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Crystalline and molecular structure of previously synthesized by the authors anion-
radical salt (ARS) 7,7,8,8-tetracyanoquinodimethane (TCNQ) of an unusual [N-(H;C,)-
Pz](TCNQ); composition (where Pz is pyrazine) has been determined. The structure of the
given ARS is also unusual because unlike most of structures known it consists of bulks
formed by two A and C TCNQ types, particles of the third B type being located at the
angle of 117.7 and respectively 117.4 degrees relatively to them. C type particles interact
appreciable with pyrazine cations through pyrazine non-alkylated nitrogen atom. B-type
particles as well as TCNQ particles in columns, possess an appreciable charge (about —0.3).
Such a peculiarity of structure renders ARS electronic system some what two-dimensional
that is unusual for TCNQ ARS and agrees with the electrophysical measurements.

OmpezesieHa KPUCTANIUUECKAd W MOJIEKYAAPHAA CTPYKTYpa CUHTE3WPOBAHHOI paHee aB-
TOpaM¥ aHUOH-pagukansuoil conu (APC) 7,7,8,8-rerparuanoxunogumerana (TCNQ) neobniu-
Horo cocraBa [N—(H;C,)—-Pz[(TCNQ);, rme Pz — mnupasun. Crpykrypa namnoii APC rak:xe
HeOOBIYHA — B OTJIHYHE OT OOJBIIMHCTBA M3BECTHBHIX CTPYKTYP, OHA COCTOUT W3 CTOIIOK,
o6paszoBanubiX aByMa tumaMu TCNQ — A u C, neprueHAUMKYISPHO KOTOPBIM PACIIOJIOMKEHBI
yacTuibl Tperbero tuna — B. Yactuuwnl thna C 3aMeTHO B3aMMOJEHCTBYIOT ¢ KATHOHAMU
MUpasruHa MOCPEICTBOM HEAJKWJINPOBAHHOIO ATOMA a30Ta nupasuHa. dacTuisl Tha B, Kak
u uactunsl |CNQ B cromkax, obaamaiorT samMeTHLIM sapamoM (okoao —0,3). Takaa ocoGen-
HOCTL CTPYKTYPHI IPUAAET 2JeKTpoHHOoM cucteme APC ompeseleHHyI0 AByMePHOCTEL, HeOOLIU-
nyio gasa APC TCNQ, u coriacyercs ¢ pesyabraTamMu sJ1eKTPOMUSUUECKUX U3MepeHUH.

© 2005 — Institute for Single Crystals

TCNQ based ARS gave impetus to the
researches late in sixties in view of the
problem of hightemperature superconduc-
tivity based on Little model [1, 2]. ARS of
NMP-TCNQ (NMP—N-methylphenazine-ion)
was one of the first organic metals in which
however transition to the state of Mott’s

dielectric when T,,~220 K was observed [2].
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After the discovery of organic metals and
subsequently of superconductors based on
cation-radical salts (CRS) of tetrathiafulva-
lene and its derivatives [3] the interest to
ARS of TCNQ becomes less. However, after
the discovery of melting conducting organic
materials based on ARS of TCNQ [4, 5], the
interest to them is increased again. Such
compounds may be employed in the develop-
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ment of a new type electrolyte metaloxide
capacitors [6, 7], that possess high opera-
tional characteristics, namely, the ability to
"self-treatment” of oxide layer defects [8].
Electrophysical and optical researchs of
melting conducting ARS of TCNQ carried
by us both in solid and in melts [9], has
every reason to suppose that ARS melt of
TCNQ [9] can behave as a conducting liquid
crystal, in which the column structure,
characteristic of all TCNQ based conducting
compounds is maintained. The presence of
ARS of TCNQ that are ferromagnetic ordered
at room temperature [10] is a strong evidence
that these salts are much promising.

ARS TCNQ with N-alkylpyrazinium cat-
ions have a particular interest, because of
pyrazine is a simplest analog of phenazine,
and based on the last, the first organic
metal had been made. Possessing such a
nonalkylated nitrogen atom such a cation
may interact quite specifically with TCNQ~
anion-radicals or with donor-acceptor inter-
action of metal cations, that may result in
the formation of supramolecular structures.

We have synthesized simple and complex
conducting TCNQ and MeTCNQ salts with
pyrazine-based cations [11, 14]. Like ARS
NMP-TCNQ of salt of a simple [N—(H;C)—
PzJ(TCNQ) composition is also an organic
metal, in which a metallic state is stable
down to 120 K. This seems to be an ex-
tremely low metal-dielectric transition tem-
perature for ARS of TCNQ with cations of
a "closed” type.

