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ABSTRACT: The preparation and characterization of the halo-functionalized dithiadiazolyl 

radicals p-XC6F4CNSSN (X = Br (1) or I (2)) are described. Compound 1 is trimorphic. The 

previously reported phase 1 (Zʹ = 1) comprises monomeric radicals whereas 1 comprises a 

mixture of one cis-oid *-* dimer and one monomer (Zʹ = 3) and 1 exhibits a single cis-oid 

dimer (Zʹ = 2) in the asymmetric unit. We have only been able to isolate a single polymorph of , 

isomorphous with 1. Both the bromo and iodo groups in 1 and 2 promote sigma-hole type 

interactions of the type C-X···N (X = Br, I), reflecting the increasing strength of this interaction 

for the heavier halo-derivatives. An analysis of the intermolecular forces using dispersion 

corrected DFT (UM06-2X-D3/LACV3P*) and compared to a unified pair potential model (UNI) 

embodied in the crystallographic software Mercury. While there is a correlation between DFT and 

UNI force-field models, there are some discrepancies, although both reveal that a number of 

intermolecular contacts beyond the sum of the van der Waals radii are significant (> 5 kJ mol-1). 

An NBO analysis of the intermolecular interactions reveal lone pair donation from the heterocyclic 

N atom to C-X or S-S * orbitals contributes to these intermolecular interactions with relative 

energies in the order C-I > S-N-II > C-Br > SN-III. The magnetism of 2 reveals a broad maximum 

in  around 20 K indicative of short-range antiferromagnetic interactions. These are supported by 

DFT calculations which reveal a set of three significant exchange interactions which propagate in 

two dimensions.  
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INTRODUCTION

In the last few decades there has been enormous progress in the emerging field of molecule-

based materials. For crystalline solids the identification and application of new supramolecular 

synthons is central to our understanding of the non-covalent forces between molecules which 

dictate structure and function.1 While hydrogen bonding is ubiquitous in this area,2,3 considerable 

efforts have been made to identify other important structure-directing interactions.4 The weak 

nature of intermolecular non-covalent interactions can lead to many near equi-energetic packing 

arrangements, reflected in polymorphism.5 For radicals the subtle changes in molecular structure 

can lead to dramatic changes in materials properties. For example, when radicals adopt -stacked 

structures efficient orbital overlap leads to increased band width and a small energy barrier for 

charge transport,6 whereas a narrow band of localized spins occurs when overlap is reduced.7 The 

identification of strong supramolecular synthons provides a library of functional groups which can 

be used to impart some degree of structural control over the solid state packing. In the current 

paper we examine the use of halogen-bonding8 as a potential structure-directing group for a family 

of thermally robust radicals, the dithiadiazolyls (DTDAs).9 The latter radicals have been 

implemented as building blocks in the design of molecular conductors6 and magnets,7,10 as ligands 

in both coordination chemistry11,12 and organometallics.13 More recently several studies have 

identified examples of enantiotropic polymorphs14 of DTDA radicals where reversible solid-to-

solid phase transitions can occur between polymorphs which have been associated with both 

displacive (translational)15-17 and rotational motion.18  Approaches to control the solid state 

structures of DTDA radicals have examined modes of self-recognition between DTDA radicals as 

well as the presence of other structure-directing groups.19,20  Of these structure-directing groups 

the most well-established is the CN···S interaction which has been implemented to generate 
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supramolecular chains.21-28 In the majority of cases DTDA radicals adopt *-* dimer motifs in 

which the pancake bonding29,30 gives rise to a singlet ground state configuration, quenching the 

radical paramagnetism. The strong tendency of these radicals to dimerize, predominantly in a cis-

oid cofacial fashion can itself be considered as a strong supramolecular synthon (Hdim in solution 

around 35 kJ·mol-1).31-33 

In the context of the current studies, the effect of halogenated aryl substituents on bonding has 

been explored. A series of studies of fluoroaryl radicals have been isolated and their structures are 

largely dictated by self-recognition modes between DTDA radicals (Fig. 1). Notably the 2ʹ,6ʹ-

F2C6H3CNSSN was found to be trimorphic and it is particularly noteworthy that the -phase has 

two molecules in the asymmetric unit (Zʹ = 2), comprising one monomeric radical and half a trans-

antarafacial dimer, reflecting the fine energetic balance between *-* dimerization and other 

packing factors. Similar behaviour was also observed in p-EtOC6F4CNSSN which comprised three 

phases with the -phase exhibiting pure dimers (Zʹ = 2) while the -phase (Zʹ = 6) comprises two 

dimers and two monomers and undergoes a reversible phase transition to the -phase (Zʹ = 14) 

upon cooling, which comprises six dimers and two monomers. Indeed the propensity for DTDA 

radicals to exhibit structures with large Zʹ values has been noted.34 For several perfluoroaryl 

derivatives, p-XC6F4CNSSN (X = CN, NO2, Br and NCC6F4) dimerization has been fully 

suppressed and in some cases this has led to long range magnetic order, whereas in others low 

dimensional magnetic behaviour is observed.28,35,36 For dichloroaryl derivatives,37 

Cl2C6H3CNSSN, the chloroaryl groups take on a more structure-directing role in which there is a 

tendency to exhibit (i) S···Cl contacts close to the DTDA molecular plane and (ii) -stacked 

structures driven by the propensity for chloro-aryl derivatives to adopt the so-called -sheet 

motif.38,39   In recent years, the structure-directing halogen bonding interaction has been identified8 
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and we were interested to explore how such halogen bonding motifs might be manifested in 

directing the structures of DTDA radicals. 

EXPERIMENTAL

The starting materials Ph3Sb and Li[N(SiMe3)2] (Sigma) and C6F5CN (Oakwood) were used as 

received. The nitriles, p-XC6F4CN (X = Br, I) were prepared according to the literature method.40 

All solids were handled under a nitrogen atmosphere using a MBraun Labmaster glovebox while 

solvents were dried and degassed using an Innovative Technology solvent purification system. 

