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A series of diradical containing salts C,F2(CNSSS),**2*(AsFs ), { X = 2, 1[AsF)o; x = 3, 3[AsFe]2; X = 4, 2[AsFg],}
have been prepared. 1[AsF¢, and 2[AsFg], were fully characterized by X-ray, variable-temperature magnetic
susceptibility, and solid-state EPR measurements, further allowing us to extend the number of examples of the
family of rare 7or RCNSSS** radical cations. 1[AsFel: a = 6.5314(7) A, b = 7.5658(9) A, ¢ = 9.6048(11) A, a
= 100.962(2)°, 5 = 96.885(2)°, y = 107.436(2)°, triclinic, space group P1, Z =1, T= 173 K. 2[AsFe]: a =
10.6398(16) A, b = 7.9680(11) A, ¢ = 12.7468(19) A, B = 99.758(2)°, monaclinic, space group P2i/c, Z=2, T
= 173 K. In the solid-state, CyF»,(CNSSS),"** (x = 2, 4) formed one-dimensional polymeric chains of dications
containing discrete centrosymmetric radical pairs in which radicals were linked by four centered two-electron s*—
a* bonds [1%*, d(S++-S) = 3.455(1) A; 22*, d(S--+S) = 3.306(2) A]. The exchange interactions in these bonds
were determined to be —500 + 30 and —900 + 90 cm™, by variable temperature magnetic susceptibility
measurements, respectively, providing rare experimental data on the singlet—triplet gaps in the field of thiazyl
radicals. For 2[AsFg],, the thermally excited triplet state was unambiguously characterized by EPR techniques [| D)
= 0.0254(8) cm™%, |E| = 0.0013(8) cm™1]. These experimental data implied a weakly associated nature of the
radical moieties contained in the solids 1[AsFg], and 2[AsFg],. Computational analysis of the dimerization process
is presented, and we show that the 2c 4 electron s*—sr* bonds in 1[AsFe], and 2[AsF¢], have ca. 50% and 40%
diradical character, respectively. In contrast, 3[AsFe],*SO,, containing diradical CsFs(CNSSS),"?* with an odd number
of CF, spacers, showed magnetic behavior that was consistent with the presence of monomeric radical centers in
the solid state.

1. Introduction between thiazyl radical centers, a necessary requirement for
cooperative phenomena, propagates via polar-8N°-
€ontacts, as well as other electrostatic arte-z* interac-
tions. The magnitude of these close interactions, expressed
in magnetochemical terms, can vary from very wegd|(

< 1cnm?) to very strong |2J] > 1000 cn1?), depending on

the solid-state structufé.In the latter situation, radical

Over the past 30 years it has been shown that the stabl
7 thiazyl radicals exhibit interesting and unprecedented
physical properties in the solid state, that is, conductivity,
ferromagnetism, and bistability> Enhanced communication
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Solids Containing GF,(CNSSS)~2*+ Diradicals

dimerization has occurred with a strong overlap of the
respective SOMOs via* —s* interactions? Recently, we
succeeded in determining the singtétiplet gap (intramo-
lecular exchange interactiond)2 which is proportional to
the intrinsic dimerization energy, of the related thiazyl radical
cationic pair, [CICNSSS}, using the very sensitive EPR
technique, and obtained 2s—19004 200 cnt!.82 Despite
such a large singlettriplet splitting, the triplet excited-state
was sufficiently populated at room temperature (RT) to be
observable by solid-state EPR.

It is noteworthy that the RCNSSSradical cations belong
to a novel class of thiazyl radicals that are predominantly
paramagnetic in the solid state and exhibit a wide range of
magnetic exchange interactions. For instanc8SSNC-
CNSSS' (ShyF117)2° and RCCNSSS AsFs~ 82 contain very
weakly interacting radical cations with interradical exchange,
2J values of approximately-5 and—4 cn1%, respectively.

