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ABSTRACT: The fluorescent 9'-anthracenyl-functionalized dithiadiazolyl radical (3) exhibits four structurally determined
crystalline phases, all of which are monomeric in the solid-state. Polymorph 3a (monoclinic P21 /¢, Z’ = 2) is isolated when the
radical is condensed onto a cold substrate (enthalpically favored polymorph) whereas 3 (orthorhombic P2:2:2:, Z' = 3) is
collected on a warm substrate (entropically favored polymorph). The a and B polymorphs exhibit chemically distinct struc-
tures with 3a exhibiting face-to-face n—m interactions between anthracenyl groups while 3B exhibits edge-to-face n—n inter-
actions. 3a undergoes an irreversible conversion to 3 on warming to 120 °C (393 K). The p-phase undergoes a series of
reversible solid-state transformations on cooling; below 300 K a phase transition occurs to form 3y (monoclinic P21/c, 2’ = 1)
and on further cooling below 165 K a further transition is observed to 38 (monoclinic P21/n, Z’ = 2). Both 3f — 3yand 3y —
34 transitions are reversible (single-crystal X-ray diffraction) and the 3y — 38 process exhibits thermal hysteresis with a clear
feature observed by heat capacity measurements. Heating 38 above 160 °C generates a fifth polymorph (3€) which is distinct
from 3a - 36 based on PXRD data. The magnetic behavior of both 3a and the 38/3y/38 system reflect an S = %2 paramagnet
with weak antiferromagnetic coupling. The reversible 38 < 3y phase transition exhibits thermal hysteresis of 20 K. Below 50
K the value of ymT for 38 approaches 0 emu-K-mol-! consistent with formation of a gapped state with an S = 0 ground state
configuration. In solution both paramagnetic 3 and diamagnetic [3][GaCl4] exhibit similar absorption and emission profiles
reflecting similar absorption and emission mechanisms for paramagnetic and diamagnetic forms. Both emit in the deep-blue
region of the visible spectrum (Aem ~ 440 nm) upon excitation at 255 nm with quantum yields of 4% (3) and 30% ([3][GaCla])
affording a switching ratio [®r(3*)/®r(3)] of 7.5 in quantum efficiency with oxidation state. Solid-state films of both 3 and
[3][GaCl4] exhibit emission bands at longer wavelength (490 nm) attributed to excimer emission.

Introduction shell molecules can provide a route to OLED device fabrica-
tion with emission quantum yields up to 100%.1° In the cur-
rent manuscript we describe the synthesis and characteri-
zation of a main group radical covalently attached to an or-
ganic fluorophore and examine its electronic and optical
properties in solution and polymorphism as well as single-

crystal-to-singe-crystal transitions in the solid state.

Over the last few decades, molecule-based organic materi-
als have emerged as attractive building blocks for a diverse
range of applications from OFET! and OLED? devices
through to molecular conductors?® and magnets* inter alia.
In particular, the soft nature of these molecular solids in re-
lation to conventional ceramics makes them particularly

sensitive to molecular deformations which can be driven by
relatively mild thermal®- or pressure®-induced changes or
by light.” These changes in physical response are often as-
sociated with small atomic displacements and sometimes
occur reversibly through single-crystal-to-single-crystal
transformations. Such structural changes can lead to subtle
or more dramatic effects in the physical response, whether
it be optical, magnetic or electronic.® The incorporation of
two (or more) physical properties into the same system can
lead to multi-functional materials in which the two types of
behavior interact either independently of or cooperatively
with each other. In many cases paramagnetism and emis-
sion can be considered antagonistic rather than complimen-
tary properties with free radicals often leading to emission
quenching.? However recent work has proposed that open

Although there are many groups of stable radicals,!! one
particular group of compounds which exhibit a rich tapestry
of solid-state phase transitions are the family of thiazyl rad-
icals comprising n-conjugated C/N/S rings such as the 1,2,3-
and 1,3,2-dithiazolyls (DTA) and 1,2,3,5-dithiadiazolyls
(DTDA) (Scheme 1). These radicals have given rise to some
of the highest magnetic ordering temperatures known for
organic magnets,'?13 and whose magnetic and conducting
properties change under pressure. In addition these sys-
tems have been shown to exhibit a photo-conducting re-
sponse.’* Other thiazyl radicals undergo reversible spin-
pairing, exhibiting both diamagnetic and paramagnetic
phases which can be interconverted by heat, light and pres-
sure.”>15 For DTDA radicals the paramagnetism is typically
quenched through formation of a set of multi-center n—n
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bonding interactions. These comprise intermolecular con-
tacts substantially shorter than the sum of the van der
Waals’ radii and an eclipsed geometry rather than staggered
conformation typical of n-w interactions in graphite. These
unusually close contacts were first described as “pancake
bonds” by Mulliken and Person,!¢ a term which has received
a recent resurgence.!” The multicenter bonding nature of
the orbital interaction was identified by Banister among
others during structural studies on dimers of DTDA and
S3Nz*'radicals.'® More recent work by Miller and Novoa
have described these types of interactions between radicals
as ‘long distance bonds’.!? In a number of instances such n-
stabilized radicals can alternatively adopt reversible 2¢,2e
o- bond formation in which the loss of n-delocalization is
compensated by the strength of a localized E-E c-bond.15b20
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Scheme 1. Selected stable thiazyl radicals

One of the most studied of these families of radicals is the
1,2,3,5-dithiadiazolyl (DTDA) radical which has been ex-
plored as a building block in the field of organic radical con-
ductors, exhibiting conductivities?! up to 102S/cm and as
building blocks in the design of some of the highest Tc¢ or-
ganic magnets,'? as paramagnetic ligands in coordination
chemistry?? and as photo-conducting materials.'* Electro-
chemical,?® EPR and spin density studies?* have shown that
the singly occupied molecular orbital (SOMO) of the DTDA
ring is localised on the S/N ring and to a good approxima-
tion the R group (Scheme 1) can be modified without
change to the electronics of the DTDA ring. Previous work
has focused on the ability to tailor the R substituent in order
to modify the solid state packing and the resultant solid
state properties.?> As part of our recent development of
multi-functional DTDA radicals we have examined R groups
which bring additional functionality to the system and re-
cently reported the blue-emitting fluorescent radicals 1 and
2 (Scheme 2).2627 Here the emission profile of both the rad-
ical (e.g. 2) and its diamagnetic analogue (e.g. 2+) are essen-
tially the same but the radical participates in enhancing
non-radiative electronic relaxation leading to distinctly dif-
ferent quantum efficiencies between the radical and the
corresponding diamagnetic cation; ®r(1*)/®r(1) = 3
whereas ®r(2+)/Dr(2) = 2 offering future opportunities for
attenuation of emission through redox switching. In the
solid state we found that the wavelength of excitation af-
fects the physical response of 2 with excitation at shorter
wavelengths (375 nm) giving rise to excimer fluorescence
whereas long wavelength excitation (455 nm) led to a
marked photocurrent.?”