Temperatures below ambient were achieved using a Fisher Scientific Isotemp 4100 R28 

recirculating chiller using isopropanol. Elemental analyses were measured by combustion using a 

Perkin Elmer 2400 Series II CHNS/O Analyzer, operated in CHN mode. Samples of ca. 1.8 - 2.0 

mg, were sealed in aluminium capsules and weighed using a Perkin Elmer AD-6 Autobalance 

located in a glove-bag under a nitrogen atmosphere. EPR spectra were obtained on a Bruker 

EMXplus X-band EPR spectrometer running at ca. 9.8 GHz, utilizing a high sensitivity cylindrical 

cavity fitted with a liquid nitrogen cryostat with a Eurotherm temperature control unit, along with 

a high precision microwave frequency counter. Solution samples for EPR were prepared in quartz 

tubes (Wilmad).

Preparation of (p-BrC6F4CNSSN)2 (1): p-BrC6F4CN (0.500g, 1.97 mmol) was added to a 

solution of Li[N(SiMe3)2] (0.330 g, 1.97 mmol) in Et2O (20 mL). The reaction mixture turned 

orange and was stirred for 4h at room temperature, cooled to 0 oC and SCl2 (0.26 mL, 0.426 g, 

4.14 mmol, 2.1 eq.) added slowly. The solution was allowed to warm to room temperature and 

stirred for 18h. The resultant orange precipitate, [p-BrC6F4CNSSN]Cl, was filtered, washed with 

Et2O (2 × 20 mL) and dried in vacuo. A sample of [p-BrC6F4CNSSN]Cl (0.500 g, 1.36 mmol) and 

Ph3Sb (0.240 g, 0.68 mmol) were combined in a Schlenk tube under a nitrogen atmosphere and 

Page 5 of 36

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6

manually mixed to ensure homogeneous distribution of reducing agent throughout the chloride 

salt. The Schlenk tube was then heated to 70 °C with stirring to generate a deep homogenous purple 

oil. The radical was sublimed under static vacuum at 50 °C onto a cold-finger maintained at −2 

°C. The cold-finger was removed intermittently and the sublimate removed affording a mixture of 

1 and 1 as lustrous red needles and red blocks, respectively. Total yield = 251 mg (62% based 

on [p-BrC6F4CNSSN]Cl). When the sublimation temperature was raised to 75 °C and the cold-

finger temperature was maintained at -2 °C, 1 was obtained as dark red blocks. Elemental analysis 

calc. for C7BrF4N2S2: C 25.32%, H 0.00%, N 8.44%; found: C 25.30 %, H 0.00%, N 8.43%; EPR 

(X-band, CH2Cl2, 298 K); g = 2.0097, aN = 4.9 G; MS(EI+) m/z = 330.8622 (M+), 284.9 (M+ − 

SN), 252.9 (M+ − SSN), 226.9 (M+ − CNSSN) [All peaks quoted for the 79Br isotopomer]; IR 

(max, cm-1, nujol): 1639(s), 1502 (s), 1416(s), 1361(s), 1246(s), 1170(m), 1059(m,sh), 977(s), 

854(m), 819(s), 796(s), 751(s, sh), 724 (s, sh), 643 (m, sh). 

Preparation of (p-IC6F4CNSSN)2
 (2): The radical p-IC6F4CNSSN (2) was prepared in an 

analogous fashion to 1. The radical was sublimed at 70 - 75 °C with the cold finger maintained 

between −2 and +12 oC. The cold-finger was removed intermittently and the sublimate removed. 

Total yield = 277 mg (31 %) based on [p-IC6F4CNSSN]Cl (1.30 g, 0.0031 mol). Elemental analysis 

calc. for C7IF4N2S2: C 22.18%, H 0.00%, N 7.39%; found: C 21.76 %, H 0.27%, N 7.09%; EPR 

(X-band, CH2Cl2, 298 K): g = 2.0099, aN = 5.2 G; MS(EI+) 379 (M+), 333 (M+ − SN), 301 (M+ − 

SSN).

Crystallographic studies: Crystals of ,  and 2 were mounted on a cryoloop and measured on 

a Bruker D8 Venture equipped with a cryostream low temperature device (Oxford Instruments). 

Data were measured using APEX3,41 integrated using SAINT,42 an absorption correction applied 

using SADABS43 and the structures determined using intrinsic phasing (SHELXT).44 The 
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structures were refined using SHELXL 2017.45 A summary of the crystallographic studies are 

presented in Table 1 along with previously reported data for 1. The structures have been 

deposited at the CCDC (deposition numbers: 1970967-1970969). 

 RESULTS

The starting nitriles, p-XC6F4CN were prepared according to the literature method by nucleophilic 

aromatic substitution on C6F5CN with one equivalent of X− (X = Br, I) which occurs preferentially 

para to the nitrile.40 Nitriles were purified by sublimation prior to use. Treatment of the resultant 

nitrile with Li[N(SiMe3)2] followed by condensation with a slight molar excess of SCl2 (2.1 – 2.2 

equivalents) led to the 1,2,3,5-dithiadiazolylium chloride salts.46 We explored several approaches 

to reduction using a range of reducing agents (Ag, Na2S2O4, Zn/Cu couple, Ph3Sb) and solvents 

(SO2, THF, MeCN). EPR studies clearly revealed radical generation in all cases but recovered 

yields after sublimation were typically poor (< 10%). Haynes’ “solvent-free” reduction method 

using molten Ph3Sb as both reductant and solvent provided a more efficient approach.47 Using this 

approach, radicals 1 and 2 were isolated as crystalline solids in 31 – 62% recovered yield. They 

were characterized by their diagnostic EPR spectra (g ~ 2.01, aN ~ 5 G), a molecular ion and 

fragmentation pattern in the mass spectrum with appropriate isotopomer ratios, elemental analysis 

as well as structure determination by X-ray diffraction. 

