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A novel synthesis of the title compound, C,S;Nj3 (1) is reported. X- and K-band EPR spectra on dilute
solutions of 1 indicate delocalisation of the unpaired spin density over both heterocyclic rings in agreement
with DFT calculations. An XRPD study indicates that it crystallises in two morphologies with both phases
formed during vacuum sublimation. The XRPD studies indicate that on cooling below 230 K, only the triclinic
phase (P1) becomes detectable, whereas on warming above 320 K, just the monoclinic phase (P2,/c) becomes
observed. The crystal structure of the monoclinic phase has been examined by variable temperature single
crystal X-ray diffraction in the region 300-225 K and reveals a regular n-stacked structure. A crystal structure
of the triclinic phase is reported at 150 K and exhibits a dimeric n-stacked motif. Susceptibility measurements
show that the monoclinic phase is paramagnetic whereas the triclinic phase is diamagnetic. This radical exhibits
thermal hysteresis with a wide range of bistability; EPR and magnetic susceptibility measurements indicate
Tc;=234 K, and Tcy =317 K. The magnetic behaviour of the monoclinic phase is consistent with strong
antiferromagnetic exchange interactions between open shell doublet states (J=—320 K) along the rn-stacking
direction, although significant inter-stack interactions are required to model the data adequately. In contrast
the dimeric phase is essentially diamagnetic, with the residual paramagnetism indicating a very large singlet—
triplet separation (]2J]>2000 K). The magnetic exchange interactions in both phases are probed through a
series of DFT calculations using the broken-symmetry approach. These confirm the presence of strong
magnetic exchange interactions along the n-stacking direction in the high temperature phase (2J=—182 K), but
with additional interstack interactions which are an order of magnitude smaller. Calculations on the triclinic
phase indicate that it is best considered as a dimer with an open-shell singlet state with a very large
singlet—triplet separation (2J=—2657 K). The magnitude of J for both phases from theory and experiment are
in good agreement. The origin of the thermal hysteresis is attributed to the presence of two energetically similar
structures which have a low energy barrier to interconversion. The thermodynamic parameters associated with
the interconversion process have been probed by DSC studies. It confirms the first order nature of the
transition with Tc;=232.3 K (AH;=1.41 kI mol ™!, AS|=6.0 Jmol ' K™') and Tc1=320.5K
(AH1=1.86kImol ™', AS;=58Jmol 'K ™).

Introduction derivatives arduous and we have begun to examine dithiazolyl

radicals, 3, in which the dimerisation enthalpy is small
We have been interested for some time in the development of (~0kJ mol™1).0

thiazyl radicals as molecular magnetic materials.' The lack of Work by us’ and others®™'® has shown that a number of
steric hindrance in these systems affords close approach of the dithiazolyl radicals are monomeric in the solid state. The
radical centres which leads to large magnetic exchange
interactions between radical centres, evidenced by Weiss

constants with magnitudes up to 10? K. This has culminated F F
in the observation of weak ferromagnetism in the dithiadiazolyl N S N
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radical, 2, at 36 K at ambient pressure.” The application of s, I Ne NSC N
pressure leads to a further enhancement of 7, to 51 K at N s NS
7 kbar,* the highest T, for an open shell organic radical. F F
However the large enthalpy of dimerisation (~35 kJ mol™!)* 1 2

for these derivatives makes the design of paramagnetic R
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solid state structures of the high and low temperature phases of 1. See 3
http://www.rsc.org/suppdata/jm/b1/b103303b/
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magnetic behaviour of the derivative 4 was reported'® to
exhibit bistability in which both paramagnetic and antiferro-
magnetic phases are stable between 50 and 200 K. As a
continuation of our own work in this area, we investigated the
fused radical 1, first reported by Wolmershauser.'' During the
course of our investigations, Awaga and Fujita published a
report'? on the bistability of 1 at room temperature and the
observation of thermal hysteresis between 230 and
305 K. Although the crystal quality of the high temperature
(monoclinic) phase appeared poor (on the basis of the errors in
the unit cell parameters), the structures of the two phases were
clearly established at room temperature. In their studies they
indicated that the spin density distribution is localised on the
SNS fragment of the dithiazolyl ring. In addition, the magnetic
susceptibility was proposed to be one-dimensional, despite
their modelling of the magnetic data with a very strong mean
field correction to account for inter-stack interactions. The
ratio of interstack/intrastack interaction is ca. 0.2. The
bistability was attributed to a cooperative interaction between
spin-Peierls instability and strong inter-stack interactions, such
that the competition between exchange and electrostatic terms
provide a potential energy barrier to interconversion.

Here we report our own studies on this system. We present a
novel synthesis of 1 and probe its detailed electronic structure
through a combination of solution EPR and DFT calculations.
These clearly show n-delocalisation of the spin density over the
entire molecule. We provide a detailed study of the structure of
1 through a combination of X-ray powder diffraction (XRPD)
and variable temperature single crystal X-ray diffraction. The
variable temperature single crystal data on the monoclinic
phase indicates a slight preference for a contraction of the
crystal lattice along the m-stacking direction. The XRPD data
shows that no intermediate ternary phase appears present. We
have also probed the region of bistability in 1 through X-ray
diffraction, magnetisation and EPR studies and differential
scanning calorimetry (DSC) measurements. Our data consis-
tently exhibit a wider range of bistability, 234-317 K, ca. 10%
larger than that previously reported. In addition, we report the
first theoretical studies on the magnetic exchange interactions
in 1 through DFT studies. The bistability is rationalised in
terms of two polymorphs with a small energy barrier to
interconversion.