On the other hand, the magnitude of magnetic exchange is

one order larger in RCNSS®sk— (R = Cl;C, 21 = —68
cm ™t R= FsCy, 2= —42 cnT B and™SSSNG-CNSSS'-
(MFg), (M = As, 21 = —60 cnTl; M = Sh, 2 = —63
cm1).%¢ In another limiting case, the magnetic coupling is
very strong reaching-1900 cnt! in [CICNSSS}?" dimers®2
These results imply that a minor modification of the

(4) Determination of the small dimerization energies in sulfur nitrogen
radicals is nontrivial. In solution, the dimerization energies include
solvation energies of the respective monomer and dimer which may
not cancel each other out. By variable-temperature EPR, values from
0 kJ mol* for F;CCSNSCCE (ref 5a) to—19 kJ mot ! for PhCNSNS
(ref 6a) and—35 kJ mot! for PhCNSSN (ref 6b) have been

determined in solution. Gas-phase calculated values can be obtained,

but often the dimer is not completely isolated in the solid state but is
further stabilized by interdimer interactions, for examplegH&SNSh

(ref 7a) and ECCSNSCCE, which seems not to exist as a dimer
(calculations) but is stabilized as a tetramer in the solid state (ref 5b).
A full determination of thermodynamic properties giving entropies
and enthalpies of fusion, vaporization, and sublimation have been
obtained in some cases and imply very small dimerization energies,
for example, for GCCSNSCCE (ref 5b) and RCNSSN(R = CHj,

ref 7b; Ph, ref 6bt-Bu, ref 7c).
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substituent group in the RCNSSSing systems leads to
significant changes in the magnitude of magnetic exchange
interaction (e.g., from-5 to —1900 cn1! for R = F3C and

Cl, respectively).

To further explore the relationship between magnetic
properties, the extent of magnetic coupling, and the overall
structure, we have prepared and characterized diradical salts
of the general formula*SSSNC-[spacer}-CNSSS'. The
other examples of diradicals containing tw&€NSSS' rings
are the Askg salts of "SSSNC(Z)CNSSS (Z = CO,
CCl), Y as well as Mg~ (M = As, Sh) and Sp;~ salts of
the planar*SSSNG-CNSSS'.° The latter dication does not
adopt the expected closed-shell Lewis structure but rather
contains a ©C single bond and two unpaired electrons,
which are only very weakly interacting. Salts 08§SSNC-
CNSSS' are the only examples, other than dioxygen, of
nonsterically hindered main group diradicals that are para-
magnetic in the solid state.

The incorporation of spacers between two radical moieties
in T*SSSNC-[spacer}-CNSSS* inhibits intramolecular
coupling and thus allows us to focus exclusively on
intermolecular interaction between radical centers in the solid
state, enabling us to trace structural and magnetic property
changes as a function of spacer size. Specifically, we targeted
the Ask™ salts of polyfluorinated diradicals, namely,
T(SSSNC)GF4CNSSS)" (121), ™(SSSNC)GF(CNSSS)"
(22%), and™*(SSSNC)GFs(CNSSSY" (3?") (Chart 1). It was
observed that the derivatives with an even number of carbon
atoms (>" and2?") associated into radical pairs with large
exchange interactions, while magnetic measurements indi-
cated thaB?" was paramagnetic because of its much weaker
magnetic coupling between radical centers. Herein, we
provide a full account on the X-ray structures, solid-state
EPR, and magnetic properties JAsFg], and2[AsFg], and
the magnetic data fa3[AsFg]2*SO..

2. Experimental Section

2.1. Materials. NCC,F,CN, NCGFsCN, and HC,O0OCGFs-
COOGHs were obtained from SynQuest and were used as received.
The mixture of $(AsFs), and $(AsFs), (1:1 ratio) was prepared
by condensing Asfand traces of Bronto § (vacuum-dried) in
the appropriate mole ratio in liquid SCas previously described?

SO, (Liquid Air, 99.9998%) was distilled onto Catand stored
for at least 24 h prior to use.

