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Thermally responsive magnetic bistability through
solid—liquid phase transitions in alkylthio-
functionalized dithiadiazolyl radicals
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A series of p-alkylthio-substituted phenyl-1,2,3,5-dithiadiazolyl radicals, p-R-PhDTDA (R = SMe (2), SEt
(3), S"Pr (4), S'Pr (5), S'Bu (6)), and the prototypical (R = H (1)) phenyl derivative exhibit a thermally driven
solid-liquid transition accompanied by a spin-state change from diamagnetic (S = 0) n-dimers to a pair of
paramagnetic (S = %) radicals. X-ray crystallography reveals that most derivatives form phase-pure cis-
cofacial dimers, except 3 which crystallizes as three distinct polymorphs: 3a displays a sandwich-type
herringbone structure stabilized by intermolecular S---S chalcogen bonding (isostructural with 2) while 38
and 3y feature slipped n-stacked herringbone arrangements (ABAB and AA'BB’, respectively). In these
latter forms, the alkyl groups act as steric buffers between adjacent stacks, a structural motif retained in
derivatives 4—6. Differential scanning calorimetry (DSC), hot-stage microscopy, and vibrating sample

Received 28th June 2025, magnetometry (VSM) collectively demonstrate a hysteretic phase transition in 1-6 with magnetic bistabil-
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ity arising from supercooling of the paramagnetic liquid phase. These results establish a new design para-
digm for stimuli-responsive materials in which molecular packing, thermal behavior, and spin states are
intrinsically linked through phase transitions.

Introduction

Thiazyl radicals have emerged as highly attractive building
blocks for advanced molecular materials, owing to their intri-
guing magnetic properties, tunable electronic structures, and
diverse solid-state packing arrangements."® Well-studied
examples include 1,2,3,5- and 1,3,2,5-dithiadiazolyl (DTDA)
radicals (A-D, L-O) and 1,3,2-dithiazolyls (1,3,2-DTA, E, F, K),
which exhibit distinct electronic and structural behaviors
(Scheme 1).°*® The asymmetric 1,3,2,5-DTDAs (A) are less
common due to photochemically allowed rearrangement to
the thermodynamically favored 1,2,3,5-DTDA derivatives (B-D,
L-0). A key advantage of these thiazyl radicals lies in their
structural diversity, which allows for fine-tuning of their elec-
tronic properties.">*° Both 1,3,2-DTAs and 1,3,2,5-DTDAs
exhibit substituent-dependent electronic structures, allowing
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for deliberate modulation of their magnetic and conductive
properties.>>* In contrast, the widely accessible 1,2,3,5-DTDA
displays electronic structures that remain largely substituent-
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Scheme 1 Selected examples of different classes of radicals exhibiting
melt-recrystallization behavior, magnetic bistability, or magnetic ordering.
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independent due to the nodal nature of their single occupied
molecular orbital (SOMO). As a result, their bulk properties are
primarily governed by molecular packing rather than intrinsic
electronic modifications.**” This dichotomy underscores the
critical role of crystal engineering in optimizing the functional
behavior of thiazyl-based materials, which is a persistent chal-
lenge in their chemical development despite extensive
research.>®

A major feature of thiazyl radicals is their tendency to

display magnetic bistability, where hysteretic spin-state
transitions occur under thermal, pressure, or light
stimuli.'**>?*** Nitroxide radicals (G-J) are well-studied

because of their stability and tendency to associate via weak
intermolecular interactions rather than strong electronic reor-
ganization, such as dimerization via covalent bond
formation.>™*® Their stability and synthetic versatility have
made them model systems for studying spin-labeled soft
materials, including liquid crystals and polymers.>”**"*" Early
studies of nitroxides revealed that melting-induced spin disor-
dering could be harnessed in paramagnetic liquid crystals,
offering tunable magnetic responses in fluid phase (I).*”
Recent work on sterically hindered adamantly functionalized
nitroxides demonstrated a plastic crystalline state which
undergoes a single-crystal-to-single-crystal (SCSC) transition
with retention of crystallinity (J).*® Here, dynamic disorder in
the high-temperature phase allows for reversible spin switching,
a phenomenon with parallels in spin-crossover complexes.*>

To date, 1,3,2-DTA radicals have frequently exhibited SCSC
transitions, reversibly switching between diamagnetic (S = 0)
dimers stabilized by multi-centered S-S interactions
(‘pancake-bonding’) and pairs of paramagnetic (S = 1) mono-
mers enabled by thermal cleavage and reformation of chalco-
gen bonds.?® The prototypical example is TTTA (1,3,5-trithia-
2,4,6-triazapentalenyl, K) which undergoes a hysteretic spin
transition near room temperature (Scheme 1). This transition
is governed by a competition between spin-Peierls-like dimeri-
zation (stabilizing the diamagnetic state) and vibrational
entropy (favoring the paramagnetic state at high temperatures)
leading to a cooperative switching behavior with a pronounced
thermal hysteresis loop.’**"*?> These systems are highly
tunable via substituent effects, enabling control over transition
temperatures and hysteresis widths, however, their broader
application is hindered by air sensitivity (compared to nitrox-
ides) and synthetic scalability challenges.

In contrast, the related 1,2,3,5-DTDAs are readily syn-
thesized and frequently display hysteretic melt-recrystallization
phase transitions where the dimerized solids (S = 0) reversibly
convert into paramagnetic (S = 1) liquids.'®'"*>** Classic
examples include C and D, where thermal dissociation of the
dimers generates a paramagnetic liquid phase which sub-
sequently recrystallizes upon cooling into a diamagnetic (S =
0) dimerized solid.’®'" This reversible phase transition high-
lights the critical role of dynamic chalcogen bonding in modu-
lating spin states and material properties. Despite their high
propensity for polymorphism, SCSC transitions in DTDAs
remain rare (e.g. L and M®; R = Et), likely due to their greater
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structural flexibility and weaker directional interactions com-
pared to DTAs.>">'® Recent studies have uncovered first-order
phase transitions in DTDAs involving solid-liquid-solid (SLS)
transformations, where melting disrupts dimeric interactions,
yielding a paramagnetic liquid phase.®'>'® Recrystallization
occurs via nucleation and growth, often leading to new poly-
morphs with distinct magnetic properties. This behavior is
mechanistically distinct from SCSC transitions, as it involves
loss of long-range disorder followed by reorganization into the
same or different crystalline phases. Kinetic control over
recrystallization opens pathways to metastable polymorphs
which could be exploited for multistate magnetic switching
alongside switching of conductivity or optical properties
suggesting multifunctional applications.*’

