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Elucidation of the structural and magnetic
properties of the anion-radical salt (Et-3,5-diMe-
Pz)(TCNQ),

Erik Cizmar, €2 *® Mariia Holub, 72 Daniela Soltésova,® Vladimir Tkac, (22
Petr Dolezal,® Dominik Kriegner, 2 °¢ Vaclav Eigner,” Michal Dusek,®
Dmitry Ziolkovskiy, © ¢ Mark W. Meisel ()¢ and Alexander Feher?

The intriguing structural and magnetic properties of the low-dimensional, chain-like anion-radical salt
(Et-3,5-diMe-Pz)[TCNQI,, where Et-3,5-diMe-Pz is N-ethyl-3,5-dimethylpyrazinium and TCNQ is 7,7,8,8-
tetracyanoquinodimethane, are reported. The nature of the low-temperature transition near 164 K, which
may be misidentified as a traditional spin-Peierls event, is clarified with X-ray diffraction, magnetometry,
specific heat studies, and numerical calculations. Specifically, this complex is identified as a spin-Peierls-like
system due to a subtle intrinsic magnetic dimerisation present at room temperature. The dimerisation of
the antiferromagnetic spin chains in (Et-3,5-diMe-Pz)[TCNQ], predicted by DFT calculations is much
stronger in the low-temperature phase (¢ = 0.087) than in the high-temperature phase (¢ = 0.628), as
observed in the magnetic properties.

1. Introduction

Charge transfer systems possess an expansive set of possible
physical properties, so depending on their composition and
structure, they may be classified as insulators, semiconductors,
metals, and even superconductors. This electronic diversity,
which provides opportunities for structural and magneto-elastic
tuning, makes these materials attractive choices when designing
devices for practical applications, such as solid electrolytes in
electrolytic capacitors, the fabrication of junctions in silicon or
cadmium sulphide-based semiconductor devices, or purely
organic electronics components, e.g. transistors, for analytical
purposes in the detection of drugs or harmful substances, ink-jet
printed organic electrodes, etc.'” In fact, anion-radical salts (ARS)
based on 7,7,8,8-tetracyanoquinodimethane (TCNQ) molecules
offer fascinating options, since their flat structure is susceptible
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to m-n stacking, which facilitates the formation of various low-
dimensional magnetic systems>°° with possible applications
in spintronics’®™"? and quantum information processing
technologies.">'* The resulting magnetic interactions are
intimately connected with the crystal structure, so even small
lattice variations can cause significant changes in magnetic
behaviour."™*° Therefore, a spin-Peierls (sP) transition often
occurs in ARS complexes based on TCNQ as a consequence of
strong structural and spin correlations between adjacent
molecules.”®?*> Specifically, one-dimensional Heisenberg
antiferromagnetic (AFM) chains can undergo a transition to
the spin-dimerised state.?**

Herein, structural identification, magnetic, electrical
transport, and thermodynamic characterisation of ARS (Et-3,5-
diMe-Pz)(TCNQ), (where Et-3,5-diMe-Pz is N-ethyl-3,5-dimethy-
Ipyrazinium) are presented. The crystal structure was established
by X-ray diffraction (XRD) techniques at 250 K and 95 K, with
additional data acquired during cooling and heating through the
transition near 164 K. These data identify the high-temperature
(HT) and low-temperature (LT) phases. In addition, a cusp near
the transition temperature was observed in the specific heat study.
Magnetic properties were investigated and analysed using a model
of alternating exchange (or dimerised) Heisenberg AFM chain with
spin S = 1/2. Together, these experimental data motivate and
empower DFT studies that clarify the magnetic nature of the HT
and LT phases. Ultimately, the system is classified as an sP-like
system, reminiscent of (0-Me,TTF),NO;,” since at high tempera-
tures the system is tetramerised (magnetically dimerised) with
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disorder in the cation subsystem, while cooling below 164 K, the
cations structurally order while the spins become more dimerised.
At low temperatures, the magnetic response is consistent with the
description provided by Bulaevski for a dimerised Heisenberg
AFM spin chain.**?*