Synthesis, crystalline and molecular
structure, optical and electrophysical prop-
erties of the novel ARS of unusual composi-
tion [N-(H5C,)-Pz](TCNQ)3; (NEPz—(TCNQ)53)
are described in this article. This ARS is
the first example of TCNQ salt with quasi-
two-dimensional electonic structure, unlike
general quasi-one-dimensional ARS TCNQ
structure.

Aldrich firm pyrazine was used in the
experiment; TCNQ was purified by method
of vacuum zone sublimation; ethyliodide
was synthesized according to the reaction of
ethanol with phosphorus triiodide followed
by distillation in the inert atmosphere.
N-ethylpyrazinium iodide was prepared by
reaction:

Pz + Etl > (NEP2)I.
NEPz—(TCNQ); ARS was obtained by:

1.5(NEP2z)l + 3TCNQ —
— NEPz - (TCNQ); + 0.5(NEP2z)(l5).
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ARS precipitate was filtered, washed
with ether and hexane and dried under vac-
uum. In order to grow single crystals and
for purification recrystallization from ace-
tone was used. Black-violet needle crystals
with length up to 8 mm had been ocbtained.
ARS composition was determined spectro-
photometrically in acetonitrile by measur-
ing optical density both at 894 nm, where
anion-radicals as well as TCNQ molecule ab-
sorb, and at 840 nm, where anion-radicals
only absorb. Composition of salt in acetoni-
tryle solution may be determined by the re-
lation:

D
LTCNQL _ 74894 35
[TCNQT] Dg40
where D, — optical density on the respec-

tive wavelength.

C42H21N14, M="721.72 g/mol; monoclinic,
space group C2/m, Z =4, a = 3699.8(7),
b =1264.0(3), c =656.80(33) pm, o = 90,
B = 91.24(8), v = 90 deg, V = 3070.8(11)-10% pm3,
Mo-K,, T =293(2) K. A difractometer
STOE STADI4 with flat detector had been
used for data collecting. 3028 independent
reflections (R;,; = 0.1267) were chosen from
9808 ones. The structure was determined by
direct (SHELXS-97) method and refined by
full-matrix method of least-squares for F2
in anisotropic approximation [12]. The non-
hydrogen atoms were refined anisotropi-
cally, while the hydrogen atoms were intro-
duced geometrically and refined according a
"rider” model with U, = 1.2U,qyu;p of the
respective carbon atom. Largest diffusion
peak and hole: 0.246 and —0.227 e/A3. 275
parameters, all heavy atoms being anisot-
ropic. Final validity data are: R1 and wR2
values were 0.0767 [I > 2c(I)] and 0.1877
respectively along the whole range of inde-
pendent reflections; S = 1.00. The weight-

ing function used was w = 4F3/c%(F§) for
the function of zw(|F0|_|FC|)2 to be mini-

mized. The ORTEP drawings, and full ta-
bles of fractional atomic coordinates and in-
teratomic bond distances, have been depos-
ited at the Cambridge Crystallographic Data
Centre, supplementary publications
No0.221851. Bond lengths and valence angles
are listed in Tables 1 and 2, enumeration of
atoms is shown on Fig. 1. Fig. 2 shows the
structure projection along the direction [100].

Synthesized compound was investigated
by two experimental techniques: measure-
ment of their absorption in the infrared
(IR) spectral range and studies of the elec-
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Table 1. Bond’s lengths (pm) in the ARS NEPz—(TCNQ),