The 1,2,3,5-dithiadiazolyl (DTDA) framework is notable for
the nodal character of its SOMO, which localizes the unpaired
electron to the sulfur and nitrogen atoms, preventing full delo-
calization. This electronic configuration facilitates diverse
dimerization modes, including cis, trans, trans-antarafacial,
twisted, and orthogonal arrangements. Among these, the cis-
cofacial dimers dominate, representing over 50% of reported
structures.*® However, the weak dimerization (~—35 k] mol™")
and small energetic differences between motifs leads to a
diverse structural landscape (polymorphism).>™ 1In the
absence of steric hinderance or structure directing groups,
multiple dimerization motifs can coexist or interconvert,
playing a key role in the phase transitions and/or polymorph-
ism observed in these systems.*”™*°

The DTDA heterocycle and its dimers exhibit a feature-rich
electrostatic potential (ESP) landscape, making them ideal for
crystal engineering strategies (Scheme 2).>°%°" A well-defined
o-hole is observed at the S-S bond centroid of the DTDA
monomer, characterized by an electropositive region that
engages in chalcogen bonding with electron-rich acceptors
(e.g. cyano or nitro groups, as seen in compounds N and O).
This interaction parallels classical halogen bonding but with
enhanced directionality due to the polarizable sulfur centers.”> >

In the DTDA =n-dimers the o-hole becomes more pro-
nounced and delocalized, facilitated by multi-centered S---S
interactions (see Scheme 2, Fig. 1 and 2 for ESP maps). Unlike
the localized o-holes in halogen bonds, this delocalized elec-

o-hole

o-hole

-0.025 +0.025

[ . -
Scheme 2 (Left): The p-substituted phenyl-1,2,3,5-dithiadiazolyl rad-
icals investigated in this study. (Right): Electrostatic potential (ESP)
mapped onto the electron density isosurface (0.002 a.u.) around a cis-
cofacial dimer of 2 highlighting the feature-rich electropositive (blue)
and electronegative (red) regions.
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Fig. 1 Molecular structure and intermolecular interactions in com-
pound 1. (a) Side view of a crystallograpically independent dimer,
showing the torsion angle y and the electrostatic potential (ESP, range:
—0.07 to 0.07 a.u.) mapped onto its Hirshfeld surface. (b) View of the
two crystallographically independent dimers (colored red and blue),
highlighting the network of key intermolecular contacts: intradimer
S--.S' (light blue, di/d>), interdimer S---S' (orange, dsz/d,); full metric
details given in Table 1. Selected SN-I and SN-IIl contacts (green and
magenta): S1.--N8 = 3.155(3), S2.--N8 = 3.103(3), S1---N2 = 3.534(2),
S3..-N2 = 3.324(2), S3---N4 = 3.509(2), S6---N5 = 3.506(3), S7---N5 =
3.517(3), S7---N8 = 3.524(3) A.

Fig. 2 Structural diversity of cis-cofacial n-dimers and their inter-
molecular interaction landscapes. (a) The dimer in 2 illustrates key geo-
metric parameters: the twist angle (9) between rn-planes and the C-C-
S—C dihedral angle (7). (b) In 4, the intradimer S---S’ distance (4) is a
metric for describing dimer geometry (disorder omitted for clarity). (c)
The dimer in 6 demonstrates steric accommodation of bulky ‘Bu-groups
and illustrates the hinge angle ¢. For each dimer, the associated electro-
static potential (ESP) mapped onto the Hirshfeld surface reveals the
nature and polarity of key intermolecular contacts.

tropositive regions (blue in ESP plots) arises from cooperative
o-hole/n-hole overlap and orbital mixing within the dimer.
Additionally, weaker o-holes along the extension of the S-S
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Chart 1 Common in-plane electrostatic interactions between DTDAs.

bond axis enable additional S---N interactions (Chart 1),
further diversifying the supramolecular assemblies.

Despite their central role in the crystal engineering of
organic radicals, the influence of the substituents on the
solid-state packing of DTDA derivatives remains relatively
underexplored.’®*” Prior studies have primarily focused on
general structural motifs, often overlooking the nuanced
impact of functional group variation on intermolecular inter-
actions and crystal packing.'®** Similarly, investigations into
chalcogen bonding in DTDAs have largely been confined to
S---N contacts, as highlighted in Chart 1, and occasional inter-
actions involving substituents, leaving ample room for a more
comprehensive understanding of non-covalent interactions in
these systems.>®

In addition to their rich solid-state chemistry, DTDAs are
among the few organic radicals to exhibit stable paramagnetic
liquid phases.'®'***4* However, the thermal behavior of these
materials, particularly phenomena such as supercooling and
phase-dependent magnetic bistability, has not been systemati-
cally studied across structurally related derivatives. In this
work, we present a detailed investigation of solid-liquid phase
transitions and their magnetic consequences in a homologous
series of para-substituted phenyl-DTDAs (p-R-PhDTDA) where
R = H (1), SMe (2), SEt (3), S"Pr (4), S’Pr (5), and S‘Bu (6) given
in Scheme 2. This series provides a controlled platform to
examine the role of steric and electron factors in modulating
both intermolecular interactions and phase-dependent mag-
netic behavior.