As an extension of those initial studies we wished to pre-
pare a poly-aromatic hydrocarbon (PAH) which contribute
an optical response bonded to a DTDA radical in which di-
merization is suppressed to retain paramagnetism in the
solid state. As part of our design process we considered pre-
vious paramagnetic DTDA radicals and noted that the pres-
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Scheme 2: Dual fluorophore-DTDA radical derivatives.

ence of CFsz groups in the ortho positions in 2°,4,6'-
(F3C)3C6H2CNSSN led to a large twist angle between aryl and
DTDA rings suppressing the preferred cis-oid 7*-n* dimeri-
zation.28 Similarly the monomeric radicals p-XCsF4CNSSN,
(X=CN, Br, NOz, p-NCCsF4) have twist angles in the range 32
- 58° (mean 48°),2%-31 suggesting that the increase in steric
bulk associated with increasing torsion angle suppresses di-
merization. In this context we targeted the 9’-anthrcenyl
radical, 3 which has the potential to combine the fluores-
cent properties of the anthracenyl group with the paramag-
netic DTDA radical. A preliminary search of the CSD32 for
CN: fragments bound to the 9’-anthracenyl group revealed
an average twist angle of 52° between the CN2z plane and the
anthracenyl group, which augered well for the common cis-
oid dimerization process?3? to be suppressed in 3. While p-
NCCsF4CNSSN and 2,4,6-(F3C)3CsH2CNSSN both retain their
paramagnetism in the solid state and both exhibit two poly-
morphs,?834 we have found 3 not only retains its paramag-
netism in the solid state but also exhibits a remarkably rich
polymorphism. Despite its molecular rigidity (1 torsional
degree of freedom) which suppresses conformational poly-
morphism,3> 3 exhibits four structurally determined phases
(3a - 38). We examine the relative thermodynamic stability
of the polymorphs 3a - 39, the irreversible transition 3a
—3pB and probe the reversible nature of the phase transi-
tions 3B < 3y & 338 through variable temperature single
crystal and powder X-ray diffraction, DSC and magnetic
measurements.

Results

The majority of DTDA radicals are prepared from the corre-
sponding nitrile utilising a standard synthetic proce-
dure.3637 This procedure proved ineffective for the synthe-
sis of 3 due to the reduction of the anthracenyl functional
group by Li[N(SiMes):] affording a dark blue EPR active so-
lution of the anthracene carbonitrile radical anion (Scheme
S1 and Figure S4). To circumvent radical anion formation, 3
was prepared from the corresponding 9-bromo-anthracene
(4) via lithium/halogen exchange, a procedure already re-
ported in the literature,?’.28 followed by reaction with
bis(trimethylsilyl)carbodiimide to generate the N-lithio salt
of the amidinate. Subsequent condensation with SCl. af-
forded [3]Cl which was reduced using Ag powder in THF
(Scheme 3) with crystals of 3 isolated by vacuum sublima-
tion. Compound 3 crystallized in two different phases, 3a
and 3, depending on the sublimation conditions. When
sublimed onto a water-cooled cold-finger (ca. 10 °C) a mix-
ture of 3a.and 3P was observed. Adjustment to these condi-
tions afforded phase pure material. When sublimed onto a
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Scheme 3: Synthesis of 3 and [3][GaCls] (R = 9’-anthra-
cenyl)

cold-finger maintained at -15 °C, 3a was selectively ob-
tained whereas pure 3 was obtained when the substrate
was maintained in the region 50 - 70 °C.

Previous studies on the polymorphism of DTDA radicals re-
vealed that the temperature of the substrate can play a cru-
cial role in determining the solid-state morphology.3* Spe-
cifically when there are multiple minima on the potential
energy hypersurface which are close in energy then subtle
changes to the crystallization conditions (partial pressure
temperature) can afford different polymorphs. In this con-
text it is noteworthy that 2’,6’-F2C¢H3CNSSN exhibits three
polymorphs3® and the completely rigid molecule CICNSSN
exhibits a remarkable five polymorphs,3? all formed by vac-
uum sublimation.

Solution EPR and Electrochemical Studies: For 3 a typical
1:2:3:2:1 pentet was observed in the solution EPR spectrum
(Figure S5). Electrochemical studies on 3 in solution re-
vealed a reversible 1e- oxidation to form 3* with a redox po-
tential (E1/2 = +0.73 Vvs Ag/AgCl, Figure S6) similar to other
DTDA radicals.?3

Spectroscopic Properties: All solution samples of 3 and
[3][GaCl4] for UV /vis and emission studies were measured
under high dilution (<10-> M). A solution UV/visible ab-
sorption spectrum of 3 (4 x 107 M in MeCN) revealed an ab-
sorption profile dominated by the anthracene functionality
which exhibits well-structured sets of bands with a strong
absorption at 255 nm, a set of weaker longer wavelength
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Figure 1. (black) Excitation profile of 3 which gives rise to
emission at 440 nm; (red) emission profile of 3 on excita-
tion at 255 nm. [4 x 10-7 M solution of 3 in MeCN)]. (inset)
the fluorescence of 3 under UV irradiation (Aexc = 255 nm).
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absorptions in the range 340 - 390 nm and the absence of
features around 450 - 500 nm which are associated with
formation of pancake-bonded dimers (Figure 1).4° Solution
fluorescence studies on 3 revealed an intense emission at
440 nm (Figure 1, Figure S7). The results are summarized
in Table S5. In order to understand the role of the unpaired
electron on the optical properties of 3, we examined the
spectroscopic properties of the diamagnetic salt [3][GaCls]
which was prepared from a 1:1 mixture of [3]Cl and GaCls
(Scheme 3). The salt [3][GaCl4] exhibits essentially the same
absorption and broad emission spectra as 3 (Figure S7) but
with an enhanced quantum yield (®r = 30 %, Aexc = 255 nm).
This behavior is analogous to our previous observations2627
on the closely related systems 1*/1 and 2+/2 which reflect
(i) the largely innocent nature of the radical electron in the
energetics of the excitation/emission process but (ii) does
enhance non-radiative decay kinetics leading to decreases
in quantum yield for the radical with respect to the diamag-
netic cationic analogue. Although 3 and 3* show lower
quantum yields than 1*/1 and 2+*/2 systems, a higher
switching ratio was observed in solution (®3+/®3= 7.5 at dex
=255nmvs 3 and 2 for 1*/1 and 2+/2 respectively).

Time-dependent DFT (UB3LYP/6-311G*+) gas phase calcu-
lations on the doublet radical 3 revealed the lowest energy
absorption to be the a-HOMO — a-LUMO transition but this
has an extremely small oscillator strength. Indeed the com-
puted UV/vis profile reveals a dominant transition at 243
nm (oscillator strength, f = 3.437, Table S3), in reasonable
agreement with the experimentally observed UV /visible ab-
sorption band around 255 nm in MeCN solution (Figure
S$13). Unlike conventional fluorophores based on diamag-
netic (organic) molecules, the doublet nature of the spin
ground state leads to components of the excitation spec-
trum derived from both o and B-spins (i.e. ‘spin up’ and ‘spin
down’ electrons). The SOMO orbital from an RHF descrip-
tion of the electronic configuration translates to a linear
combination of the a-HOMO and B-LUMO in the unre-
stricted model. An analysis of the transitions with large os-
cillator strengths reveals that none of these intense transi-
tions involve the unpaired electron (a-HOMO) (Table S6),
confirming the largely innocent nature of the radical elec-
tron in the absorption profile. However some components
of the 243 nm transition have a charge-transfer contribu-
tion from the anthracenyl group to the DTDA moiety (Table
S6). Indeed the emission profiles of 3 and 3+ are very simi-
lar indicating that both follow a similar mechanism but with
more efficient non-radiative decay mechanisms for radical
3 reflected in a lower quantum yield. Previous excited state
lifetime studies for 2 and 2+ (as representative of this family
of radicals) revealed a single first order exponential decay
curve with ca. 5 ns lifetime, indicative of a dominant fluo-
rescence process.?’