Results
Synthesis

Radical 1 was originally prepared'! from dichlorothiadiazole,
5, according to Method A in Scheme 1. In our hands, the
reaction of 5§ with Na,S (or Li,S) proved problematic and we
sought an alternative route to the intermediate salt, 6.
Condensation of dithiooxamide with SCl,, followed by
chlorination with SO,Cl, yielded a bis(sulfenyl chloride)
which underwent ring closure with Me;SiNj; to form 6 reliably
in 39% yield (Method B). Subsequent reduction of 6 with
Na,S,04 produced 1 which could be recovered analytically
pure in moderate yield (30%) by vacuum sublimation
(1072 Torr, 60°C).

Electronic structure of 1

EPR studies. Solution EPR studies on 1 were performed on
a CH,Cl,: toluene (ca. 10:1 v/v) mixture. The observed line-
width in fluid solution at room temperature was strongly
concentration dependent and narrowed in degassed solvents.
Solutions used for all subsequent experiments were degassed
and diluted to the point at which there was no improvement in
line-width. At room temperature, 1 exhibited a well-defined
1:1:1 triplet spectrum (gjs, =2.0053, aiso V=112 G) consis-
tent with coupling to the unique "*N atom, N(1). No resolution
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Scheme 1 Synthetic route to 1.

of hyperfine coupling to the two N(2) atoms was observed and
there was no improvement in resolution in the temperature
range 300-240 K. Simulation of the line-shape of the isotropic
spectrum utilised a small coupling constant to the two
equivalent N(2) atoms (a;s0 > =0.7 G); this value is consistent
with those determined from frozen solutions (vide infra),
although the error could be considerable. These values are
comparable with those reported by Sutcliffe and co-workers
(g=2.00611, @, V=11.15G, @, @=0.84G, a;, V=
3.29 G recorded in dg-toluene at 213 K)."?

/S:[/N(\Z)
N(1) S
\ ~ 7/

S N(2)
1

Frozen solutions at ca. 100 K exhibited rhombic EPR
spectra (g #g»>#g3,). Only the smallest g-value (g;) exhibited
an observable hyperfine coupling pattern (Fig. 1): a triplet to
the unique N(1) (¢, =28.4 G), further split into 1:2:3:2:1
pentets by a smaller coupling to the two equivalent N(2) nuclei
of the thiadiazole ring (¢;"® =2.5 G). The central pentet of the
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Fig. 1 (a) First derivative and (b) second derivative frozen solution
X-band EPR spectrum (v=9.447 GHz) of 1 in (CH,Cl,—toluene) at
103 K; (c) simulation using parameters given in Table 1.
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Fig. 2 Frozen solution K-band EPR spectrum (v=24.206 GHz) of 1 in
(CH,Cl—toluene) at 117 K; (a) experimental; (b) simulation. Note the
intense undershoot resonance at low field.

triplet overlaps with the central g, resonance. The N(2)
hyperfine structure on g; is resolved clearly in the second
derivative X-band spectrum (Fig. 1b). Hyperfine structure to
N(1) or N(2) is not observed on g, or g3 implying much smaller
coupling constants than those observed on g;. The K-band
spectrum provides the expected improvement in resolution of
the g-values: note that the N(2) splittings on g; are now
unresolved (Fig. 2a). An interesting spectroscopic feature is the
lowest-field resonance at K-band. This could easily be mistaken
for a principal g-value: however, simulations reveal that it is an
off-axis “undershoot” resonance.'* The spin-Hamiltonian
parameters are confirmed by successful simulation of the
frozen solution X- and K-band spectra with the same set of
parameters, barring minor changes in line-width (Figs. 1c and
2b). Small hyperfine couplings to both N(1) and N(2) on g, and
g3 were incorporated to optimise fits to the experimental line-
shapes. The errors on these small couplings are likely to be
large, but their impact on the spin-density calculations
(described below) is rather small. A summary of both the
isotropic and anisotropic EPR data is provided in Table 1. The
parameters reported by Sutcliffe and co-workers are included
for comparison.'® The lack of hyperfine structure to g, and gs,
coupled with g; exhibiting a value close to that for the free
electron, is entirely consistent with the unpaired electron

residing in a m-type orbital with g; coparallel to the direction
perpendicular to the plane of the molecule. This is supported by
the values of the isotropic hyperfine interactions when
converted into s-orbital unpaired spin density populations
(vide infra) and is in agreement with other studies on dithiazolyl
radicals'>!® and related systems.'®

Calculated spin density distribution. Analysis of the hyperfine
coupling parameters from isotropic and anisotropic solution
spectra has proved to be a useful technique for mapping the
spin density distributions in heterocyclic m-radicals.!” The
isotropic s-orbital spin density (ps) at N(1) and N(2) can be
simply estimated by comparison of the observed hyperfine
interactions (in MHz: see Table 1) with the theoretical
parameter, 4, obtained by Morton and Preston,'® according
to eqn. (1):

aiso X 100
po= T M
The = spin density can be estimated from a comparison of the

anisotropic hyperfine interactions (in MHz), with the corre-
sponding theoretical parameter, P (eqn. (2)):'8

[a3—1/2(a2 +Cl1)] x 100

pr= = @

Errors on the s-electron density were estimated by examining
the results obtained using both «;,, and the average of the
anisotropic data, <a> and were within 0.1%. Errors on
n-electron density were estimated assuming that the hyperfine
interactions could be of the same or different signs, and were
also within 0.1%. A summary of the calculated s and m spin
density distributions are presented in Table 2 and compare very
well with those reported previously'® and with the total spin
density distributions determined from the DFT calculations
described below.

