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Materials with magnetic properties that can be modulated via optical excitation offer enticing opportu-
nities for the development of next generation technologies. An exciting new class of photomagnetic
materials based on bisdithiazolyl radicals has recently been developed. The dimorphic system in this
study crystallizes in two phases, one composed of diamagnetic dimers and the other of paramagnetic rad-
icals. Here we report on the use of high-field electron paramagnetic resonance spectroscopy to character-
ize both the thermally- and light-induced transitions in the dimer phase. During the course of this study
we show that signals originating from residual radical defects in the dimer phase can be differentiated
from those arising from the radical phase.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

One of the biggest obstacles in the development of practical
applications for photo-switchable materials is the relatively low
temperature at which the photo-induced change takes place [1].
Often such materials rely on the spin crossover (SCO) phe-
nomenon, which takes place due to a change in the electronic con-
figuration of a transition metal-based coordination complex from a
low-spin (LS) to a high-spin (HS) state [2–4]. Irradiation of the
thermodynamic LS ground state allows light-induced excited-
spin-state trapping (LIESST) of the metastable HS state below a
characteristic temperature, TLIESST, above which this metastable
state decays rapidly to the LS state. In these transition metal-based
systems the highest reported TLIESST is 180 K [5]. With the current
record being well below room temperature, practical applications
of such materials remain problematic. Ideally one would like to
develop a material capable of exhibiting the photo-induced
switching at room temperature.
Light-induced radical trapping (LIRT) [6], an effect analogous to
LIESST, has recently been observed in organic materials where the
change in spin state is due to the dimerization of a pair of p-radi-
cals into a diamagnetic r-dimer [6–8]. This radical ? dimer tran-
sition is conceptually similar to the HS? LS transition observed
in 3d metal-based SCO complexes. In the solid state, the diamag-
netic dimer can be split into a metastable pair of radicals via
photo-excitation at low temperatures. The TLIRT (analogous to
TLIESST) of the bisdithiazolyl species studied here has previously
been determined to be 242 K, significantly higher than the TLIESST
values typically observed in transition metal systems [1]. This
compound was found to crystallize in two distinct polymorphs,
1a and 1b, with room temperature v0T products indicative of para-
magnetic S = 1/2 and diamagnetic S = 0 phases, respectively. The 1b
polymorph undergoes a thermally induced hysteretic phase transi-
tion resulting in the formation of a pair of radicals above 380 K and
the recovery of a diamagnetic hypervalent r-bonded dimer below
375 K (Fig. 1). At temperatures below 242 K, irradiation of the sam-
ple cleaves the hypervalent 4-center 6-electron S� � �SAS� � �S bond,
generating two stable p-radicals. Few studies characterizing the
photogeneration of a metastable paramagnetic state have been
performed on radical-based systems. The persistent nature of these
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Fig. 1. Molecular structures of the bisdithiazolyl p-radical (a) and the r-dimer (b). The red bonds in the r-dimer highlight the 4 center – 6 electron hypervalent interaction.
(Color online.)
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photoinduced states makes them conceptually different from
transient triplet states generated in traditional organic photo-
chemistry [9,10]. To investigate this novel phenomenon, we have
performed a series of high-field electron paramagnetic resonance
(HFEPR) experiments probing both the thermal- and light-induced
transitions.
2. Materials and methods

2.1. Synthesis

Compounds 1a and 1b were synthesized as previously
reported [7].
2.2. High-field electron paramagnetic resonance (homodyne detection)

Experiments on 1a were performed on a microcrystalline pow-
der sample which was immobilized in a polyethylene cup using a
Teflon� stopper. The transmission-type spectrometer employed a
phase locked Virginia Diodes source combined with a series of
frequency multipliers to generate the various microwave frequen-
cies. The field modulated signal was detected using a hot electron
InSb bolometer. Temperature control was achieved using an
Oxford Instruments continuous-flow cryostat housed in a 15/17 T
superconducting Oxford Instruments magnet [11].
2.3. High-field electron paramagnetic resonance (heterodyne
detection)

Photo-excitation experiments on 1b were performed on a
microcrystalline powder sample dispersed in mineral oil and con-
tained in a transparent polyethylene cup. Light irradiation was per-
formed through an optical window in the probe using a NiteRider
MiNewt 600 cordless rechargeable headlight capable of producing
600 Lumens of light output. Dispersion of the sample in mineral oil
was necessary to ensure light transmission through the entire sam-
ple and to maximize the number of crystallites exposed to the
light. To facilitate collection of the high temperature spectra, a sec-
ond sample was prepared in a polyether ether ketone (PEEK, melt-
ing point �616 K) container and sealed with a tightly fitted PEEK
stopper. This spectrometer utilizes a super-heterodyne quasi-opti-
cal bridge in conjunction with 12.5 T Oxford Instruments super-
conducting magnet [12,13].
2.4. EPR spectral simulations

All spectral simulations were performed using the program
EasySpin [14].
3. Results and discussion

All EPR spectra were analyzed in the framework of a standard
Zeeman spin Hamiltonian:

Ĥspin ¼ be
~B � ~g � Ŝ ð1Þ

where be is the Bohr magneton, ~B is the applied magnetic field

vector, ~g is the Landé g-tensor, and Ŝ is the total spin operator
[15]; no zero-field spitting (ZFS) or hyperfine interactions were
detectable for either 1a or 1b.