Results and discussion
Synthetic procedures

The p-alkylthiobenzonitrile precursors, p-RS-Ph-CN were
readily prepared by nucleophilic aromatic substitution of
4-fluorobenzonitrile with the corresponding sodium alkylthio-
lates (R = Et, "Pr, 'Pr and ‘Bu) yielding moderate to high yields
after purification by fractional vacuum distillation, except for
R = Me, which was commercially obtained (SI). Following
established synthetic methodologies, these nitriles were con-
verted to the persilylated amidines®® and purified by fractional
vacuum distillation or recrystallization to afford spectroscopi-
cally pure compounds, as pale-yellow oils or waxy white solids.
Cyclocondensation of the persilylated amidines with sulfur
monochloride (S,Cl,) in MeCN produced the corresponding
dithiazolylium chloride salts 2[Cl]-6[Cl] as sparingly soluble

This journal is © the Partner Organisations 2025
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orange solids. Reduction of these chloride salts with a small
excess of triphenylantimony (SbPh;) in degassed acetonitrile
(MeCN) afforded the target radicals p-RS-PhDTDA (2-6) as crys-
talline solids at room temperature. The prototypical radical,
phenyl-DTDA (1), was synthesized by a modification of a litera-
ture method (SI).

All radicals 1-6 were purified by three-zone temperature gra-
dient sublimation under dynamic vacuum (107° mbar) to
afford analytically pure, crystalline solids suitable for thermal
and magnetic characterization (Table S1). Full crystallographic
details are given in SIL.

Crystal structures and packing motifs

Crystal structure of prototypical radical 1. The dark orange
coloured needles (in reflected light), violet (in transmitted
light) of 1 suitable for single-crystal X-ray diffraction (SCXRD)
analysis crystallize in the chiral orthorhombic space group
P2,2,2, (Table S2),°° featuring two crystallographically inde-
pendent cis-cofacial n-dimers in the asymmetric unit, as illus-
trated in Fig. 1a. The key intradimer S---S’ distances (d; =
3.033(1), 3.089(1) and d, = 3.108(1), 3.179(1) A; Table 1), are
significantly shorter than the sum of the sulfur van der Waals
radii (YvdW = 3.6 A) indicating strong dimerization between
the DTDA rings.®'

Each dimer geometry is defined by hinge angles (¢ ~ 7.1°
and ¢' ~ 6.9°) between the mean planes of each DTDA ring
and torsion angles (y ~ 4.5(2)° and y ~ 8.3(2)°) through the C,
linkage, which confirms a near collinear alignment of the rad-
icals, as illustrated in Fig. 1a. The DTDA-phenyl ring twist
angle between mean planes through each ring (6 ~ 8.3°),
reflects a shallow rotational barrier® contrasting sharply with
ortho-fluorinated analogy (6 ~ 30°) where steric repulsion
between the nitrogen and fluorine lone pairs dominates.®*

The solid-state architecture of the unsubstituted proto-
typical radical 1 is stabilized by a rich and extensive network of
intermolecular interactions, as illustrated in Fig. 1b. The
absence of sterically demanding substituents facilitates dense,
efficient packing, which is dominated by directional o-hole

Table 1 Select structural parameters from 1-6 ¢
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interactions and a combination of SN-I and SN-III type inter-
actions (Chart 1), which work in concert to create a cohesive,
three-dimensional framework. This intricate interplay of inter-
actions highlights the innate propensity of the radical core to
form stable, well-defined supramolecular architectures.

These metrics are compiled in Table 1 and highlight how
subtle changes in the substitution of the phenyl ring may dra-
matically influence the conformation and packing in dithiadia-
zolyl (DTDA) systems.

Crystallization of 2 and polymorphs of 3. Large, lustrous
green blocks of 2 suitable for SCXRD were obtained from the
middle zone of a three-zone sublimation (303-323-353 K; see
Tables S1 and S2). The methyl derivative 2 crystallizes in the
acentric space group P2,. For the ethyl derivative 3, two dis-
tinct polymorphs were initially isolated as a mixture from the
reduction of the crude chloride salt with SbPh; in MeCN: 3a
(lustrous green blocks in reflected, dark orange in transmitted)
and 3p (dark orange parallelogram-shaped plates) as con-
firmed by powder X-ray diffraction (PXRD; see Fig. S9). The
alpha-phase, 3a crystallizes in the monoclinic space group
P2,/c, while 3f crystallizes in the Pn space group (Table S3).

Repeated three-zone, temperature gradient sublimation
(303-343-363 K) affords 3e (343 K middle zone) and a new
phase, 3y (303 K, lowest temperature zone) as phase-pure com-
pounds (PXRD, see Fig. S10 and S13). The small orange plates
of 3y appear dark green in reflected light but are not as lus-
trous as 3o. Despite their smaller size, high-quality, single-
crystal X-ray diffraction data was obtained (see Table S3) for
the gamma-phase, which crystallizes in the monoclinic space
group P2,/n (Table S3).

Interestingly, recrystallization of analytically pure 3 from
MeCN affords the 3y as the principal phase, whereas recrystal-
lization from EtCN affords 3f. The latter is also obtained as
the dominant phase when sublimed onto a cold substrate
(~285 K) under static vacuum (10~ mbar). Moreover, DSC
reveals that the melt-recrystallization of 3 predominantly yields
the 3P phase, as confirmed by both post-DSC single-crystal
and powder X-ray diffraction measurements (see Fig. S11).

0 T ¢ v dy d, A ds d,
1 8.3 — 7.07 4.5(2) 3.033(1) 3.108(1) 3.406(1) 3.602(1)
— 6.89 8.3(2) 3.089(1) 3.179(1)
2 13.2 5.1 7.79 4.5(2) 3.1496(7) 3.0209(7) 4.4349(9) 3.2912(8) 3.4129(8)
3a 9.5 6.6 4.41 2.3(1) 3.0908(6) 3.1350(7) 4.7671(7) 3.3544(7) 3.5211(7)
3p 7.1 2.6 5.09 6.2(4) 3.040(2) 3.085(2) 4.305(2) 3.505(2) 3.413(2)
3y 7.3 3.8 5.52 6.3(5) 3.075(2) 3.102(2) 4.459(3) 3.518(2) 3.415(2)
4 7.9 6.4 5.61 8.1(2) 3.079(1) 3.092(1) 4.510(4) 3.546(1) 3.413(1)
5 10.1 62.5 6.44 0.4(2) 3.079(1) 3.076(1) 5.168(1) 3.5479(9) 3.4466(9)
6 11.6 89.7 8.32 1.4(2) 3.063(1) 3.086(1) 6.103(1) 3.476(1) 3.613(1)

