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Anion-radical salts (ARS) of methyl-7,7,8,8-tetracyanoquinodimethane (MeTCNQ) with
simple and complex N-alkilpyrazinum cations have been first synthesized. It was shown
that by the IR spectra and the results of resistive measurements in 77-300 K temperature
range the ARS synthesized are characterized by two orders of magnitude greater electrical
conductivity than appropriate TCNQ-based ARS. All the ARS investigated are either
narrow band semiconductors (with the forbidden bandwidth <0.05 eV) or metals. ARS
with small length of aliphatic radicals in the cation composition can be releted to quasi-
two-dimensional conductors. Such the salts unlike the analogous ARS TCNQ exhibit the
property to melt without destruction.

Brepsble cuHTe3upOBaHbI aHNOH-PaguKaiabubie coau (APC) merun-7,7,8,8-rerpanuanoxu-
nogumerana (MeTCNQ) ¢ xkatuonamu N-anKuanupasvHUsS IPOCTOTO M CJIOYKHOTO COCTABOB.
IToxasaHo, uTo B coorBercTBUHU cO cBouMu UK crmekTpaMm u pesyjabTaTaMM DPEe3UCTUBHBIX
usmeperuii B uarepsase 77—300 K cunresupoBanarie APC o6sagaror Ha 1-2 mopaaxa 60Jb-
el 3JeKTPOIPOBOAHOCTEI0, ueM aHasjoruuubie APC Ha ocumoBe TCNQ. Bce ucciaemoBamubie
APC su60 y3KO30HHBIe HOJYIPOBONHUKU (mupuHa 3amnpererHHoi 30HBE <0.05 »B), mubo
meTtasnbl. APC ¢ HeGONBIION AIWHON anu@aTudyecKoTro pajguKaia B COCTaBe KAaTHOHA MOYKHO
OTHECTV K KBAsUJBYMEPHBLIM IIPDOBONHUKAM. TakKue COJIM, B OTIAHYHE OT aHAJIOTUUHBIX APC
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TCNQ, o6namaoT CBOMCTBOM ILIABUTLCA 0€3 Pa3I0oKeHNd.

Anion-radical salts (ARS) of TCNQ at-
tracted interest of researchers in late 60th
since first organic metals have been obtained
in this class of organic compounds [1,2]. The
interest in ARS wandered for late after fur-
ther discovery of organic metals and then
superconductors based on cation-radical salts
(CRS). The revival of attention to ARS in late
80th caused first of all by the discovery of
conductive ARS with unique ability to melt
without destruction [3, 4]. The latter opens
wide prospects of their practical use as ma -
terials for electronics [5]. Recently the pos-
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sibility of creation of organic ferromagnets
based on ARS TCNQ with Curie tempera-
tures from 35 K up to room temperature
was demonstrated [6—-9]. This fact essen-
tially increases the practical applicability of
such organic materials.

Earlier we investigated the pyrazine-
based ARS TCNQ of simple and complex
compositon [10]. It was shown that the
given salts unlike the analogous salts with
isoquinoline cations were unable to melt
without destruction. Nevertheless the pres-
ence of second “"vacant” nitrogen atom in
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the cation composition enables to use the
given salts for the formation of conductive
coverings at the surface of metals which are
able to create donor-acceptor links with ni-
trogen atoms. In accordance with our data
[11] the ARS based on methyl-derivatives of
TCNQ (MeTCNQ) possess lower melting tem -
peratures and one order of magnitude less
values of conductivity than the similar
TCNQ salts. That is why the aim of this
work is in investigation of possibility to
create melting conductive ARS of MeTCNQ
with pyrazine-based cations.

ARS (N - Hy,1C,, - P2)(MeTCNQ),,,,
where0<n<4,m=1, 2

were synthesized. Pyrazine provided by
Aldrich was used. MeTCNQ were purified by
re-crystallization from aceton with further
multi-stage zone sublimation. N-alkylpyrazi-
nes were synthesized as it was described in
[10]. Oxidational-reductional reaction was
used for ARS synthesis:

1.5(N - Alk - P2)l + mMeTCNQ -
~ (N - Alk - P2)(MeTCNQ),, +
+0.5(N - Alk - P2)(I5),

where m = 1 or 2. Acetonitryl was used as
the solvent. Sediments of the obtained ARS
were filtered, washed by hexane and ether
and dried in vacuum. For further refining,
double re-crystallization from acetone or
methanol was performed.

The synthesized ARS composition was
defined by means of spectrophotometer in
similar way as it was described in [10]. The
next equation was in use:

[MeTCNQ] _
[MeTCNQ]

D3g3 is the value of the optical density
at 393 nm, where both MeTCNQ and its
anion-radical exhibit absorption; Dg4 corre-
sponds to 840 nm, where anion-radical
MeTCNQ™ absorps only.