2. Experimental and
numerical methods

2.1. Synthesis

The synthesis of (Et-3,5-diMe-Pz)(TCNQ), (1) was performed
similarly to that described by Kazheva et al.>® The constituents
were obtained from Sigma-Aldrich, and the TCNQ was purified
by vacuum zone sublimation. Ethyl iodide was synthesised
using a reaction of ethanol with phosphorous triiodide, fol-
lowed by distillation in an inert medium. To prepare the cation
precursor, 2,6-diMe-Pz (2,6-dimethylpyrazine) was quaternized
by ethyl iodide in dry acetonitrile under an Ar atmosphere. The
resulting N-ethyl-3,5-dimethylpyrazinium iodide was recrystal-
lised from acetonitrile. In a separate step, TCNQ was dissolved
in acetone at approximately 40 °C to give a nearly saturated
solution. The iodide salt was added to this solution with
stirring in a 1.5:2 molar (iodide:TCNQ) ratio, and the reaction
mixture was allowed to cool to room temperature. A black-
violet precipitate of the ARS formed, which was filtered, washed
with an ether-acetone mixture and ether, and dried under
vacuum. Single crystals were obtained by slow evaporation of
an acetone solution of the product (crystals of a size of up to 3 x
1.5 x 0.5 mm® were obtained). Infrared and Raman spectra,
including optical conductivity spectra, were previously reported
by Barszcz et al.”” (reported there under the previous naming
convention as (N-Et-2,6-diMe-Pz)(TCNQ),).

2.2. X-ray diffraction

A crystal of 1 was mounted on a glass fibre and analysed using a
Rigaku OD SuperNova Diffractometer, equipped with an Atlas S2
CCD detector. XRD data were collected using mirror-mono-
chromated Cu-Ko radiation (4 = 1.54184 A). Data reduction,
scaling, and absorption correction were performed using CrysA-
lisPRO software.”® The structures were solved by charge flipping
using the programme Superflip>® and refined by full-matrix least-
squares on F in Jana2006.%° The residual electron density maps
were visualised using MCE.*" All hydrogen atoms were discern-
ible in difference Fourier maps and could have been refined to
reasonable geometry, but according to common practice, they
were kept in ideal positions with C-H = 0.96 A and Ui, (H) set to
1.2 Ueq (C). All non-hydrogen atoms were refined using harmonic
refinement. The crystal structure was studied at two tempera-
tures, 250 K and 95 K. In the HT phase, the disordered ethyl
group was observed, and its bond lengths were restrained to the
values observed in the non-disordered LT phase. The occupan-
cies of disordered positions were refined with the sum of
occupancies constrained to 1, resulting in an occupancy ratio
of 67:33. For further information on data collection and
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structure refinement, see Table S1 (SI). Structural plots were
prepared using Diamond software.*”

The measurement of symmetric w-20 scan was performed
on a diffractometer, D500-HR-4K, equipped with a position
sensitive detector-Mythen in Bragg-Brentano geometry. The
sample was placed on a sapphire holder in a ColdEdge cryostat
in a helium atmosphere. The sapphire holder was mounted on
a “cold finger” of a Gifford-McMahon (GM) refrigerator, and
over the range of 4 K to 300 K, the temperature measurement
was provided by a thermometer placed close to the holder. The
sample temperature was measured with an uncertainty lower
than 0.5 K and stabilised at +0.1 K, while the cooling/heating
between the temperature set points was 1 K min~'. The mono-
crystalline sample was oriented on the holder to allow the
temperature dependence of the (001) plane distance to be
investigated. This geometry of the sample allowed for measur-
ing the low-20 00! diffraction maxima: 001, 002, 003, 004, and
005. The 20 profiles were fitted using the p-Voigt function to
determine the peak position, and the Cohen-Wagner plot was
used to determine the dy; distance. This procedure was used to
correct the experimental sample height misalignment, particu-
larly when only low 20 diffraction maxima were available during
measurement.

2.3. Magnetic, specific heat, and resistivity measurements

Measurements of magnetic properties were made using a
Quantum Design MPMS3 superconducting quantum interfer-
ence device (SQUID) magnetometer on the as-prepared poly-
crystalline sample. The temperature dependence of magnetic
susceptibility was measured in the temperature range of
1.8-300 K in magnetic fields of 0.1 T, 0.5 T, and 5 T. The
isothermal magnetisation (1.8 K) was investigated up to 7 T.
The sample was packed in a clear gelatin capsule held by a
plastic straw. The susceptibility data were corrected for the
diamagnetic contributions of the background (gelatin capsule)
and sample. The diamagnetic contribution of the background
was measured in a separate experiment and subtracted from
the temperature dependence of the raw magnetic moment. The
core diamagnetic susceptibility was estimated using Pascal’s
constants,*® and y4ia = —1.25 x 10~° m® mol ' was subtracted
from the measured response.