A number of studies have identified the propensity for polymorphism in DTDA radicals.15-18,21-

28,36,48-50 Crystallization of DTDA radicals by sublimation is dependent upon the equilibrium 

between the gas phase and the solid state. Gibb’s phase rule5 relates the number of phases present 

(P) to the number of components (C) and the number of degrees of freedom (F):

P + F = C + 2 Eqn. 1.

For radical sublimation we have a single component system (C = 1) and Eqn 1 simplifies to: 
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Table 1: Crystal data for compounds 1 – 3.

Compound 1 1 1 2
Formula BrC7F4N2S2 BrC7F4N2S2 BrC7F4N2S2 IC7F4N2S2
Crystal system Orthorhombic Monoclinic Orthorhombic Orthorhombic 
Space Group Aba2 P21/n Pbca Aba2
T (K) 150(2) 170(2) 170(2) 170(2)
a/Å 8.263(2) 7.2487(3) 17.6032(10) 8.5315(5)
b/Å 20.426(4) 16.2492(5) 11.1439(5) 20.4878(11)
c/Å 11.556(2) 24.7655(9) 19.8350(10) 11.6808(6)
/o 90 90 90 90
/o 90 90.799(2) 90 90
/o 90 90 90 90
V/Å3 1950.4(7) 2916.74(18) 3891.0(3) 2041.66(19)
Z (Zʹ) 8 (1) 12 (3) 16 (2) 8 (1)
DC 2.262 2.269 2.268 2.467
/mm-1 4.672 4.681 4.684 3.573
F(000) 1272 1908 2544 1416
Crystal size 0.35 × 0.25 × 0.20 0.28 × 0.12 × 0.05 0.19 × 0.16 × 0.07 0.23 × 0.20 × 0.02
min − max 3.17 – 27.51 2.768 – 26.452 2.949 – 24.754 3.107 – 27.482

Index ranges
0 ≤h ≤10
-26 ≤ k ≤ 0
-14 ≤ l ≤ 14

-9 ≤h ≤9
-20 ≤ k ≤ 20
-30 ≤ l ≤ 30

-20 ≤h ≤20
-11 ≤ k ≤ 13
-23 ≤ l ≤ 23

-11 ≤h ≤11
-26 ≤ k ≤ 26
-12 ≤ l ≤ 15  

Reflections collected 2292 53186 40219 13437
Independent reflections 2175 5981 3325 2169
Rint 0.0449 0.0661 0.0925 0.0558
Data/restraints/parameter 2175/1/145 5981/0/433 3325/0/289 2169/1/146
Goodness of fit, S (all) 1.026 1.005 1.057 1.045
R1 (I > 2(I)) 0.0643 0.0265 0.0299 0.0278
wR2 (all) 0.1428 0.0558 0.0566 0.0696
Flack parameter -0.02(2) n/a n/a -0.02(4)
Max/min residual 
electron density

+0.91, -0.59 +0.33, -0.39 +0.36, -0.54 +0.58, -0.85

Reference Ref. 35 This work This work This work
CSD Deposition # 1970968 1970967 1970969

P = 3 − F Eqn.  2

Since the number of degrees of freedom (intrinsic variables – temperature, pressure, concentration) 

cannot be negative there cannot be more than three phases present at any one time. In the case of 

sublimation at constant temperature and pressure, we can have a maximum of two solid phases 

(polymorphs) in equilibrium with the gas phase. These are known as concomitant polymorphs.51,52 

This does not preclude more than two polymorphs existing, but the other polymorphs must be 

formed under a separate set of conditions of temperature and/or pressure. For sublimation in vacuo, 
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a search for new polymorphs is most likely successful by screening across the temperature regime. 

This normally leads to another layer of complexity: During sublimation the substrate is normally 

heated at temperature T2 to vaporize it into the gas phase and an equilibrium can be envisaged 

between solid and vapor at T2. Condensation and crystal growth typically occur onto a cold finger 

or other substrate at a lower temperature, T1. While each may be considered an equilibrium process 

with equilibrium constants K1 and K2, these two processes are not independent with material 

passing from the vaporization region (T2) to the crystallization region (T1). Provided T2 and T1 are 

similar then it is likely that the system is under thermodynamic control (all systems in equilibrium). 

Conversely, for larger temperature gradients, the rate of vaporization might be faster than the rate 

of crystallization and we may move into a kinetically rather than thermodynamically controlled 

regime. Within the context of these current studies we have been particularly interested to exploit 

these ideas to identify new paramagnetic DTDA radicals. Previous work has shown that multi-

center pancake bonding, which quenches the radical paramagnetism in DTDA radicals, is 

enthalpically favored (Hdim ~ 35 kJ mol-1 in solution). Entropically-favored phases which contain 

one or more un-dimerized radicals are therefore likely at elevated temperatures. Among the 

possible modes of association (Fig. 1), a search of the CSD reveals a strong preference for the cis-

oid dimerization mode and the propensity to form the cis *-* dimer motif can be considered a 

supramolecular synthon in its own right. Approaches to destabilize  dimers have been sought 

to assist the successful identification of new paramagnetic phases. In this context substitution in 

the 2ʹ,6ʹ-positions of an aryl substituent have led to steric and/or electronic repulsion between the 

ortho-fluoro substituents and the heterocyclic N atoms of the DTDA ring. We have had some 

success in isolating a series of p-XC6F4CNSSN radicals (X = CN, NO2, Br and NCC6F4)36-39,53 in 

which there is a large torsion angle between perfluoroaryl and DTDA rings leading to monomeric
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Figure 1: (top) from left to right common cis-, twisted- and trans-cofacial *-* dimers; (bottom) 
from left to right common non-covalent supramolecular modes of association (SN-I to SN-IV 
respectively). 