3.1. High-field EPR of 1a

The room temperature EPR signal of 1a exhibits a linear
frequency dependence with respect to the applied field, extrapolat-
ing to zero frequency at zero field (Fig. 2). This behavior is indica-
tive of a Kramers doublet ground state where the lack of a
measurable frequency-independent ZFS term suggests that inter-
molecular coupling is weak [16]. Simulations of the spectra result
in gx,y = 2.0099(8) and gz = 2.0042(8). However, variable tempera-
ture measurements performed at 304.8 GHz reveal the presence
of intermolecular interactions through an increase in the observed
spectral linewidth at the lowest temperatures (Fig. 2). In spite of
this, the g-anisotropy observed at room temperature is still resolv-
able at the lowest temperatures. These findings are consistent with
previous magnetic measurements which show that, above �20 K,
the system behaves as a Curie–Weiss paramagnet and, below this
temperature, it can be modelled as a Heisenberg chain of weakly
antiferromagnetically coupled radicals [7].

3.2. High-field and high temperature EPR of 1b

As described in the introduction, 1b exists as a diamagnetic
r-dimer upon cooling below �375 K. We have thus recorded vari-
able temperature EPR spectra between 290 and 385 K (Fig. 3). The
290 K spectrum shows two prominent features, one at g �2.010
and the other at around g �2.008. With increasing temperature,
the lower-field feature decreases in intensity while the higher-field
one exhibits a sharp increase in intensity at �375 K. The g-value of
the feature with decreasing intensity is identical to that of the gx,y
component of 1a, suggesting that it may be attributed to a small
amount of 1a contaminant in the powder. Meanwhile, below
375 K, the higher field signal can be assigned to non-dimerized
radical defects occurring in the dimer phase of 1b. In order to relate
the intensity of the EPR spectrum to the radical population, we
evaluate the double integral of the recorded dI/dB spectrum at each
temperature, which is proportional to the spin susceptibility, v0.
We then plot the v0T product versus temperature (Fig. 3, inset) in
order to correct for the 1/T Boltzmann dependence of the spectral



Fig. 2. (left) Frequency dependent resonance position for 1a at room temperature. (right) Variable temperature EPR spectra of 1a recorded at 304.8 GHz in field derivative
mode, dI/dB, where I represents the microwave signal intensity reaching the detector.

Fig. 3. Variable temperature EPR spectra of 1b recorded at 240 GHz demonstrating
the conversion from the diamagnetic r-dimers to paramagnetic p-radicals due to
thermally induced bond cleavage. The inset shows the product of the doubly
integrated dI/dB signal („v0) and temperature, normalized to the 385 K product;
the same colors are used in the inset and the main panel, with hollow data points
for spectra that are not shown. Double integration is required because of the use of
field modulation in the experiment, which transforms the EPR intensity (I) into a
first derivative signal (dI/dB).

Fig. 4. (a) Effect of white light irradiation on a powder sample of 1b at 100 K, recorded at
respectively. The inset shows the 120 GHz, 100 K spectrum of a single crystal of 1b befo
perpendicular to the applied magnetic field. (b) Temperature dependence of the EPR sig
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intensity. The v0T product, therefore, provides a direct measure of
the radical concentration in the sample, and its abrupt rise in the
370–380 K range confirms the expected spin transition and the
accompanying sharp increase in radical concentration due to ther-
mal cleaving of the hypervalent bond in the dimer. Interestingly,
even below 375 K, a slow increase in the v0T product with temper-
ature is observed, suggesting a gradual increase in radical defects
in the dimer phase of 1b. It has been shown that such defects can
occur in the bulk material with minimal changes to the crystal
structure [17]. By comparing to the fully cleaved 385 K v0T product,
we estimate that �2% of the bisdithiazolyl molecules remain in the
p-radical (non-dimerized) form at room temperature.
3.3. High field EPR of 1b under light irradiation

At 100 K, 1b exists as a diamagnetic r-dimer. However, upon
photoexcitation, it converts into a pair of stable p radicals. Fig. 4a
shows the 100 K/240 GHz spectrum before and after white light
irradiation. Similar to the temperature dependent spectra, we
observe one feature with intensity independent of light exposure
(1a impurity at �8.53 T) and two features with strong responses
characterized by gx = gy = 2.0085(5) and gz = 2.0066(5). Tempera-
ture dependent studies of the photo-generated state show that
the spectrum returns to its original form at room temperature, thus
demonstrating the reversibility of the LIRT effect.
240 GHz. The black and red traces show the signal before and after light irradiation,
re and after light exposure. The rod-shaped crystal was oriented with the long side
nal for the photo-generated species.