The measurement of specific heat was performed on a single
crystalline sample, 0.71 mg, using Quantum Design PPMS in
the temperature range from 200 K to 155 K in a zero magnetic
field in the cooling cycle using a slow rate of 0.1 K min ™' to
avoid significant sample fracturing through the transition
temperature region. Due to the nature of the observed struc-
tural transition, the sample was also broken on several occa-
sions when the transition region was approached in the
electrical resistivity measurements. Therefore, only a simple
two-point contact method was used, instead of the four-point
method, to successfully measure the resistivity in a cooling
cycle with a thermal sweep rate of 0.1 K min~" from 300 K to
179 K, when the crystal breaks. Nevertheless, small disconti-
nuities in the temperature dependence of the resistivity appear
below 240 K as evidence of microfractures formed in the crystal,
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which contribute to the grain-boundary resistance, especially
below 190 K. The PPMS instrument provided temperature
control during the two-point contact study of electrical resis-
tivity using a Keithley 6517B electrometer/high resistance meter
due to the large resistance of the sample (&~ 20 kQ at 300 K, but
~1.6 MQ at 200 K). Silver wires and paste were used to make
the contacts.

2.4. Computational details

Calculations were performed using the ORCA 5.0.4 computa-
tional package.*® Broken-Symmetry (BS) DFT*® was performed
using B3LYP and M06 exchange-correlation functionals®*® with
triple-{ basis set Def2-TZVP*® for all atoms. The resolution-of-the-
identity approximation and the chain-of-spheres approximation
to exact exchange®® were applied to speed up the calculations
with the appropriate auxiliary basis sets.*" The TightSCF criteria
were applied for the convergence of the self-consistent field (SCF)
theory. In the simplest case, the exchange interaction was
obtained using Yamaguchi’s formalism** where
Jps = *72&]5 — EBZS (1)
(57Tus — (5

from a single-point approach (using the X-ray determined struc-
ture) with the Hamiltonian

H = —2JpsS1S, 2)

The energy Eys corresponds to the high-spin (HS) configu-
ration of two interacting spins in the molecule (parallel orien-
tation of the spins), while the energy Egs corresponds to the
broken-symmetry (BS) configuration of those two spins when
one of them is flipped (antiparallel orientation of spins). This
simple approach can be used only for a pair of spins, so an
appropriate fragment with two spins was selected from the
chain-like spin structure. Note that the exchange Hamiltonian
used for the analysis of the experimental data and the reporting
of the calculated J values has the form

H=JSS, 3)

Spin density plots were prepared using Chemcraft
software.*?

3. Results and discussion

3.1. Structure and thermal evolution

The crystallographic data and bond lengths of 1 are reported
in Tables 1 and 2 and Tables S1-S5 (SI). The crystal structure is
formed by a crystallographically independent cation (Et-3,5-
diMe-Pz)" and two types of anion radicals, specifically TCNQ
(A and B), with a disordered ethyl group of the cation in the
HT phase (see Fig. 1). As the temperature decreases approach-
ing the LT phase, the ethyl groups become ordered, accom-
panied by a contraction of the unit cell along all three
crystallographic axes, while the crystal structure retains the
same space group P1.

This journal is © the Owner Societies 2026
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Table 1 Crystal structure data for 1

Empirical formula CazHalNio

545.6
Formula mass (g mol ) T =250 K T=95K
Crystal system Triclinic Triclinic
Space group P1 Pi
alA 7.9282(2) 7.8658(3)
b/A 13.3615(4) 13.1568(5)
c/A 14.0733(4) 13.8695(4)
af° 92.407(2) 89.380(3)
BI° 78.061(2) 76.884(3)
/° 77.177(2) 80.584(3)
Cell volume/A® 1416.15(7) 1378.54(9)
z 2 2

Table 2 Characteristic distances between anion-radicals in 1 - interplanar
separation of aromatic rings d, ring centroid distance d(Cg---Cg), and ring
centroid offset (slippage)

TCNQ pair d(A) d(Cg---Cg) (A) Slippage (A)
HT phase

AA 3.5674 4.0550(1) 1.9278

AB 3.1740 3.7667(1) 1.9699

BB 3.3558 3.8172(1) 1.8195

LT phase

AA 3.4560 4.0421(2) 2.0904

AB 3.1316 3.7326(2) 2.0069

BB 3.2155 3.3782(1) 1.0325

In both phases, the formation of layers was observed with
the ABBA stacking sequence, resulting in three types of n—n
interactions, A-A, A-B, and B-B. Layers of anion radicals