(10) Cameron, T. S.; Knapp, C.; Parsons, S.; Passmore, J.; Rivard, E.;
Shuvaev, K. V.; Thompson, L. K.; Thompson, R. C. Unpublished
work.
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2.2. General ProceduresAll reactions were performed in two- Single-point energy calculations of the broken-symniétsiate
bulb, two-valve Pyrex vessels incorporating 25 mL bulbs, using of dimers were carried out at the MPW1PW91/6-31G* level of
techniques that that allow manipulation of volatile materials theory (keywordguess=-mix), with normal self-consistent field
quantitatively in a closed system, as described previodg§olid calculation criteria. Single-point energy calculations of the singlet
reagents and crystals were manipulated and handled MBraun Unilabtriplet gaps for isolated moleculéd*—3?+ were performed on the
1200/700 drybox. FT-IR spectra of Nujol mulls between KBr disks same level but with tight self-consistent field calculation criteria
were recorded on a Thermo Nicolet FT-IR 470 spectrometer (32 and fine integration grids.
scans, resolution 2.0 cr¥). The X-band EPR spectra were recorded
using a Bruker ESP300E spectrometer with microwave bridges in
conjunction with Bruker dielectric resonator ER 4118 SPT-NI. The
temperature was varied in the range from 340 to 56t K) by
an Oxford instrument autotuning temperature controller. The EPR
powder spectra were analyzed using the Bruker programs WINEPR
to extract the basic spectral parameters and XSophe for simulation
and fitting of spectra with anisotrop@factors and dipolar coupling
tensor,D. Simulated separated doublet and triplet spectra were
added together using simple routine in MATLAB. The triplet state
is described by a dipolar coupling tensar, that can be param-
etrized in terms of two zero-field-splitting parameters (ZESand
E. The magnitude ofD| is a measure of the delocalization of the 278 W ¢z AsFs™), 535 vw, 504 mw, 450 w, 395 v'{ AsFs").
molecular orbitals involved in the triplet state and is inversely  2.4.2. Preparation of 2[Ask],. C4Fs(CN), (0.140 g, 5.55¢ 10°*
proportional to the cube of the distance between the unpaired mol) was condensed into one bulb of a two-bulb vessel and was
electrons. The magnitude of the second ZFS param@&ieis dissolved in 6.7 g of S@ The solution was transferred into the
attributed to the extent of distortion from axial symmetry and lies second bulb containing a 1.1 mixture of(8sFs). and S(AsFe)a,
in the range of G< 3|E|/|D| < 1, where the extremes represent the “SsAsFg” (0.292 g, 1.02x 102 mol). After 2 days, red-brown
axial (E| = 0) and rhombic limit (3€|/|D| = 1). crystals of sparingly soluble £5(CNSSS)(AsFs), were formed

Variable-temperature magnetic susceptibility data were obtained (0.345 g, 76% isolated yield). Elemental analysis feA&§F,0N,Ss,
using a Quantum Design MPMS5S SQUID magnetometer employ- found/calcd (%): C, 8.93/8.76; N, 3.25/3.41. IR (chh 1538 w,
ing a magnetic field of 1000 Oe (numerical data are given in Table 1230 vs, 1202 vs, 1178 s, 1138 vs, 965 mw, 854 m, 712 vs, 690 vs
S1 in the Supporting Information). The air-sensitive compounds (v3 AsFs™),1%0674 s 1 AsFs™), 652 ms, 626 s, 582 vw, 564 my(
were contained in polycarbonate capsules. The molar magneticAsFs~), 535 mw, 524 vw, 506 m, 449 vw, 397 v8,(AsFs™).
moments were obtained by subtraction of the diamagnetic contribu- 2 4.3, Preparation of NCGF¢CN. HsC;00CGFsCOOGHSs (10
tion of the capsules and sample holders, measured separately, fronyy 0.034 mol) was placed in a 250 mL three-neck round-bottom
the experimental data sets. Background corrections for underlying fiask and dissolved in 100 mL of dry £0. Ammonia was bubbled
diamagnetism (Pascal constants) were applied. through the solution with stirring. After 12 h, an insoluble white

Elemental analyses were obtained from Galbraith Laboratories, precipitate of HNOCGsFsCONH, was filtered off and dried under
Inc., Knoxville, Tennessee. vacuum for several hours yielding 6.5 g (80%) of the product. The

2.3. Computational Details.The molecular geometry optimiza-  gmide was thoroughly mixed with powderes(® (30 g, ~4 fold
tions, vibrational frequencies, and NBO charge calculatior:i?of excess) and placed in a 500 mL round-bottom flask. The system
8" were performed at the MPW1PW8zlevel of theory. Potential a5 attached to a vacuum line, evacuated, and heated at 150
energy scan calculations of radical pairs were performed with the 555 ¢ for 30 min, while the collection bulb, attached to another
CASSCR2>d method, employing the 6-31G* basis set, as imple- ong of the vacuum system, was held-870 °C. The collected
mented into Gaussian03W site of programrifes. dinitrile (0.95 g, 16%) was purified by multiple vacuum distillations
with a temperature gradient of 3@0 °C. The gas-phase IR
spectrum contained a strong band at 2260*tamd other stretches
consistent with gFs(CN), structure. No bands attributable te=C
O were observed. The dinitrile was used in the reaction immediately
because of slow polymerization at room temperature.