C(N)-N(1) 114.1(5) C(13)-N(4) 115.1(5)
C(1)-C(2) 141.6(5) C(13)-C(14) 141.0(5)
C(2)-C(3) 138.3(7) C(14)-C(15) 140.9(7)
C(2)-C(1)#1 141.6(5) C(14)-C(13)#1 141.0(5)
C(3)-Ca)#1 144.0(4) C(15)-C(16) 143.1(4)
C(3)-C4) 144.0(4) C(15)-C(16)#1 148.1(4)
C(4)-C(5) 134.5(5) C(16)-C(17) 136.0(5)
C(5)-C(6) 143.3(4) C(17)-C(18) 142.4(4)
C(6)-C(7) 138.9(7) C(18)-C(19) 141.1(7)
C(6)-C(5)#1 143.3(4) C(18)-C(17)#1 142.4(4)
C(7)-C(8)#1 143.0(5) C(19)-C(20)#1 140.8(5)
C(7N)-C(8) 143.0(5) C(19)-C(20) 140.8(5)
C(8)-N(2) 114.8(5) C(20)—N(5) 114.7(5)
C(9)-N(3) 112.9(6) C(21)-N(6) 181.4(5)
C(9)-C(10) 143.7(6) C(21)-C(22) 187.1(7)
c(1o)-Cc(1) 137.6(8) C(22)-N(7) 135.0(5)
C(10)-C(9)#2 143.7(6) C(23)-C(24) 148.5(14)
C(11)-C(12) 143.1(5) C(23)-N(7) 150.3(8)
C(1N)-C(12)#2 143.1(5) N(6)-C(21)#1 131.4(5)
C(12)-C(12)#1 134.7(9) N(7)-C(22)#1 185.0(5)
Table 2. Valence angles (degree) in the ARS NEPz—(TCNQ),
N(1)-C(1)-C(2) 177.5(5) N(4)-C(13)-C(14) 177.8(5)
C(3)-C(2)-C(1) 122.6(2) C(15)-C(14)-C(13)#1 120.7(2)
C(3)-C(2)-C(N)#1 122.6(2) C(15)-C(14)-C(13) 120.7(2)
C(3)-C(2)-C(N)#1 114.8(5) C(13)#1-C(14)-C(13) 118,6(5)
C(2)-C(3)-C(4a)#1 121.4(2) C(14)-C(15)-C(16) 121.8(2)
C(2)-C(3)-C(4) 121.4(2) C(14)-C(15)-C(16)#1 121.8(2)
C(4)-C(3)-C(4) 117.2(5) C(16)-C(15)-C(16)#1 117.5(5)
C(5)-C(4)-C(3) 121.6(4) C(17)-C(16)-C(15) 121.0(4)
C(4)-C(5)-C(B) 120.2(4) C(16)-C(17)-C(18) 121.4(4)
C(7)-C(6)-C(5) 120.5(2) C(19)-C(18)-C(17)#1 121.2(2)
C(7)-C(6)-C(5)#1 120.5(2) C(19)-C(18)-C(17) 121.2(2)
C(5)-C(6)-C(5)#1 119.0(5) CUT#1-C(18)-C(17) 117.6(5)
C(6)-C(7)-C(8)#1 122.9(2) C(20)#1-C(19)-C(18) 116.2(5)
C(6)-C(7)-C(8) 122.9(2) C(20)#1-C(19)-C(18) 121.9(2)
C(8)#1-C(7)-C(8) 114.2(5) C(20)-C(19)-C(18) 121.9(2)
N(2)-C(8)-C(7) 178.0(5) N(5)-C(20)-C(19) 179.5(5)
N(3)-C(9)-C(10) 174.8(6) N(6)-C(21)-C(22) 128.6(5)
C(1)-C(10)-C(9)#2 123.3(3) N(7)-C(22)-C(21) 118.4(5)
C(11)-C(10)-C(9) 123.3(3) C(24)-C(23)-N(7) 109.4(7)
C(9)y#2-C(10)-C(9) 113.3(6) C(21)-N(6)-C(21) 116.7(6)
C(10)-C(11)-C(12) 120.7(3) C(22)#1-N(7)-C(22) 119.4(6)
C(10)-C(11)-C(12)#2 120.7(8) C(22)#1-N(7)-C(23) 120.3(3)
C(12)-C(11)-C(12)#2 118.7(6) C(22)-N(7)-C(23) 120.8(3)
C(12)#1-C(12)-C(11) 120.7(3)

Symmetry transformations used to generate equivalent atoms: #1 x, -y + 1, z; #2 —x, y, —z + 1.
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Fig. 1. ORTEP view and atom labeling of NEPz—(TCNQ);.
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Fig. 2. The structure projection along plane [010].

tric conductivity of the obtained samples.
In the studies of IR absorption spectra a
technique of pelletting with KBr was ap-
plied, with registration at room tempera-
tures on the Specord-75 IR spectrophotome-
ter, wave numbers ranging from 400 to
4000 cm~l. DC current electric conductivity
of single crystals of the synthesized salt has
been measured in the temperature range of
77-300 K by the scheme of four-point con-
nection of the studied sample.

As Fig. 2 shows, ARS structure is built
by alternated TCNQ columns (molecules A
and C types), whose planes are almost par-
allel (dihedral angle is 0.3 degree), interpla-
nar distance in columns are 3.25 and
3.32 A. B molecules are located at the angle
of 117.7 and respectively 117.4 degrees
relatively to them. N-ethylpyrazinium is
oriented relatively to C molecules in such a
way, that free nitrogen atom of pyrazine is
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located between two nitrile groups of C
molecule.

It’s important to know the charge distri-
bution in given ARS (one electron is divided
into three TCNQ particles) in order to inter-
pret the results of electrophysical measure-
ments. As the degree of quinoidity de-
creases when electron is added to the TCNQ
molecule, the latter is in a definite depend-
ence upon TCNQ charge. The degree of qui-
noidity may be determined with bond
lengths in TCNQ molecule by energy of sta-
bilization calculation in the framework of
harmonic oscillator model — HOSE (Har-
monic Oscillator Stabilization Energy) [13]. As
shown elsewhere [13], the value of quinoidity
is linearly dependent upon TCNQ charge with
correlation coefficient of r = 0.992. Pro-
ceeding from the data in Table 1, we calcu-
lated HOSE energies for quinoid and Kekule’s
TCNQ structures for A, B and C particles and
their charges (see Table 3).