Spectroscopic properties of Thin Films of 3 and 3* in
PMMA: Thin films were prepared by drop-casting CHzClz so-
lutions of 3 and [3][GaCls] with polymethyl methacrylate
(PMMA) according to previous protocols.?627 The absorp-
tion spectra of 3;:PMMA and [3][GaCls]:PMMA composite
films at 1:1000 w/w ratio were found to be similar to the
solution spectra showing a strong absorption band at 257
nm and a lower intensity absorption band near the visible
region (Figure S8). The corresponding emission bands are
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centred at 420 nm (cf440 nm in solution) and are attributed
to the monomer emission of 3 and [3][GaCls] (Figure S9).
The emission bands are similar to the solution emission
spectra, indicating that at these low concentrations there is
no evidence for aggregation.

Solid state spectroscopic properties of 3 and 3*: Anthra-
cenes are susceptible to fluorescence quenching via photo-
dimerization (4+4 cycloaddition, Scheme 4), e.g. methyl-an-
thracene-9-carboxylate undergoes photo-dimerization de-
spite the anthracene rings being 3.9 - 4.4 A apart.#? In the
context of the current studies, Yamada et al. described
changes in the magnetic properties of anthracene-function-
alized TEMPO radicals due to UV light-induced photo-di-
merization.*? Although 3a exhibits the desired face-to-face
conformation of anthracenyl groups with a separation of
3.39 A appropriate for photodimerization,* photoexcita-
tion of a single crystal of 3a using 360 nm radiation for 7
days revealed no structural change (Table S1).

X
hv
0 =

Scheme 4: [4+4] photo-reaction of anthracene

In the absence of photodimerization, we were able to pur-
sue preliminary studies of the solid-state photo-lumines-
cence of 3. Thin films of 3 and [3][GaCls] were prepared by
drop-casting solutions onto quartz slides under inert condi-
tions. Their high surface area made these samples ex-
tremely air sensitive and it has not yet proved possible to
determine the phase of 3 prepared under these conditions
e.g. by PXRD studies. Since all structural phases of 3 identi-
fied to date are monomeric (vide infra), these films permit-
ted us to establish whether the radical would quench emis-
sion in the solid state. Despite the presence of the unpaired
electron in 3, the emission spectra of pure solid films of 3
and [3][GaCls] display nearly identical emission spectra
with a broad, featureless emission band at 490 nm and 480
nm respectively (Figure 2, Figure S10), significantly red-
shifted with respect to dilute solutions and composite films,
e.g. 3 emits at 420 and 440 nm in PMMA films and CH:Clz
solution respectively but its solid state emission (Figure 2)
at 490 nm is consistent with excimer formation.*>

The luminescence of anthracene is deeply influenced by the
molecular solid-state packing. Previous studies have re-
ported that the slipped 7stacked arrangement of anthra-
cene molecules (which offers a weak n—= interaction) show
monomer emission, whereas the zig-zag arrangement of
molecules interacting via edge-to-face n—n interactions dis-
plays excimer emission.*6-48 Conversely, recent studies on a
polymorphic anthracene derivative revealed high-effi-
ciency excimer green fluorescence (®rL = 76.8%) when an-
thracene moieties interact via face-to-face interactions
whereas edge-to-face interactions in the second polymorph,
offered blue emission (®pL = 8.1%).4° Given the complexity
of anthracene emission, we can only comment at this time

3
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Figure 2: Solid-state excitation profile (black) and emission
(red) profiles measured on thin films of (top) 3 and (bot-
tom) [3][GaCla].

that the retention of paramagnetism in the solid state ap-
pears not to quench emission in 3.

Crystallographic studies: Radical 3 is polymorphic and
crystallises in either of two polymorphs, depending upon
sublimation conditions. Polymorph 3 crystallises when 3
is sublimed onto a cold finger maintained at -15 °C (enthal-
pically favoured polymorph) whereas polymorph 3 is
formed on a warmer substrate (+50 °C) (entropically fa-
voured polymorph). The structure of 3a does not display
any thermally-induced structural modifications on cooling
(Table S1) but undergoes an irreversible phase transition to
3B upon warming (vide infra). Polymorph 3B undergoes
several reversible phase transitions to 3y and then 38 upon
cooling associated with subtle changes in the periodicity of
the ®S---N% and anthracenyl edge-to-face C-H-**n intermo-
lecular contacts common to this set of structures. The re-
versibility of these phase transitions has been confirmed
through magnetic measurements, variable temperature
PXRD studies and differential scanning calorimetry. Crystal-
lographic data for 3o - 38 are summarized in Table 1 with
more detailed temperature dependent studies reported in
Tables S2 and S3. A brief description of each structure is
presented below and the subsequent Discussion section
discusses the polymorphic behaviour in more detail.

Crystal structure of 3a: Polymorph 3a adopts the mono-
clinic space group P21/c) with one molecule in the asym-
metric unit. Radical 3a does not exhibit the classical cis-oid
‘pancake’ bond typical of most DTDA radicals.'” The C-H
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bonds at the 1’ and 8’ positions on the anthracenyl substit-
uent ring place H atoms close to the DTDA ring and these
are accommodated by a large twist angle (73.22° at 150 K)
between the DTDA and polyaromatic hydrocarbon (PAH)
rings. Twist angles of this size have been previously ob-
served when positioning bulky groups at the ortho position
of the phenyl ring in 2,4,6-(F3C)3C¢H2CNSSN (6 = 69 - 870).28
A pair of these radicals form classical van der Waals n—= in-
teractions between the PAH rings (Figure 3a) with the an-
thracenyl rings displaced so that the C atoms are located
over the centroid of a neighbouring ring with closest C:--C
contacts in the range 3.388(6) - 3.393(5) A, comparable to
those found in graphite (3.35 A).5° Anthracene derivatives
exhibiting similar n—n interactions have been reported pre-
viously albeit with slightly longer contacts (> 3.565(2) A)
than those of 3a.5! The structure of 3 in 3a exhibits a
marked out-of-plane bending of the C-C bond linking the an-
thracenyl and DTDA rings by ~8° and is not observed in
other polymorphs of 3, although marked distortions of this
type have been observed in diselenadiazolyl chemistry in
which bending occurs among a series of (p-RCsF4CNSeSeN):
dimers in order to maximize pancake bonding.>? In the cur-
rent case this distortion could be to form (i) additional C-
H---N hydrogen bonds from the 10’ position of the anthra-
cene ring and the DTDA N atom (C-H--N 2.74 A&, C-A-~N =
132.1°) (Figure 3a) which augment the n—r interactions be-
tween anthracenyl rings and/or (ii) maximizing “SN-1V”
type intermolecular interactions?> between radicals with
8+G...N® contacts of 2.876(3) and 3.129(3) A (Table 2). The
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a) o

Figure 3: The crystal structure of 3a: (a) Two views of the
centrosymmetric dimer formed via m—n interaction be-
tween PAH rings and C-H-+-N contacts (coloured molecule at
X, y, z and the symmetry-related monochrome molecule re-
lated via the symmetry operator 1 -x,1 -y, 2 - z); (b) Prop-
agation of ®S--N% contacts along the crystallographic b-
axis.

Table 1. Summary of crystallographic data for the four polymorphs of 3.

