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ABSTRACT: Cocrystallization of 7,7',8,8'-tetracyanoquinodimethane radical anion (TCNQ™*) and 3-methylpyridinium-1,2,3,5-
dithiadiazolyl radical cation (3-MepyDTDA*®) afforded isostructural acetonitrile (MeCN) or propionitrile (EtCN) solvates
containing cofacial 7 dimers of homologous components. Loss of lattice solvent from the diamagnetic solvates above 366 K affords a
high-temperature paramagnetic phase containing discrete TCNQ™* and weakly bound 7 dimers of 3-MepyDTDA"*, as evidenced by
X-ray diffraction methods and magnetic susceptibility measurements. Below 268 K, a first-order phase transition occurs, leading to a
low-temperature diamagnetic phase with TCNQ™* o dimer and & dimers of 3-MepyDTDA"*, This study reveals the first example of
cooperative interactions between two different organic radical ions leading to magnetic bistability, and these results are central to the
future design of multicomponent functional molecular materials.

S table organic radicals that exhibit a hysteretic response to Chart 1. Common Modes of Dimerization in Substituted
an external stimulus (temperature, light, or pressure) 1,2,3,5-Dithiadiazolyl (DTDA) Radicals and 7,7',8,8'-
display physical properties such as magnetic bistability that are Tetracyanoquinodimethane (TCNQ) Radical Anion
promising for use in nanotechnology devices.'” Neutral Ne_R R-.N. Noc
organic 7 radicals have been extensively studied because their %-N R-S
electron-exchange interactions can lead to dynamic structurcs‘ :,:'?»_R FfTR SN f‘,j;‘v)—R
weakly coupled; in which interconversion between radicals (S N . NT=R
_ 1 ‘ e (© — ‘o ceible 720
= '/,) and x or o dimers (S = 0) is possible. ™™ These 1235DTDA | ciscofacial trans-cofaclal trans-antarafacial
cooperative solid-state interactions between different centers | oo
.\.Ilow variation of the crystalline lattice such that hysteretic Ns o 2N N, NIZ N, NIz
first-order phase transitions can arise. While this parallels the S <D<

i n ™ N” N N” N
well-known spin-crossover (SCO) phenomena of transition @ N. N N, N
metal ion complexes,” radical-based magnetically bistable ~>—L>—<N
systems  are ¢ ive 3 » ne eterocyclic N* N
.sy?tcm.s are .mmpar.mvdy rare. The neutral heterocyclic NEON, ol i e slipped (x)-dimer
thiazyl 7 radicals are among the most successful class of
radicals in this regard,””"'""*"'" with only a few examples of TCNQ'*

—_—

nitroxides™*'~*', triazinyl"® and spirophenalenyl™ derivatives
known to be bistable. In these examples, magnetic switching
typically occurs by breaking/forming antiferromagnetically
coupled 7 dimers, although examples of weakly bonded &
dimers have also been reported.”"’

The recently described intramolecular electron exchange in
discrete neutral’"*” and ionic diradicals'’ provides insights
into how chemical and electronic structure affects the bistable
behavior and the importance of cooperative interactions in the
solid state. In this context, we chose to explore the
cocrystallization of two different radical ions in a salt to
couple the structural and electron-exchange interactions in the
solid state.”” The recently reported 4-(N-methylpyridinium-3-
y1)-1,2,3,5-dithiadiazolyl radical cation (3-MepyDTDA**)*’
was chosen as the positive radical ion. These DTDA radicals
readily form 7 dimers in the solid state (Chart 1) despite their
cationic pyridinium substituent (=R) and are ideal candidates
for crystal engineering through intermolecular $"*--N*"
interactions. The quintessential electron acceptor 7,7',8,8'-

sigma (o)-dimer

tetracyanoquinodimethane (TCNQ) was chosen as a partner
for MepyDTDA™® because it forms stable # radical anions
(TCNQ™*) and its cyanido substituents can act as structure-
directing groups. Relatedly, the cation can influence the
geometry of TCNQ™* in the solid state, such that discrete



radical anions and/or its 7 or ¢ dimers can be observed in the
solid state (Chart 1).>°7*° In this work, we demonstrate a
surprising twofold single-crystal-to-single-crystal transforma-
tion*®™%’ 1nvolv1ng both the 7 and o dimers of TCNQ™* and
discrete TCNQ™* radical anion geometries, leading to thermal
bistability at room temperature.

