)-C(25) | 1.184(3) | C(20)-C(21) |1.443(3)
N(8)-C(26) | 1.186(3) | C(21)-C(24) |1.378(3)
N(9)-C(27) | 1.144(3) | C(21)-C(22) |1.439(3)
N(10)-C(28)| 1.140(3) | C(22)-C(23) |1.335(3)
C(1)-CQ) | 1.871(3) | C(24)-C(26) |1.421(3)
C(1)-C(7) | 1.486(4) | C(24)-C(25) |1.422(3)
C(3)-C(4) | 1.366(4) | C(27)-C(29) |1.414(3)
C(3)-C(8) | 1.501(4) | C(28)-C(29) |1.412(3)
C(5)-C(6) | 1.468(4) | C(29)-C(30) |1.399(3)
C(9)-C(11) | 1.419(3) | C(30)-C(31) [1.417(3)
C(10)-C(11)| 1.420(3) | C(30)-C(32) |1.419(3)
C(11)-C(12)| 1.400(3) | C(31)-C(32)#2 |1.349(3)

Chemical formula CsoHy1N4g
Chemical formula mass 545.59
Crystal system Monoclinic
Space group P2,/n
Temperature, K 295
a, A 25.291(5)
b, A 15.505(3)
e, A 7.121(1)
B, ° 94.71(3)
V (A3) 2783.0(1)
Z 4
D.e (g-cm™3) 1.30
Radiation type Mo K,
U, mm! 0.083
Diffractometer KM-4 KUMA
DIFFRACTION
Data collection method 1/20
Total number of reflections 6205
Number of unique reflections 5408
Number of observed reflections 1815
[Fo > 40(F ()]
Number of refined parameters 380
(20,00 ° 52.14
Range of h, k, 1 -31 > h > 31
0->k—>19
05158

400 to 3000 cm !. The spectrum is shown
in Fig. 8. The DC electric conductivity of
single crystals of the synthesized salt was
measured in temperature range of 160 to
300 K using the four contact scheme.

The compound has a layered structure
where conducting anion-radical layers
formed by TCNQ alternate with non-con-
ducting cation layers along the a axis (Fig. 2).
The TCNQ anion-radicals are packed in
stacks along the b axis in A...B...C...B...
sequence (Fig. 4). Bond lengths and valence
angles are presented in Table 2. Considering
the bond lengths we estimated the quinoid-
ity degree and the charges of the particles
A, B, C using the same calculation proce-
dure as in [9]. The calculation results are
presented in Table 4. According to these
data, the charge in TCNQ stacks is distrib-
uted unhomogeneously: the particles A and
C have the charge of approximately —2/3
while the B one is charged three times
lower. Thus, the charges of TCNQ particles
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Symmetry transformations used to generate
equivalent atoms: #1 -x, -y +1, —z+ 2;
#2 —x, -y, —z+ 2

in the stack alternate, i. e. are localized
appreciably, which may account for a rather
unusual temperature dependence of electric
resistance (see below). TCNQ anion-radicals
are characterized by a relatively equal de-
gree of deviation from the planar conforma-
tion: maximal deviation of the atoms from
the average anion-radical plane is +0.03 A
for N(3) and N(3a) atoms of A anion, 0.06 A
for the N(5) atom of anion B and +0.02 A
for C(31) and C(31a) atoms of anion C. The
interplane distance between TCNQ anions in
stacks ranges from 3.24 to 3.33 A: A...B
3.25 A, B...C 8.27 A, C...B 3.33 A, B...A
3.24 A. Dihedral angles between the planes
of TCNQ anion-radicals are 0.7+2.2°: A...B
0.7°, B...C 2.2°, C...B 2.1°, B...A 0.7°.
Shortened hydrogen contacts of C-H...N
type have been revealed between cations and
anions. The anion A is connected with two
cations by hydrogen bonds C(8)-H(13)...N(3):
C(8)-H(13) 1.17 A, H(13)...N(3) 2.42 A, the
angle C(8)-H(13)...N(3) 144.0. A slightly
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Fig. 2. Crystal structure of [N-Et-2.5-di-Me—-Pz](TCNQ),. Alternation of conducting and non-con-
ducting layers along the a axis. Dotted line marks short intermolecular contacts.

shortened intermolecular contacts were
found between the cation and anion layeros:
[C(2)-H(1)...N(9): C(2)-H(1) 0.98 A,
H(1)...N(9) 2.57 A, the angle C(2)
H(1)...N(9) 157.1], which may be responsible
for charge transfer not only along the
TCNQ stacks but in perpendicular direction
as well.

