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ABSTRACT: Irradiation in the solid state of the hyper-
valent 4c-6e S--S—S--S bridged o-dimer of a bisdithiazolyl
radical leads to its photodissociation into a pair of 7-
radicals. The transformation has been monitored by
optical spectroscopy, single crystal X-ray diffraction, and
magnetic susceptibility measurements. As a result of the
large electronic reorganization involved in the dimer-to-
radical interconversion, the photogenerated S = 1/2 radical
state is remarkably thermally stable, persisting to 242 K
before reverting to the S = 0 dimer.

hotoinduced switching of the magnetic state of molecular

materials holds the potential for applications in data
storage, high-speed sensing, and radiation detectors.! Within
this context one of the most well-known and heavily studied
photomagnetic phenomena is light-induced excited spin state
trapping (LIESST) found for some transition metal com-
plexes.>* Essentially, the LIESST effect involves a change in
the population of the t), and e, orbitals, a so-called spin
crossover (SCO) between high and low spin states.” In the
solid state this configurational change leads to variations in
bond lengths which can be as large as 0.2 AS but no formal
bond breaking or making occurs during the spin transition. As a
result, the activation barrier for relaxation of the high spin state
is typically small, and the photoinduced high-spin product
rarely remains stable above 100 K, the highest Ty gssr being
(to our knowledge) 180 K.”

In principle, photoinduced spin state changes in all-organic
molecular materials can also serve as a basis for magnetic
switching,8 but utilization of these effects in solid state devices
remains a challenge. For example, while photochemically driven
singlet—triplet interconversions have been extensively studied,
the resulting triplet states are generally short-lived.” In solution,
greater stability has been achieved when the spin state changes
are accompanied by large conformational changes,'® but this
strategy is not easily transferable to the confines of the crystal
environment. By contrast, the thermally induced solid state
interconversion of a diamagnetic radical dimer (S = 0) to a pair
of stable paramagnetic radicals (each S = 1/2) is well
documented, and such systems have been shown to exhibit
thermal hysteresis and even wide regimes of bistability.""'> In
one case photoinduced dimer-radical interconversion within the
thermally bistable region has also been reported."> However,
the photoinduced low-temperature conversion of a radical
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Figure 1. Configurational (6,")* < (7*)(z”) change accompanying
the interconversion of the 4c-6e hypervalent S---S—S---S o-dimer [1],
and a pair of 7-radicals [1].

dimer to a pair of radicals and subsequent trapping of the
resulting open shell state is hitherto unobserved.

Recently we reported the preparation of the heterocyclic
bisdithiazolyl radical [1] (Figure 1), which crystallizes in two
modiﬁcations,14 one consisting (at room temperature) of
diamagnetic dimers [1], in which radical pairs are linked by
hypervalent 4-center 6-electron (4c-6e) S:+-S—S---S o-bonds.'
This arrangement is unusual, in that dissociation of the dimer
to a pair of radicals is symmetry forbidden, involving a
configurational (6,")* < (7%)(7”) change."* Nonetheless, the
thermodynamic balance between open and closed shell forms is
relatively small; DFT estimates place the bond dissociation
enthalpy AHg, near 11 kcal mol 1.6 Consistently, variable
temperature magnetic and crystallographic measurements
revealed that the dimer could be thermally converted, within
the same space group, to the radical at 380 K, a dimer-to-radical
interconversion that displayed thermal hysteresis with a small
(5 K) window of magnetic bistability. The same structural
transformation could also be driven by pressurization to ~0.8
GPa at ambient temperature. Here we report that the solid state
interconversion [1], — 2 [1] can also be effected photochemi-
cally. Moreover, the photogenerated radical displays an
unprecedented thermal stability, not reverting to the closed
shell dimer until 242 K.

Initial experiments to explore the possibility of the
photoinduced conversion of [1], — 2 [1] involved examination
of the evolution of the solid state transmission optical

Received: June 4, 2013
Published: October 9, 2013

dx.doi.org/10.1021/ja4055806 | J. Am. Chem. Soc. 2013, 135, 15674—15677


pubs.acs.org/JACS

Journal of the American Chemical Society

Communication

] 12
A (1],

1.0

08P

Absorbance

06 [1]

100 K
0_? L " L i L i 1 " 1 i L "

400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm)

Figure 2. (A) Optical absorption spectra recorded on a thin film of
[1], at 100 K before and after irradiation with white light (black and
red curves, respectively). (B) Evolution of the absorption spectrum
obtained after irradiation of the thin film of [1], at 100 K with a 650-
nm laser, and subsequent warming to 260 K. The spectra shown after
the one at 100 K (red line) were recorded from 230 to 260 K with 5-K

steps at a heating rate of 0.2 K min™".