A double-displacement reaction between the 18-crown-6
ether (18c6) potassium complex’ of TCNQ ™ and [3-
MepyDTDA][OTH] in acetonitrile (MeCN) or propionitrile
(EtCN) afforded the 1:1 radical ion salt [3-MepyDTDA]-
[TCNQ] (1) as a MeCN or EtCN solvate, respectively
(Scheme 1). The two solvates are isostructural, crystallizing in

Scheme 1. Double-Displacement Reaction between
[K(18¢6)][TCNQ] and [3-MepyDTDA][OT{] to Afford
1'RCN and [K(18¢6)][OTf]

[K(18c6)® @ow
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a triclinic unit cell (P1) containing trans-cofacial dimers of 3-
MepyDTDA*® and cofacial dimers of TCNQ™* (Chart 1).
Each 3-MepyDTDA'® obliquely interacts with one solvent
molecule via supramolecular S--N’ contacts (Figure 1a) that
are shorter than the sum of the van der Waals radii (ca. 3.26
A).*"* The solvates form alternating A"A"B™B~  stacks, with
hydrogen bonding between the out-of-register neighboring
stacks (Figure S13).

Thermogravimetric analysis (TGA) of crystalline samples
indicated the onset of desolvation of 1-EtCN at 365 K, while
the loss of lattice solvent from 1-MeCN occurred with a
noticeably higher onset temperature of 396 K. The solvent
stoichiometry was verified by the percentage weight loss found
from the TGA curve, and the results are consistent with the
crystal structures. Both 1-MeCN and 1-EtCN displayed high
thermal stability after the desolvation alteration, with the onset
of decomposition occurring above 480 K (Figures S4—S7 and
Table S1).

Variable-temperature magnetic measurements were per-
formed on microcrystalline samples of both 1-MeCN and 1-
EtCN to determine the effects of the thermal processes on the
physical properties. The magnetic susceptibilities of 1-MeCN
and 1-EtCN were studied over a temperature range of 1.85—
400 K in both cooling and heating modes (Figure S9). Both
solvates are diamagnetic solids upon cooling from room
temperature. Upon heating, however, they displayed a sudden
surge in the yT product at temperatures approaching the
desolvation onset temperatures recorded by TGA (Figure S4).
In the case of 1-EtCN, the onset of this surge occurs at 350 K,
and the T product rises to 0.38 cm® K mol™" at 400 K, which
is close to the value of 0.375 cm® K mol ™" predicted for an S =
'/, Curie paramagnet (g = 2.00). Under identical conditions,
the desolvation of 1-MeCN was less effective, as the yT
product reached a value of only 0.24 cm® K mol™" at 400 K, the
limit of our experiment. Remarkably, the newly formed
paramagnetic and desolvated phase did not follow the same
track upon cooling, and an abrupt decrease in yT was recorded
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Figure 1. Representative view of the intermolecular interactions in (a)
the solvate 1-EtCN (PI) at 120 K, (b) the LT phase of 1 (P2,/n) at
120 K, and (c) the HT phase of 1 (P2,/n) at 340 K. Sulfur is shown
in yellow, nitrogen in blue, and carbon in gray.

below 290 K. Subsequent heating and cooling cycles indicated
a hysteretic response of the magnetic susceptibility near room
temperature (263—294 K), consistent with a first-order phase
transition for both desolvated 1-EtCN and 1-MeCN materials
(Figures S10 and S11).