2.4.4. Preparation of 3[Ask],*SO,. CsFs(CN), (0.259 g, 1.28

All the calculated structures were visualized with ChemCift.

2.4. Syntheses. 2.4.1. Preparation of 1[Agh. CF4(CN),
(0.115 g, 7.57x 104 mol) was condensed into one bulb of a two-
bulb vessel and dissolved in 11.3 g of SOhe solution was
transferred into the second bulb containing a 1:1 mixture pf S
(AsFs)2 and $(AsFs)2, “SsAsks” (0.430 g, 1.51x 1072 mol). After
2 days, red-brown crystals of sparingly solublgF{CNSSS)-
(AsFs), were formed (0.393 g, 72% isolated yield). Elemental
analysis for GAs;F16N,Ss, found/calcd (%): C, 6.36/6.65; N, 3.59/
3.88. IR (cnTl): 1540 vw, 1204 s, 1190 s, 1058 ms, 1020 vw, 861
m, 769 ms, 699 vsigAsFs )12 678 s ¢4 AsFs~), 639 m, 585 w,

(11) (a) Gillespie, R. J.; Passmore, J.; Ummat, P. K.; Vaidya, On&g.
Chem 1971, 10, 1327. (b). Murchie, M. P.; Kapoor, R.; Passmore, J.;
Schatte, Glnorg. Synth.1996 31, 80.

(12) (a) Adamo, C.; Barone, \J. Chem. Physl998 108 664. (b) Werner,
H.-J.; Knowles, P. JJ. Chem. Physl1985 82, 5053. (c) Knowles, P.
J.; Werner, H.-JChem. Phys. Lett1985 115 259. (d) Busch, T;
Degli Esposti, A.; Werner, H.-Jl. Chem. Phys1991, 94, 6708.

(13) ,\F,lr'?h’c'\r/:ég;eggﬁksj GR' .V,\\/,i;oﬁtcgrgemg;; '_J' i'; i’rc P\Sfr}gsér? 'TE.';KFjg?nb’ x 1073 mol) was condensed into one bulb of a two-bulb vessel

K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, and dissolved in 15.7 g of SOThe solution was transferred into
X.; meﬂntucq_i, Ia.; %osdsi, I\Kl/I Sé:ﬁlman:\,/lG.:TRe@ga, E l;’:etlfrzsonéG- the second bulb containing a 1:1 mixture of(&sFs), and
., Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; “ " 3

Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, Se(AsFe)2, “SaAsFe ((_)'631 9, 2.22x 107° mol). After 3 days, a
H.: Klene, M.; Li, X.: Knox, J. E.; Hratchian, H. P.; Cross, J. B.; brown-orange solution was formed. The solvent was slowly
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. evaporated until red-brown crystals of sparingly solublgeC
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;

(14) (a) Noodleman, L.; Norman, J. G.Chem. Physl979 70, 4903. (b)
Noodleman, LJ. Chem. Physl981 74, 5737.
(15) (a) Zhurko, D. A.; Zhurko, G. AChemCraft 1.5Plimus: San Diego,

Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; and Pople, J.
A.; Gaussian O3revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.
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dination CompoundsWiley: New York, 1986. (c) Murchie, P. M,;
Passmore, J.; Sutherland, G. W.; Kapoor, JRChem. Soc., Dalton
Trans.1992 503.
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Figure 1. Dimers of dications ofl?>" (top) and2?* (bottom). Structural data are compiled in Table 1.

(CNSSS)(AsFs),-SO, precipitated, which then were washed a few Table 1. Experimental (X-ray) and Calculated (MEWlPW9l/6-3lG*)
times with a small amount of SQo afford 0.642 g of the product ~ Bond Distances (A) and Angles (deg) #" and2