The cation layer [N-Et-2.5-di-Me-
Pz(TCNQ), is formed by rows of cations
along the b axis (Fig. 2).The cations are
practically planar, their maximal deviation
from the plane is 0.02 A for C(1) atom. The
dihedral angles between the planes of cation
and anion-radicals are 125.2, 124.6, 123.6°
for A, B, C molecules, respectively. The
N-C distance in the cation cycle [N-Et-2.5—
di-Me—Pz]* ranges from 1.321(8) to
1.844(3) A, the C-C distances are 1.366(4)
and 1.371(3) A, and the angles in the cycle
range from 115.5(2) to 125.8(3)°. The dis-
tances in ethyl substituent are as follows:

N(2)-C(5), 1.492(3) A, C(5)-C(6), 1.468(4) A,

o
[e)]

Absorption, a.u.
(=)
Ké)|
]

04F

0 3 1 1 1 1 1 ]
500 1000 1500 2000 2500 v, cm”

Fig. 3. IR-spectrum of of [N-Et-2.5-di—-Me-
Pz](TCNQ),.

the angle C(6)-C(5)-N(2), 114.9(2)°,
C(2)-N(2)-C(5), 121.9(2)°, C(3)-N(2)-C(5),
118.6(2)°. The distances with methyl substi-
tuents are: C(1)-C(7), 1.486(4) A and C(3)-
C(8), 1.501(4) A.

Table 4. HOSE model data (kJ/mol) for a three TCNQ species in (N-Et-2.5-di-Me—-Pz)(TCNQ),

ARS and Flandrois&Chasseau charge @

Species HOSE,; Quinoidity, % HOSE,; Kekule’s HOSE,,, Q
structure, %
A 22.74 59.5 66.83 40.5 40.60 -0.69
B 8.53 83.3 85.03 16.7 21.32 -0.17
C 21.56 62.3 71.22 37.7 40.29 -0.63
122 Functional materials, 13, 1, 2006
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Table 8. Valence angles (°) in [N-Et-2.5-di-Me—Pz](TCNQ),

C(1)-N(1)-C(4) 115.5(2) C(15)-C(17)-C(16) 114.2(2)
C(2)-N(2)-C(3) 119.5(2) C(17)-C(18)-C(19) 120.9(2)
C(2)-N(2)-C(5) 121.9(2) C(17)-C(18)-C(23) 121.8(2)
C(3)-N(2)-C(5) 118.6(2) C(19)-C(18)-C(23) 117.3(2)
N(1)-C(1)-C(2) 121.5(3) C(20)-C(19)-C(18) 121.2(2)
N(1)=C(1)-C(7) 118.6(3) C(19)-C(20)-C(21) 121.5(2)
C(2)-C(1)-C(7) 119.8(3) C(24)-C(21)-C(22) 121.2(2)
N(2)-C(2)-C(1) 121.2(2) C(24)-C(21)-C(20) 121.9(2)
N(2)-C(3)-C(4) 116.6(3) C(22)-C(21)-C(20) 116.9(2)
N(2)-C(3)-C(8) 120.4(2) C(23)-C(22)-C(21) 121.1(2)
C(4)-C(3)-C(8) 123.0(2) C(22)-C(23)-C(18) 121.9(2)
N(1)-C(4)-C(3) 125.8(3) C(21)-C(24)-C(26) 124.0(2)
C(6)-C(5)-N(2) 114.9(2) C(21)-C(24)-C(25) 121.2(2)
N(3)-C(9)-C(11) 178.2(3) C(26)—C(24)-C(25) 114.8(2)
N(4)-C(10)-C(11) 178.0(3) N(7)—C(25)-C(24) 178.9(3)
C(12)-C(11)-C(9) 122.9(2) N(8)-C(26)-C(24) 176.4(3)
C(12)-C(11)-C(10) 122.2(2) N(9)-C(27)-C(29) 180.0(4)
C(9)-C(11)-C(10) 114.9(2) N(10)-C(28)-C(29) 178.6(3)
C(11)-C(12)-C(13) 121.3(2) C(30)—-C(29)-C(28) 121.9(2)
C(11)-C(12)-C(14)#1 121.7(2) C(30)-C(29)-C(27) 122.5(2)
C(13)-C(12)-C(14)#1 117.0(2) C(28)-C(29)-C(27) 115.6(2)
C(14)-C(13)-C(12) 122.0(2) C(29)-C(30)-C(31) 122.3(2)
C(13)-C(14)-C(12)#1 121.0(2) C(29)-C(30)-C(32) 121.8(2)
N(5)-C(15)-C(17) 178.2(3) C(31)-C(30)-C(32) 116.0(2)
N(6)-C(16)-C(17) 177.7(3) C(32)#2-C(31)-C(30) 121.7(2)
C(18)-C(17)-C(15) 123.6(2) C(31)#2-C(32)-C(30) 122.36(19)
C(18)-C(17)-C(16) 122.2(2)
The broadened lines in the spectra (with
maxima at 1130, 1335, 2180 cm™l) pre- T i (1)
sented in Fig. 3 are observed on the back- R(T) = Aexp HTOJ }
ground of the continuous absorption caused