DFT calculations. Previous attempts'® to calculate both
isotropic and anisotropic hyperfine interactions using semi-
empirical methods (MNDO and INDO) were unsuccessful.
Spin anihilation gave rise to large errors in calculated
p-electron densities. More recent work by Gassmann and
Fabian'® has shown that the DFT-optimised geometries of
thiazyl radicals are in rather poor agreement with observed

Table 1 Isotropic and anisotropic EPR parameters for 1. Values marked * are estimates based on simulation; these superhyperfine couplings were

not resolved

g-matrix G MHz G MHz
a1 2.0015 aN®» 28.4 79.55 aN® 25 7.00
o 2.0046 a NV ~ 2% ~5.61% a,N® ~0.2% ~0.56*
P 2.0105 asN» ~ 2 ~5.63* asN® ~0.2% ~0.56%
<g> 2.0055 <aNV> 10.8 30.31 <a"®> 1.0 2.81
8iso 2.0053 A D 11.2 31.43 Ao @ ~0.7 1.96

Table 2 Theoretical spin density distribution determined from DFT calculation and calculated spin density distributions at the heterocyclic N atoms

from EPR data. The atom labelling scheme follows that given in the text

% s-electron density

% m-electron density

% total spin density

Atom DFT EPR DFT EPR DFT EPR
N(1) — 1.7 47.6 444 50.7 46.1
s(1) — — 14.2 — 16.7 —
C . — -1.9 - -3.1 -
NQ@) — 0.1 5.6 3.9 5.7 4.0
S(2) — — 9.9 — 11.1
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Fig.3 (a) Singly occupied molecular orbital and (b) molecular
electrostatic potential (MEP) map for 1 (dark regions —10 kcal mol ™!,
light regions + 10 kcal mol ™.

data (in comparison to closed-shell N-free, sulfur heterocycles)
and tend to over-estimate bond lengths, although reasonable
agreements were observed between theoretical and experi-
mental hyperfine coupling constants.

Our DFT calculations were carried out on 1 using the
molecular geometry determined from the single crystal studies
reported by Wolmershauser.!! These calculations indicate
that the unpaired electron resides in a n* orbital which is
delocalised over the entire molecule (Fig. 3a). However, the
spin density distribution is asymmetric with 84% based on the
SNS fragment and just 22% on the NSN fragment. The slight
excess of spin density on the heteroatoms, N and S, is
compensated by a small (3%) negative spin density at each C. A
comparison of the theoretical and calculated spin densities at N
(Table 2) indicates an excellent agreement and provides a firm
basis for interpreting the magnetic behaviour of 1 (see below).
Importantly, the delocalisation of n-spin density suggests that
intermolecular interactions between both dithiazolyl and
thiadiazolyl rings may be important in propagating the
magnetic exchange interactions.

X-Ray diffraction studies on 1

Crystals of 1 could be grown by vacuum sublimation (60 °C,
102 Torr). Radical 1 was found to be polymorphic, crystal-
lising in either of two structural modifications: a monoclinic
phase (P2,/c) and a triclinic phase (P1). The structure of 1 was
probed by a combination of XRPD and single crystal
measurements.

X-Ray powder diffraction. XRPD studies on the sublimed
material showed both polymorphs are present in an approxi-
mately 50:50 mole ratio. The two polymorphs are readily
discernible by the positions of their two intense, low angle,
reflections (20 =16.587 and 18.382° for the triclinic phase and
17.393 and 19.445° for the monoclinic phase). After quenching
the as-prepared sample in liquid nitrogen (77 K), the XRPD
pattern recorded at room temperature showed only the
presence of the triclinic phase. Subsequent warming to 328 K
for 2hours, produced the monoclinic phase. The XRPD
patterns for the as-prepared sample, and after subsequent
cooling and heating cycles are shown in Fig. 4. The XRPD
patterns of the low temperature triclinic and high temperature
monoclinic phases were confirmed by simulation using crystal-
lographic data from single crystal studies (below). No evidence
for a ternary phase was detectable in any of these XRPD
measurements, indicating a simple, reversible, interconversion
between the two phases.

High temperature phase. The crystal structure of the high
temperature phase was originally reported by Wolmershauser!
and more recently a room temperature structure was reported’?
by Awaga. In the latter case the large errors on the unit cell
parameters possibly indicate poor crystal quality, although the
residuals in the last stages of refinement seem satisfactory. We
reinvestigated the high temperature phase in order to examine
any subtle changes in geometry or intermolecular contacts
which might occur, particularly close to the phase transition
temperature. There are no significant deviations between the
present data and previous determinations, although the current
report allows us to investigate the temperature dependence of
the intermolecular contacts. The crystal structure of the high
temperature phase was examined on the same single crystal of 1
at 310K, 250K and, around the low temperature phase
transition (determined by magnetic studies, vide infra), at
225 K. Throughout this temperature range 1 was found to be
monoclinic (P2,/c).

At 310 K, the molecular structure of 1 (Fig. 5a) is planar
within 0.0025 A and is of unexceptional geometry. The
molecules form a regular m-stack along the crystallographic
b-axis and are inclined at 21° to the stacking direction (Fig. 5b).
Work by Nyburg and Faerman® has shown that the van der
Waals radii of S is aspherical. In our case significant S---S

1 —— T T =
(a)
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0 L . L e Sra— | " i i i 1 i L L " 1 " " L L
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Fig. 4 XRPD pattern of 1 as prepared. Inset low angle data (15<260<20°) for the sample (a) as prepared, (b) on quenching to 77 K and (c) after

warming to 50 °C for 2 h.
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Fig. 5 (a) The asymmetric unit of 1 (monoclinic phase) at 225 K; (b)
regular packing of 1 along the stacking direction in the high
temperature phase. Selected bond lengths and angles are, at 225 K:
S(1)-N(1) 1.655(2), S(1)-C(1) 1.736(2), S(2)-N(1) 1.657(2), S(2)-C(2)
1.734(2), S(3)-N(2) 1.648(2), S(3)-N(3) 1.648(2), N(2)-C(1) 1.316(3),
N(3)-C(2) 1.317(3), C(1)-C(2)1.435(3) A; C(1)S(1)(N1) 98.17(10),

C)SQN(1)  97.96(10), N@2)SGING3)  99.16(9), S(HN(1)S(2)
116.78(11), C(HN2)SB3) 106.26(15),  CQ)N3)S3)  106.40(15),
CQ)C(HNQ) 114.27(20), CQ)C(HS(1) 113.32(17), C(HCRN(3)