(65% isolated yield). Elemental analysis foyAG,F1gN,S;0,, found/ 12+ 22+
calcd (%): C, 9.15/7.18; N, 4.28/3.35. IR (chr 1543 w, 1331 X-ray calcd X-ray caled
s (v3 SO),15¢ 1288 s, 1231 s, 1193 vs, 1176 vs, 1148 m, 1109 s,
1008 mw, 965 w, 933 w, 885 m, 856 m, 785 m, 751 vs, 703xs (1o P S ) S
AsFs"), 675 vs ¢1 AsFg7), 639 ms, 612 m, 582 w, 565 w{ N5—S4 1.607(4)  1.614  1640(4)  1.614
AsFs7), 539 w, 523 w, 508 mw, 478 vw, 394 vs,(AsFs"). S2-S3 2.019(2)  2.036  2.022(2)  2.036
EPR of dilute solutions ofl[AsFg],, 2[AsFg],, and 3[AsFe],* S3-54 20692) 2115 2.074(2) 2115
SO, gave one resonance line gt= 2.016(1), identical (within g%:glz igggg; igié i:gigg i:gzg
experimental error) to that of other RCNSS$8erivativesi~10 C2—F2 1.334(5) 1.334 1.337(4) 1.334
The actual IR spectra of compounds with tentative frequency C2-C2 1.558(6) 1.556
assignments are given in the Supporting Information. C2-C3 1.557(5) 1.557
2.5. X-ray Crystal Structure Determination. Crystal data for Ca-F3 1.327(5) 1.338
. . C3-F4 1.351(4) 1.344
1[AsSFg)2: CiASF16N,Ss, M = 722.26, crystal dlrrlensmns 0.40 Cc3-C3 1.536(6) 1.558
0.20 x 0.05 mn3, red plate, triclinic, space growgi, a = 6.5314- S2-F1 2.778(3) 2.745 2.819(3) 2.722
(7) A, b=7.5658(9) A,c=9.6048(11) Ao = 100.962(2), 8 =
96.885(2), y = 107.436(2), V = 436.56(9) &, T = 173 K, Z = e oo Tare evan ot
1, 2195 reflections collected, 1421 uniqug.{= 0.0176), R1= S2-S3-S4 97.05(7) 97.2 97.6(7) 97.1
0.0412, wR2= 0.1146 refined orfF2. Crystal data for2[AsFg]: gi—?\é—l\lsa 112(193((?) 1?25;-% 11(;}3-2((%1)) 192%98
CeASF0N»Ss, M = 822.28, crystal dimensions 0.25 0.075 x —INOT : : : :
0.01 mn3, red plate, monoclinic, space groBgy/c, a = 10.6398- C2-CI~NS 120.5(4) 120.8 118.9(4) 121.3
(16) A, b = 7.9680(11) A,c = 12.7468(19) Ao = 90°, p = F1-C2-C1-S2 15.4(5) 8.5 23.0(4) 9.2
99'758_(27’ y=90°, V= 1065'_0(3) R T=173K,Z=2,7120 aNumbering schemes are shown in Figure® Eor 22+, mean internal
reflections collected, 2392 uniqu& = 0.0386), R1= 0.0389, parameters of the two molecular halves are given.

WR2 = 0.0874 refined offr2. Preliminary crystal data were obtained ) )
for 3[AsFg]2*SOs: CsAs,F1N.S0,, M = 836.27, crystal dimen- 3. Results and Discussion

sions 0.05x 0.30 x 0.40 mn¥, red plate, triclinic, space group 31.S
- - = - .1. Syntheses of 1[As§f,, 2[AsFg]2, and 3[AsK]2*SO..
P1, a = 13.396(1) A,b = 13.333(1) Ac = 19.443(2) A, = Preparation ofl[AsFe]., 2[AsFe]., and 3[AsFs]»rSO, was

73.907(7y, B = 86.359(53, y = 87.602(6), V = 3329.0(5) &, T ) ;
=173 K, Z = 3. There are six independent AsFanions: two are carried out analogously to the other previously known

disordered over two positions each. Not all F atoms were found in RCNSSS' derivatives (Scheme £):1° The high ionization
Fourier difference maps. The quality of the crystal data was low Potentials (IPs) of @&>(CN), allowed us to carry out all
because of the three S@®olecules present with partial occupancies, the reactions by direct mixing of the two reagents, with no
overlapping with the disordered AsFanions. This disorder could ~ formation of byproduct8? Large crystals of 1[AsFg]»,
not be properly modeled. 2[AsF¢],, and 3[AsFg].:SO, (appeared to be of uniform