Fig. 1 Molecular structure of 1 including an atom numbering scheme for
(a) HT phase, (b) LT phase. The ADPs (anisotropic displacement para-
meters) are drawn at 50% probability.
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Fig. 2 The crystal structure of 1 in direction [100] showing ABBA stacking
sequence.

alternate with cation sequences along the c-axis, Fig. 2. The
mean planes of A and B are inclined with an interplanar angle
of 2.22(3)° in the HT phase and 0.50(2)° in the LT phase. In both
phases, anion radicals are almost perfectly planar, with the
highest deviations from planarity of 0.081(2) A for TCNQ A
(N2a) and 0.036(2) A for TCNQ B (N4b) in the HT phase and
0.1080(12) A for TCNQ A (N2a) and 0.0657(12) A for TCNQ B
(N1b) in the LT phase. The shortest interplanar separation
between anion radicals and C- - -C interactions between anion
radicals in the stacks are, in both phases, the longest for A-A
and shortest for A-B (see Table 2 and Table S3 (SI), and Fig. 3),
creating structural tetramers of ABBA type. Additional informa-
tion also provides the distance between the ring centroids and
their offsets (slippage) (Table 2, Fig. 3), which show an inter-
esting behaviour when comparing HT and LT phases. Although
interplanar separation and C---C interactions are shortest
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Fig. 3 Stacks of TCNQ anion-radicals with interplanar separation and
distance between ring centroids (A).
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between A-B pairs in both phases, the ring centroid distance
and slippage become shortest for the B-B pair in the LT phase.

The estimation of charge distribution along the stacks is
crucial information for the subsequent interpretation of the
magnetic data. Because the charge localisation on the TCNQ
molecule is correlated with its overall geometrical structure, the
analysis of the bond lengths in TCNQ provides the required
insight. Specifically, using the Kistenmacher relationship,** as
reported in Table S6 (SI), one obtains the results that TCNQ A
and TCNQ B carry the charge of 0.571e and 0.451e, respectively,
at 250 K. The charge distribution is slightly different at 95 K,
according to the bond lengths obtained from XRD, TCNQ A and
TCNQ B carry the charge of 0.637e and 0.295e, respectively. As a
result, the A-B pair creates a structural dimer (TCNQ),*~ with
effective spin S = 1/2 in both phases.

In addition to m-r stacking in ABBA sequence, the crystal
structure of 1 is stabilised by weak hydrogen bonds of C-H- - -N
type between the adjacent TCNQ stacks and between TCNQ
anions and cations, as shown in Fig. 4 and summarised in
Tables S4 and S5 (SI) to form a 3D structure in both, HT and LT,
structures. The change in the structure through the phase
transition connected with the disorder-order change of cation
ethyl groups also includes the possibility of a change in the
hydrogen bonding network, forming a more dense hydrogen
bond network in the LT phase.

Although the crystal structures maintain the same symmetry
at 250 K and 95 K (the space group is P1; the difference is
mainly due to the disorder of the ethyl group in the HT phase),
it is not clear whether the ordering is continuous or a rather
sharp transition. To elucidate this, another X-ray experiment
was performed, where the temperature dependence of the 001
diffraction maxima was measured in fine temperature steps.
XRD data were collected during two cooling and warming cycles
(see Fig. 5 and 6). Thermal cycles provide insight into the
mechanism of the transition. The transition is step-like, with
a clear discontinuity in the lattice parameters, but the sample
does not transform at a single temperature. Instead, a distinct
coexistence of the LT and HT phases is observed. The width of
the coexistence interval is approximately 6 K; see Fig. 5. To
track the hysteresis of the transition, it is necessary to identify
the temperature at which the same phase fraction appears
during both cooling and heating, giving the hysteresis of
15 K; see Fig. 6. Interestingly, dgo; first increases with the
decreasing temperature from 300 K to 150 K, then drops to a
lower value in the LT phase and slightly decreases, reaching a
minimum value of 13.49 A at 10 K, as seen in Fig. 6. The high-
resolution X-ray data are compared with the results of stan-
dard single-crystal diffraction experiments performed at 250
and 95 K, showing good agreement; see Fig. 6.