113.91(21), C(1)C(2)S(2) 113.77(17)°.

contacts along the stacking direction are expected to be less
than 4.06 A, with significant in plane S---S and S---N contacts
in the region of 3.20 A. The intra-stack separation is equivalent
to the length of the crystallographic b-axis, 3.717 A, signifi-
cantly less than the sum of the van der Waals radii
perpendicular to the ring plane. A web of interstack contacts
between molecules of 1 also exist; whilst the majority are in
excess of the sum of the van der Waals radii in the ring plane
(3.2 A), a number are less than this value. These comprise S---N
contacts, the closest of which are S(2a)---N(3g) at 3.031 A, with

Table 3 Crystal data for 1

S(3a)'N(2e) at 3.115A, S(3a)--N(lp) at 3.138 A [and
S(2a)---N(1k) at 3.237 A] (Fig. 6).

Some contraction of the crystal lattice was detectable on
cooling from 310 to 225 K (see Table 3) with slightly more
contraction along the stacking axis (the crystallographic b
axis), than « or ¢ axes. The molecular structure was essentially
identical at all temperatures, but with a small decrease in the
uncertainty of the atomic positions upon cooling. There was no
significant change in the tilt angle of the mean plane of the
radical to the stacking direction. There was some shortening of
the intra-stack contacts, but no anomalous variations could be
detected amongst the shortening of inter-stack contacts (Fig. 7)
throughout the temperature range studied. On cooling below
225 K, a large mosaic spread became apparent and examina-
tion of a number of crystals indicated a tendency to shatter.
The apparent discrepancy between the lowest temperature of
the crystallographic study of the high temperature phase
[225(2) K] and the structural transition observed from other
measurements described below [232-234 K] can be attributed
to the errors associated with the absolute measurement of
temperature on the cryostream device.?!

Low temperature phase. Single crystal determinations of the
low temperature phase were measured at 150 K on both
crystals sublimed at 45 °C in vacuo, and on crystals grown from
hexane solution. Both structures were identical. The low
temperature phase of 1 crystallises in the triclinic space group
P1, with two molecules in the asymmetric unit. The two
molecules of 1 in the asymmetric unit [Fig. 8a] have essentially
identical geometries to the high temperature phase. Both are
planar within 0.02 A but there are evident differences in the
crystal packing. The foremost difference is a clear disruption of
the regular n-stacking motif has occured to give discrete dimers
which stack along the crystallographic c-axis. The intradimer
S---S contacts vary from 3.236 A (S2---S2’) and 3.321 A
(S1---S1’) at the dithiazolyl ring to the longer S3---S3’
separation of 3.461 A at the thiadiazolyl ring. The closer
contacts at the dithiazolyl ring are in accord with the greater
unpaired spin density at these S atoms. The asymmetric nature
of these contacts also leads to a tilting of the two molecular
planes, such that they are inclined at 3.5° with respect to each
other. In addition to the dimerisation process, there is lateral
slippage of the radical pairs away from the vertical stacking
motif [Fig. 8b]. The inter-dimer contacts are S3---S(3'a) at
3.651, S1---S(1'a) at 3.774 and S2---S(2'a) at 3.848 A along the
stacking direction. It is notable that the strongest intra-dimer
contacts also exhibit the weakest inter-dimer contacts along the
stacking direction.

TIK 310(2) 250(2)

Crystal size/mm 0.15%0.15x0.15

Crystal system Monoclinic Monoclinic
Space group P2y/c P2y/c

alA 9.4430(8) 9.4320(8)
blA 3.7170(4) 36810(3)

cA 15.0630(8) 15.0400(7)
ol° 90 90

pI° 104.615(5) 104.577(5)
pI° 90 90

VIA3 511.60(8) 505.37(6)
Z 4 4
p/mm™! 1.312 1.328
Total reflections 1951 1938
Unique 1155 1147

Rine 0.0239 0.0215
Ri(I>2a(D)] 0.0349 0.0317
wR, (all data) 0.0946 0.0792

0.15x0.15x0.15

225(2) 150(2)
0.15x0.15%0.15 0.14x0.14x0.10
Monoclinic Triclinic
P2,/c P1
9.4280(8) 6.9220(4)
3.6650(3) 7.4920(7)
15.0290(8) 9.9690(9)
90 77.564(3)
104.545(5) 79.209(5)
90 83.048(5)
502.66(7) 494.17(7)
4 4
1.335 1.358
1926 2681
1144 1725
0.0211 0.0321
0.0306 0.0283
0.0792 0.0674
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Fig. 6 Interstack contacts in the high temperature phase of 1 at 225 K. Selected intermolecular contacts are: S(1a)---S(1i) 3.371, S(1a)---S(30) 3.614,
S(2a)--N(3g) 3.031, S(2a)---N(1k) 3.237, N(la)---S(2k) 3.237, N(la):--S(30) 3.138, N(2a)---S(3e) 3.115, N(3a)---S(2g) 3.031, S(3a)--*N(2e) 3.115,

S(3a)---S(1p) 3.614, S(3a)---N(Ip) 3.138 A.