“ Definition of metrical parameters; monomeric parameters: 6 (theta): the twist angle between mean planes of the phenyl and DTDA rings; z(tau):
the dihedral angle between the plane of the phenyl ring and the C-S-C™" plane of the thioalkyl group (C is the methyl/methylene carbon).
Dimeric parameters: ¢(phi): the hinge angle between mean planes of the two DTDA rings in a dimeric unit; y(psi): the torsion angle along the
CP™A_¢, bond axis of both radicals in the dimer, defining the collinearity; A(delta): the intradimer S----S’ distance (A) between exocyclic sulfur
atoms. d,/d,: intradimer S----S’ distances (A) where d; corresponds to d(S;---S;) and d, d(S,---S4) in the cis-cofacial dimers. Interdimer packing: ds/
d,: key interdimer S---S' distances (A), denoting interactions between a DTDA and either another DTDA or a thioalkyl sulfur atom (given in bold

text) from a neighboring molecule. See illustrative examples in Fig. 1 and 2.

This journal is © the Partner Organisations 2025 Inorg. Chem. Front,, 2025, 12, 8676-8689 | 8679


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi01391g

Open Access Article. Published on 30 September 2025. Downloaded on 1/24/2026 4:59:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

Single crystals of 4-6 were grown only by three-zone gradi-
ent vacuum sublimation (Table S1) and single crystal para-
meters are given in Table S4.

Common structural features. All compounds 1-6 crystallize
as cis-cofacial n-dimers, a common motif for such radicals,
characterized by intradimer S---S' contacts (dy(S;---S3),
dy(Sy+-S4); Table 1) significantly shorter than the sum of the
van der Waals raii (JvdW = 3.6 A). These close contacts are
characteristic of such dimers and are consistent with those
found in related dithiadiazolyl (DTDA) systems. A fundamental
distinction from their alkoxy analogues (M®; R = Me-Bu, o =
118-122°) is the notably less obtuse average C-S-C bond angle
(o ~ 104-105°) which reflects reduced s-p orbital hybridiz-
ation at the sulfur atom in the thioether group.®® Within the
thioalkyl series, the specific conformation of the -SR group
exerts a profound influence on the dimer geometry, primarily
through the C-C-S-C dihedral angle (z) and the torsion angle
between radicals () which in turn dictate the S---S' distance
(4). A more detailed analysis of the molecular geometries and
packing motifs of 2-6 is given in the is also given in the SI
(section 7).

Low-steric impact, planar chains. Compounds with small,
planar oriented alkyl groups achieve the most efficient
packing. In 2 the methyl groups are nearly coplanar with the
phenyl rings (z = 5.1°) and adopt an antiparallel alignment,
minimizing steric clash (Fig. 2a). This results in a small hinge
angle (¢ ~ 7.79°), near-collinear alignment of radicals (y =~
4.5(2)°) and an intermediate S---S' distance (A = 4.4349(9) A;
Table 1). A similar, yet optimized, geometry is observed in 3f
where both ethyl groups are coplanar (z ~ 2.6°) and oriented
antiparallel, yielding the shortest S----S' distance (A = 4.305(2)
A) in the series (Table 1). The overall dimer metrics of 3p and
3y are very similar but the packing motifs are distinct
(vide infra). This demonstrates that well-organized ethyl chains
in 3p and 3y can facilitate closer contacts than a methyl group,
which leads to the largest twist angle (6 = 13.2°) for 2.

Disordered and gauche-oriented chains. The introduction of
conformational flexibility or gauche orientations leads to
subtle distortions. In 4, the longer propyl chain is disordered
and adopts a gauche conformation akin to one of the ethyl
groups in 3« (Fig. 2b). This increases the torsion angle to the
largest in the thioalkyl series 2-6 (y = 8.1(2)°), resulting in a
longer S---S' distance (4 = 4.510(4) A) despite otherwise com-
parable parameters (z ~ 6.4°, = 7.9°). The alpha-phase, 3a
itself presents a unique case where one EtS-group is coplanar
(z ~ 6.6°) while the other is gauche, forcing a near-perpendicu-
lar orientation. This asymmetry creates a pronounced bowing
of one radical, leading to a surprisingly small hinge angle (¢ =
4.41°) but a very long S---S' separation (4 = 4.7671(7) A).

High-steric impact, branched chains. Branched alkyl groups
introduce severe steric constraints that dominate the dimer
structure. The isopropyl group in 5 forces a drastic deviation
from coplanarity (z ~ 62.5°). While the radicals remain remark-
ably collinear (y ~ 0.4(2)°) and the rings coplanar (¢ = 6.44°),
the steric bulk is relieved through a large S---S’ distance (A =
5.168(2) A), an increased twist angle (¢ = 10.1°), and a pro-
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nounced bowing of one radical in the dimer. The tert-butyl
group in 6 has an even more extreme steric impact. To avoid
overwhelming steric clash, the system adopts a highly unusual
conformation with an acute C-S-C angle (w ~ 103.25°) and a
near-orthogonal 7 =~ 89.7°, leading to eclipsed ‘Bu groups
(Fig. 2c). Surprisingly, this eclipsed arrangement is preferred
over the antiparallel alignment seen in 2 and 3f, likely
because the steric bulk of the “Bu group prevents such a con-
formation. The structure is instead stabilized by secondary
interactions, such as CH:--S hydrogen bonding and bowing-
induced relief of one radical to reduce phenyl ring electrostatic
repulsion. Despite similar hinge and twist angles to 2, these
extreme distortions make 6 unique, leading to the largest S---S'
distance (4 = 6.103(1) A). The well-defined positions of the ‘Bu-
groups in 6 contrasts sharply with the rotational disorder
observed for smaller alkyl chains in 4-5, demonstrating how
steric bulk restricts molecular flexibility and suppresses
dynamic disorder in the crystalline state.