Motivated by the TGA and magnetic susceptibility results,
we attempted the desolvation of a crystalline sample of 1-
EtCN. Satisfyingly, after careful heating in vacuo (353—395 K,
1072 bar) over 2 days, crystals suitable for single-crystal X-ray
diffraction studies were obtained. Interestingly, the loss of
lattice solvent afforded crystals belonging to a higher-symmetry
monoclinic (P2,/n) unit cell at 120 K. This low-temperature
(LT) phase contains trans-antarafacial dimers of 3-MepyDT-
DA** with short intermolecular S—S’ contacts (3.184(1) A),
while the TCNQ radicals are now o-dimerized via a long C—C
bond (1.656(8) A), in contrast to the 7 dimers found in the
solvates (Figure 1b). The newly formed tetrahedral (sp?)
carbon of the ¢ dimer forces the dicyanomethyl group to
project toward the ab plane, and this geometry provides a nook
where the methyl substituent of the pyridinium ring is nested.
The resulting layered structure forms zigzag chains that adopt a
chevron motif through short intermolecular CN—S contacts
(Figures 1b and S14—S16). The packing optimizes the
electrostatic interactions of the terminal dicyanomethanide
portion of the ¢ dimer and the pyridinium ring, affording an
array of secondary hydrogen bonding.



The LT phase remains unchanged as it is warmed to 260 K
(just below the transition temperature observed by magnetic
measurements in Figures S10 and S11), with the ¢ dimer C—C
bond length (1.662(5) A) not significantly changed. However,
a modest change in the  angle from 97.1° to 96.4° and a slight
increase in the intermolecular S-S’ interactions occur (Figure
1b and Table S3). At 340 K (above the transition
temperature), the monoclinic P2,/n unit cell is conserved,
with a marked change in the f angle from 96.4° to 91.8°. The
crystal structure obtained from the high-temperature (HT)
data provided clear evidence for discrete TCNQ radicals and
significant elongation of the intradimer S—S’ contacts between
3-MepyDTDA™ radicals to 3.626(7) A (Figure 1c). This value
is near the sum of the van der Waals radii of two sulfur atoms
(ca. 3.60 A).*"** The layered zigzag chains and the chevron
packing of the LT phase are largely maintained in the HT
phase along with short intermolecular CN---S contacts between
neighboring TCNQ™* and 3-MepyDTDA"* radicals within the
same zigzag chain (Figures lc and S17—520). Because of the
cleavage of the C—C-bonded o dimer, the two open-shell (S =
!/,) TCNQ * radical anions slip over an inversion center with
an interplanar separation of 3.331 A.

Powder X-ray diffraction (PXRD) data collected for 1
MeCN (Figure S21) and 1-EtCN (Figure S22) at room
temperature demonstrated that the bulk phases of both
solvates are structurally like the corresponding single-crystal
structures. Heating of these samples at various intervals up to
417 K led to a shift of diffraction peaks in the powder pattern
along with marked changes in the intensities (Figures $23 and
S24). This leads to an HT phase of 1 that contains residual
traces of 1-EtCN. However, subsequent cooling clearly
indicated a phase transition to the LT phase below 250 K.
The HT phase was recovered upon warming to room
temperature. Pawley analyses of the collected patterns were
consistent with the unit cell parameters obtained from the
single-crystal structures (Figure 2 and Tables S4 and SS).
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Figure 2. PXRD patterns of the LT phase (top) and HT phase
(bottom) obtained by in situ desolvation of 1-EtCN.

Similar results were obtained for 1-MeCN (Figure S25), but
the TGA results indicated that MeCN is more difficult to
remove from the crystal lattice. A solvent-free HT phase of 1
could be most easily obtained by careful heating of crystalline
1-EtCN in vacuo to achieve desolvation, as evidenced by TGA
and Fourier transform infrared (FTIR) spectroscopy (the
absence of v(C=N) at 2248 cm™' assigned to EtCN; Figure

S3) and verified by satisfactory elemental analyses consistent
with solvent-free 1.

The magnetothermal behavior of 1 (Figures 3 and S12) is
consistent with the measurements performed on the solvates.
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Figure 3. Temperature dependence of the yT product between 1.85
and 380 K measured for 1 at 1 T at different heating—cooling rates.
The gray line indicates the expected ¥T value for an S = '/, and g = 2
Curie paramagnet.

