


for quantitative determination of antibiotics, which
decelerate development of gram-positive and gram-
negative bacteria, causing skin diseases [7]) and in
bio- and nanotechnologies (e.g., for quantitative
determination of aliphatic and aromatic amines in water,
which is important, because amines are extremely
toxic compounds [8, 9]).

EXPERIMENTAL
TCNQ (Aldrich), additionally purified by recrys-

tallization, was used. (N-Xy-Py)+Br– and (N-Xy-iQn)+Br–

salts were synthesized according to the following reac-
tion:

Alkyl-bromide (0.2 mol) was added in drops to
solution of the corresponding amine (0.1 mol) in ace-
tone (200 mL). The mixture was stirred in argon for
two to three days (the completeness of quaternization
was controlled using paper chromatography). After
the completion of reaction, the formed precipitate was
filtered, washed with acetone, and dried in vacuum at
room temperature (heating leads to decomposition).
The obtained salts were not additionally purified.

ARSs 1 and 2 were synthesized according to the
following reaction:

The ARS compositions were determined spectropho-
tometrically [10] on a Merck Spectroquant Pharo 300
spectrometer. ARSs solutions in acetonitrile in 1-cm-thick
cells were used. The obtained results were also con-
firmed by elemental analysis for carbon, hydrogen, and
nitrogen using a VarioMICRO Superuse instrument.
According to the data obtained, the ARSs have the follow-
ing compositions: (N-Xy-Py)(TCNQ)2(CH3CN) (1)
and (N-Xy-iQn)(TCNQ)2 (2).

The calculated values for 1 are as follows: C 73.78,
H 4.03, and N 22.17 wt %. The calculated values for
C39H25N10 are C 73.92, H 3.98, and N 22.10 wt %.
The calculated values for 2 are C 76.53, H 3.85, and
N 19.68 wt %. The calculated values for C41H24N9 are
C 76.62, H 3.76, and N 19.61 wt %.

X-ray diffraction analysis of ARSs 1 and 2 was per-
formed on a Stoe StadiVari Eulerian single-crystal dif-
fractometer at 180 K using a Dectris Pilatus 300K
detector with monochromatic МоKα radiation (λ =
0.71073 Å) and a Dectris EIGER4M detector with
GaKα radiation (λ = 1.34143 Å) for ARSs 1 and 2,
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respectively. The crystal structure was resolved
according to the method of internal phasing using the
ShelXT package [11] and refined according to the full-
matrix least-squares method using the SHELXL [12]
and OLEX2 [13] programs. All atoms, except for
hydrogen, were refined in the anisotropic approxima-
tion of displacement parameters. The hydrogen atoms
for ARS 2 were localized from the Fourier map and
refined independent of other atoms using isotropic
displacement parameters, and the hydrogen atoms for
ARS 1 were refined using the “rider” model (Uiso =
1.5Ueq for methyl groups and Uiso = 1.2Ueq for the other
groups).

The main crystallographic characteristics and
details of the X-ray experiment are listed in Table 1.
The structural data were visualized using the Dia-
mond 3.2k program [14]. The molecular structures of
the compounds under study are shown in Fig. 1. The
experimentally determined bond lengths and angles
are given in the ESI (Tables S1–S4).

The crystallographic data were deposited with the
Cambridge Crystallographic Data Centre (CCDC
nos. 2016745 (ARS 1) and 1983621 (ARS 2)) and can
be obtained on request at www.ccdc.cam.ac.uk/struc-
tures.

The IR absorption spectra of powder samples 1 and
2 were recorded on a Nicoletis 10 instrument (Thermo
Scientific) with a Smart MIRacle attachment in the
frequency range from 500 to 4000 cm–1 at room tem-
perature.

RESULTS AND DISCUSSION
The asymmetric part of unit cells of both ARSs

contains an organic cation and two independent radi-
cal TCNQ anions (A and B) (Fig. 1). In addition, the
structure of ARS 1 contains an acetonitrile molecule.
Based on the formulas of ARSs 1 and 2, the average
charge on TCNQq– particles should be –0.5 (–1 for
two TCNQ particles). However, it is known that the
oxidation state of TCNQ affects strongly the bond
lengths in it. Taking into account the presence of two
crystallographically nonequivalent anion-radicals in
the structure, the Kistenmacher relationship

was used to determine the charge distribution in the
TCNQ stacks [15, 16] (Table 2). Different charges of
particles of types A and B were found using the data in
Tables S1 and S3. Note that charge disproportionation
should increase the resistance in comparison with
stacks with identical charges –0.5 on TCNQ particles.