Interdimer interactions and packing motifs. The solid-state
packing of radicals 1-6 is governed by a hierarchy of inter-
actions where the primary stabilizations arise from the for-
mation of cis-cofacial n-dimers, while the overarching 3D archi-
tecture is dictated by secondary interdimer contacts. These are
primarily c-hole-driven chalcogen bonds between electroposi-
tive regions on the DTDA sulfur atoms and electronegative sites
(lone pairs on exocyclic S, N, or n-systems on adjacent rings). The
critical role of these intermolecular interactions is vividly exem-
plified by the three distinct polymorphs of 3 (Fig. 3), wherein the
rich electrostatic landscape leads to distinct ABAB and AA'BB’
packing motifs (Fig. 4) and subtle differences in SN-II and SN-III
type interactions directly dictate the resulting chalcogen-bonded
architecture. The nature of the thioalkyl substituent (-SR) in 2-6
plays a critical role in modulating these interactions, leading to
two dominant, yet distinct, packing motifs.

Motif I: the ABAB o¢-hole optimized packing. The ABAB
packing motif, exemplified by 2 and 3, consists of slipped
n-stack arrangement where each dimer is surrounded by six
nearest-neighbor dimer pairs (see Fig. 3). The slippage creates
zig-zag chains propagated by highly directional chalcogen
bonds (ds, d4 ~ 3.29-3.52 A) between the c-hole of a DTDA
ring on one dimer and a lone pair on the exocyclic sulfur atom
of a neighbor. This primary electrostatic architecture is
reinforced by edge-to-face interactions between DTDA o-holes
and electronegative n-surface of the phenyl rings. These robust
chains are linked into 2D herringbone layers by weaker van
der Waals contacts and CH---S interactions involving the
thioalkyl chains, though these play a secondary role.
Connections between these layers are governed by weaker S---N
(SN-type, Chart 1) electrostatic interactions and dispersion
forces, the specific geometry of which (SN-II versus SN-II) is
modulated by the thioalkyl group steric and n-stack slippage.

The beta-phase, 3f, also adopts an ABAB arrangement, but
features a distinct packing architecture (Fig. 3 and 4). Unlike 2
and 3o which utilize exocyclic thioalkyl sulfur atom and DTDA
o-hole interactions, 3 optimizes DTDA-to-DTDA interactions.
At the AB z-stack junctions, dimers adopt an orthogonal head-
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Fig. 3 Summary of intra- and inter-dimer interactions in the three polymorphs of 3 (top), their crystal packing viewed perpendicular to the ab-
plane (3a), or down the a-axis (3 and 3y), and illustrations of the SN-II (3a) and SN-III (3 and 3y) type intermolecular interactions.

ABAB AA'BB’

(2,30) (3p) (3y-6)

Fig. 4 Schematic comparison of the dominant packing motifs: the two
subtypes of ABAB herringbone packing and the AA'BB’ herringbone
arrangement that underpins the key structural differences within the
series of compounds 2—6.

to-head orientation that aligns the c-hole of one DTDA ring
with the electronegative regions above a neighboring DTDA or
phenyl ring (Fig. 3). This reorientation pushes the ethylthio
groups into an orthogonal orientation and buffering regions
where they engage in van der Waals contacts rather than strong
chalcogen bonding. Consequently, the inter-layer interactions
are optimized through staggering of the n-stacks and SN-III type
contacts. This unique motif maximizes favorable DTDA electro-
static interactions while leveraging alkyl chain dispersion, effec-
tively decoupling the role of the exocyclic sulfur from the
primary supramolecular connectivity found in 2 and 3a.

Motif II: the alkyl-buffered AA'BB’ packing. The AA'BB’
packing motif, observed in 3y and 4-6 is characterized by seg-
regated, head-to-head arranged n-stacks. Like 3, the strongest
intermolecular interactions are short S----S’ contacts (ds, d; ~

This journal is © the Partner Organisations 2025

3.41-3.61 A) at the junctions between the A and B stacks, align-
ing a DTDA o-hole with the electronegative regions of a neigh-
boring DTDA or phenyl ring.

In this motif, the alkyl groups are oriented into the spaces
between these AA or BB n-stacks, creating a distinct buffering
region. Within this region, the dominant stabilizing forces are
weak van der Waals interactions and dispersion between the
alkyl groups themselves. For linear chains (e.g. 3y and 4), the
alkyl groups adopt antiperiplanar or gauche conformations to
minimize steric clashes within a dimer, however, this confor-
mation limits the interdigitation between dimers in the same
stack, reducing the cohesive van der Waals energy in these
regions. This weakened stabilization within the alkyl buffer
layers is a key factor in the divergent thermal behavior (lower
melting points and sublimation) observed for 3p and 4, which
will be discussed in more detail below.

The overall architecture of these AA'BB’ assemblies is
further dictated by the alkyl chains bulk. Linear chains facili-
tate a stratified layered structure of the m-stacks. In contrast,
the steric demand of the branched groups 5 (‘Pr) and 6 (‘Bu)
disrupts this layering, forcing the structure into to a more
complex zig-zag motif (Fig. 5). This transition highlights how
increasing steric bulk modulates the supramolecular hierarchy.

These layered architectures are supported not by strong
directional bonds, but a suite of weaker interactions, including
CH---m, CH:---S hydrogen bonding and weak SN-type contacts.

Polymorphism. The solid-state behavior of these radicals is
marked by a stark contrast in polymorphism. While com-
pounds 1, 2, and 4-6, are monomorphic, as confirmed by

Inorg. Chem. Front., 2025, 12, 8676-8689 | 8681


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi01391g

Open Access Article. Published on 30 September 2025. Downloaded on 1/24/2026 4:59:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

o R RS b0

Fig. 5 Tuning layered architecture through steric demand. An illus-
tration comparing (a) the layered ABAB herringbone packing in 2 with
the sterically induced modifications of the layered AA'BB’ herringbone
packing in 5 (b) and 6 (c), showing a direct correlation between alkyl
group bulk (Me < Pr < ‘Bu) and supramolecular organization.

PXRD (SI), the ethyl derivative 3 exhibits three distinct phases
(3, 3B, and 3y) isolated via crystallization or vacuum sublima-
tion. This dichotomy mirrors the polymorphism in M® (R =
Et), though the cis-cofacial dimers found in M® (R = Me-Bu)
predominantly adopt either head-to-tail or head-to-head
n-stacks. This suggests there is enough conformational flexi-
bility (the terminal CH; group can rotate) to allow the molecule
to pack in several nearly equal energetic ways. This creates a
delicate energy landscape where slight changes in crystalliza-
tion conditions (solvent, temperature, cooling rate) or sublima-
tion parameters can lead to different stable phases (3, 38, 37).