DTDA radicals which retain their paramagnetism in the solid state. In several cases suppression 

of dimerization appears associated with the opportunity to form an alternative set of structure-

directing contacts, such as CN···S,21-28 which are comparable with or superior to the *-* 

dimerization process.  One set of intermolecular interactions which has attracted recent interest is 

the halogen bond8 in which there is polarization of the electron density around the halogen, 

typically manifested in a depletion of charge opposite the C-X bond and a build-up of electron 

density perpendicular to it. This leads to a directional C-X···D interaction to an electron-rich donor 

(D) in which some degree of charge-transfer of the lp(D)→*(C-X) type contributes to this 

interaction. Generally speaking the softer more polarizable halogens form stronger C-X···D 

interactions and we were intrigued to probe the structures of the derivatives p-XC6F4CNSSN  (X 
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= Br, I), particularly since p-BrC6F4CNSSN was previously identified to not only be monomeric36 

but also exhibits a C-Br···N halogen bond contacts to the DTDA N atom.

Polymorphs of p-BrC6F4CNSSN (1): The -phase of p-BrC6F4CNSSN (1) was reported in 

1999 and was prepared by high temperature gradient sublimation along a glass tube (120 oC, 10-1 

torr).35 The current studies probed other sublimation conditions: Vacuum sublimation of p-

BrC6F4CNSSN using a bath temperature of +50 oC and cold finger temperature of −2 °C yielded 

a mixture of 1β alongside the known polymorph 1 (the major product based on PXRD studies, 

SUP-4). Further attempts to adjust the sublimation conditions to obtain pure 1β were undertaken, 

but when the bath temperature was raised to 75 °C and cold finger temperature was maintained at 

−2 °C and left for 18 hours, crystals of 1 were isolated which could not be readily distinguished 

visually from crystals of 1β except for being slightly darker in color. Variable temperature PXRD 

studies on 1 (predominantly 1) (25 to 75 oC) showed no evidence for a phase transformation 

across this temperature range (SUP-4).

The -phase of p-BrC6F4CNSSN (1) has been reported previously and is included here merely 

for comparison with the structures of 1, 1 and 2. The structure of 1 adopts the orthorhombic 

space group Aba2 with one molecule in the asymmetric unit. Unlike most DTDA radicals there is 

no  dimerization evident for this phase. The twist angle between aryl and DTDA ring planes 

is large (51.77o). The heterocyclic ring N atoms are involved in two sets of sigma-hole type 

interactions. The first of these is an established N···Br-C halogen bond8 in which the C-Br···N 

angle and Br···N contact distance (162.8(4)o, 3.139(9) Å) are directly comparable with other C-

Br···N contacts reported in the literature (mean 160.8o and 3.19 Å, see SUP-1). The second 
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Figure 2: Packing of 2 highlighting N···I contacts (purple) and N···S contacts (black). The 
isomorphous bromo derivative 1 adopts the same packing motif.

involves an S-S···N interaction (S···N at 3.17(1) Å, S-S···N at 160.2o) Such interactions have been 

recognized as structure-directing synthons in DTDA chemistry (SN-III, Fig. 1).21-28 This can be 

considered as comparable to a halogen bond, involving charge transfer from the N lone pair to the 

S-S * orbital (vide infra). The structure of 1 is isomorphous with the iodo derivative 2 (Fig 2). 

A search of the CSD for interactions between N atoms and a disulfide bond identifies two distinct 

categories of such S-S···N interactions which are clearly defined by their angular dependence 

(SUP-2), comprising a grouping around a mean of 162o (mean deviation ± 9o, such as SN-II and 

SN-III, Fig. 1) and a second group around a mean of 85o (mean deviation ± 13o, such as SN-IV, 

Fig. 1).

The β-phase of p-BrC6F4CNSSN crystallises in the monoclinic P21/n space group with three 

molecules in the asymmetric unit (Zʹ = 3) (Fig. 3). These comprise a cis-oid (p-BrC6F4CNSSN)2 

dimer and a monomeric p-BrC6F4CNSSN radical as the structural building blocks.  Within the 

dimer the angles formed between the DTDA and perfluoroaryl rings are 35.34 and 25.66o 
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respectively, while the angle between DTDA and perfluoroaryl planes in the monomer is 39.0o. 

The intra-dimer S···S contacts are unexceptional for such cis-oid multi-centre bonding interactions 

at 3.060(1) and 3.098(1) Å. Cis-oid dimers are linked through a combination of C-Br···N halogen 

bonds and SN-II-type19 (Fig. 1)  S···N interactions. Both these C-Br···N and S···N contacts are 

less than the sum of the van der Waals radii [Br3···N31 and Br2···N21 at 3.376(2) and 3.228(2) 

Å and C24—Br2···N21 = 163.5° and C34—Br3···N31 = 156.8°; S22···N32 at 3.353(2) Å and 

N22···S32 at 3.216(2) Å with S-S···N angles of 165.32(5) and 170.59(5)o respectively]. These 

two sets of interactions propagate through the lattice to generate a honeycomb-like motif (Fig. 3). 

The third crystallographically independent molecule of 1 is linked to these dimers through an SN-I 

type interaction [3.084(2) and 3.212(2) Å for N11···S21 and N11···S22 respectively] and a 

corresponding pair of S···S contacts [3.566(1) and 3.3321(9) Å for S11···S31 and S11···S32 

respectively] (Fig. 4a). Pairs of monomeric radicals are located about an inversion centre which 

are supported through dipole-dipole interactions with closest contacts (black) being C14···S12 at 

3.470(3) Å and C15···N12 at 3.243(4) Å (Fig. 4b).
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Figure 3: Crystal structure of 1 with crystallographically independent molecules color-coded. 
The three molecules in the asymmetric unit comprise a -dimer (red and blue) and a monomer 
(green). Dotted lines correspond to intermolecular contacts less than the sum of the van der waals 
radii.