The structures of both ARSs are formed by stacks
of TCNQ anion-radicals, between which cations and
solvent molecules are located (Fig. 2). This type of
packing is characteristic of TCNQ ARSs because of
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Table 1. Crystallographic characteristics, details of the X-ray experiment, and structure refinement parameters for ARS
(N-Xy-Py)(TCNQ)2(CH3CN) (1) and (N-Xy-iQn)(TCNQ)2 (2)

Compound 1 2

Empirical formula C39H25N10 C41H24N9

Crystal system, sp. gr., Z Orthorhombic, P212121, 4 Triclinic, P , 2

Т, K 180(1) 180(1)

a, b, c, Å 7.8195(2), 12.6842(5), 32.2214(12) 7.6614(2), 14.5310(4), 15.9062(4)

α, β, γ, deg 90, 90, 90 112.300(2), 91.603(2), 91.492(2)

V, Å3 3195.85(19) 1636.43(8)

Dcalc, g/cm3 1.317 1.304

λ, mm–1 0.083 0.413

Radiation; λ, Å MoKα; 0.71073 GaKα; 1.34143

Diffractometer Stoe StadiVari Eulerian

Crystal size, mm 0.38 × 0.1 × 0.03 0.36 × 0.34 × 0.05

Tmin, Tmax 0.326, 0.995 0.078, 0.924

Number of ref lections: measured/unique, 
Rint/with I > 2σ(I)

16428/7860, 0.019/6325 22109/7749, 0.016/6479

Number of refined parameters 444 547

R(F2)/wR(F2) 0.040/0.104 0.035/0.110

S 1.030 1.100

Δρmin/Δρmax, e·Å–3 –0.154/0.230 –0.203/0.221

Programs SHELXL [12], OLEX2 [13]

1

the strong interaction of the π-systems of anion-radi-
cals, which usually facilitates high electrical conduc-
tivity due to the delocalization of π-electrons.

Stacks of anion-radicals in ARS crystals 1 and 2 are
shown in Figs. 3 and 4, respectively. Due to the Peierls
and spin-Peierls instability, n-merixation of stacks
should occur (here, 1/n is the degree of band occupa-
tion; in this case, n = 4) [1, 2]. In ARS crystals 1, stacks
of anion-radicals are slightly dimerized according to
the ABAB type, with interplanar distances between
neighboring TCNQ particles of 3.24 and 3.32 Å.
In ARS crystals 2, anion-radicals are packed accord-
ing to the ABBA type and tend to be tetramerized (the
corresponding A⋅⋅⋅B, A⋅⋅⋅A, and B⋅⋅⋅B distances are
3.19, 3.32, and 3.36 Å, respectively).

There are very weak hydrogen C–H⋅⋅⋅N bonds in
both crystal structures (the N⋅⋅⋅H distances lie in the
range of 2.47–2.70 Å). One might suggest that it is
likely due to packing effects, and the structural ele-
ments in the crystal are primarily bound due to the
electrostatic interactions between cations and anions
and the aforementioned interactions in TCNQ stacks.
One should also note the presence of interesting inter-
actions C–H⋅⋅⋅π: C6–H6A…C7–12i (i: 0.5 + x, 1.5 – y,
1 – z) and C5–H5…C11–16ii (ii: 2 – x, 1 – y, –z) in
structures 1 and 2, respectively (Fig. 5).

The IR absorption spectra of ARSs 1 and 2 do not
contain any specific features, characteristic of high-
conductivity TCNQ ARSs (Figs. 6, 7). There are no
continuous absorption, corresponding to excitation of
conduction electrons, and no lines of intramolecular
vibrations, anomalously broadened due to the elec-
tron–phonon interaction [1, 2]. A possible reason is
the Peierls instability, which induces dimerization of
stacks in ARS crystals 1 and tetramerization of stacks
in ARS crystals 2. The IR spectrum of ARS 1 contains
a wide band in the range of 3000–3600 cm–1, peaking
at 3409 cm–1 (Fig. 6). According to [17], this band can



Fig. 1. Molecular structures and enumeration scheme in (a) (N-Xy-Py)(TCNQ)2(CH3CN) and (b) (N-Xy-iQn)(TCNQ)2 ARSs.
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be related to the charge-transfer band in TCNQ
stacks. As follows from Table 2, this corresponds to the
transition
Table 2. Analysis of bond lengths in TCNQ and correlatio

All distances are averaged and calculated using the experimental dat

a b c

TCNQ0 1.345 1.448 1.374

TCNQ–0.5 1.354 1.434 1.396

TCNQ– 1.374 1.423 1.420

(1

TCNQ A 1.356 1.431 1.404

TCNQ B 1.351 1.441 1.387

(2

TCNQ A 1.365 1.426 1.412

TCNQ B 1.354 1.442 1.388

CN

CNNC

NC a
b

cd
… …
→ … …

–0.66 –0.29

–0.29 –0.66

( )( )

(

TCNQ TCNQ

TCNQ T NQ)( )C
n between the bond lengths and charge of TCNQ particles

a for the corresponding bonds, with errors disregarded.

d b – c c – d c/(b + d) Q

1.441 0.074 –0.067 0.476 –0.001

1.428 0.040 –0.032 0.488 –0.500

1.416 0.003 0.004 0.500 –0.999

)

1.425 0.027 –0.021 0.492 –0.660

1.431 0.054 –0.044 0.483 –0.290

)

1.421 0.014 –0.009 0.496 –0.830

1.431 0.054 –0.044 0.483 –0.300







  

Fig. 6. IR spectrum of ARS 1. 
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Fig. 7. IR spectrum of ARS 2. 
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