Phase
Parameters
o B Y 3
Formula CisHgN,S; C1sHgN,S; CisHaN,S, CisHoN2S,
FW 281.36 281.36 281.36 281.36
Temp. (K) 150(2) 310(2) 173(2) 150(2)
Crystal system Monoclinic  Orthorhombic  Monoclinic  Monoclinic
Space group P2:/c P2:2:2; P2:/c P2:/n
a/A 10.2054(3)  10.7397(13)  14.7027(11) 13.4489(13)
b/A 7.9074(2) 14.859(2) 10.7141(7)  14.7539(15)
c/A 15.6084(4) 24.974(3) 8.2871(5)  13.4607(13)
a/° 90 90 90 90
B/° 100.069(1) 90 98.771(4)  104.725(3)
v/° 90 90 90 90
v/A3 1240.17(6) 3985.5(9) 1290.17(15)  2583.1(4)
Z 4 12 4 8
Dc/Mg m?3 1.507 1.407 1.449 1.447
Unique reflns 2421 8116 2090 3872
Reflns [1>20(1)] 1983 4988 1601 3338
Rint 0.09 0.069 0.093 0.092
S 1.12 1.05 1.05 1.07
R1(I>20(l)) 0.087 0.092 0.086 0.055
wR; (all) 0.239 0.243 0.231 0.151
ApPumaxs Apmin (€ A7) 0.70, -0.66 0.65, -0.56 0.72,-0.48 0.39,-0.38
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Table 2: Selected crystallographic parameters for the different polymorphs of 3

Temp  Anthracene-DTDA SN-IV S---N

Polymorph

C-H..m C-H..m
edge-to-face angle (°)

Angle between
anthracene ring

(K) Torsion angle (°) contacts (A) interactions (A) planes ()
(vl 150 73.22 2.876(3),3.129(3) / / /
2.86(1) -3.06(1) 2.96 - 3.14 163.43-17490  72.26,72.38,72.25

310 79.06, 82.74, 86.04 ’ ’
P (mean 2.96) (mean 3.03) (mean 168.96) (mean 72.30)

173 75 06 2.844(5), 3.014(5) 2.983-3.039 164.70 - 165.05 7233
Y ’ (mean 2.929) (mean 3.009) (mean 164.84) '

2.738 - 2.836* 164.01 - 165.87*

é 150 72.52,75.66 2.784(4)-3.065(4) (mean 2.777) (mean 164.91) 69.93

(mean 2.933)

* only 50% of the anthracenyl functional groups afford an edge to face C-H:**mtcentroid interaction in the 38 phase.

latter propagate parallel to the crystallographic b-axis (Fig-
ure 3b). These SN-1V interactions are analogous to those ob-
served for previously reported PAH-DTDA derivatives, 1
and 2.2627 The structure of 3a can therefore be considered
as a two-dimensional sheet with chains of radicals linked
along the crystallographic b-axis and then each chain cross-
linked to neighbouring chains via m—n interactions. The
structure of 3a was also measured at 280 K and displays a
slight lattice expansion with a slight increase of the S>...N>
distances (2.934(6) and 3.150(5) A) compared to the low
temperature structure determination (Table S4).

Crystal structure of 3f3 : Crystals of 3B could be selectively
grown by sublimation onto a warm substrate (50 - 70 °C).
Polymorph 3B undergoes a reversible phase transition to
form 3y upon cooling below 300 K (27 °C) and the closeness
of the phase transition to ambient temperature tended to
lead to poorer crystallinity upon prolonged storage. A crys-
tal structure of 3 was determined at 310 K (i.e. near the
phase transition) (Table 1) and additional measurements
were made at higher temperatures (330 and 360 K, Table
S2), further from the transition temperature. Apart from
small changes to the intermolecular contacts and antici-
pated unit cell expansion upon warming there were no sig-
nificant changes. Of these the structure determination at
310 K is described here.

Polymorph 3 crystallises in the orthorhombic space group
P212121 with three molecules in the asymmetric unit. The
twist angle between the DTDA and anthracene rings is
larger (79.06 - 86.04 °, mean 82.61°) than that observed in
3a (73.21°) (Table 2). The radicals in 3 also retain their
monomeric nature in the solid state. Like 3a,, the structure
of 3B exhibits SN-IV type contacts leading to formation of
supramolecular chains (Figure 4a), Unlike 3o where there
is one molecule in the asymmetric unit and a regular chain,
the presence of three molecules in the asymmetric unit
leads to three sets of crystallographically independent SN-
IV contacts in 3B forming an irregular chain structure par-
allel to the crystallographic c-axis. The intermolecular
8+S...N% contacts are in the range of 2.86(1) - 3.05(1) A. Per-
pendicular to this each anthracene molecule forms a set of
three C-H---m edge-to-face interactions. These are well es-
tablished interactions in anthracene chemistry and indeed

common for polyacenes in general.*¢ Each crystallograph-
ically distinct molecule forms three C-H::-mcentroid interac-
tions to a neighbouring anthracenyl group with C-H-+Ttcentroid
distances in the range 2.96 - 3.14 A (Table 2, Figure 4d) and
C-H...mcentroia angles which are nearly linear (mean 168°).
The two anthracene rings involved in each of these interac-
tions form angles of ca. 72° (Table 2).

a)

Figure 4: The crystal structures of (a) 3B, (b) 3y and
(c) 38 showing propagation of the SN-IV contacts and high-
lighting the crystallographically independent molecules; (d)
Propagation of edge-to-face C-H-+-m interactions in 3P (red
circles represent ring centroids).
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Crystal structure of 3y: Cooling 38 below 300 K leads to a
transition to polymorph 3y which crystallizes in the mono-
clinic space group P21/c with one molecule in the asymmet-
ric unit. The relationship between 3y and 3 is essentially a
symmetry lowering from orthorhombic (Z' = 3) to mono-
clinic (Z' = 1) on cooling. This structural transition is cou-
pled with a ca. three-fold decrease in the c-axis from
24.974(3) to 8.2871(5) A (Figure S1) and a switching of a
and b axes. At 173 K the twist angle between the DTDA and
anthracenyl rings in the one crystallographically unique
molecule is still large (75.06°) but closer to that observed in
3a (73.22°) than in 3B (79.06 - 86.04°).

The network of intermolecular contacts in 3y is otherwise
very similar to 3 with molecules linked via SN-IV type in-
teractions (ds.-x = 2.843(5) and 3.014(5) A) forming a uni-
form, regularly spaced chain parallel to the crystallographic
c-axis (Figure 4b). These chains are linked via edge-to-face
C-H---m interactions analogous to those in 38 (Figure S2).
The C-H-**Tcentroia distances in 3y are in the range 2.98 - 3.04
A similar to 3B and the angle formed between anthracene
units (72.29°) is almost identical to those observed for 33
(mean 72.30°, Table 2) The average C-H:: Tcentroid angle is
165° suggesting a more marked deformation from ideality
(180°) when compared to 3B (169°).

Crystal structure of 36': Polymorph 38 was formed by cool-
ing 3y below 165 K and crystallizes in the monoclinic space
group P2:1/n with two molecules in the asymmetric unit.
Again 30 is monomeric with a large twist angle between the
DTDA and anthracenyl planes for each of the two crystallo-
graphically independent molecules (~72.52° and 75.66°)
and comparable to 3a, 3p and 3y (Table 2). Like all other
forms of 3, 38 exhibits a set of SN-IV type intermolecular
S3+...N® contacts. In 38 these contacts alternate forming sets
of short and long distances (Figure 4c). The S---N distances
range from 2.784(4) - 3.065(4) A and are the shortest com-
pared to all the other polymorphs (Table S4). While these
interactions propagate parallel to the crystallographic c-
axis in both 3B and 3y, these interactions propagate along a
unit cell diagonal in 38, making the correspondence be-
tween 38 and 3B /3y phases more challenging.