          

Figure 4: Intermolecular interactions in 1: (left) interaction between the monomeric molecule of 
1 (colored) and the  dimers (gray); (right) centrosymmetric interaction between monomers.
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The -phase of p-BrC6F4CNSSN (1) crystallises in the orthorhombic space group Pbca with two 

molecules in the asymmetric unit (Zʹ = 2). These two molecules form a cis-oid dimer similar to 

that found in 1β with S···S contacts of 2.993(1) and 3.133(1) Å. The twist angles between DTDA 

and the perfluoroaryl rings are 35.78 and 41.09o for molecules containing S11 and S21 

respectively. These dimers associate through a centrosymmetric pair of S-S···N contacts at 

3.135(3) and 3.240(3) Å (corresponding angles are 162.78(6) and 171.52(7)o) to form a tetrameric 

building block (Fig. 5). These tetramers are linked via additional close S···N contacts (3.249(3) 

Å, 156.99(7)o), although the slightly smaller angle suggests this interaction is compromised in 

order to accommodate other packing forces. Notably the C-Br···N interactions present in both 1 

and 1 are entirely absent in 1. Instead one molecule forms a pair of F···S contacts (F15···S21 

and F15···S22 at 3.238(2) and 3.152(2) Å)  and a close Br···S contact (Br14···S12 at 3.531(1) Å, 

C-Br···S angle of 111.3(1)°) to a neighboring dimer (Fig. 5).
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Figure 5: (top) The centrosymmetric ‘dimer of dimers’ motif of 1 with additional S···N contacts 
to neighboring dimers (gray) highlighted; (bottom) supramolecular chain motif in 1 linked 
through pairs of S···F and S···Br contacts.

Crystal structure of 2: The structure of 2 is isomorphous with 1. Given the isomorphous nature 

of 1 and 2, several sublimations of 2 were attempted with cold finger temperatures of −10 °C, −2 

°C, and +6 °C (cold tap water) and oil bath temperatures of 70 °C. We expected that sub-zero cold 

finger temperatures (conditions which favored formation of 1β or 1) would favor partially or fully 

dimerized structures isomorphous to 1β or 1 but only a single phase has been isolated to date 

across a variety of sublimation conditions. Notably in both 1 and 1 the structure-directing C-

Br···N interaction is compromised to form other contacts. The lack of polymorphism in p-

IC6F4CNSSN may be due to the enhanced strength of the C-I···N σ-hole interaction,8 stabilizing 

the α-phase relative to other possible phases. Within 2 the torsion angle between DTDA and 

perfluoroaryl rings is 56.74o (cf. 51.77o for 1). The chain-forming C-I···N interaction has dI···N = 

3.121(7) Å and C-I···N angle of 164.3(2)o (Fig. 2), in good agreement with other C-I···N contacts 

(3.01(22) Å, 168(17)o SUP-3).  The analogous S···N interaction to that in 1 has an S···N distance 

of 3.254(7) and S- S···N angle of 158.1(2)o which is a little longer and exhibits a slightly more 
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acute angle than observed in 1 (S···N at 3.17(1) Å, S-S···N at 160.2o), consistent with the slightly 

stronger structure-directing nature of this C-I···N interaction. Variable temperature PXRD (SUP-

4) confirmed phase purity and the absence of other structural phases.

Structural Analysis: In order to probe polymorphism in 1 (and its absence in 2) we undertook a 

series of computational studies. We implemented a combination of the dispersion-corrected 

unrestricted M06-2X-D3 functional for all calculations and a triple-zeta quality basis set 

(LACV3P*) which have been shown to provide good estimates of the strength of intermolecular 

forces such as halogen-bonding.54  while the similar M06-D3 functional has provided reasonable 

geometries and enthalpies of dimerization in DTDA and DSDA radicals.55 

Single point calculations on each of the crystallographically independent molecules in 1, 1 

and 1 were determined. These revealed that all the molecules of  are, within 2 kJ mol-1, 

energetically equivalent (see ESI). This is consistent with the reported energy dependence for 2',6'-

difluoroaryl DTDA radicals which reveal a shallow potential well with a minimum torsion angle 

between rings near 50o with a range of twist angles from 20 – 90o falling within 5 kJ mol-1.56 In 

order to evaluate the strength of intermolecular forces in the different polymorphs of 1, all nearest 

neighbor contacts with one or more intermolecular contacts less than the sum of the van der Waals 

radii were considered. Van der Waals forces reflect interactions which are short range in nature 

exhibiting a 1/r6 dependence57 but contacts beyond the sum of the van der Waals radii can be 

significant and are particularly relevant for electrostatic contributions to bonding where a 1/r 

dependence is expected.57 We therefore implemented the UNI force field model58,59 within 

Mercury to check for additional significant contacts (> 5 kJ mol-1) beyond the sum of the van der 

Waals radii. Taking 1 as an example (with Z' = 1), a total of 10 nearest neighbor contacts 

representing 5 distinct intermolecular interactions less than the sum of the van der Waals radii 
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were identified and a further three interactions beyond the sum of the van der Waals radii with 

energies greater than 5 kJ mol-1 based on the UNI force field were additionally computed (Fig. 6). 

A corresponding analysis was undertaken for 1, 1 and 2 (see ESI).