In the studies of IR absorption spectra a
technique of pelletting with KBr was ap-
plied. IR spectra were registrated at room
temperatures on the Specord-75 IR spectro -
photometer with wave numbers ranging
from 400 to 4000 cm~l. Electrical resistiv-
ity of pressed at 3 kBar powder samples of
the synthesized salts was measured in the
temperature interval 77-300 K using four-
point contact scheme for both AC and DC.
The DC conductivity turned to be equiva-

D
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lent to the AC one at audio range frequen -
cies. The Table presents the obtained values
of specific electrical resistivity at room
temperature ppr and resistivity activation
energy A calculated with respect to the edge
of continuous absorption in the IR spectra.
The Table containes the values of melting
point temperatures mp also. Conductivity
models applied for calculation of A wvalue
for every particular compound are pre-
sented and discussed below.

The specific peculiarities caused by elec-
tron-phonon interaction are observed in IR
spectra of all ASR synthesized. Fig. 1
shows the lines of vibrational structure at
the background of continuous absorption
(self- and inter-band conductive electron ex -
citations) and also anomalous broadened
lines in interval 2100-2250 cm~! (v(C=N)-
vibrations). IR spectrum of (N — HgC, — P2)
(MeTCNQ), also demonstrates continuous
absorption however the line broadening is
substantially less, which can be explained
by the lower electrical conductivity of the
latter ARS. With respect to the IR spectra
all synthesized ARS can be considered as
metals or narrow band semiconductors with
the forbidden bandwidth less than 0.05 eV
(see Tabl.). By the given criterion the sim -
ple ARS (N - H,,.,C, — Pz) (MeTCNQ) dif-
fers abruptly from both ARS of TCNQ and
MeTCNQ with pyridine-, quinoline-, and iso-
quinoline-based cations [5, 12], which are
dielectrics. In particular the electrical con -
ductivity of the simple ARS with such cat-
ions is 2-3 orders of magnitude less than
conductivity of corresponding complex ARS
[12]. The high electrical conductivity of
(N = Hy,+1C,, — Pz) (MeTCNQ) ARS can be
explained by interaction with charge trans-
fer between pyrazine-based cations and
anion-radicals of MeTCNQ, as it is observed
in ARS NMP-TCNQ [13].

The results of resistive measurements,
which were carried out in temperature in-
terval 77-300 K confirms the conclusions
based on optical measurements (Tabl.). The
examples of the resistance temperature de-
pendencies are given at Fig. 2. In previous
works [5, 10] for the ARS with pyrazine-
based cations the electrical conductivity re-
duction was found when the replacement of
TCNQ to MeTCNQ took place. This effect
was explained by the crumbling action of
methyl group of MeTCNQ to the heap struc-
ture of ARS [12]. As one can see in the
Table. the opposite type phenomenon is ob -
served in our case. The electrical conductiv -
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Table. Characteristics of ARS TCNQ [10] and MeTCNQ (present work)

Cation, composition TCNQ MeTCNQ
Ppr» Qdm A, eV mp, K Ppr» Qdm A, eV
N-H5;CPz, 1:1 100 < 0.05 455 2.63 < 0.05
N-H;CPz, 1:2 66.7 0.06 440 0.72 < 0.05
N-H;C,Pz, 1:1 78.7 0.2 432 2.94 < 0.05
N-HsC,Pz, 1:2 79.4 0.2 443 0.75 <0.05
N-iso-H,C4Pz, 1:1 7.580103 0.2 471 1.75102 < 0.05
N-iso-H,C4Pz, 1:2 5.960103 - decomp. 3.57002 < 0.05
N—iso—HyC,Pz, 1:2 2.94[10° - decomp. 7.69103 < 0.05

ity of the ARS MeTCNQ is 1-2 orders of
magnitude higher than for appropriate ARS
of TCNQ. The abrupt conductivity increase
could be associated with the supposed ste-
reo-regular orientation of methyl groups of
MeTCNQ in pyrazine-based cation ARS, and
also with the specific influence of the latter
cations. It should be expected that such ori-
entation could form more ordered heap
structure of MeTCNQ anion-radicals. The
second atom in pyrazine cation can take
part in the interaction between anion-radi-
cal heaps and cations. Such type interaction
can give definite quasi-two-dimensinality to
the system unlike the quasi-one-dimensional -
ity, which is typical for ARS of TCNQ. The
results of resistive measurements are in quali -
tative agreement with the above conclusions.

For the simple ARS of MeTCNQ the tem-
perature dependence of electrical resistance
(Fig. 2) is best described in frames of a
model, which takes into account conductive
electron scattering. The latter one is possi-
bly caused by the narrowness of the forbid -
den electron band [14]:

R(T) = AT"exp(A/ 2T).