3.2. Magnetic data

The temperature dependence of the low-field magnetic
susceptibility increases with decreasing temperature from
room temperature to nominally 174 K (see Fig. 7). Upon
further cooling, a transition reminiscent of a sP-like transi-
tion occurs below 174 K. At temperatures below 20 K, the
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(b) 95K - LT phase

Fig. 4 Hydrogen bonding system in 1, possible weak hydrogen bonds are
represented by orange dashed lines. For the sake of clarity, only labels for
acceptor atoms are shown. Symmetry codes: () 1 + x, y, z.

signal increases again with decreasing temperature, and this
Curie-like increase is typically associated with the paramag-
netic behaviour of isolated spins in the complex (non-bonded
(TCNQ),* "), end-chain spins or topological defect-induced
moments referred to as pinned solitons'**® in dimerised
chains. Thermal hysteresis, similar to the XRD study, was
also observed in the magnetic response during the thermal
cycling between 180 K and 140 K, as shown in Fig. S1a (SI).
These data are presented for an applied magnetic field of 5 T,
and the width of the hysteresis was observed to be indepen-
dent of the strength of the applied field.

In fact, the transition below 174 K is not a typical sP ordering
event, because the XRD data have shown that the HT structure
is also tetramerized (magnetically dimerised), but with disorder
in the cation subsystem. In other words, this complex is a rare

This journal is © the Owner Societies 2026
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Fig. 6 Temperature dependence of the dgo; lattice-plane spacing. Red
and blue colours denote the HT and LT phases, respectively. Filled and
open symbols correspond to heating and cooling cycles. Square symbols
represent calculated values based on lattice parameters obtained from
single-crystal diffraction measurements at 250 K and 95 K. The hysteresis
between cooling and heating is approximately 15 K.

example of an sP-like system. At transition temperature, the
structural disorder in the cation subsystem of 1 is removed and
the magnetic dimerisation is enhanced, as shown in Fig. 3. In
contrast to the typical sP transition with a uniform AFM spin
chain description above the transition, the magnetism of both
HT and LT phases of 1 requires the description using an
alternating exchange Heisenberg AFM chain model (hereafter
also called the dimerised AFM chain model) for both phases,
but with different dimerisation ratios. In both phases, the mag-
netic behaviour is primarily governed by the singlet-triplet excita-
tion spectrum. In the LT phase, triplet excitations begin to emerge
only at higher temperatures (but below the transition tempera-
tures), whereas in the HT phase, triplet excitations are already
strongly populated. The sP transition temperature in a similar
temperature range was also observed in other ARS, KTCNQF,*°
and (0-Me,TTF),NO;.° The eventual structural order-disorder
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Fig. 7 The magnetic susceptibility of 1 with models for LT and HT phases
measured during heating. The red dashed line represents the extrapolation
of the dimerised AFM chain model from the HT phase into the LT region.

transition in similar ARS is connected with the appearance of the
sP transition,*”*® while in some cases the order-disorder transi-
tion is decoupled from the sP transition,”**”° which appears at
lower temperatures. In a well-studied MEM(TCNQ),, the order-
disorder transition at 335 K is related to a change in electric
conductivity, while magnetically the system remains a uniform
AFM spin chain down to 19 K, where the sP transition appears.>®*!

A behaviour very similar to 1 has been observed in
TEA(TCNQ), with a structural transition at 220 K, where it is
assumed that the TEA cations freeze from the disordered HT
state into one of two possible orientations with random
occupancy,’” resulting in a description of the transition as one
from static to dynamic disorder. This transition is also mani-
fested by an anomaly in electrical conductivity,>® susceptibility,>*
and dielectric spectroscopy.”® Below this transition, a gradual
opening of a spin gap, reminiscent of the sP transition, was
observed. New muon spin spectroscopy studies show evidence of
3D AFM Ising order of defect-induced paramagnetic moments in
dimerised phase of TEA(TCNQ), below 120 K.*® It is worth
mentioning that a similar magnetic ordering, but of the Heisen-
berg universality class, was observed in KTCNQF,.*® The mag-
netic dimerisation in 1 appears to be more abrupt than in
TEA(TCNQ),, tentatively assigned to the full ordering of cations
in the temperature range 150-175 K as shown in Fig. 6, leaving
no randomness in TCNQ stacks. In addition, we were unable to
detect any significant anomalies in the magnetic data in the
dimerised phase (see Fig. S1b (SI)) similar to KTCNQF,>’ con-
nected with 3D magnetic correlations. On the other hand, the
creation of AFM spin pairs was shown in (o-DMTTF),X salts from
magnetic and electron paramagnetic resonance experiments,®
which will be discussed further.