Analysis of intermolecular contacts and packing

A comparative analysis of the Hirshfeld surfaces and 2D finger-
print plots for the 3(a-y) polymorphs provides valuable quali-
tative insights into the distinct intermolecular interaction pat-
terns, underscoring the structural diversity within this system
(see Fig. 6 and $39).>”°%%” Notably, the prominent sulfur-
involved interactions (highlighted in blue) exhibit striking vari-
ations across the polymorphs, directly correlating with their
differing packing motifs. These chalcogen-driven interactions
play a critical role in stabilizing each crystalline form. In 3, a
unique zig-zag motif of chalcogen-DTDA interactions is
observed, characterized by well-defined S---S contacts near d; =
d. = 1.7 (Fig. 6), corresponding to the inter-dimer distances d;
(3.354 A) and d, (3.521 A).

This contrasts sharply with 3p and 3y, which adopt herring-
bone packing motifs where the thioalkyl groups primarily act
as steric buffers rather than participating in directional chalco-
gen bonding. This distinction is evident in their more diffuse
S---S interactions, extending beyond d; = d. = 2.0 (Fig. 6), a con-
sequence of elongated lateral S---S contacts arising from SN-III
type binding.

8682 | /norg. Chem. Front, 2025, 12, 8676-8689

View Article Online

Inorganic Chemistry Frontiers

2.4 de
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
- 3o
di
(A) 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
2.4 de
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6 3B
di
(l"\) 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
2.4 de
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
ool 3V
a

() 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Fig. 6 Hirshfeld 2D fingerprint plots of 3(a—y). Highlighted dots (blue)
correspond to sulfur—sulfur contact areas on the Hirshfeld surface.

The divergence in intermolecular connectivity from directed
chalcogen interactions in 3a to sterically modulated packing
in 3f/3y highlights how subtle changes in sulfur-centered
electrostatic and dispersion forces can dramatically influence
solid-state packing in these DTDAs. Qualitatively, the chalco-
gen-chalcogen contact surface areas (d; = d. = sulfur) account
for approximately 2.7% (3c), 6.8% (3p) and 7.3% (3y) of the
total Hirshfeld surface, reflecting geometric differences in
lateral S---S contacts between polymorphs imposed by SN-II
and SN-III type binding. Beyond sulfur interactions, the 2D fin-
gerprint plots reveal a rich array of additional intermolecular
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interactions (e.g. H---H, C---H and =-stacking), further under-
scoring the complexity of the packing landscape in these poly-
morphs. Analysis of the key geometric parameters (Table 1)
reveals clear alkyl-dependent trends across 2-6. There is a
notable inverse correlation (small y < large A) between the
radical collinearity () and the intradimer S---S’ separation (4),
where smaller torsion angles often coincide with larger separ-
ations, a relationship dictated by the alkyl group confor-
mation. Branched alkyl groups (5 and 6) enforce large, near-
orthogonal C-C-S-C dihedral angles (r ~ 62-90°) and the
bulkier ‘Bu-group elongates the average interdimer S---S'
contact distances (d; and d,) relative to the prototypical
system, 1. The increased steric bulk also favors the AA'BB’ her-
ringbone packing motif.

Despite these significant steric perturbations, the core cis-
cofacial dimer structure remains remarkably robust. This is
evidenced by the consistently minimal hinge (¢ < 9°) and
torsion (y < 2.3° in 3a, 5, 6) angles across the series. The
system instead relieves steric and electrostatic strain through
molecular-level distortions: elongating A, adopting gauche con-
formations, and inducing pronounced molecular bowing,
thereby preserving the essential n-dimeric core (see section 7, SI).

Thermal studies

Preliminary thermal gravimetric analysis (TGA) with integrated
calorimetry (TG/DSC) was performed on analytically pure com-
pounds, 1-6. The data (Fig. S19-S24) reveal well-defined
melting and sublimation onsets with no significant thermal
decomposition (Table S14). Further thermal characterization
was conducted using differential scanning calorimetry (DSC)
and supplemented in select cases (3 and 6) by hot-stage
microscopy to visualize the phase transitions.

DSC measurements (2-10 K min™" heating/cooling rates)
showed no thermal events prior to melting. The melting and
recrystallization temperature ranges are summarized in
Table 2. Routine DSC analysis (see Fig. 7 and S25-28) at
2-10 K min™" revealed consistent enthalpies across multiple
heating/cooling cycles for 1, 2, and 4-6 indicating the thermal
robustness without significant decomposition. However, 6
exhibited a small, yet progressive decrease in enthalpies upon

Table 2 Summary of thermal regions of melting and recrystallization,
and thermal hysteresis width determined by DSC?

Melting  Recrystallization = Hysteresis  Post-DSC

Compound event (K) event (K) range (K)  PXRD phase
1 390-396 356-360 30 1

2 430-441 410-416 14 2

3a 387-397 369-371 16 3p

3p° 386-395  364-366 20 3p

3“{b 386-396 362-366 20 3p

4 385-390 353-357 28 4

5 370-377 345-350 20 5

6 426-434 389-393 33 6

“For all compounds, all heating and cooling cycles were performed at
10 K min~" unless otherwise stated. ” Heating and cooling cycles were

performed at 2 K min~".
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Fig. 7 For compounds 1-3 and 6, all heating (H) and cooling (C) cycles
were performed at 10 K min~! in the DSC measurements. For 4 heating
was conducted at 10 K min~* and cooling at 5 K min™. For 5, progressive
heating/cooling rates were applied: cycle 1H/1C: 2 K min™%; cycle 2H/
2C: 5 K min™%; cycle 3H/3C: 10 K min™%.

repeated cycling, suggesting some sample decomposition may
occur (vide supra, see Table S15). The thermal behavior of pure
3o (confirmed by PXRD) was more complex. The initial
heating produced a single endotherm, while subsequent
cooling cycles displayed multiple exotherms in a narrow range
(361-365 K). Further heating/cooling cycles revealed rate-inde-
pendent behavior, often exhibiting two-stage melting
(endotherms at 388-399 K), indicating two independent
melting processes.