Functional materials, 12, 3, 2005
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Table 3. HOSE model data (kJ/mol) for a three TCNQ species in NEPz—(TCNQ), ARS and
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Fig. 8. IR-spectra of NEPz—(TCNQ),.

According to the data obtained the
charge in a columns is distributed quite ir-
regularly — C type particles (that interact
with pyrazinium cation) possess much larger
charge —0.55 e than A particles —0.10 e. At
the same time B particles also possess quite
a large charge —0.31 e. Due to such peculi-
arity of ARS NEPz—(TCNQ); crystalline and
electronic structure the latter has unusual
for TCNQ salts quasi-two-dimensional conduct-
ing character because electrons can move not
only along the columns, but also in the direc-
tion perpendicular to them. As Fig. 2 shows,
TCNQ columns are divided by cations in ARS
structure, but linked with nearly perpendicular
located TCNQ particles of B-type with —0.31 e
charge.

Broadened lines in the spectra presented
in Fig. 8 are observed on the background of
the continuous absorption caused by the ex-
citation of conductivity electrons. Begin-
ning of this absorption corresponds to the
width of the forbidden band. Back to the
beginning of continuous absorption v,,;, we
have estimated energy of conductivity acti-
vation A for this ARS: v,;, ~1750 cm™1
which yields A~ 0.22 eV.

For adequate description of the tempera-
ture behavior of electric resistance of ARS
NEPz—(TCNQ); we have invoked the model
based on the hopping mechanism of conduc-
tivity possibly conditioned by the structural
peculiarities of the this ARS [15]:
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Species HOSE, % Quinoidity HOSE, % Kekule’s HOSE,, Q
structure
A 6.17 86.6 79.71 13.5 16.03 0.10
B 11.19 77.1 75.18 22.9 25.88 0.31
C 17.00 65.4 64.40 34.5 33.39 0.56
2 1
8— TO a+1
-..é R(T) = Aexp 7 .
@
® Here o is the dimensionality of the system,

Ty and A are the parameters of the model.

For the NEPz—(TCNQ); compound best fit
of the experimental and theoretical R(T) de-
pendencies occurs for a = 2, which corre-
sponds to two-dimensional case. Logarithm
of the reduced electric resistance R/Rpy is
expressed as:

In (R/Rpyp) = ~21.85 + %.

Thus, results of resistive measurements
confirm essentially quasi-two-dimensional
conductivity character of this ARS follow-
ing from features of its crystal structure.

Thus, the unusual crystalline structure
of a complex salt of 1:3 composition is de-
termined for the first time for ARS of
TCNQ as well as possibility of preparation
of TCNQ based quasi-two-dimensional or-
ganic conductive materials is shown, which
agrees with studied electrophysical proper-
ties of a given ARS quite well.
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Kpucragiuaa Ta MoJieKyJdspHA CTPYKTypa HOBOL
aHioH-pagukaabrHOi coxi (N-Et-Pz)(TCNQ);
(Pz - mipa3un)

A .B.3ionrxoeécvruii, A.B.Kpaswenrxo, B.0.Cmapodyé,
O.H.Kasncesea, A.B. Xomkesuu

Busunaueno kKpuctagiuay i MOJeKyJAApPHY CTPYKTYPY CHHTE30BAHOI aBTOpaMHK paHilie
aHion-pagukansaoi coai (APC) 7,7,8,8-trerpaniamoximommmerany (TCNQ) mHesBuualinoro
craaxy [N—(HzC,)—-Pz(TCNQ);, me Pz — mipasun. CrpykTypa samoi APC Tako:x HesBuuaiiHa —
Ha Bigminmy Big OimbmiocTi BiTOMMX CTPYKTYP, BOHA CKJIAJAETHLCA 31 CTOMOK, YTBOPEHUX
nsoma tunavMu 1CNQ — A ra C, nepneHAUKYJAAPHO SKUM POSTANIOBAHI YACTKU TPETHOTO
Tuny — B. Hactku tumy C ToMiTHO B3aeMOAIIOTH 3 KaTioHaMU MipasuwHy B3a JAOTOMOTOI0
HEAJKNJIbOBAHOIO aTOMy asoTy mipasumay. HJactkum tumy B, sk i wactkm TCNQ y cromkax,
MaoTh momitHuit sapang (6amssro —0,3). Taka ocoGamBicTL CTPYKTYpPH AOJAE €IEKTPOHHIN
cucremi APC mesny apomipaicTs, HesBuuaniny aas APC TCNQ, i mobGpe yaromxyerbca 3

pesyabTaTaMu ejgekTpodisuuHnx BUMipiB.
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