There are a number of inter-stack contacts close to the
molecular plane. Despite the crystallographic phase transition,
these can be clearly related to similar contacts in the high
temperature phase, although the lower symmetry gives a wider
range of distances. In some circumstances the intermolecular
separations are close to those anticipated from extrapolation of
the high temperature structural data, e.g. S2---N3"and S2'---N3
contacts at 2.923 and 2.918 A (¢f monoclinic phase at 3.031 A
at 225 K) and S3---N2’ and S3'---N2 contacts at 3.056 and
3.046 A (¢f monoclinic phase at 3.115 A at 225 K). In some
cases there is an alternation of contacts associated with the
lattice distortion, e.g. S1’---S1” at 3.304 and S1---S1 at 4.564 A
(¢f: monoclinic phase at 3.371 A at 225 K) and S2---N1 at 3.192
and S2'---N1’ at 3.485 A (¢f monoclinic phase at 3.237 A at
225 K). In other cases, the interstack contacts are increased on

38
1A —— stack
o —0—53.N2
L 3.6 ——S3.M1
E —O&—52.N1
ﬁ —@—52..N3
S —0—s1..83
:.;_3-4 [ BN IS — sl 51..81
w
© < & ©
532
E b sum of in plane
E van der Waals
£ 3 < s radii (SN and
= §-:8)
28
200 225 250 275 300 325
Temperature/K

Fig. 7 Variation in intermolecular contacts in the monoclinic phase of
1 as a function of temperature.

cooling to the low temperature phase, e.g. S3--*N1 at 3.221 and
S3’---N1’ at 3.340 A (¢f. monoclinic phase at 3.138 A at 225 K)
and S3---S1 at 3.621 and S3'---S1” at 3.674 A (¢f. monoclinic
phase at 3.614 A at 225K). With the exception of the
dimerisation of the m-stack, the intermolecular contacts in
both phases seem broadly comparable.

A magnetic study of 1

DC susceptibility measurements on the high temperature
phase. The monoclinic phase of 1 exhibits an effective
magnetic moment of 1.0 ug at room temperature, significantly
less than that anticipated for an S=" paramagnet. A plot of x
vs. T shows little variation on cooling to 225 K (Fig. 9). The
magnetic data for this phase (225-350 K) was modelled as a
one-dimensional Heisenberg chain®* of S= " ions and yielded
an intra-stack coupling of J=-320K, but required an
additional interstack coupling of zJ'=—60 K (z=number of
nearest neighbours). These values are identical to those
reported by Fujita and Awaga.'? Although the one-dimensional
chain model reproduces the experimental data, the magnitude
of zJ'/J (~0.2) indicates that it does not behave as a good
one-dimensional system. An abrupt transition occurs on
cooling below 225K and by 200 K the paramagnetism is
essentially quenched, consistent with the structural phase
change already described.

DFT studies on the high temperature phase. DFT studies
were carried out to assess the strength of the magnetic exchange
interactions through the broken-symmetry method. The
exchange interaction between pairs of neighbouring radicals
were calculated through calculation of their singlet-triplet
separation (2J). This pair-wise interaction allows estimates of
the exchange interaction energies through nearest neighbour
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Fig. 8 (a) The asymmetric unit of 1 (triclinic phase) at 150 K and (b)
Peierls distortion along the stacking direction in the low temperature
phase. Selected bond lengths and angles are: S(1)-N(1) 1.655(2), S(1)—
C(1) 1.735(2), S(2)-N(1) 1.651(2), S(2)-C(2) 1.735(2), S(3)-N(3)
1.649(2), S(3)-N(2) 1.652(2), N(2)-C(1) 1.320(3), N(3)-C(2) 1.319(3),
C(1)-C(2) 1.433(4), S(I")-N(1") 1.661(2), S(1')-C(1"), 1.734(2), S(2')—
N(1") 1.651(2), S(2')-C(2") 1.735(2), S(3')-N(2') 1.646(2), N(2')-C(1")
1.322(3), N(3)-C(2) 1.322(3), C(1')-C(2") 1.435(3) A; N(1)S(1)C(1)

98.04(11), N()SQ)C(2) 98.08(11), N(3)SB3)CQ2) 99.27(11),
SQNMS(1) 116.86(12), CHNQ2)S(3) 105.83(17), CRN(3)S(3)
106.48(17), NQ)C(DS(1)  131.92),CQ)C(HS(1)  113.44(18),
NG)CQC(1)  11372), NG)CQ2)SQ) 13272, C(1)CR)SQ2)

113.58(18), N(1)S(1NC(1") 98.01(11), N(1)S(2) C(2) 98.07(11),
N@)S(3)N(3) 99.19(11), SQ)N(1)S(I') 116.81(12), C(1)N(2)S(3))
106.32(17), CQ)N3)S(3) 106.41(17), N(Q2)C(1)C(2) 114.3(2),
N@)C(I)S() 132.3(2), CQ)C)S(1)) 113.43(18), N(3)C(2)C(1")
113.8(2), N(3)C(2)S(2') 132.50(19), C(1)C(2)S(2") 113.67(18)".

interactions throughout the structure. For the high tempera-
ture phase, the dominant exchange interaction was along the
n-stack and estimated at 2J= —182 K. Inter-stack interactions
were one to two orders of magnitude smaller, ranging from
2J=-12 to +7K, depending on the nature of the closest
contact. In Fig. 6, the lateral exchange interactions between
rings A and B, A and C, A and D and A and E are 2J= -3, -2,
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—12 and 47K respectively. The subtle differences in the
magnitude and sign of the interstack interactions reflect the
difference in the nature of the contact (S---N vs. S---S) and the
angle of contact between neighbouring rings. These values are
in a good qualitative agreement with the observed data, which
was modelled as a one-dimensional Heisenberg chain with
J=-320K and zJ'=—60 K. Given that each n-stack has six
neighbouring stacks, then a mean value for J' is ca. —10 K. The
asymmetry in the magnetic exchange interaction arises out of
the nature of the SOMO which is of n-character. This leads to
strong orbital overlap along the m-stacking direction (and
hence strong intra-stack exchange), but much weaker exchange
interactions between stacks.

Susceptibility measurements on the low temperature phase. The
low temperature phase is diamagnetic up to 310 K. After
applying a correction for the diamagnetism of both the sample
holder and the sample diamagnetism, a weak paramagnetic
tail could be detected. On warming the low temperature phase
to room temperature, the paramagnetic susceptibility is
essentially constant to 310 K but then increases abruptly,
reaching the susceptibility of the original measurement
(observed on the cooling cycle) at 330 K. Because of the
essentially diamagnetic response throughout the temperature
range, up to the phase change, the modelling of the magnetic
behaviour cannot be overly reliable. Using the Bleaney—Bowers
equation for an exchange-coupled dimer of S="Y ions,>* an
analysis of the sample paramagnetism around 300 K indicates
that the singlet-triplet separation, 2J, must be in excess of
—2071 K. This is in agreement with the value reported by
Awaga (J=—1300 K).'?