This suggests concomitant recrystallization of two
phases of 3 may occur upon cooling, consistent with poorly
resolved exotherms (361-365 K). Alternatively, there may be a
minor metastable phase undetectable by PXRD but observable
via DSC that may form. Notably, post-DSC PXRD measure-
ments confirmed the formation of 38 following melt-recrystal-
lization of 3. However, careful screening of single crystals
obtained from the melt revealed the presence of 3y, suggesting
this polymorph forms in quantities too low for PXRD detection
but possibly observable by DSC. Due to the similarity between
PXRD patterns of 3f and 3y, particularly their dominant peak
at 20 ~ 4.3° (assigned to (010) for 38 and (020) for 3y), along-
side overlapping weaker reflections, trace detection and differ-
entiation of 3y in the presence of 3p remains challenging.

Therefore, we used hot-stage microscopy to further resolve
the phase transition dynamics between the solid and liquid
states, beginning with the melting of highly phase-pure 3a at

68,69
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the onset temperature of ~393 K (SI; see Fig. $29). Upon
further heating, plate-like crystals nucleate and grow from the
melt at 396 K, which are likely 3. Complete melting occurs
above 398 K, yielding a paramagnetic liquid. Subsequent
cooling to 358 K led to recrystallization and subsequent
thermal cycling displayed melting point depression, consistent
with DSC results for 3p (Fig. S27). The predominance of 3f
after DSC thermal cycling indicates its higher thermodynamic
stability under these conditions, consistent with the diffraction
data (post-DSC PXRD). In contrast, 3a appears to be a kineti-
cally trapped phase, accessible only through dynamic vacuum
sublimation of pure 3 or by recrystallization from the crude
reduction mixture (see Fig. S9 and S10).

Together, these results establish 3f as the thermodynamic
product of melt-recrystallization, while 3a is a kinetic phase
accessible only via non-equilibrium synthesis (e.g. dynamic
vacuum sublimation). The detection of 3y implies a metastable
phase which is thermodynamically supplanted by 3f under
identical conditions. The persistence of 3a under synthetic
conditions reflects a high kinetic barrier for its conversion to
3p, while 3y likely occupies a shallow local minimum on the
free-energy surface.

DSC of compound 5 revealed single endotherm and single
exotherm events across all tested heating and cooling rates (2,
5, and 10 K min~"), demonstrating fully reversible phase tran-
sitions. Notably, 5 exhibited the strongest rate-dependent
recrystallization kinetics in the series, with crystallizations
shifting by AT ~ 15 K over the tested rate range. This distinc-
tive behavior originates from the steric demands and branched
geometry of the isopropyl group, which significantly modu-
lates both nucleation barriers and crystal growth dynamics
through conformational frustration and alignment constraints
necessary for stable lattice formation. In contrast, less hin-
dered methyl and ethyl derivatives (2 and 3), linear analogue 4,
and the higher symmetry ter¢t-butyl compound 6 all showed
minimal rate dependence. Post-DSC PXRD analysis (Fig. S17)
confirmed that 5 consistently recrystallizes into its original
phase-pure form, demonstrating thermal cycling stability
despite its kinetic sensitivity.

The melting temperatures (DSC onset/completion) align
well with TGA data (Table S14 and Fig. S19-24). The highest
melting points occur for sterically extreme compounds 2 and
6. The elevated melting point of 2 is attributed to extensive
chalcogen bonding and electrostatic interactions within zig-
zag chains, augmented by crosslinking via SN-III type inter-
actions (see Chart 1 and Fig. 2). In contrast, the eclipsed
arrangement in 6 is energetically favored, while the S:--n-hole
interactions and interlacing ‘Bu-groups enhance van der Waals
interactions between =n-stacks, increasing interfacial contact
area and contributing to enhanced thermal stability.

The melting point variation (>50 K across 2-6) far exceeds
that reported for M® (R = Me-Bu) where the difference between
M® (R = Me and R = Pr) is <20 K."® This stark contrast high-
lights the pronounced influence of S---x and steric interactions
on the thermal properties compared to the normal alkyl chain
ether derivatives (M®). All compounds exhibit thermal hyster-
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esis of 18-32 K (Table 2), consistent with other bistable DTDA
paramagnetic liquids and significantly broader than the hys-
teresis observed in the related solid-state bistable systems."’

Hot-stage microscopy was performed on 6 as a representa-
tive sample to visualize the thermal events measured by DSC.
The neat crystalline sample (295 K) started melting at 428 K
and was essentially completed at 429 K, as shown in Fig. 8.
Recrystallization in the supercooled liquid phase occurs
rapidly at 385 K. These observations are in good agreement
with the melting and crystallization temperatures determined
through DSC given in Table 2, indicating that the events
described in DSC correspond to slow melting and fast
recrystallization.

Magnetic studies

The variable temperature magnetic characterization was per-
formed on a vibrating sample magnetometer (VSM) under an
applied dc field of 1 T (SI). All radicals 1-6 exhibit essentially
diamagnetic behavior (yT = 0) in their crystalline state at 300 K
(see Fig. 9 and S31). Upon melting (confirmed by DSC) each
compound shows an abrupt increase in y7T to 0.25-0.30 cm® K
mol ™" indicating the formation of paramagnetic liquids. The
values are slightly reduced from the ideal Curie behavior (yT =
0.375 cm® K mol™* for S = 1 and a value of g = 2.00) suggesting
weak antiferromagnetic exchange in the liquid phase, consist-
ent with prior reports.'®

Thermal hysteresis is clearly observed during cooling
cycles, with T remaining elevated until recrystallization (as
confirmed by DSC and hot-stage microscopy) at which point it
drops sharply to near-zero values (Fig. 9). Compounds 1-5
display reproducible thermal hysteresis (4 ~ 15-30 K) that was
independent of the heating/cooling rate and in excellent agree-
ment with the DSC results. This behavior matches established
literature precedents for related DTDA paramagnetic liquids
observed by either EPR or magnetometry (Scheme 1).'%'%4344
For 6, yT exhibits thermal hysteresis during the first heating/
cooling cycle, consistent with DSC-determined melting and
recrystallization. However, this behavior is not reproducible in
subsequent cycles, possibly due to persistent sample displace-
ment/centering issues despite testing various preparation
methods and sample holder configurations. Notably, DSC
measurements confirm 6 does exhibit reversible melt-recrystal-
lization behavior comparable to 1-5, suggesting the magnetic
measurement challenges are likely experimental rather than
intrinsic to the material.