3.3. Resistivity and specific heat studies

In the case of the Peierls transition in conductive ARS, the
change from metallic to semiconductive (or insulating) char-
acter of the electrical conductivity occurs below the transition

16666 | Phys. Chem. Chem. Phys., 2026, 28, 16661-16670

PCCP
temperature, while the system remains semiconductive
through the transition in typical examples of the sP transition
in CuGe0;,* TiOCI*® or MEM(TCNQ),.2°"* Thus, the tempera-
ture dependence of the electrical resistivity in the HT phase was
measured along the b*-axis, in anion-radical layers approxi-
mately along the TCNQ stacks as shown in Fig. S2 (SI), to
distinguish the character of the transition. The temperature
dependence of the resistivity p possesses a semiconducting
character, Fig. S3 (SI), suggesting that the structural transition
is not connected with the Peierls transition.

The charge transport in organic compounds can be
described by different models, such as the classical band
transport or various hopping transport models.** A delocalised
molecular wave function is expected with mean free paths
larger than the inter-site distance within the band transport
model; the hopping mechanism is described by tunnelling or
overcoming potential barriers between localised sites, with the
mean free path of the order of the inter-site distance. The
temperature dependence of resistivity of 1 has an Arrhenius-
type character (see the inset of Fig. S3 (SI)); thus, the band
transport model was applied in the form

o(T) = poe’“@mb) (4)

in the temperature range of 190-300 K with T, = 300 K and p, =
0.27 Qm (conductivity o, = 0.037 S em™ "), yielding the activa-
tion energy AE = 0.224 eV. The estimated activation energy is
slightly smaller, AE = 0.213 eV in the temperature range down to
240 K, where the first microfractures in the crystal appear, which
would eventually increase the resistivity similar to compacted
polycrystalline samples. Comparison with other TCNQ-based ARS
shows that while the room-temperature conductivity of metallic
ARS, such as TTF-TCNQ, may reach 500 S cm™',°*% many ARS
reported by Melby et al.®>® reach only 107°-10"* S em™ ", and
well-studied TEA(TCNQ), in the thermally activated conduc-
tivity phase has a conductivity of 5.7 S cm™ '.°® The room-
temperature conductivity of the same family of ARS can differ
by several orders depending on the stacking of TCNQ radicals,
from 3.9 x 107> S cm™ ! for dimerised TCNQ in stacks to
0.024 S cm ™" for the uniform TCNQ spacing.>® Thus, the
estimated conductivity in 1 agrees well with a weaker dimer-
isation observed in the HT phase.

In addition, the temperature dependence of specific heat
was investigated in a zero magnetic field over the temperature
range of 156 K to 200 K, Fig. S4 (SI), to track the structural
phase transition. A cusp-like anomaly was observed near 164 K,
which corresponds to the transition temperature as deduced
from the XRD measurements presented in Fig. 5.

3.4. Theoretical calculations and analysis of magnetic data

To obtain insight into the magnetic nature of the HT and LT
phase of 1, BS DFT calculations were performed, using the
B3LYP and MO06 exchange-correlation functionals, which pro-
vide the dimerisation ratio o = J,/J; of two successive nearest-
neighbour exchange interactions in the anion-radical stacks of
the single-crystal data at 250 K and 95 K. Although B3LYP is
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widely used in BS DFT calculations, M06 has been suggested to
perform well in calculating intermolecular exchange interac-
tions, e.g., transmitted through m-m contacts.®””® Since the
structure consists of infinite chains (stacks), each exchange
interaction calculation focused on one fragment consisting of a
pair of (TCNQ),*~ units representing /; =J (1 +d)and J, =] (1 — 0)
in the dimerised Heisenberg AFM spin chain described by the
Hamiltonian

H:JZ[(] —5)S2[,1 '§2,‘+(1 +(S)S2,'-S2,'+1}. (5)

First, the HS state energy was calculated, then one of the
spins residing on a (TCNQ),*” unit was flipped (the spin
density obtained from the HS calculation was inverted), and
the BS state energy was calculated, yielding the Heisenberg
exchange interaction of eqn (1). The calculations were per-
formed on two model structures for each temperature, namely
simplified structures containing four anion-radical molecules
surrounded by eight nearest cations without (sm - small model
molecule, Fig. 8) and then four anion-radical molecules sur-
rounded by twelve nearest cations without (Im - large model
molecule, Fig. S5 (SI)), this notation is used Table 3. Since the
structural disorder of the ethyl group of the cation complicates
the calculations for the structure at 250 K, the model structure
only included the atom positions of the ethyl group with higher
probability.