DFT studies on the low temperature phase. The structural
phase transition leads to a displacement of molecules along the
n-stacking direction, leading to alternate long and short intra-
stack contacts. There are some modifications to the inter-stack
contacts but these structural modifications are smaller. DFT
calculations on the low temperature, dimeric, phase indicated
that the ground state electronic configuration is an open shell
singlet with exceptionally strong antiferromagnetic coupling
between the two closely associated radicals, 2J=—2657 K.%
This is in contrast to many dithiadiazolyl radicals®® and other
dithiazolyl radicals® in which a closed-shell singlet (spin-paired
dimer) is the electronic ground state. The inter-dimer magnetic
exchange along the m-stacking direction is two orders of
magnitude smaller (2J=—64 K) and the inter-stack exchange
interactions are a further order of magnitude smaller, ranging
from 2J=—1.4 to —7.3 K. These interstack interactions are of
a similar magnitude to those observed in the high temperature
phase, although some modification is observed due to the
different relative displacements of the molecules with respect to
one another. Notably the interactions in this case are all
antiferromagnetic. The small magnitudes of both the inter-
dimer and inter-stack interactions compared to the intra-dimer
interaction indicate that an exchange-coupled dimer is a good
model for this system.

Susceptibility studies of the phase transition. The transition
temperatures between the two phases were estimated from the
maximum change in susceptibility as a function of temperature,
dy/dT (Fig. 9c). It can be clearly seen that 7c)=234+1 K and
Tcy=316+1K. These values differ slightly from those
reported by Awaga (230 and 305 K respectively),'? although
it is unclear how their values were determined. Certainly both
Tc, values reported by Awaga and from our own results are
consistent within error, although the discrepancy in Tct is more
marked. The difference in these values is not immediately
apparent, although it might be associated with crystal defects
which might either suppress or enhance the phase transition
temperature. Our own studies indicate that crystals of the
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monoclinic phase have a tendency to shatter on cooling
through the phase transition. However Awaga reports'? that
the sample could be cycled several times with ‘little change in
the hysteresis loop’. Thus whilst it might be appealing to
attribute differences to sample crystallinity, an alternative
explanation would appear necessary. This argument is further
aggravated by noting that both the samples used in the present
study and those reported by Awaga'? were prepared by
vacuum sublimation.

EPR measurements. Variable temperature X-band EPR
studies (Fig. 10a) on a polycrystalline sample of 1 exhibited a
similar response to the magnetic susceptibility data, with the
sample producing a rapid decrease in signal intensity below
250 K although the greater sensitivity of the technique (cf.
susceptibility measurements) indicated a residual paramagnetic
component at 180 K. On warming, an increase in signal
intensity became apparent above 300 K, with the original
susceptibility being regained by 322 K. Analysis of the
d(intensity)/dT curves (Fig. 10b) gives transition temperatures
of Tcy=232+1K and Tcy=316+1 K, in excellent agreement
with the magnetic susceptibility data.
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Fig. 10 Variation of (a) EPR signal intensity, / as a function of
temperature and (b) d(Z)/dT for a polycrystalline sample of 1. Data for
cooling and warming studies between 350 and 160 K are shown as O
and @ respectively.

Thermodynamic studies

In order to estimate the energy associated with the phase
transition, calorimetric studies were carried out on 1. Initial
adiabatic and ac calorimetry measurements proved unsuccess-
ful with problems encountered around the transition tempera-
ture of 320.5 K. (47.3°C). We suspect that this may be due to
sample sublimation or decomposition since both are carried
out under low pressure (10> mbar for adiabatic calorimetry
and 10 mbar of He for ac calorimetry). The vapour pressure of
1 is sufficient for sublimation to occur slowly at room
temperature and pressure [sublimation occurs more rapidly
at 65 °C in vacuo).

Thermodynamic parameters for the phase change were
eventually achieved using differential scanning calorimetry,
carried out at ambient pressure. These measurements clearly
illustrated the first-order nature of the phase transition and the
low energy barrier to interconversion of the two phases. The
transition temperatures were measured at 7c;=232.3 K and
Tcy=320.5 K, in good agreement with our values measured by
both magnetic susceptibility and EPR [232-234 K and 316 K].
The heating transition temperature is higher than the one
reported by Fujita (305 K)'? and also sharp. It is more
consistent with our values of Tcy extracted from EPR and
susceptibility measurements, all of which are notably higher
than those previously reported. The transition is clearly first
order with thermal hysteresis of 88.2 K. The low temperature
transition is not as sharp as the heating one and the spread is
about the same as that observed in susceptibility measure-
ments.

The enthalpy and entropy contributions can be extracted
from the DSC data and yield the following estimates:
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AH|=1.41kJ mol ', AS;=6.0Jmol 'K and
AH;=1.86kImol™', AS;=5.8Tmol 'K™'. The calculated
values of AS are the same for both heating and cooling
processes. This value is very close to AS= RIn2, that would
indicate an ordering process with the number of available states
above Tc twice the number of states below 7c. This would be
the entropy change going from diamagnetic exchange-coupled
dimers to a configuration with completely disordered S="'2
radicals.

Discussion

Room temperature bistability between diamagnetic and
paramagnetic phases of an organic radical is an important
development in the generation of organic magnetic materials.
The potential of switching between paramagnetic and diamag-
netic phases of 1 through the application of an external
stimulus (pressure, light, heat erc.)'? finally provides an
example of an organic radical which has the capacity for
room temperature data storage. Here we discuss the key
structural features inherent in 1 which lead to this phenom-
enon.