With two molecules in the asymmetric unit there are two
sets of C-H:--m interactions. In 38, one set of interactions is
the classical set of three C-H-+*mcentroid contacts (analogous to
those shown in Figure 4d) although the C-H:*mcentroid inter-
actions (2.74 - 2.84 A, Table 2) are shorter than in both 38
and 3y. In contrast the second set of interactions shows a
distinct lateral slippage of the two anthracene rings with re-
spect to each other such that the C-H bonds are now ori-
ented towards the C-C bonds of the central Cs-ring rather
than the ring centroid (Figure S3). This is reflected in the C-
H:**Tcentroid angles (mean 162.60°) which clearly reflect a sig-
nificant displacement of the two anthracenyl rings and a
move from C-H:*Tcentroidto C-H:**Tedge. The resulting C-H-+-xt
interaction to the midpoint of the C-C bond is reflected in C-
H-+Teage distances of 2.92 and 3.10 A with corresponding C-
H:+*Teage angles of 172.38 and 174.30°.

Journal of the American Chemical Society

Thermal studies of polymorphism in 3:

Polymorphism occurs because different crystalline packing
arrangements can result in near equi-energetic free ener-
gies.>3 In the case of 3, there is only one torsional degree of
freedom, i.e. the twist angle between DTDA and anthracenyl
ring planes. Among the polymorphs 3a - 38 only a small
structural variation is observed in these torsion angles (73
- 83, Table 2) precluding the presence of conformational
isomerism.3> The differences observed within this series of
structures merely reflect differences in molecular packing.
The isolation of different polymorphs of 3 arises from subtle
differences in crystallization conditions (temperature, pres-
sure etc). The current system is particularly intriguing in
this aspect as it provides examples of both enantiotropic
polymorphs (reversible transitions can occur between pol-
ymorphs before the melting point) and monotropic poly-
morphs in which the transition is irreversible. Since both 3a
and 3B could be grown selectively by controlling sublima-
tion conditions, these two polymorphs provided the start-
ing point for variable temperature studies.

Monotropic polymorphism: The transformations 3o —
3B — 3¢: Variable temperature powder X-ray diffraction
(VT-PXRD) studies on 3a revealed it is thermally stable to
100 °C (Figure 5) but heating above 120 °C led to marked
changes in the powder pattern (e.g. significantly increased
intensities of reflections around 11.5 and 19.5° and de-
creases in features at 12.5 and 18.5°). Analysis of the PXRD
pattern after heating 3a to 120 °C confirmed it to be 3
(PXRD profiles for both 3a and 3f along with their simula-
tions are provided as supporting information, Figure S17).
There was no significant change in PXRD pattern after cool-
ing back to room temperature, consistent with monotropic
polymorphism in which there is irreversible conversion of
3ato 38 upon heating. Notably further heating of 3p to tem-
peratures in excess of 160 °C led to a further irreversible
change and the emergence of another polymorph (3g)
whose PXRD profile is distinct from 3a and 3. After cooling
from 200 °C to room temperature the PXRD profile again re-
mains unchanged indicating a third monotropic phase. Alt-
hough 3¢ appears stable on cooling to room temperature,
attempts to grow crystals of 3¢ by vacuum sublimation
across a range of temperatures have so far afforded only 3a
and 3f. Our attempts to elucidate the structure of 3¢ from
the PXRD profile have so far been hampered by the broad-
ness of the diffraction pattern which has precluded reliable
indexing. The stability of 3¢ with respect to both 3a and 33
suggests that 3¢ is not a simple displacive polymorph (re-
lated to either 3a or 3B by small molecular or conforma-
tional displacements) and likely has a structure signifi-
cantly different to either of the characterized phases, 3a
and 3.

Additional VT-PXRD studies commencing with a pristine
sample of 3P confirmed 3 was stable to 145 °C with no sig-
nificant change in the powder pattern (Figure S18) and rep-
licated the transition to 3¢ on heating above 160 °C. Thus
both processes, 3a — 3p and 3p — 3¢, appear irreversible
consistent with monotropic polymorphs. Conversion be-
tween monotropic polymorphs is typically considered to be
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areconstructive polymorphic transition, requiring substan-
tial internal restructuring and is often characterized by slow
transformations. DSC studies on 3a (heating rate 5 °C-min-
1, considerably faster than the VT-PXRD studies) revealed
the presence of a broad endothermic process across the
temperature range 120 to 180 °C which is associated with
the transformations 3o = 3B — 3¢ but likely comprises a
component from sublimation at these elevated tempera-
tures (purification of 3 by sublimation occurred at 130 °C).
Despite the broadness of this process a distinct step at 120
oC is consistent with the onset of the process 3a = 3B, in
agreement with the observed change in PXRD pattern asso-
ciated with the 3a — 3P transition (Figure S15) while the
completion of this process at 180 °C coincides with the 3 —
3¢ transition. DSC studies on pure 3 at 5 °C/min proved
much cleaner with an endothermic transition from 3 to 3¢
evidentin the range 150 - 160 K (AH = +17 kJ-mol1) (Figure
S15). The endothermic nature of both processes (3a — 3
and 3P — 3¢) are consistent with entropically driven tran-
sitions where the decrease in lattice enthalpy is offset by in-
creases in entropy. In this context the density rule>* is a
well-known, albeit phenomenological approach, for esti-
mating polymorph stability and assumes that the most effi-
cient packing (highest density) reflects the largest enthalpic
stability. In the current case 3a (1.507 g.cm-3) is denser than
3B (1.407 g.cm™3) in agreement with these observations.
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Figure 5: Variable temperature PXRD profiles for a sample
of 3a heated from 20 °C to 200 °C.

Enantiotropic polymorphism: The transformation 34 <
3y 36: While the transformation from 3o to 38 is associ-
ated with distinct structural changes (face-to-face m—n
stacking of anthracenyl groups in 3a to edge-to-face n—n in-
teractions in 3B), the reversible structural transitions from
3B < 3y < 38 upon cooling are significantly more subtle
and diagnostic of displacive polymorphic transitions in
which the polymorphs are related by small atomic/molecu-
lar displacements. A comparison of the simulated powder
patterns for 3B, 3y and 38 obtained from single crystal
structure determinations indicates they have very similar
diffraction profiles despite the changes in the crystal system

(orthorhombic 3B and monoclinic 3y and 38) and we re-
sorted to single crystal VT-XRD studies to elucidate the re-
versibility of the different transitions on heating and cooling
(Table S3). A single crystal of 3B was selected, cooled to 143
K and a series of full data sets and unit cell measurements
were collected on warming from 143 - 360 K and then on
cooling from 360 K to 143 K. On cooling, 3@ converts to 3y
below 300 K and then to 38 below 165 K. A plot of the tem-
perature dependence of the unit cell parameters (a, b, c and
) on warming from 143 to 360 K is presented in Figure 6.
The transition 3y < 3 reflects a switching of a and b axes
and an approximate tripling of the crystallographic c-axis.
The temperature dependence of the crystallographic cell
parameter B is particularly diagnostic of the transitions oc-
curring.