7
295K 428

Fig. 8 Hot-stage microscopy of 6 showing one heating and cooling
cycle (~10 K min™?) starting from neat, microcrystalline material (far left)
obtained from vacuum sublimation. The onset of melting occurs at
428 K and is nearly complete at 429 K and recrystallizes from the super-
cooled liquid at 385 K (far right).
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Fig. 9 The temperature dependence of yT measured for 1-5. For all compounds, heating and cooling cycles were performed at 2 (black line), 5 (red

line) and 10 (blue line) K min™. See Fig. $31 for compound 6.

The magnetic data are in excellent agreement with the DSC
results, linking the observed magnetic bistability to the
thermal hysteresis associated with melting and recrystalliza-
tion from the supercooled liquid phase. As shown in Fig. 9,
radicals 1-5 exhibit reproducible temperature-dependent mag-
netic properties, consistent with those reported for DTDA para-
magnetic liquids.

While the complex thermal behavior of 3 in DSC is not
immediately evident in the magnetic data, detailed analysis
reveals that all three polymorphs have nearly identical melting
onsets (3 K), complicating phase composition determination by
DSC alone. Notably, DSC measurements starting from phase-pure
3w or 3y consistently yield 38, as confirmed by post-DSC PXRD.

Although VSM temperature control is less precise than
DSC, the sharp increase in yT near 391 K for neat 3o aligns
with melting to a paramagnetic liquid, while the recrystalliza-
tion at 370 K matches DSC observations. In subsequent
heating cycles, the onset of the yT increase becomes more
gradual (~382-384 K), likely due to melting of a phase mixture
dominated by 3, as suggested by prior results. Crucially, the
thermal hysteresis (A ~ 15 K) remains consistent across
measurements, independent of phase composition.

Discussion

The paramagnetic liquid phases in radicals 1-6 all occur at
relatively high temperatures, above 370 K, in contrast to the
known DTDA paramagnetic liquids that melt below
330 K.'%'1*3* The paramagnetic liquid phase of the proto-
typical 1 has likely eluded researchers for this reason, as its
high-temperature magnetic properties have not been studied
before to our knowledge, although thermal analysis by DSC
has been reported.”®

The relatively high melting points in 1-6 could arise from
the high dimensionality of strong intermolecular interactions
in their crystal structures, enabled by the zig-zag- and herring-
bone packing motifs in 2-6 which permeate throughout entire
crystallographic axes. The packing of 2-tolyl-substituted DTDA
also consists of similar chain motifs via SN-IV type inter-
actions, but its melting point is around 320 K as evidenced by
an increase in EPR intensity corresponding to melting to a
paramagnetic liquid.**

The polymorphism observed in the ethyl derivative 3 paral-
lels that of M® (R = Et),'® where both compounds represent

This journal is © the Partner Organisations 2025

critical turning points in their respective radical series. In each
case, the dominant packing motif changes because of varying
degrees of steric effects imposed by the alkyl substituent
leading to distinct polymorphic behavior.

For M® (R = Et), the f- and y-phases are linked by a single-
crystal-to-single-crystal (SCSC) transition, wherein the equili-
brium between monomeric and dimeric units shifts reversibly,
resulting in hysteretic magnetic bistability. In contrast, 3 and
3p do not interconvert via an SCSC transition under DSC con-
ditions, despite both being isolable under specific experi-
mental protocols. Instead, 3f emerges as the thermo-
dynamically stable phase, dominating the phase landscape
upon thermal cycling. This divergence in polymorphic behav-
ior highlights the nuanced role of alkyl substitution in modu-
lating solid-state packing and phase stability. While M® (R =
Et) exhibits dynamic structural flexibility (enabling SCSC tran-
sitions), the ethyl derivative 3 appears to adopt more rigid
packing arrangements, with 3o and 3y trapped as metastable
states. The persistence of 3f across DSC cycles suggests that
kinetic control during crystallization rather than reversible
structural rearrangement governs the polymorphism of 3.

Conclusions

The synthesis and structural characterization of a series of
p-alkylthio substituted phenyl-DTDAs 2 (R = SMe), 3 (R = SEt),
4 (R =S"Pr), 5 (R = S'Pr), 6 (R = S'Bu) revealed two distinctive
packing motifs: zig-zag chains of cis-cofacial dimers mediated
by chalcogen-chalcogen bonding in 2 and 3w, and herring-
bones via chalcogen-n bonding in 3$-6. Thermal and magnetic
studies revealed that 1-6, with 1 being the previously reported
phenyl-DTDA, undergo melting to paramagnetic liquid phases,
which crystallize upon supercooling resulting in magnetic bist-
ability. The newly discovered paramagnetic liquid phase and
supercooling-driven magnetic bistability of 1 suggests that the
phenomenon could be more prevalent than what is currently
known among DTDAs and other types of radicals. Given that
the radicals known to have paramagnetic liquid phases tend to
have relatively low melting points, high-temperature calorime-
try and magnetic susceptibility measurements of known rad-
icals could reveal novel phase transitions in the development
of functional radical materials.

The thioether substitution of DTDAs also provides ample
opportunities for future work as post-synthetic modification
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might allow the realization of DTDA-based sulfonium salts or
chiral sulfoxides. Small synthetic modifications such as these
might enable incorporating new properties like chirality into
paramagnetic liquids, liquid crystalline materials, and other
desirable properties towards multifunctional soft materials.

Experimental

The full synthetic details, thermal analytical (DSC, TGA, HSM,
EA), crystallography (SCXRD/PXRD), and magnetic details
(VSM) are available in SI.
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