Table 1
Spin Hamiltonian parameters^ used to simulate the HFEPR data.

T (K) gx gy gz gavg Space group

1a 100 2.0099(8) 2.0099(8) 2.0042(8) 2.0080 P�421m
1bTherm 385 2.0082(5) 2.0082(5) 2.0072(5) 2.0079 P21/c
1bLIRT 100 2.0085(5) 2.0085(5) 2.0066(5) 2.0079 P21/c

^ The numbers in parentheses indicate the estimated uncertainty of the last digit.

Fig. 5. (left) Representative experimental spectra (black traces) and simulations (red traces) of 1a (5.1 mT Lorentzian linewidth), thermally cleaved 1bTherm (2.7 mT
Lorentzian linewidth), and light irradiated 1bLIRT (1.2 mT Lorentzian linewidth), under the indicated conditions. (right) Overlay of the crystal structures showing the minute
differences under various conditions: 1a at 290 K (black); 1bTherm at 393 K (red); and light irradiated 1bLIRT at 100 K (blue).1 (Color online.)

Fig. 6. Crystal packing of 1a (left) and the p-radical form of 1b (right) in the P�421m and P21/c space groups, respectively.
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3.4. Spectroscopic and structural comparisons of 1a, high temperature
1bTherm, and irradiated 1bLIRT

Representative spectra along with their corresponding simula-
tions, generated using the parameters in Table 1, are shown in
Fig. 5. The sizable changes in g-factors observed between 1a and
1bTherm/LIRT are somewhat unexpected. A direct comparison of the
molecular structures reveals onlyminor geometric differences, sug-
gesting that packing interactions may be responsible for the differ-
ences.1 This is supported by the different crystallographic space
groups of each phase (Fig. 6): 1a crystallizes in the tetragonal space
group P�421m, where four columns of p-stacked radicals conform to
1 The structural model used in the solution of the powder x-ray diffraction data
was only partially refined. For details see Ref. [6].
a fourfold rotation around the c-axis; 1b crystallizes in the P21/c space
group in which the p stacking is disrupted, as two of the molecules in
the unit cell are rotated by�90� from the others. The cause of the vari-
ations in g-values between the thermal- and photo-generated species
ismore subtle and likely results from the expansion of the latticewith
increasing temperature which alters the exchange interaction
pathways and, in turn, the g-values [18].

In all recorded spectra of 1b below 345 K, and without light
excitation, we observe a feature (visible at �8.538 T in the 290 K
spectra in Figs. 3 and 4) with a g-value that is similar to the gx/gy
values of both the 1bTherm and 1bLIRT species (�2.0085). We
propose that this residual radical signal, as well as the ‘Curie tail’
observed in the magnetic data [7], results from non-dimerized
radical defects in the dimer phase. These radical defects are differ-
ent from those produced by the LIRT mechanism and the thermally
induced transition. Based on the spectral signature of this defect, it
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is likely to reside in a lattice environment only slightly different
from that of the photo- and thermally-generated radicals [19]. In
contrast to the bulk material, however, these sites are unable to
link with neighboring sites during dimer formation, most likely
due to the loss of structural coherence, i.e., there is a break in rad-
ical proximity. To support this claim, we have studied a single crys-
tal of 1b which indeed shows a single feature that increases in
intensity upon irradiation (Inset of Fig. 4a), and no contamination
due to 1a. While these defects are visible in the EPR data they
are not sufficiently high in concentration to be observed crystallo-
graphically and, based on the analysis of the EPR spectral weight
monitoring the thermally induced transition, make up only �2%
of the bulk material.

4. Conclusions

In summary, we have performed a series of high-field EPR mea-
surements on two polymorphs of a magnetically photo-switchable
bisdithiazolyl compound. At high-frequencies and high-fields, the
two crystallographic phases are shown to be easily distinguishable
based on their g-tensors. We note that this would not have been
possible at low-fields/frequencies due to decreased spectral resolu-
tion. Through variable temperature measurements we have deter-
mined that radical defects make up �2% of the 1b dimer phase and
are observed at all temperatures below �380 K. Furthermore, we
have shown that these defects cannot be explained as impurities
of 1a. As more examples of these switchable radical/dimer systems
are characterized, this behavior may prove to be common.
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