Polymorphism and bistability

In order to achieve bistability, there must be two polymorphs
of comparable energy which can be directly transformed into
each other and which exhibit a low energy barrier to
interconversion. Polymorphism is not uncommon, particularly
in molecular materials in which the forces between molecules
are often weak (van der Waals forces, m—m interactions and
hydrogen bonds).?® Indeed a number of thiazyl-based radicals
have been shown to exhibit polymorphism.>?” The observation
of polymorphism is not, however, sufficient for a compound to
exhibit bistability. In many cases, polymorphs have signifi-
cantly different structural motifs and interconversion may
require substantial lattice reorganisation, e.g. reorientation of
50% of the molecules of p-NCC¢F4CNSSN by 180° would be
required to interconvert between its centric o and polar
B-phases.” In these circumstances a large energy barrier to
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interconversion arises [Fig. 11b] or no pathway directly
connects the two polymorphs. Thus the structures may be
polymorphic but not bistable. In the case of 1, DSC studies
indicate that the dimeric, low temperature phase is marginally
more thermodynamically stable (AH ~ 1.5 kJ mol™") than the
high temperature phase. In addition, a comparison of the two
structures indicate that minimal lattice reorganisation is
required for interconversion and so bistability becomes
feasible.

It is a non-trivial task to separate the different contributions
to bonding (electrostatic interactions, exchange interactions
and dispersion forces) within molecules. However, in the case
of m-stacked arrangements such as 1, and the related
heterocycle, C4S3Ns,'° the bonding can be conveniently
separated into two components: intra- and inter-stack inter-
actions. In the case of the intra-stack interactions, significant
orbital overlap of SOMOs is possible and SOMO-SOMO
bonding interactions are liable to contribute significantly to
this component of the lattice energy. In contrast, inter-stack
interactions in 1 are likely to possess a significant electrostatic
contribution, with notable S°*---N®~ interactions evidenced
by the molecular electrostatic potential map (Fig. 3b). Inter-
stack bonding interactions between singly occupied MO’s are
likely to be minimal.

Bistability in dithiazolyl and dithiadiazolyl radicals

The Peierls distortion of a regular spaced n-stack leads to sets
of short and long contacts along the stacking direction.”® To a
first approximation, we can consider this as a dimerisation
process. In order to inhibit this dimerisation, inter-stack
interactions of a similar energy to the dimerisation process are
needed.

Solution EPR studies on related dithiazolyls® have shown
that the n—n dimerisation process is ~0 kJ mol ™! i.e. solvation
effects balance the tendency for dimerisation. Indeed in the
solid state, a number of dithiazolyl radicals are monomeric'”
and the tendency for dimerisation in m-stacked derivatives is
inhibited by inter-stack interactions. In contrast, the isoelec-
tronic dithiadiazolyl radicals,” RCNSSN exhibit a large
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Fig. 11 Potential wells for (a) bistability; (b) distinct polymorphism without bistability; (c) polymorphism with kinetic and thermodynamic products;
(d) loss of polymorphism due a lowering of the energy barrier to interconversion.
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dimerisation energy in solution (AH gy, ~ 35 kJ molfl) and it is
perhaps unsurprising that these radicals invariably form
dimeric n-stacks.?® [The regular n-stacked structure® of
2,5-F,C¢H3CNSSN has recently been re-investigated and
found to be a dimeric m-stack®®]. In this case the relative
energies of the two polymorphs (monomer and dimer) may be
expected to be substantially different [Fig. 11c] with the dimeric
form of considerably lower energy than the regular n-stacked
motif.

If the energy barrier to interconversion becomes too small, or
the double minimum in the potential energy surface completely
disappears then only one ’polymorph’ is observed [Fig. 11d].
The fine tuning of this energy barrier, and the relative depths of
the potential wells are the key to control bistability.

Conclusion

The electronic structure of the thiazyl radical, 1, has been
probed by a combination of EPR spectroscopy and DFT
calculations. These indicate delocalisation of the unpaired spin
density over the entire molecule. Radical 1 crystallises in two
interconvertable morphologies and the interconversion has
been examined by XRPD, DSC, EPR and magnetic suscept-
ibility measurements. All techniques indicate that 1 exhibits a
broad thermal hysteresis (7c)=234 K, Tcy=317K) with
bistability clearly apparent at room temperature. The bist-
ability has been attributed to a first order, structural phase
transition between a regular n-stacked arrangement of radicals
(monoclinic P2,/c) and a dimeric n-stack with alternating short
and long contacts (triclinic, P1). There is no evidence for any
intermediate ternary phase.

An analysis of the magnetic behaviour of the high
temperature phase through magnetic measurements and
DFT studies indicate strong antiferromagnetic exchange
interactions (J=—320 K) along the n-stacking direction, with
weaker but significant interactions between stacks. In contrast
the low temperature phase can be considered as a strongly
coupled dimer in which the exchange interaction is so strong
(2J=—2657 K) as to render the sample essentially diamagnetic.

The bistability in 1 is attributed to an energetic match of the
inter-stack interactions with the tendency of the m-stack to
undergo a Peierls distortion. The temperature range of the
bistability provides the opportunity to study magnetic switch-
ing in an organic radical at room temperature. Whilst the
current results are in broad agreement with those previously
reported, a significant difference in the temperature range for
bistability is observed. The determination of Tc; from three
different experimental methods provided a value of Tcy which
is consistently 10-15 K greater than that reported by Awaga.'?
The discrepancy between the two sets of results is beyond
experimental error and warrants further investigation. Pre-
liminary studies indicate that neither the method of sample
preparation nor sample crystallinity appear to be contributing
factors to this anomaly. A number of additional studies are
underway.