Application of the least square fit to the
experimental data in frames of the men-
tioned model yields the following expres-
sions for the temperature dependence of the
reduced resistance R/Rpp of the investi-
gated salts (Rpp is the resistivity at room
temperature):

In(R/ Rpy) = 16.34 - 3.08 InT + 595.7/T,
for [N-CH;—Pz](MeTCNQ) and
In(R/Rpy) = 17.08 — 3.36 InT + 604.9/ T,

for [N-C,Hgs—Pz](MeTCNQ). Here and below
all the coefficients are of the corresponding
dimension.
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Using the obtained expressions, it is pos-
sible to determine a forbidden bandwidth.
In the case of [N-CH3;-Pz](MeTCNQ) it
equals to 0.0561 eV which corresponds to
the edge of continuous optical absorption at
414 cm™1. For [N-C,Hs—Pz](MeTCNQ) the
calculations give 0.052 eV and 419 cm™l.
The above estimations agree well with the
results of IR absorption spectra analysis for
the investigated compounds.

For adequate description of the tempera -
ture behavior of electrical resistivity of
complex salts [N-CH3;—Pz](MeTCNQ),,
[N-C5H5—Pz](MTCNQ)4 and [N-C3H/—
Pz](MeTCNQ),, as well as of the simple salt
[N-C3H;,—Pz](MeTCNQ), we have invoked
the model based on the hopping mechanism
of conductivity which is possibly condi-
tioned by the structural peculiarities of the
listed ARS [14-16]:

1

a+1
U
R(T) = Aexp %E @

Here a is the dimensionality of the sys-
tem, T, and A are the parameters of the
model.

For the [N-CH3—-Pz](MeTCNQ), com-
pound the best fit of the experimental and
theoretical R(T) dependencies occurs for o =1,
which corresponds to the one-dimensional
case. Logarithm of the reduced electrical re -
sistivity R/Rpy is expressed as:

158.59
VT

Meanwhile, fitting of the experimental
R(T) dependence for [N-CyH;—Pz](MeTCNQ),
salt by the theoretical curve with the vari-
able value of O parameter allows to estimate
it as a = 2, which gives evidence for the
earlier assumption of two-dimensional con -
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Fig. 1. IR absorption spectra of ARS:
1 — (N-CH3Pz)(MeTCNQ),,

2 — (N- CH3P2)(MeTCNQ),

3 — (N-iso-C4HgPz)(MeTCNQ),.

ductivity of the studied compound. In this
case for In(R/Rpy) we have:

143.48
T1/3 "

ln(R/RRT) = - 21.44 +

For +the simple and complex ARS
(IN-C3H,-Pz](MeTCNQ) and [N-CgH,—
Pz](MeTCNQ),) we can get respectively:

- 178.36

and
__ 165.08
ln(R/RRT) - 25.02 + W.

Direct verification of the assumption of
quasi-two-dimensional character of electrical
conductivity which is rather unusual for
TCNQ-based ARS may be performed through
the studies of the anisotropy of electrical
resistance of [N-CyH5—Pz](MeTCNQ), single
crystals.

The temperature dependence of ARS
[N-C4Hg—Pz](MeTCNQ), electrical resistivity
can be described in terms of simple activa-
tion model:

In(R/Rpyp) =-7.12 + &7?8

Hence for the given salt the wvalue of
activation energy is equal to 0.36 eV. In-
consistency in results of resistivity meas-
urements and IR spectral data can be ex-
plained in the following way. For all ARS
synthesized by us the MeTCNQ heap struc-
ture is of the same type, as it is seen from
their IR spectra, which are characterized by
the continuous absorption in the whole
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Fig. 2. Temperature dependence of electrical
resistivity for ARS:

1 — (N-CH4Pz)(MeTCNQ),,

2 — (N-C,H5Pz)(MeTCNQ),

3 — (N-C,H;Pz)(MeTCNQ),,

4 — (N-iso-C4HgPz)(MeTCNQ),.

wave number interval. ARS with smaller
size cations (up to the N-C3H;—Pz) possess
noticeable quasi-two-dimensional electronic
structure. That is why the results of resis-
tivity measurements performed on pelletted
samples agree qualitatively with the optical
data. Larger N-butylpyrazine cations, which
are situated between anion-radical heaps,
prevent the inter-heap links formation.
Therefore ARS MeTCNQ with big-size cat-
ions exhibit quasi-one-dimensional character
of conductivity. The latter was the condi-
tion of high activation energy values ob-
tained in resistivity measurements on
pelletted samples (high conductivity along
the stacks and dielectrical behavior in other
two directions).