The yT product rises continuously above the transition
temperature T,,,1 = 291 K (where T/, is the temperature
at which the LT and HT phases coexist as a 1:1 mixture and 1
and | arrows indicate that T),, was measured in heating and
cooling mode, respectively) but does not reach the value of
0.375 cm® K mol ™" expected for an S = '/, Curie paramagnet
(g = 2.00). This suggests that in the HT phase, intramolecular
antiferromagnetic (AFM) interactions are present between the
TCNQ™* radical anions but the 7 dimers of 3-MepyDTDA**
remain diamagnetic. Below T,/,] = 268 K, the yT product
decreases and is essentially temperature-independent, con-
sistent with a diamagnetic LT phase. The hysteresis loop
between 268 and 291 K appears to be unaltered when cycled
between high (15 K min™") and low (0.3 K min™") heating—
cooling rates, indicating that the dynamics of this first-order
phase transition is slower than our experimental time scales.

Differential scanning calorimetry (DSC) data collected on 1
demonstrated a reversible thermal solid—solid transition
associated with the structural interconversion between the
HT and LT phases of 1 (Figure 4). Nearly identical enthalpies
of change (ca. 7 kJ mol™") were recorded during the heating
and cooling phases, highlighting the reproducibility of the
thermal process.

Interestingly, in related salts containing the ¢ dimer of
TCNQ™*, thermal cleavage to form paramagnetic species has
been evidenced only by solid-state electron paramagnetic
resonance (EPR) measurements. However, the estimated
energies reported for C—C o-bond cleavage are much greater
(24 k] mol™)*~* and occur above 400 K without evidence
for a first-order phase transition.

A spectroscopic signature for the phase transition from the
HT phase to the LT phase of 1 was measured by Raman and
FTIR spectroscopies (Figures 5 and $26—S32). The room-
temperature spectra are dominated by stretching modes
attributed to TCNQ™°. Below 270 K there is a clear difference
between the spectra, as multiple (C=N) stretching modes
appear in line with ¢ dimerization.
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Figure 4. DSC curves of different heating—cooling (10 K min™")
scans for 1. Scans are shifted on the y axis for clarity, and the first
heating (not shown) was from 298 to 423 K to verify complete
desolvation before the first cooling cycle (see Figure S8).
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Figure S. (top) FTIR and (bottom) Raman spectra of the HT phase
(red) and LT phase (blue) of 1 with tentative assignments of
stretching () and bending (5) modes (inp = in-plane) of TCNQ™*
and its o dimer. The LT phase displays bending modes, 5(C—Hmp),
and a strong absorption at 798 cm™" (cf. 806 ecm™ )Y assigned to the
5(C—Hoop) bending mode (Raman-active only for the ¢ dimer)
attributed to the ¢ dimer. Asterisks denote Nujol mull peaks.

Complementary information obtained by FTIR spectrosco-
py indicated a 6(C—H) bending mode at 822 cm™’, in
agreement with the presence of TCNQ™*.**~* Lastly, the
Raman and IR spectra of the LT phase of 1 are consistent with
spectra measured for the ¢ dimer of TCNQ * found in the
ethylphenazenium (EtPhen®) salt,*>* validating the spectral
changes for the phase transition in 1.

To summarize, we have established that the crystalline
solvates 1-RCN (R = Me, Et) containing TCNQ™* and 3-
MepyDTDA™ 7 dimers tolerate loss of lattice solvent, leading
to an HT phase of 1 that undergoes a reversible first-order
phase transition associated with the structural interconversion
between discrete TCNQ™® radical anions (S = '/,) and their
C—C-bonded ¢ dimers (S = 0). The single-crystal X-ray data
illustrate the cooperative role of the structurally flexible 7
dimer of 3-MepyDTDA*® and the intermolecular $°*—N°"
interactions that bookend the discrete TCNQ™* radical anions.
While spin pairing in planar organic radicals typically occurs
through overlap of their 7 orbitals, salt 1 is a relatively rare
example of a ¢ dimer exhibiting magnetic bistability behavior.
Furthermore, 1 is an unprecedented example of a two-

component magnetically bistable system composed solely of
molecular organic radicals and provides impetus for further
investigations on related ¢ dimer systems containing TCNQ_
and their potential for functional organic materials.
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