Experimental
Materials and methods

Sulfur dichloride (BDH) was distilled prior to use. Dithio-
oxamide (Aldrich), sodium dithionite (Aldrich), sulfuryl chloride
(BDH) and trimethylsilyl amide (Aldrich) were used without
further purification.

Mass spectra (EI+ ) were recorded on a Kratos MS890 mass
spectrometer. Microanalyses were performed using an Exeter
CE-440 elemental analyser.

Preparation of [C,S;N;|Cl. SCl, (1.8 g, 17.4 mmol) was
added to a solution of dithiooxamide (2.0 g, 16.7 mmol) in

THF (40 ml) stirred at 0°C. An orange precipitate formed
immediately and the solution was stirred at room temperature
for a further 2 hours. The solid was filtered, washed with THF
(2x20ml) and dried in vacuo to yield crude 4,5-disulfanyl-
1,2,5-thiadiazole. SO,Cl, (1.89 g, 14 mmol) was added to a
stirred suspension of crude 4,5-disulfanyl-1,2,5-thiadiazole
(1g, 6.7mmol) in CH,Cl, (40 ml) and refluxed for 2 hours
giving a red solution. The solvent and excess SO,Cl, were
removed in vacuo to give a red oil. This oil was dissolved in
CH,Cl, (15ml) and stirred at 0°C whilst a solution of
trimethylsilyl azide (0.77 g, 6.7 mmol) in CH,Cl, (10 ml) was
added dropwise forming a brown precipitate of [C,S;N3]CL
The solution was stirred overnight, then filtered and the
orange-brown solid washed with CH,Cl, (2 x 10 ml) and dried
in vacuo (yield 515 mg, 39%) (Found: C, 12.9; H, 0.0; N, 21.0.
Calc: C, 12.2; H, 0.0; N, 21.3%)).

Preparation of C,S3N3. Sodium dithionite (11 g, 0.1 mol)
and [C,S;N3]CI (1.28 g, 6.5 x 102 mol) were stirred together in
acetonitrile (20 ml). 40-60°C Petroleum ether (20 ml) was
layered on top of the reaction mixture. After a few minutes,
stirring was stopped and the blue ether phase was removed by
canula transfer and replaced by fresh ether; this procedure was
continued until the ethereal phase remained colourless. The
combined extracts were evaporated to dryness and the solid
residue sublimed in vacuo in a sealed tube (60 °C, 10”2 Torr) to
give dark rhombs (320 mg, 30%). Found: C, 14.8; N, 25.5%,
Calc: C, 14.8; N, 25.9%; m/z (EI4) 161.9 (M ™, 100%).

X-Ray diffraction studies. X-Ray powder diffraction patterns
were recorded on a Stoe-Stadi P diffractometer with Cu-Ko
radiation using a curved Ge monochromator and linear PSD,
operating in Debye-Scherrer mode at room temperature. The
patterns were fitted using the Le Bail method®' and Fulprof.*?
A polycrystalline sample was sealed in a 0.5 mm o.d. capillary
and patterns recorded on the as-prepared sample, after
quenching the capillary in liquid nitrogen (77 K) and after
heating at 55°C (328 K) in a Kugelruhr for 20 minutes.

Single crystal X-ray diffraction studies were carried out on a
Nonius Kappa-4 CCD diffractometer, using Mo-Ka radiation
and equipped with an Oxford Instruments Cryostream. A
crystal of the triclinic phase was mounted on the end of a glass
fibre with fluoropolymer, whilst the variable temperature
studies on the monoclinic phase of 1 were all carried out on
a single crystal mounted on the end of a glass fibre with
Araldite. Data collection, reduction and cell refinement
employed DENZO and COLLECT software.**** An absorp-
tion correction was applied using SORTAV.*® Crystal
structure solution was achieved with SHELXS97 and refined
with full matrix least squares on F?> with SHELXL97.3° All
atoms were refined anisotropically. Crystallographic data and
refinement parameters for 1 are given in Table 3. CCDC
reference number 158385-158388. See http://www.rsc.org/
suppdata/jm/b1/b103303b/ for crystallographic files in .cif
format.

Magnetic and EPR measurements. Magnetic measurements
were made on a Quantum Design SQUID magnetometer in the
range 160-350 K in an applied field of 1 T. The data shown in
Fig. 5 are corrected for diamagnetism, using the observed
sample diamagnetism (0.80486 x 10 *emumol ') at low
temperature. EPR spectra were recorded on a Bruker EMX
(X-band) and Bruker ESP 300E (K-band) spectrometers.
Spectrum simulations were achieved using in-house software.*’

Calorimetry studies. DSC studies were made on a Perkin-
Elmer DSC7, using heating and cooling rates of 10 K min~".
The system was calibrated for the temperature and enthalpy
scales with standard samples and a detailed heat capacity

calibration measurement made with aluminium sapphire. Data
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were collected for an empty aluminium capsule prior to sealing
the sample in the same capsule. The sample measurements were
corrected for the empty capsule. Values of Tc| and Tcy were
taken from extrapolations of the peak increasing ramps.*® The
values of AH and AS are calculated as the integral of C.dT (by
definition) and as C/T.dT (thermodynamically equivalent)
respectively. For convention, the sign for the enthalpy and
entropy parameters for the transitions are quoted for
increasing temperature.

DFT studies. The theoretical value of J was computed within
the broken symmetry approximation of the density functional
approach,®® by taking the difference between the energy of the
symmetry broken ground state singlet and the energy of the
triplet ground state. Such methodology has been shown to give
accurate descriptions of the values of J on organometallic*® and
molecular systems.*! The energy for the singlet was taken to be
that from the broken symmetry computation, following the
recent results which suggest that this is the correct procedure.*
Both of these energies were computed using the B3LYP non-
local exchange and correlation functional,*® and the
LANL2DZ basis set** which uses effective core potentials to
describe the inner electrons while the outer s and p electrons are
described using a gaussian double zeta basis set. The geometries
employed in the computations were taken directly from the
crystal data.
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