These structural changes are predominantly associated
with subtle changes in the periodicity of the intermolecular
contacts and each polymorph has a limited window of sta-
bility (300 - 433 K for 3@3; 165 - 300 K for 3y and < 165 K

¥ 5 B
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I
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Figure 6: Temperature dependence of the lattice parame-
ters associated with the 3y < 38 < 3 transformations.

for 38). Notably 3p has Z' = 3 and three different SN-IV con-
tacts between DTDA radicals whereas 3y has Z' = 1 and
forms a regular chain. The low temperature phase 38 has Z’
= 2 and exhibits an alternating set of SN-IV contacts. These
subtle variations in the nature of the S--:N contacts are di-
rectly relevant to the analysis of the magnetic response of
the 3p <3y < 33 system (vide infra).

Heat capacity measurements revealed the existence of a
transition at 165 K characteristic of the 3y <> 38 phase tran-
sition (Figure S16) and this transition was also manifested
in the temperature dependence of the magnetic susceptibil-
ity described below.

Magnetism: Dc magnetic studies on 3a and 33/3y/36 were
measured on a Quantum Design SQUID magnetometer. Data
for 3o (23 mg) were measured from 5 to 300 K with the
sample sealed in a gelatin capsule with an applied field of
1000 Oe. The sample of 3B (38 mg) was also mounted in a
sealed gelatin capsule and measured from 1.8 to 390 K in
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both heating and cooling modes with an applied field of
1000 and 10000 Oe.

The temperature dependence of the magnetic susceptibility
x and 1/y of pristine sample of 3a are presented in Figure
S21. A fit of the data to Curie-Weiss behaviour afforded C =
0.380 cm3-K-mol! consistent with S = % and g ~ 2.0 (0.375
cm3-K-mol1). The Weiss constant (0 = -3.8 K) is indicative of
weak antiferromagnetic interactions. At room temperature
the ymT value is close to the expected value for an uncorre-
lated S = % spin system (0.375 cm3-K-mol1). Upon cooling T
decreases slowly, consistent with weak intermolecular antifer-
romagnetic coupling between S = % DTDA radicals.
The xT value decreases markedly below 50 K to reach a mini-
mum of 0.277 cm3-K-mol* at 5 K. Since the spin density is
localized on the heterocyclic ring, the magnetic communica-
tion in DTDA radicals often arises through close intermolec-
ular S---S and/or S--:N contacts between heterocycles.5!
Based on the intermolecular interactions (Figure 3b), the
magnetism of 3a was modelled as a one-dimensional anti-
ferromagnetic Heisenberg chain with the spin Hamiltonian:

A= JXE, Si Si+1 Eq. 1

using the Bonner-Fisher equation.>® Fixing the g value to 2.01
(based on EPR studies) a single parameter fit gave J/k = -5.1 K
(Figure 7).
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Figure 7: Temperature dependence of ymT for 3a. The red
line corresponds to a fit to the Bonner-Fisher model for a
uniform 1D magnetic chain (g = 2.01, J/k =-5.1 K).

The magnetic response of 3B is inherently more complex
due to the transformations 3f3 < 3y < 38. In all cases the
SN-IV contacts likely propagate magnetic exchange (vide in-
fra). In this context the Hamiltonians for 33, 3y and 38 are
respectively Eq. 2, Eq. 1 and Eq.3:

=37 (—2/83831m1 -2)'S31:18 312 -2] "S3i4283143) Eq. 2
A =31 o(—2/$2S82i1 -2)'S21:182142) Eq. 3

Standard solutions for Eq. 1 and 3 (Heisenberg linear and
alternating chain models) are well known. 53 Conversely a
solution to Eq.2 has not been established to our knowledge.

The temperature dependence of y and % T for a pristine sam-
ple of 3B is presented in Figure 8. The value of T at 390 K

Journal of the American Chemical Society

is 0.283 emu-K-mol-! and decreases steadily down to 180 K.
Below 180 K there is a small step in the value of y T which is
more pronounced in the temperature dependence of .
which exhibits a small thermal hysteresis window between
150 and 180 K (Figure 8) and coincides with the phase tran-
sition 3y & 38. Hysteretic phase transitions between dia-
magnetic m*—n* pancake dimers and paramagnetic mono-
mers is well established in 1,3,2-dithiazolyl radical chemis-
try®¢ but has rarely been observed in DTDA chemistry.
Preuss recently reported a hysteretic phase transition in a
benzimidazolyl-functionalized DTDA radical associated
with breakdown of the n*—n* dimer>” and stepped temper
ature dependence of the susceptibility similarly associated
with breakdown of DTDA pancake dimers in
La(hfac)s(pyDTDA)2 complexes.>® Awaga and co-workers
examined stepwise breakdown of pancake dimers in bi-
phenyl-functionalized bis(DTDA) radicals®® and other stud-
ies have revealed structural transitions in p-EtOCsF4CNSSN
leading to step changes in magnetic response.®® In all these-
previous reports, the magnetic response is linked to the ab-
rupt or progressive breakdown in the long-distance bond-
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Figure 8: (top) Temperature dependence of magnetic sus-
ceptibility for 38/3y/38 in heating and cooling modes high-
lighting the thermal hysteresis associated with the 3y < 38
transition; (bottom) Temperature dependence of yT for
3B/3y/38. Experimental data (circles); red line is the fit to
the regular Heisenberg antiferromagnetic chain (J/k=-111
K) and the blue line is the fit to the alternating Heisenberg
AF chain (J/k =-158 K, a = 0.78). (Inset) Thermal hysteresis
on heating and cooling cycles associated with interconver-
sion between 3y and 3.
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ing interactions between DTDA radicals. In the current sys-
tem the hysteresis is associated with a unique paramag-
netic-paramagnetic phase transition where the step in T is
associated with a change in the strength of the magnetic ex-
change coupling. In the absence of an appropriate magnetic
model for the high temperature range (300 - 390 K) associ-
ated with 38, we merely note the (i) decrease in T upon
cooling indicative of dominant antiferromagnetic interac-
tions in this regime and (ii) the value of % T is slightly higher
than that computed for 3y in this region suggesting slightly
weaker exchange couplings in 3 than 3.

A fit of the magnetic data for 3y (180 - 300 K) to Curie-Weiss
behaviour affords a Curie Constant € = 0.372 cm3-K-mol!
expected for an S = % paramagnet and a Weiss constant
0 =—-138 K consistent with the existence of strong antifer-
romagnetic interactions (Figure S24). Structural studies in
this range suggest a regular Heisenberg chain model should
be appropriate (Eq. 1) and a good fit to the experimental
data to the Bonner-Fisher model>® was observed with J/k =
-111 K. Below 180 K, 3y transforms to 338 and the y vs T plot
display a broad maximum centered at 125 K indicative of
the existence of short-range order (SRO) in 33. The T vs T
data for 38 were well reproduced using the alternating
chain model® (Eq. 3) with J/k=-158 Kand J'/k=-123 K (J/k
=-158 K and the alternation parameter o = 0.78) but fails to
reproduce the low temperature data (T < 50 K). This is
largely associated with the model which is known to fail at
low temperature (T <]/4k ~ 40 K). The value of T plateaus
near 0 cm3.K.mol! below ca. 40 K consistent with a gapped
state with an S = 0 ground configuration. The upturn in %
below 20 K can be attributed to a small fraction of S = %
paramagnetic defects.