by the excitation of conductivity electrons.
The beginning of this absorption corre-
sponds to the band gap width. Basing on the
beginning of continuous absorption v,;,, we
have estimated the conductivity activation
energy A for this ARS: v,;, ~ 850 cm™1
which yields A~ 0.105 eV. However, a sim-
ple activation model does not allow us to
describe adequately the temperature depend-
ence of electric resistance of ARS [N-Et-—
2.5-di-Me—-Pz])(TCNQ),, so we have invoked
the model based on the hopping mechanism of
conductivity, possibly conditioned by the struec-
tural peculiarities of the this ARS [12]:
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Here, o is the system dimensionality; T
and A, the model parameters. For the
(N-Et-2.5—-di-Me—-Pz)(TCNQ), compound, the
best fit of the experimental and theoretical
R(T) dependences is observed for o = 2 (Fig. 5),
which corresponds to two-dimensional case.
The logarithm of the reduced electric resis-
tance R/Rpp is expressed as

93.43
In(R/Rpp) =-14.18 + ——.
( Rr) T3
Thus, results of resistance measurements
confirm essentially quasi-two-dimensional
conductivity character of this ARS due to
the features of its crystal structure.
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Fig. 4. A stack of TCNQ anion-radicals in
[N-Et-2.5-di-Me—-Pz](TCNQ),.
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HoBa aHioH—paaumkaJbHaA CiJab
(N-Et-2,5-0i—-Me-Pz)(TCNQ), (Pz — mipasun)

A .B.3ionkoecoruii, O.H.Kaxceea, I''B.Illunoe, O.A./[vauenko,
A.B.Kpaséuenrko, A.B.Xomkesuw, B.0.Cmapody6

OmnmcaHo CHHTE3 Ta BJIACTUBOCTI HOBOI amiom-pamukanbHOi coii (APC) rerparmianoxinoni-
merany ckaany (N-Et-2,5-ai-Me-Pz)(TCNQ), (Pz — mipasun). Coonryka Mae miapysary
CTPYKTYDPY, B #AKi#l mnposigui awmion-paguxanbui mapu, yrBopeni TCNQ, uepemyiorbes 3
HEeIpPOBiIHUMU KAaTIOHHUMU IIapaMu y3HoBxkK oci a. 3apsaau dactok 1CNQ B cronkax amsrep-
HYIOTb, TOOTO, CYTTEBO JIOKAJIi30BaHi, 110 MOKe OyTH NIPUUMHOIO HE3BUUAMHOI TeMIIepaTypHOl
3aJIe’KHOCTL esleKTpoomopy. Taka ocobGJMBICTE CTPYKTYPHU HoJae eleKTpPoHHiil cucremi APC
NeBHy aBOMipHicTb, HesBuuaiiny muas APC TCNQ, i mobpe ysromxyerbcs 3 pesyjabTaTaMu

ejleKTpoi3uYHNX BHUMIipiB.
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