Since calculations are based on the electron and spin density
distributions for different types of model structures, the spin
density of the BS states is shown in Fig. 8 and Fig. S5 (SI). The
energy of the BS state can also be minimised when the spin
distribution residing on different atoms in the model structure
is evenly distributed and averaged to zero in the whole model
structure, Fig. 8 and Fig. S5 (SI) show a distinct distribution of
up (orange) and down (blue) spin density in (TCNQ),*~ units.
In general, the results summarised in Table 3 indicate that, in
both temperature regions, the system remains in a dimerised

(a) BS1

(b) BS2

Fig. 8 The spin density of the BS states of two small model molecules
(sm, Table 3) with four TCNQ anion radicals surrounded by eight nearest
cations extracted from the crystal structure of 1 obtained at 95 K. The blue
and orange colours of the spin density distribution correspond to the two
opposite spin polarisations (isovalue 0.002). Exchange interactions J;
(corresponding to AB-BA interaction, BS1) and J, (corresponding to BA—
AB interaction, BS2) were calculated using the BS DFT approach.
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Table 3 Result of the BS DFT calculations using the B3LYP and M06
functionals for (TCNQ),* ---(TCNQ),*~ model structures (sm - small
model molecule, Im - large model molecule)

Temp (K) Model Jilks (K)  Jolks (K) o 1) Alkg (K)
250 sm, B3LYP 140.8 92.1 0.654 0.209 72
250 sm, M06 240.6 138.3 0.575 0.270 142
250 Im, B3LYP 88.0 33.0 0.375 0.455 102
250 Im, M06 132.1 86.7 0.656 0.208 67
95 sm, B3LYP 1870.9 149.4 0.080 0.852 1792
95 sm, M06 1889.6 168.2 0.089 0.837 1800
95 Im, B3LYP 1570.9 131.4 0.084 0.845 1501
95 Im, M06 1599.6 151.8 0.095 0.827 1518

state, which justified its classification as sP-like. The dimerisa-
tion parameters o and ¢ are reported in Table 3 together with
the energy gap 4 = 2J6**.7°7? The magnitude of the exchange
interactions is well correlated with the interplanar distance of
the neighbouring TCNQ molecules in the stacks shown in
Fig. 3, and we can assign J; and J, to AB-BA and BA-AB pairs,
respectively. As a result, the expected spin chain dimerisation
in the LT phase with an average value of « = 0.087 is much
stronger than in the HT phase with o = 0.628 (excluding the
result for Im, B3LYP method). The predicted large energy gap in
the LT phase would yield a significant reduction in the mag-
netic moment below the transition temperature, as observed in
the magnetic data in Fig. 7.

Despite the prediction of magnetic dimerisation present in
both phases from the DFT calculations, the temperature depen-
dence of susceptibility needs to be analysed separately in the
HT and LT regions. The decrease in the susceptibility with
increasing temperature suggests that a maximum in the tem-
perature dependence of the susceptibility predicted for the
dimerised AFM spin chain would lie at lower temperatures.
Thus, experimental data in the HT phase in Fig. 7 were fitted
using the high-temperature series expansion for the dimerised
AFM spin chain (eqn (5)) with a dominant exchange interaction
J1 and the degree of dimerisation described by the parameter
«.”>”* In this description, the magnetic susceptibility may be
written as

A+ Bx + Cx?
1 +Dx+ Ex2 + Fx3

Napg’g?
T) =
x(T) ko

(6)

where N, is the Avogadro constant, kg is the Boltzmann constant,
ug is Bohr magneton, the g-factor is g = 2 for TCNQ, x = J;/(kgT),
and o is included in the coefficients A to F.”> This expression
yields the theoretical result for the uniform Heisenberg AFM spin
chain for o = 1.”>7° The result of « = 0.64 and J,/k; = 132 K, shown
in Fig. 7, is consistent with the aforementioned DFT calculations.
On the other hand, a possible distribution of exchange couplings
in the HT phase needs to be considered; therefore, only an
effective coupling is extracted using eqn (6). Since the suscepti-
bility maximum expected at low temperatures is not observable
(an extrapolation of this temperature dependence into the LT
range is shown in Fig. 7 by the dashed line), a satisfactory fit is
also possible using the uniform Heisenberg AFM chain model
with J/ks = 121.8 K.
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Below 150 K, high-temperature series expansion, eqn (6), is
not appropriate for the description due to substantial dimer-
isation, and the susceptibility data were fit using