Discussion

The propensity for DTDA radicals to form polymorphs
clearly reflects an energy landscape where multiple packing
arrangements exist with small energetic differences. While
vacuum sublimation removes many of the variables associ-
ated with classical solvent recrystallization approaches,
there are still several variables which can be tuned and pol-
ymorphism arising from sublimation has been discussed by
Bernstein et al>* The polymorphic outcome of crystal
growth from sublimation depends on the behaviour of the
solid/vapor boundary for each polymorph on the p/T dia-
gram. At a fixed temperature the two polymorphs generally
have different vapor pressures and one phase can be iso-
lated, although examples of concomitant DTDA radicals
have been identified.3?¢! There have also been cases of so-
called “disappearing polymorphs”¢? in DTDA chemistry, alt-
hough recent work has established that careful choice of
sublimation conditions can reveal these elusive less stable
polymorphs.3*

Since 3a was collected at low temperature, it is considered
to be the more enthalpically favourable polymorph whereas
3P (isolated at elevated temperatures) is considered the
more entropically favourable polymorph. The endothermic
transformation 3a. — 3B upon heating confirms that 3 is
entropically more stable than 3a. The emergence of 3¢ at
higher temperatures gives rise to a third monotropic poly-

morph which are related via reconstructive phase transi-
tions. A comparison of the structures of 3a and 3 reveal
similar SN-IV interactions but the anthracene functionali-
ties have to undergo substantial structural rearrangements
from face-to-face to edge-to-face m—m interactions, con-
sistent with such a reconstructive process.

In addition to the three monotropic phases described above,
3B is enantiotropic, exhibiting reversible single-crystal-to-
single-crystal phase transitions forming phases 3y and 38
upon cooling. Here the close similarity in structures (edge-
to-face n—n interactions coupled with SN-IV contacts) sup-
ports the reversible nature of these displacive polymorphic
transformations. Indeed it has been noted previously in di-
thiazolyl (DTA) radical chemistry that the reversible nature
of such transformations requires only small atomic dis-
placements.5663 Such reversible phase transitions between
different polymorphs in DTDA chemistry are extremely
rare.57.596064 The observation of two single-crystal-to-sin-
gle-crystal transitions between paramagnetic phases asso-
ciated with 3B <3y < 38 is almost unprecedented in DTDA
chemistry. The successive breakdown in pancake bonding
interactions in Preuss’ Ln(hfac)s(boaDTDA)2 complex, per-
haps provides the closest comparison (also two transitions)
but a much more pronounced change in magnetic response
since the latter is based around cleavage of the enthalpically
favorable m#—n* pancake bond, switching from an S = 0 state
to two S = % spins.>8

In the current case the lattices of 3B, 3y and 38 are similar
and comprise a two-dimensional net of SN-IV contacts and
edge-to-face n—n contacts (Figure 9). The phase transitions
appear to arise from the inherently cooperative nature of
this framework in which SN-IV contacts, propagating in one
dimension, are cross-braced by C-H---x contacts.

Figure 9: Two-dimensional supramolecular sheet structure
common to 3 (illustrated), 3y and 38 linked via S---N and
C-H---m interactions.

In order to review the stepwise processes for the 38 <3y &
3P transformations we have focused on three geometric pa-
rameters; (i) the intramolecular torsion angle between
DTDA and anthracenyl planes, (ii) the intermolecular SN-IV
contact common to all polymorphs and (iii) the geometry of
the intermolecular edge-to-face anthracenyl contact re-
flected in the variation in C-H:--w distances, the C-H--w an-
gles and the angles formed between the anthracenyl planes.
These are presented in Figure 10. Although all three phases
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exhibit similar gross packing features, they are discrimi-
nated by subtle differences in molecular packing. These are
typical of enantiomorphs where the structures are related
by small displacive movements of the molecules. It is imme-
diately apparent that the S---N contacts are almost invariant
across the temperature range studied, consistent with this
being a structure-directing interaction (Figure 10). The
transformation from 38 to 3y on warming is heralded by a
marked change in the C-H---n interaction. In 3y all the mole-
cules form a C-H-**Ttcentroid interaction whereas in 38 half the
molecules forming a C-H---n rather than C-H-**Ttcentroia inter-
action. The transformation between these two polymorphs
is then related to a small lateral slippage of half the mole-
cules so that the C-H bonds interact with the ring centroid
of the n-system rather than a C=C bond. This transition is
also associated with a small increase in the angle between
anthracenyl planes towards 90° for this edge-to-face inter-
action. The transformation from 3y to 3 on warming is re-
flected in an increase in the C-H---n angle, moving closer to
a linear interaction. Across the entire temperature range
there is a steady increase in the average intramolecular tor-
sion angle between DTDA and anthracenyl rings from 72 to
84c. This corresponds to small displacements either side of
the gas-phase optimized geometry (77°, Figure S11), sug-
gesting little inherent strain in the molecule itself. However
there is a step in the temperature dependence of this torsion
angle associated with the 3y — 3 transition. With the invar-
iant nature of the SN-IV contact across this temperature
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Figure 10: Temperature dependence of (a) selected angles
and (b) selected intermolecular contacts for 3, 3y and 38.
The angles correspond to the average torsion angle be-
tween (i) DTDA and anthracenyl planes, (ii) the average C-
H-- meentroia angle, (iii) the average angle between anthra-
cenyl planes forming C-H---x contacts. Distances refer to av-
erage S+--N and C-H---w contacts.
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range the phase transitions appear driven by the need to op-
timize the edge-to-face n—n contacts within the accompany-
ing thermal lattice expansion.

It is noteworthy that the cleavage (and reformation) of en-
ergetically significant structure-directing intermolecular
contacts appears necessary for the observation of hystere-
sis. This phenomenon has been well-studied in n-stacked
1,3,2-DTA radicals (Scheme 1).63 Elegant computational
work by Novoa has shown that vibrational entropy plays a
key role in driving such transformations. In the current case
the hysteresis associated with the 38/3y transformation
likely arises from the necessary lateral slippage on moving
from C-H--mw to C-H-**Tcentroid. The inherent increase in en-
tropy on warming within the enantiomorphic 3p/3y/36
system indicates that the enthalpic stabilities are 38 > 3y >
3B and this is consistent with expectations based on the
density rule and that these transformations are entropy
driven.

The fluorescent properties of 3/3* in solution reveals simi-
lar behavior to 1/1* and 2/2* systems.2627 Previous studies
on 2 and 2+ revealed that the incomplete quenching of fluo-
rescence emission is the result of the inefficiency of the elec-
tron exchange (EC) and/or electron transfer (ET) processes
between the radical and pyrene moiety in the excited
state.?” Recently the effect of the dihedral angle on a range
of substituted-anthracene derivatives on the internal
charge transfer between an electron donor or acceptor moi-
ety and anthracene moiety has been investigated.®> Planar
n-conjugated substituted-anthracenes led not only to a red-
shift of the absorption bands and an increase in the molar
absorption coefficient, but also yield a substantial increase
in the fluorescence quantum yield over non-planar variants.
In this context the large twist angle between DTDA and an-
thracenyl rings associated with 3 is consistent with a simi-
lar charge transfer quenching process. Notably the twist an-
gle for 3 is much larger than 1 and 2 and is reflected in a
much lower quantum yield than either 1 or 2.