  
DFT -15.9(-2.7) -25.9(-4.2) -7.6(-1.8)
UNI -15.8 -19.5 -7.4

  
DFT -8.5(-1.3) -18.4(-4.2)
UNI -6.9 -27.0

DFT -9.3(-2.2) -26.0(-3.9) -4.5(-1.0)
UNI -18.8 -34.0 -5.1

Figure 6: Intermolecular contacts in 1 with contacts less than the sum of the van der Waals radii 
marked as dotted lines. The computed energies from DFT (UMO6-2X-D3/LACV3P*) and force 
field calculations (UNI) are presented below in kJ mol-1. For the DFT calculations the contribution 
from dispersion is given in parentheses.
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To evaluate the accuracy of the UNI force field to compute intermolecular potentials in DTDA 

radicals, 1SCF calculations (UMO6-2X-D3/LACV3P*) were computed as unrestricted triplets 

based on the crystallographic geometry of each radical pair. While the presence of magnetic 

exchange between nearest neighbors may mean that the triplet configuration may not be the ground 

state, the energy difference between open shell singlet (broken symmetry singlet) and triplet 

configurations is small when compared to the strength of these intermolecular interactions 

(typically less than 100 cm-1 and 1 kJ mol-1 = 84 cm-1)60,61  and the triplet configurations typically 

converge more smoothly. The exception is the pancake bonding interactions observed in  

dimers which were computed as unrestricted singlet configurations.55 The energy of each 

interaction was determined by E = Edimer – (Erad1 + Erad2) where Edimer is the open shell triplet and 

Erad1 and Erad2 are the energies of the two monomers. For cases with Z' = 1 (1 and 2) then Erad1 = 

Erad2 but for 1 (Z' = 3) and 1 (Z' = 2) this was not generally the case. 

While there is a clear positive correlation (R2 = 0.67 based on 50 interactions considered in the 

three polymorphs of 1 and 2, see ESI) between the intermolecular potentials computed through the 

UNI force-field and the DFT analysis, divergence between these values was not uncommon. In 

addition, several of the contacts which fall beyond the sum of the van der Waals radii are 

energetically significant based on both DFT and force-field approaches. This is particularly 

apparent for the  close contacts between DTDA rings in 1 (Fig. 6 UNI-18.8 and UNI-34.0).

The latter is perhaps unsurprising since the default parameters for determining van der Waals 

contacts are based on spherical van der Waals radii whereas analysis of crystal data has shown that 

elliptical radii are more appropriate, especially for heavier main group elements such as sulfur, 

bromine and iodine.62 For these heavier elements contacts close to the molecular plane (minor 

radii) are typically shorter than those perpendicular (major van der Waals radii). In these two 
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radical pairs cited here (UNI-18.8 and UNI-34.0), the closest S…S contacts are 3.675 and 3.865 

Å which both fall formally beyond the sum of the spherical van der Waals radii of sulfur (3.48 Å) 

but well within the sum of the major van der Waals radii for sulfur (4.06 Å). In this context 

consideration of close contacts might better be considered using ca. 1.16 times the spherical van 

der Waals radii for these heavier heteroatoms.  

We also examined the stronger intermolecular interactions where structure-directing C-X…N and 

SN interactions appeared potentially significant. Here deviation between the UNI force field and 

DFT calculations were often disparate with DFT providing much larger interaction energies than 

the UNI force field model in the majority of cases (Table 2). The UNI force field approach is based 

on an atom-atom approach using an “exp-6” potential energy to optimize intermolecular 

interactions based on the distance between atoms.58,59 This approach neglects electrostatic 

interactions (which may be significant in systems with strongly polar bonds which exhibit large 

partial positive and negative charges), covalent/charge-transfer interactions and dipole-dipole 

interactions. For strong halogen bonds there is a significant contribution from charge-transfer 

interactions and we implemented a natural bond order (NBO) analysis63 to provide insight into 

individual contributions to the total interaction energy. A second order perturbation analysis of the 

Natural Bond Order calculations to not only probe the total strength of charge transfer interactions 

between molecules, but also to extract information on the relative contributions of C-X…N (X = 

Br, I) and SN interactions to the total interaction energy. The sum of the UNI plus charge-transfer 

interactions gave a much better correlation. Across the 50 interactions studies the R2 value between 

DFT and UNI approaches was 0.67 but the selected 10 contacts highlighted in Table 2, where C-

X….N and S…N contacts play an important role, exhibit an R2 value of just 0.21 with a gradient 

of 0.53 suggesting (a) the UNI force field is relatively poor at analyzing these interactions and (b), 
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on average, under-estimates these interactions. significantly. A comparison of UNI+NBO-based 

CT interactions with DFT while still imperfect offered a much improved correlation (R2 = 0.56) 

and a gradient of 0.88 suggesting the contribution from charge-transfer to these interactions is 

significant and provides much more reasonable estimates of the interaction energy.

 

Table 2: Energies of intermolecular interactions corresponding to C-X…N and S-S…N 
interactions in the structures of 1 and 2. The interaction is denoted by the UNI code (reflecting the 
energy of the interaction based on the UNI force field potential) and reflect contacts depicted in 
Figure 6 (1) and Figures S9 – S11(ESI). The total energy of the interaction based on the 
unrestricted MO6-2X-D3/LACV3P* calculations is presented, alongside the total contribution to 
the charge-transfer (CT) interaction derived from an NBO analysis. The final two columns 
represent the dominant contribution to this CT energy and its energy. All energies quoted in 
kJ/mol.  
______________________________________________________________________________
Compound Interaction DFT  NBO CT energy Dominant contribution Energy

1 UNI -15.8 -15.9 -7.1 N(lp) to Br-C(*) -3.5
UNI-19.5      -25.9 -6.1 N(lp) to S-S (*) [SN-III] -2.6

1 UNI-10.4 -16.0 -6.7 N(lp) to Br-C(*) -2.0
UNI-10.6 -15.5 -4.9 N(lp) to Br-C(*) -1.2
UNI-12.7      -33.8 -13.2 N(lp) to S-N (*) [SN-I] -4.9
UNI-13.4      -27.4 -8.5 N(lp) to S-S (*) [SN-II] -4.4

1 UNI-29.4      -33.8 -6.7 N(lp) to S-S (*) [SN-III] -1.9
UNI-12.0      -29.8 -14.3 N(lp) to S-S (*) [SN-II] -5.7

2 UNI-21.3 -26.5 -11.4 N(lp) to I-C(*) -7.2
UNI-21.4 -25.1 -5.5 N(lp) to S-S (*) [SN-III] -2.1

These NBO analyses also indicate that there is a significant -hole type interaction associated with 

the S…N contacts in addition to an electrostatic contribution. The breakdown of the total 

intermolecular charge-transfer energy into individual components allows the major contribution 

to each interaction to be determined (Table 2) and permits a comparison of the relative strengths 

of intermolecular S…N interactions (Fig. 1) with halogen bonds (Table 2). These reveal the 

charge-transfer contributions to these intermolecular interactions are C-I…N > SN-I > SN-II > C-