absorption spectrum of [1], under irradiation. Figure 2A shows
the optical spectrum of a microcrystalline film of [1], at 100 K,
both before (black curve) and after (red curve) the sample was
irradiated with white light (~10 mW cm™?) for 4 min. The
broad absorption of [1], in the 600—800 nm range was
substantially diminished after irradiation, while new bands
appeared at 422 and 515 nm signifying the generation of the
radical [1]. Based on these observations, and to minimize the
absorption of light by the photogenerated [1], we subsequently
used a 650-nm laser for variable-temperature optical, crystallo-
graphic, and photomagnetic experiments. Thus, in a second
optical absorption experiment, a microcrystalline film of [1],
was irradiated with the 650-nm laser (~25 mW cm™) for 20 s
at 100 K, and the resulting optical absorption spectrum was
monitored as a function of increasing temperature. The
spectrum of the radical [1] generated by laser irradiation (red
curve in Figure 2B) remained essentially unchanged until 230
K, above which temperature the broad absorption in the 600—
800 nm range gradually reappeared and the bands at 422 and
515 nm vanished (Figure 2B). Spectra recorded at 250 K and
above matched the original spectrum of [1],.

Given the use of low-power continuous irradiation and the
high temperature (>380 K) required to induce the thermal
conversion, the possibility of photothermal effects'” is unlikely.
That the mechanism is predominantly photochemical is further
supported by the quasi-linear dependence of the conversion on
power density at 100 K at low power (Figure S1).

Relaxation of the photoinduced state was examined by
monitoring the isothermal decay of the 510 nm band at
different temperatures. The photogenerated radical [1]
remained stable for prolonged periods at temperatures below
220 K. Even at 220 K, the relaxation is very slow, amounting
only to ~13% after 4 h. Thereafter the relaxation rate constant
increases with increasing temperature, as expected for a
thermally activated process. A fit of the relaxation kinetics
between 230 and 250 K (Figure 3A) to a single-exponential
decay was only partially satisfactory, as the relaxation tends to
proceed somewhat faster toward the end of the decay, a result
attributable to cooperative solid-state effects. Arrhenius analysis
of the temperature dependence of the derived relaxation rate
krp (Figure 3B) afforded a relaxation barrier E,, = 19.6(7) keal
mol ™.
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Figure 3. (A) Mole fraction yg of photogenerated [1] as a function of
time at different temperatures, along with fitted (single exponential)
curves. (B) Log plot of relaxation rate constants kgp, as a function of
inverse temperature (with linear fit in red).

Visualization of the structural changes associated with the
photomduced dissociation was achieved by single-crystal X-ray
diffraction.'® To this end a needle-like crystal of [1], was
cooled to 100 K and irradiated with a 650-nm laser for 4 h.
Analysis of diffraction data collected subsequently at 100 K
confirmed a quantitative transformation [1], — 2 [1] within
the common space group P2,/c; difference electron-density
maps did not reveal any significant peaks that would suggest the
presence of a residual fraction of dimer. As may be seen in
Figure 4, which compares the crystal and molecular structures
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Figure 4. (A) Unit cell diagrams of [1], and of photogenerated [1],
viewed along the a axis. (B) Selected distances (in A) within the dimer
and radical pair. Both structures were determined at 100 K.
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of the dimer and the photogenerated radical pair, both
determined at 100 K, the loss of the interdimer S3—S3’ bond
(2.167(1) A) is accompanied by slippage about the crystallo-
graphic inversion center, to form a pair of radicals weakly linked
by a pair of long S3---N3’ intermolecular contacts (3.184(2) A).
At the same time the long transannular S3---S4 hypervalent
contact (2.795(1) A) closes to a value (2.115(7) A) near that
observed for S1—S2 (2.121(7) A), and the thione C2—S4
double bond (1.680(2) A) expands to 1.738(2) A, a value akin
to that seen for the S2—C4 single bond (1.736(2) A). Overall,
the unit cell and molecular metrics for the photoinduced radical
[1] are in keeping with those found from high pressure (0.98
GPa) and high temperature (380 K) measurements. 14
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For photomagnetic measurements a microcrystalline film of
[1], was placed on a flexible diamagnetic tape mounted on the
end of a quartz rod connected to an optical fiber. The sample
so prepared was lowered into a SQUID magnetometer at 300
K, cooled to 10 K, and irradiated with a 650-nm laser, which
resulted in an increase of the observed magnetic response, in
agreement with the photogeneration of paramagnetic [1] from
diamagnetic [1],. The irradiation was stopped after 2 h, and the
magnetic susceptibility (y) was measured in a warming mode
under an applied field H = 0.1 T. The plot in Figure 5 shows
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Figure S. Change in yT (at H = 0.1 T) upon warming a thin film of
[1], after irradiation with A = 650 nm at 10 K (blue curve). The
sample was warmed at a rate of 3 K min™" at 5—220 K, 0.2 K min™" at
220—260 K, 3 K min~! at 260—-360 K, and 1 K min™! at 360—400 K.
The dashed red line tracks the value of yT for [1] estimated from exact
diagonalization simulations based on exchange energies obtained from
DFT calculations.