One more characteristic peculiarity of
the (N - H,,./C,—Pz) (MeTCNQ),, ARS,
which differs it from analogous TCNQ salts,
is in its ability to melt without destruction
(Table.). It gives us a reason to confirm the
tendency, which was detected earlier [11].
In accordance with it ARS MeTCNQ melting
temperatures are 40—-50 K lower than ap-
propriate ones for ARS TCNQ. As it can be
seen from Table. the melting temperatures
of the given ARS are rather low. This cir-
cumstance makes it possible to create defi-
nite microelectronic constructive elements
directly from the liquid phase. Besides they
have an advantage over the known ARS of
TCNQ and MeTCNQ, which is in their
greater adgesion to metal surfaces due to
ability to coordination (i.e. formation of co-
ordinated links Me—N). That is why the ARS
are promising for use in electronics and mi -
croelectronics.

319



D.V.Ziolkovskiy et al. / Anion-radical conducting ...

No
Sci

320

This work was supported by STCU (grant
.2276) and Ministry of Education and
ence of Ukraine.

References

. LF.Schegolev, Phys. Stat. Sol.(a), 12, 9 (1972).
. G.C.Papavassiliou, A.Terzis,

P.Delhaes, in:
Handbook of Organic Conductive Molecules
and Polymeres, vol.1, Edited by H.S.Nalwa,
John Wiley and Sons Ltd., Chapter 3, (1997),
p-152.

. M.Tanaka, F.Urano, M.Nakabata, Japan Pat-

ent No.60-139832 (1987).

. V.A.Starodub, V.V.Barabashova, Ye.M.Gluz-

man et al., USSR Patent No.1,389,226 (1987).

. V.A.Starodub, Ye.M.Gluzman, K.V.Krikunov

et al., USSR Patent No.1,696,428 (1991).

. K.Mukai, S.Jinno, Y.Shimode et al., Polyhe-

dron, 20, 1537 (2001).

7.

8.

9.

10.

11.

12.

13.

14.

L.Ballester, A.M.Gil, A.Guttierez et al., Eur.
J.Inorg.Chem., 3034 (2003).

K.I.Pokhodnya, N.Petersen, J.S.Miller, Inorg.
Chem., 41, 1996 (2002).

T.Sugimoto, K.Ueda, S.Endo et al., Chem.
Phys. Lett., 288, 767 (1998).
V.A.Starodub, A.V.Kravchenko, A.R.Kaza-

chkov et al., Functiomal Materials, 10, 739
(2003).

V.A.Starodub, E.M.Gluzman, Yu.A.Kaftanova
et al., Teor. Eksp. Khim., 33, 11 (1997).

V.A.Starodub, E.M.Gluzman, K.I.Pokhodnya,

M.Ya.Valah, Teor. Eksp. Khim., 29, 361
(1993).
V.E.Klimenko, V.Ya.Krivnov, A.A.Ovchin-

nikov, I.I.Ukrainskiy, Teor.Eksp. Khim., 13,
614 (1977).
J.M.Ziman. Models of Disorder, Cambridge

University Press: Cambridge, London, New
York, Melbourn (1979).

IIposigui amion-pagukaasui coai MeTCNQ 3 karionamu
Ha OCHOBIi NMipa3uny

A .B.3ionrxoecvruii, A.B.Kpasuenrxo, B.0.Cmapodyé,
O.P. Fa3aukoé, B.B.Xomkesuu, I''B.Kamapuyx,
A.B.Xomxkesuu, O.C.ITuwkix

Brepire cunresoBano aHioH-pamukanbHi comi (APC) merun— 7,7,8,8-rerpamuaHoxinonu-
merany (MeTCNQ) 3 kariomamu N-ankinmipasimizo mpocToro Ta ckjaagHOro ckjaaxny. ITokasa-
HO, 110 BigmoBigHO cBoiM IY cmekTpam i pesdyiabTaTaM pe3uMCTUBHUX BUMipIOBaHb B iHTepBaJi
77-300 K cunresoBani APC wmators Ha 1-2 mopaaku OijbIlly eJeKTPONPOBiAHICTB, HixK
amasoriuai APC na ocuoBi TCNQ. Bci mocrmimxeni APC a60 By3hbKO30HHI HAmiBIPOBigHUKH
(mmmpuna 3a6oporenoi 3ouu <0.05 eB), a6o meranu. APC 3 Manonw ZOBXKUHOIO amidaTuaHOrO
pazukany y CKJaAi KaTioHy MOKHAa BigHecTu A0 KBasigBomipHuX mpoBigHmkiB. Taki comi, Ha
Bigminy Big amamoriunmx APC TCNQ, szaTui niaBuTuchk 6e3 poskJaany.
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