Br…N > SN-III. The charge-transfer contribution to SN-II is approximately twice that observed 
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in SN-III due to the presence of two N lone pair to S-S * charge-transfer interactions in SN-II vs 

one similar interaction in SN-III. Overall, these observations reflect the strongly structure-directing 

nature of the C-I…N interaction in 2 while the more comparable energies of C-Br…N and S…N 

interactions are consistent with the prevalence for polymorphism in 1. The computed dimerization 

energies for dimers in 1 and 1  were computed as open shell singlets and found to be -21.6 and -

11.7 kJ mol-1. These interactions are weaker than those typically observed in solution (~-35 kJ 

mol-1)31-33 but comparable with those estimated from SQUID or EPR data in the solid state (singlet-

triplet energy of 7 – 18 kJ mol-1 ).16,24,37 

The behavior of 1 is unusual in that its structure comprises a mixture of both monomeric and 

dimeric DTDA radicals, intermediate in nature between monomeric 1 and dimeric 1. Other 

examples where a mixture of monomers and dimers are observed include 2’,6’-F2C6H3CNSSN,56,64 

2-ClC6H4CNSSN37 , the sterically demanding 2’,4’,6’-(F3C)3C6H2CNSSN derivative65 and the 

2,2’-biphenyl-4,4-bis(dithiadiazolyl radical).66 In addition a number of radicals have been shown 

to undergo dynamic behavior in the solid state revealing progressive breakdown of the 

dimerization process. These include p-EtOC6F4CNSSN,18 2-Cl-5-X-C6H3CNSSN (X = Cl, I),16 a 

biphenyl derivative,67 a metallo-complex of a DTDA radical68 and a recent benzimidazole 

derivative which exhibits an abrupt phase transition with thermal hysteresis.15 The thermally-

induced dynamic behavior is reminiscent of behavior observed in many -stacked dithiazolyl 

radicals.69-76

DFT and Magnetic Studies: The magnetism of 1 has been reported previously but with a total 

magnetic susceptibility reflecting just ca. 70% of the  paramagnetism expected for an S = ½ 

paramagnet.35 PXRD studies reveal that monomeric  crystallizes concomitantly with 1 under 

a range of conditions employed (SUP-4). Since 1 comprises a mixture of  dimers (which 
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are essentially diamagnetic) and monomers the original 70% S = ½ paramagnetism corresponds to 

ca 55% 1 and 45%1. The presence of 1 therefore rationalizes the anomalously low 

susceptibility previously reported for 1. Unfortunately, since 1 forms as a concomitant mix with 

1 we have been unable to perform susceptibility studies on either pure 1 or pure 1. 

Nevertheless to gain some insight into the potential magnetism of 1 close contacts between 

radical monomers were computed at the UB3LYP/6-311G* level of theory with a TZVP basis set 

used for Br atoms. The UB3LYP/6-311G* is known to reproduce well the sign and magnitude of 

the exchange couplings (J) in other DTDA radicals such as p-NCC6F4CNSSN and p-

O2NC6F4CNSSN.60,61,77 The magnetic exchange interaction between two neighboring spins is 

defined by the spin Hamiltonian H = -2JS1·S2, where J is calculated from the energy, E, and 

expectation value, <S2>, of the triplet (T) and broken symmetry singlet (BSS) using the approach 

of Yamaguchi:78

Eqn. 3𝐽 =
―(𝐸𝑇 ― 𝐸𝐵𝑆𝑆)

< 𝑆2 > 𝑇 ― < 𝑆2 > 𝐵𝑆𝑆

For 1 the network of close contacts between monomers generate a spin-ladder motif comprising 

three crystallographically distinct close contacts. The rail exchange (J||) is less than the accuracy 

of the computations (0.1 cm-1) and can be considered negligible. The remaining two exchange 

couplings comprise a ferromagnetic interaction Ja (+3.7 cm-1) which is an order of magnitude 

greater than Jb
 (-0.2 cm-1) (Fig. 7). The system is expected to behave as a very weakly 

ferromagnetically coupled dimer. 
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Figure 7: The spin ladder topology within the channels of 1β

The structures of 1 is dimeric and such  dimers are well established to have singlet ground 

state configurations below ca. 250 K with the onset of weak paramagnetism arising from the 

presence of a thermally excited spin triplet on approaching room temperature.16,24,30,37 In this 

context variable temperature magnetic studies were not undertaken on 1.

The structure of 2 comprises purely monomers with several close contacts between heterocycles 

and is isomorphous with previously reported 1 However, since 2 appears devoid of polymorphs 

it appears as an excellent candidate to probe the magnetism of this structural topology. A 

polycrystalline sample of 2 (31 mg) was measured on a dc SQUID magnetometer in magnetic 

fields between 100 and 50000 Oe and temperatures from 1.8 – 300 K.  Data were corrected for 

diamagnetism of the sample and the sample holder. In the high temperature regime (T > 50 K) the 

sample follows Curie-Weiss behavior (C = 0.376(2) emu·K·mol-1 and θ = -38.3(8) K, SUP-5). The 

Curie constant, C, is close to that expected for a simple S = ½ paramagnet with g = 2.005 (C = 

0.376 emu·K·mol-1), while the negative Weiss constant is consistent with net antiferromagnetic 
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interactions between spins. The temperature dependence of χT shows a room temperature value of 

χT (0.340 emu·K·mol-1) which decreases slowly down to ca. 70 K and then decreases more rapidly 

to ~ 0 emu·K·mol-1 as T approaches zero Kelvin, consistent with short-range antiferromagnetic 

interactions (Fig. 8). The temperature dependence of χ is more informative, showing the initial 

increase in χ expected for an S = ½ paramagnet (χ  T-1), followed by passing through a broad 

maximum in χ at 20 K diagnostic of short range (low dimensional) antiferromagnetic ordering 

(Fig. 8). At low temperature (< 3.8 K) there is a small increase in χ consistent with a small 

contribution from S = ½ lattice defects. 