the difference in the yT product of the irradiated sample, and
the original sample cooled down in the dark. Presented in such
a way, the data allow accurate subtraction of the diamagnetic
contribution from the sample holder and the intrinsic
diamagnetism of the sample. (The absolute values of the
measured moments before and after irradiation are shown in
Figure S2.) The xT value gradually increases on warming,
suggesting the presence of antiferromagnetic (AFM) exchange
coupling between radicals. Field-dependent magnetization (M)
measurements taken at 1.8 K support this conclusion, as a very
slow increase in M is observed with increasing field (Figure S3).
Indeed the value of M of ca. 0.07 g at 7 T is still much smaller
than the saturation value of 1 up expected for an S = 1/2
radical, which is consistent with significant antiferromagnetic
coupling between the radicals.

In accord with the optical measurements, yT decreases, first
gradually above 230 K, and then abruptly, with an inflection
temperature T| = 242 K. This behavior is consistent with
thermally activated relaxation of the metastable radical to the
thermodynamically favored dimer [1],. Above 260 K, the
observed yT value matches that measured for the sample of
[1], prior to irradiation. Further heating results in an abrupt
increase in T around 380 K, which is consistent with the
thermally induced process reported earlier.'* The A(yT) value
attained at 400 K is nearly the same as the maximum A(yT)
observed for the photogenerated [1] at 225 K, which indicates
that the conversion [1], — 2 [1] is essentially quantitative.

To analyze the magnetic response of [1] in the low
temperature (<230 K) region, we carried out a series of
broken symmetry density functional theory (DFT) calcula-
tions'® at the UB3LYP/6-311G(d,p) level to estimate the
magnitude of the pairwise magnetic exchange coupling

J.=-18.4
Jy=-13.9
Jp=-11.2
Jy=-1.77
Jy=0.09

Figure 6. Definition of contacts for pairwise magnetic exchange
interactions J;_, and J, in the crystal structure of photogenerated [1]
at 100 K, and UB3LYP/6-311G(d,p) calculated values (in cm™).

constants (J) within the photoinduced crystal structure. With
reference to the Heisenberg Hamiltonian H,, = —2J {S;-S,},
exchange energies J,_, and ], for interacting pairs of radicals
(Figure 6) were computed using single-point energies of the
lowest triplet Eg and broken symmetry singlet Eggg states and
their respective (S*) expectation values. As expected, the
dominant exchange interactions are antiferromagnetic, corre-
sponding to coupling along the z-stacks (J, = —18.4 cm™") and
between the formerly dimerized radical pairs (J; = —13.9 cm™).
The entire set of calculated J-values was then used to generate a
16-site exact diagonalization simulation®' of the bulk magnetic
susceptibility of [1] as a function of temperature. The resulting
theoretically predicted yT(T) function, shown in Figure S as a
dashed red line, is in good qualitative agreement with the
experimentally observed data over the same range. Extrap-
olation of the function to higher temperatures suggests that the
residual effects of AFM exchange interactions may slightly
suppress the yT value even of the thermally generated radical
(above 380 K).

The stability of the photogenerated radical [1], which
persists to T| = 242 K, provides an interesting contrast to the
behavior of most transition-metal based SCO materials, for
which the photoinduced high spin state rarely survives above
100 K.7®** This remarkable behavior may be related to the
unusual 4c-6e hypervalent linkage in [1],.'"* Most radical
dimers, be they linked by localized or delocalized interactions,”®
are well described in terms of a direct coupling of singly
occupied orbitals on two radicals; that is, the radical and dimer
forms have the same state symmetry. By contrast, interconver-
sion of the hypervalent o-bonded dimer [1], and two z-radicals
[1] requires a configurational (0,")*> < (#")(z”) change
(Figure 1)M*A configurational reorganization is also found in
SCO materials, so that both here and in SCO systems the
transformation is symmetry forbidden, guaranteeing an
inherent activation barrier at the molecular level. However,
where the processes differ is in the magnitude of the structural
changes involved, that is, >0.6 A for the back-reaction 2 [1] —
[1], compared to <0.2 A for metal—ligand distances of an SCO
metal ion.” Under these circumstances a higher thermal stability
for the trapped photoinduced radical state [1] is to be expected.
We believe our findings augur well for the use of trapped
photoinduced radicals in the design of new radical-based
materials displaying a magneto-optical response. Moreover,
given that heterocyclic radicals of this type can be conductive®*
and also form magnetically ordered™ structures, opportunities
may emerge for the development of radical/dimer systems
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capable of respondindg to optical stimuli in both magnetic and
electrical channels.''**°
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Full citations for refs 20 and 21. Details of optical, magnetic,
crystallographic measurements, and theoretical modeling of
magnetic data. Details of crystallographic data collection and
structure refinement of [1], and photogenerated [1], both at
100 K, in CIF format. This material is available free of charge
via the Internet at http://pubs.acs.org.
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