All measurements were made on a Bruker AXS P4/SMART 1000 composition as examined under microscope) were prepared
diffractometer with graphite-monochromated Ma Kadiation. The with isolated yields ranging from 65 to 76%. Satisfactory
structures were solved by direct methdéignd all atoms were elemental analyses were obtained IpsFg], and2[AsFe]s.
refined anisotropically. The elemental analysis 8fAsFe|»SO, indicated presence

(16) Sheldrick, G. MSHELXS-97Program for the Refinement of Crystal of minor quantities of Unldemlfl.ed Impqutles. IR spectra of
Structures University of Gdtingen: Gitingen, Germany, 1997. all three compounds were consistent with the given formula-
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Figure 2. Projection of the unit cell ofl[AsFg], onto thebc plane with
the dimensions X a, 3 x b, and 3x c (next layer of dications translated
down thea-axis is faded for clarity). The AsF anions are represented by
the single As atom for clarity. Selected intralayefNsand S-F linkages
(R): di = 4.099(4), d = 3.965(3).

tions, and the IR spectrum 8fAsFg]SO, contained a peak
at 1331 cm? assignable t@;SO, (see Supporting Informa-
tion, Table S2), indicating that the ground material still
retained solvent molecules.

Scheme 1

S
CFo(CN), + oSy (ASF), + .S (AsFy),
C,F,(CNSSS"),(AsF, ),

X =2, 1AsFg],; x= 4, 2[AsF,;
x = 3, 3[AsF{,*SO,

3.2. Solid-State Structures and Magnetic Properties of
1[AsFg], and 2[AsF], and Magnetic Properties of 3[AsF]
SO,. 3.2.1. Crystal Structures of 1[Ask], and 2[AsF]..
Two interacting dication4?" and2?* are illustrated in Figure

Decken et al.

Figure 3. Projection of the unit cell o2[AsFg], onto theab plane with
the dimensions X a, 3 x b, and 3x c (next layer of dications translated
down thec-axis is faded for clarity). The AsF anions are represented by
the single As atom for clarity. Selected intralayetNsand S-F linkages
(A): di = 4.203(4),d, = 3.335(3),d3 = 4.109(3).

related —CNSSN ring systems® with the longest S-S
contact of 3.443(2) A observed for sterically encumbered
2,4,6-(RC);CeHCNSSN 8¢ { for most of the [RCNSSN]
dimers the intradimeric ‘S S distance falls in the range of
2.9-3.1 A} .1 We believe that the considerable difference in
the length of intradimeric 'S interactions£0.15 A) for
1[AsFg], and 2[AsFg], stems from different packing motifs
(see below) because the electronic properties oftG&IS-
SS* rings (e.g., charges and spin densities, Table 4 and
section 3.3.1) are barely affected by a substituent group,
similar to the previously reported RCNSS$adical cation$®
Chains in botHl[AsFg], and2[AsFg], form layers interleaved

by Ask~ anions (Figures 2 and 3). However, some differ-
ences between these packing motifs can be noted. The major
difference is that chains df* propagate parallel with respect
to the chains in neighboring layers, while chains2af in

1. The experimental and calculated internal parameters ofadjacent layers are almost perpendicular to one another. We
the isolated diradicals are compiled in Table 1 and appearcan speculate that the larger size of the dicat@risnakes

to be similar to those found for other RCNSS&ingsé 10
The Ask™ anions possess distort€ geometry (Figure S1
in the Supporting Information).

In the solid-state, botH[AsFg], and 2[AsFg], contain
dications linked via weak four-centered two-electron—

* bonds in a chainlike fashion (Figures 2 and 3). This gives
a polymeric array of dications, but the dimeric interactions

should be considered to lbecal because the dimeric pairs

are isolated from each other by chains of carbons with sp
hybridization. The radicals associate via weak four-centered

two-electronzz* —z* bonds in atrans-antarafacial fashion
with S-+-S interactions of 3.455(X¥)1[AsFs]2} and 3.306(2)