Conclusions

The near orthogonal orientations of the PAH and DTDA
rings - driven by substitution at the 9-position of the an-
thracenyl group - appears to suppress dimerization via
long-distance multi-centre pancake bonding in 3, a common
feature of DTDA chemistry. This contrasts with the more
planar 1 and 2 in which the substitution pattern favors face-
to-face m - m interactions forming diamagnetic pancake di-
mers. This design strategy offers access to a range of multi-
functional materials combining fluorophores and paramag-
netic centres. While compounds such as 1 and 2 display
photoluminescence, electroluminescence and a photocur-
rent in the solid state, compound 3 provides the first exam-
ple of a multi-functional DTDA radical in which the para-
magnetic properties of the radical are combined with the
emissive properties of the poly-aromatic hydrocarbons
(PAHSs) in the solid state. In addition, radical 3 exhibits an
extremely rich phase behavior, combining both monotropic
(3o = 3P — 3¢) and enantiotropic single-crystal-to-single-
crystal (3p < 3y « 33) phase transitions, with thermal hys-
teresis evident for the 3y < 38 transition. Detailed structure
analysis across this enantiomorphic set provides evidence for
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the dominance of the SN-IV contact as a structure-directing mo-
tif with the series of phase changes upon warming, associated
with subtle changes in the edge-to-face interactions between an-
thracenyl groups. While the large torsion angle between DTDA
and 9’-anthracenyl group suppresses dimer formation, it also
seems effective at reducing fluorescence quantum yields and a
balance between these two effects is required to generate para-
magnetic DTDA radicals with good quantum efficiencies.

Experimental
A. Material and Methods

9-bromoanthracene (4), n-butyllithium, bis(trimethylsilyl)
carbodiimide, silver powder and sulfur monochloride were
used as supplied (Sigma-Aldrich). Sulfur dichloride (SCl2)
was prepared from sulfur monochloride (Sz2Clz) according
to the literature method.®® Dry solvents; tetrahydrofuran
(THF), diethylether (Et20), and acetonitrile (MeCN) (Sigma-
Aldrich) were used without any further purification. Gal-
lium trichloride (Strem Chemicals) was used as received.
EPR spectra were recorded on a Bruker EMXplus EPR spec-
trometer at room temperature. All UV-visible spectroscopic
studies were conducted on a G103A Agilent spectropho-
tometer. Fluorescence spectroscopy was carried out on a
Varian fluorescence spectrometer. Cyclic voltammetry
measurements were run using a CH Instruments electro-
chemical work station model CHI760E. Differential Scan-
ning Calorimetry studies on 3 were performed on a Mettler
Toledo DSC 822e with nitrogen (99.99%) used to purge the
system at a flow of 60 mL/min. Powder XRD measurements
were recorded on a Bruker D8 Discover diffractometer
equipped with a Hi-Star area detector and GADDS software
package. The tube was operated at 40 kV and 40 mA using
Cu-Kou radiation (A=1.54187 A) with a beam diameter of
0.5 mm. The temperature was controlled using an Oxford
Cryosystems Cryostat (700 Series Cryostream Plus). Time-
dependent DFT calculations were carried out on the opti-
mized gas-phase geometry using the unrestricted B3LYP
functional and 6-311G*+ triple zeta basis set.

Single crystal X-ray diffraction studies were measured on a
Bruker APEX-II diffractometer using Mo-Ka radiation (A =
0.71079 A) or Cu-Ka radiation (A = 1.5407 A) equipped
with an Oxford cryostream variable temperature device.
Data were collected using the Bruker APEX-II program,®’ in-
tegrated with SAINT® and an absorption correction
(SADABS)®? applied, an empirical correction for crystal de-
cay was applied. The structure was solved using direct
methods and all atoms refined anisotropically using full ma-
trix least squares on F270 Structures of 3a,
3B, 3y and 38 collected in temperature range 143 K-360 K
have been deposited with the CCCDC (CCCDC deposition
numbers 1874989 — 1874995 and 1894313 — 1894316). Unit
cell parameters and information on final residuals are pre-
sented in Table 1. Magnetic measurements of 3o were made
on a Quantum Design MPMS SQUID magnetometer in dc
mode in applied fields between 0.1 and 1.0 T in the range 5
- 300 K, while magnetic measurement of 3 were made on
a Quantum Design MPMS SQUID magnetometer in dc mode
in applied fields between 1 T in the range 1.8 - 390 K. Addi-
tional magnetic studies were undertaken on 3 on heating
and cooling cycles.

Preparation of the dithiadiazolylium chloride salt [3]Cl

9-Bromoanthracene (3.9 mmol, 1.00 g) was dissolved in
diethyl ether (30 ml) and cooled to -78 °C. Butyl lithium
(10 M, 4 mmol, 0.40 ml) was added dropwise and the
reaction left to stir for 1 h wunder argon.
Bis(trimethylsilyl) carbodiimide (3.39 mmol, 0.88 ml)
was added to the mixture and the reaction was left to stir
at room temperature for 24 h to afford a pale red
solution. SCl2 (7.82 mmol, 0.50 ml) was added dropwise
with vigorous stirring to yield, after complete addition of
SClz, a yellow/green solid under an orange solution. After
filtration, washing with diethyl ether and drying under
vavuum, crude [3]Cl was isolated as a yellow/green
powder contaminated with LiCl. Yield: 1.3 g. Its poor
solubility across a variety of solvents precluded full
characterization but treatment with GaCls afforded the
soluble GaCls salt which was characterized by
multinuclear NMR, elemental analysis, UV/vis
spectroscopy and mass spectrometry (see C).

B. Preparation of the dithiadiazolyl radical 3

Silver powder (0.170 g, 1.58 mmol) was stirred with the
solid chloride salt [3]CI (0.50 g, 1.58 mmol) in THF under
argon. The reaction was left to stir for 12 h to afford a dark
solution. The solid residue was filtered off and the solvent
was evaporated in vacuo to afford a dark residue, which was
purified by vacuum sublimation to afford black crystals of
the radical. Yields were unoptimized but provided sufficient
sample for compound characterization.

HRMS: [M+H]* = 282.0.289 (calc. 282.0285), Microanalyti-
cal data: Observed (calculated) C = 64.3 (64.0), H=2.9 (3.2),
N =9.9 (9.6)%. EPR (X-band: dry THF, 298 K): g = 2.010, an
=5.10 G. The radical was additionally characterized by sin-
gle crystal X-ray diffraction, powder X-ray diffraction (for
phase purity), SQUID magnetometry. UV/vis absorption
and emission spectra were also recorded (see Results and
Discussion sections).

3a was selectively obtained by sublimation (130 °C) onto a
cold-finger maintained at -15 °C. Yield: 30 mg (7 %),

3P was selectively obtained by sublimation (130 °C) onto a
‘cold-finger’ maintained in the range 50 to 70 °C. Yield: 15
mg (3 %),

Preparation of [3][GaCls]

Gallium chloride (0.138 g, 0.79 mmol) was stirred with as-
prepared [3]Cl (0.25 g, 0.79 mmol) in THF under an argon
atmosphere for 2 h. The solid residue was filtered off and
the solvent evaporated in vacuo to afford a dark residue.
Yield: 320 mg (82 %), MS(EI+): M* = 280.9; 'H NMR (500
MHz, CDCl3) 6 8.75 (s, 1H), 8.14 (d, 2H), 8.08 (d, 2H), 7.75 (t,
2H), 7.63 (t, 3H). 13C NMR (126 MHz, CDCl3) 6 167.2, 132.5,
130.5,129.4,129.1,128.3,126.4,122.8,121.5; Microanalyt-
ical data: Observed (calculated) C% = 37.4 (36.6), H% =1.6
(1.8), N%= 5.1(5.6).
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C. Preparation of thin films for solid-state studies

Solid films of 3 were prepared by drop-casting on a surface
of a quartz slides under inert conditions using a highly con-
centrated solution of 3 in THF. After solvent evaporation,
highly air-sensitive solid thin purple films of the radical 3
were formed. The films were protected from moisture by
another quartz slide. Thin films of [3][GaCls] and 4 were
made in the same fashion. All measurements were made at
room temperature.
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