Y|

a ~— C
— % kT 4, ~def 7
¢ +"T_@+)Co 7)

1u(T) = T7

where the first term represents the LT approximation (kg7 < 4)
of the susceptibility of a dimerised AFM spin chain as described
by Bulaevski for sP systems with y = 1/2.>**>7?
represents paramagnetic moments of concentration n with a
Curie constant C for S = 1/2 entities (non-interacting defect-
induced moments, thus, assuming Weiss temperature @ = 0)
with g = 2, while the last term y, allows for a temperature-

The next term

independent diamagnetic correction. The fit shown in Fig. 7 is
for n = 0.016, a = 14.95 x 10~° emu K*? mol™*, with an energy
gap of A/kg = 838 K, which seems to be underestimated
compared to the values obtained from BS DFT calculations,
Table 3, but suggesting a very strong magnetic dimerisation in
the LT phase. Of course, a direct comparison of the values
obtained from the experiment and from two model structures
should be taken with caution, since both model structures are
just fragments of chains in which the spin density of all
neighbouring TCNQ molecules has not been considered. Thus,
the differences may be attributed to the simplified model
structures used with BS DFT calculations and to the fact that
4 in eqn (7) represents a zero-temperature energy gap value in
sP systems, while the energy gap might be temperature depen-
dent. The presence of paramagnetic species at low tempera-
tures was further evidenced by the field dependence of
isothermal magnetisation at 1.8 K, which is reasonably well
reproduced by a Brillouin function using n = 0.018, as shown in
Fig. S6 (SI). The contribution of bulk triplet excitations is
negligible at such low temperatures and in the presence of a
large energy gap, and remains experimentally undetectable up
to magnetic fields of 7 T when compared with the defect-
induced moments carrying effective spin S = 1/2. However,
the deviation of the magnetisation curve from the Brillouin
function may also indicate the existence of weak AFM interac-
tions between defect-induced moments.

Possible correlations between paramagnetic moments at low
temperatures were studied in (o-DMTTF),X, considering the crea-
tion of AFM coupled defect pairs.*® The LT susceptibility of 1 was
measured with a higher density of points in the magnetic field of
0.5 T to obtain a sufficiently high magnetic moment, and the
temperature dependence of the y7 was plotted in the LT region, as
shown in Fig. 9. The decrease in susceptibility at the lowest
temperatures was attributed to the depopulation of the triplet
states of AFM dimers as described by the Bleaney-Bowers model
for S = 1/2 AFM dimer, including the Curie term, in the form

I 1 3 4
roln ndlmm + g(l — Nim) (8)

where Ag is a gap between the singlet and triplet state in AFM
dimers related (but not equal) to an effective exchange interaction
between defect spins, and ng;y, is the fraction of defect spins
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Fig. 9 The low-temperature T per one mol of defects with g = 2 was
analyzed using a combination of the Bleaney—Bowers dimer model and
Curie contribution of paramagnetic moments.

forming dimers, C represents the Curie constant of defect spins.
The parameters obtained were nges = 0.16 and As/ks = 2.60 K,
suggesting that a relatively high proportion of defects (about 15%)
are coupled in AFM dimers, but less than in (0-DMTTF),Br. The
extracted gap of 2.6 K is the result of an effective average exchange
interaction of ~3 K between defect-induced diluted moments
mediated along the stacks, but also between the stacks (presum-
ably due to the short contacts in the ab-plane).

4. Summary and conclusions

By combining XRD characterisation, magnetic, electrical trans-
port, and specific heat studies with DFT and numerical analysis,
the properties of ARS 1 are comprehensively elucidated. The HT
and LT phases are both dimerised and the sP-like transition is
identified near 164 K, as evidenced by XRD, magnetometry, and
specific heat data obtained through the transition. The DFT and
numerical analysis clarify the microscopic description as
dimerised AFM spin chains, with the strength of the dimerisa-
tion changing from weaker to stronger while moving from the
HT to the LT phase. The XRD data further clarify the apparent
broadness of the transition, which spans from nominally 150 K
to 175 K, as arising from a distribution of local environments
that govern the specific and discrete transition temperature of
the microscopic locale. The characterisation and control of the
structural coherence of these microscopic domains and possible
LT correlations between the defect-induced spins are beyond the
scope of this work and provide a potential challenge to future
investigations using spectroscopic methods (electron paramag-
netic resonance or muon spin spectroscopy).
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