Figure 8: Temperature dependence of mT with (inset) temperature dependence of m for 2 [The 

dashed line is merely a guide to the eye].
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In order to identify an appropriate magnetic model, single point DFT calculations on 2 were made 

using the B3LYP method and 6-31G* or 6-311G* basis sets for the light atoms and an LAV3P+ 

effective core potential for iodine. This approach showed good convergence between basis sets for 

both J1 and J3 which were antiferromagnetic. While more variation in the value of J2 was observed, 

both levels of theory predicted J2 to be ferromagnetic, consistent with the signs and magnitudes of 

J1, J2 and J3 previously computed for isomorphous 1.60.61 An analysis of the exchange coupling 

pathways revealed a complex two-dimensional exchange pathway (Fig. 9). The dominant 

exchange pathway, J1, is a factor of 2 – 3 larger than J2 and J3 at the B3LYP/6-31G*/LAV3P* 

level of theory. Initial attempts to model the system as a simple dimer model using the Bleaney-

Bowers expression79 required large mean field terms , comparable to |Jintra/k|, to provide a 

satisfactory fit to the data. This is unsurprising as such mean field approximations tend to only 

hold well when the interdimer interactions are a magnitude smaller than Jintra. We also investigated 

a one-dimensional alternating chain model79 but again a large mean field constant was required,  
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Figure 9: (top left) exchange pathways between radicals in both 1 and 2; (top right) computed 
exchange couplings for 1 and 2; (bottom) nature of the close contacts associated with J1, J2 and 
J3 (from left to right respectively).

reflecting a more complex magnetic system (see SUP-5). Since the magnitudes of the computed 

exchange couplings (Fig 9) are similar for all three communication pathways it is not possible to 

approximate this system to a simpler model. In this context we resort to the mean field model 

where the macroscopic Weiss constant is related to the individual exchange constants according 

to:79

 = Eqn. 4
―2∑𝐽𝑖 𝑆(𝑆 + 1)

3𝑘

which comprises a sum over all nearest neighbor exchange couplings. In this case this comprises 

J1, J2 and two symmetry equivalent J3 interactions (Fig. 9) and at the B3LYP/6-31G* level of 

theory with LACVP+ basis set for iodine,  = -25 K, comparable with the experimental Weiss 

constant ( = -38 K).

DISCUSSION

The computed C-I…N -hole interaction (-26.5 kJ mol-1) for 2 is in good agreement with previous 

studies have indicated that the C-I···N interaction energy in 4,4ʹ-dipyridyl/1,4-di-

iodotetrafluorobenzene, a prototypical sp2 nitrogen -hole interaction, is ca. 24 kJ/mol.8,80 The 

corresponding C-Br…N interactions in 1 average around -15.8 kJ mol-1 , again corresponding well 

to the weaker nature of this interaction in relation to the C-I…N halogen bond. The computed 

 dimerization energies in  and  (-21.6 and -11.7 kJ mol-1) are also in good agreement with 

experimental estimates of dimerization based on solid state magnetic measurements and EPR data 

(singlet-triplet energy gap of 7 – 18 kJ mol-1 ).16,24,37 The nature of the intermolecular S…N 

contacts between DTDA radicals has been described as having an important electrostatic 

Page 27 of 36

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



28

contribution.48 The current studies reveal that there is also an significant contribution arising from 

charge transfer which can be considered as a sigma-hole interaction associated with nitrogen lone 

pair donation into S-S * (SN-II, SN-III) or S-N * orbitals (SN-I). These interactions are 

energetically comparable with the more established halogen bonds. In this context a search of the 

CSD for C-Br…N, C-I…N and S-S…N interactions proved instructive. The strongest C-I…N 

interaction exhibits a strong angular and distance dependence of the interaction with a maximum 

in the distribution of C-I…N distances at 2.8 Å (SUP-3). Conversely while both C-Br…N and S-

S…N exhibit a strong angular dependence (SUP-1 and SUP-2) there is no clear maximum in the 

intermolecular contact, indicative of a weaker interaction. Competition between these two 

comparable sets of intermolecular forces is likely the origin of the polymorphism in 1. 

 

CONCLUSIONS

A total of three polymorphs of radical 1 were isolated, comprising a pair of concomitant 

polymorphs (1 and 1) plus a third polymorph (1) which can be isolated at elevated 

temperatures. A study of the different polymorphs of 1 was undertaken using a combination of the 

UNI force-field model and DFT calculations of the intermolecular interactions. These reveal that 

caution should be applied when reviewing intermolecular contacts in terms of van der Waals radii.  

Some close contacts between molecules do not contribute significantly to the intermolecular forces 

whereas some contacts beyond the sum of the van der waals radii are significant. In part this arises 

from the anisotropy in the van der Waals radius for heavier p-block elements. While there was a 

general qualitative agreement between the two methods, quantitative analysis of these interactions 

revealed significant deviations particularly for robust structure-directing interactions in which 

covalency/charge transfer is neglected in the UNI model. DFT coupled with a second order NBO 
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analysis reveal the presence of robust sigma-hole interactions (i.e. lp → *) in both C-Br…N and 

S…N interactions. For the iodo derivative 2, the C-I…N interaction is computed to be more robust 

than the corresponding C-Br…N interaction and a single phase of 2 was identified (isomorphous 

with 1) under a range of sublimation conditions, suggesting this packing motif optimizes this 

dominant intermolecular interaction. In 1 the C-Br…N and S…N interactions are comparable and 

there is competition between alternative packing motifs. 
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