A {2[AsFe],} (Figure 1). The same mode of association was

found for RCNSSS (R = ClI, Br, 1),82 [S3N,],2",Y and

(17) (a) Banister, A. J.; Clarke, H. G.; Rayment, |.; Shearer, H. M. M.
Inorg. Nucl. Chem. Lettl974 10, 647. (b) Gillespie, R. J.; Ireland,
P. R.; Vekris, J. ECan J. Chem1975 53, 3147. (c) Gillespie, R. J.;
Kent, J. P.; Sawyer, J. fnorg. Chem.1981, 20, 3784.
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it more difficult to pack in such a compact and symmetric
pattern as observed in the structure of the smadReér(cf.,
their densities of 2.564 Mg/frand 2.747 Mg/, respec-
tively). At present, it is not clear how these slight changes
in packing motifs reflect in the length of intradimerie- &
distances, leading to the shorter-S contacts irR[AsFg]..
Unfortunately, structural exploration of diradicalsFex-
(CNSSS)2* with x > 4 was limited because of their low
crystallinity, perhaps as a result of larger chain size. Below
we demonstrate how the minor changes in packing motifs
of 1[AsFg], and2[AsFg), affect magnetic and EPR properties
of both salts, particularly reflecting in the strength of
interdicationic exchange interaction.

(18) (a) Cordes, A. W.; Haddon, R. C.; Hicks, R. G.; Oakley, R. T.; Palstra,
T. T. M. Inorg. Chem.1992 31, 1802. (b) Britten, J. F.; Cordes, A.
W.; Haddon, R. C.; Itkis, M. E.; Oakley, R. T.; Reed, R. W,;
Robertson, C. MCrystEngComm2002 4, 205. (c) Alberola, A.;
Clarke, C. S.; Haynes, D. A.,; Pascu, S. |.; Rawson, J.Q¥flem.
Commun2005 4726. The3-phase of this compound in fact contains
trimers.



Solids Containing GF,(CNSSS)~2*+ Diradicals

0012 = . - . significant 4T values of ~0.4 and 0.25 emu K mot,
respectively C = 0.75 emu K mot* for two noninteracting
0.010 - o . 1 unpaired spins). Although these values do not have real
EN physical meaning in terms of a number of unpaired electrons
g 0.008 ~ 2 1 per molecule, they indicate a substantial onset of paramag-
=S e 02 netism in1[AsFg], and 2[AsFg],, which cannot be regarded
£ oo { = 1 as conventional diamagnetic materials. Relatet—*
=3 dimers of thiazyl radicals with shorter-:SS interradical

0.004 1 1 distances, that is, f8l;],2" 1" and numerous derivatives of
the RCNSSNring systent, have been regarded as diamag-
1 netic materials, although we note thatg],[AsFg]. and
the related [][AsFs]. have been reported to have small
. . . . ] residual paramagnetistfi.

0 100 200 300 3.2.3. Solid-State EPR of 1[Ask: and 2[AsFg],. Since

T, K the geometry of the interdicationic four-centered two-electron

Figure 4. Temperature dependence of magnetic susceptibility[&sFe], ,”* — mtgractlons in the structures fAsF], andz[ASF_G]Z
(m) and2[AsFg]2 (O) (inset depicts the correspondigd vs T plots). Solid is essentially the same as that of [CICNSSS]only with
lines represent fits to BleaneyBowers® model with the parameters given slightly longer S--S contacts, we expected the presence of
In the text and Table 2. triplet excitons in the title compounds at RT because thermal
Table 2. Summary of the Parameters Extracted from Magnetic Data of Occupation of the triplet state at RT has already been detected

0.002

0.000 +

1[AsFg]> and 2[AsF for [CICNSSS}?* (properties described in ref 8a). However,
temp 23 triplet signals were not observed in the RT EPR spectra of
modelused  range (K) (cm™) P Tip solid 1JAsF¢], or 2[AsFg),, although an intense spin-doublet

1[AsF¢], Bleaney-Bowers® 2-300 —500+ 30 0.0284(3) 0.0002 spectrum was observed with anisotrogivalues of 2.016,
2AsFdl2 Bleaney-Bowerd® 2-300 —900+90 0.0245(1) 0.0001 2 025 and 2.001, which are characteristic of isolated thiazyl

3.2.2. Magnetic Properties of 1[AsE, and 2[AsFg.. radicgls. An intense spin-doublet signal, with tjpmct(_)rs
Plots ofy versusT andy T versusT (insets) for the title salts ~ identical to those of th&= 1 state, was also present in the
are shown in Figure 4. The susceptibilities of b&fAsFe]» EPR spectrum of [CICNSSSF. This intrinsic signal was
and2[AsFe], are dominated by paramagnetid@ Hontribu-  assigned to defect lattice sites, that is, sites missing half of
tions at low temperatures and by gradual increases as théhe radical pair, and we assign this signallii\sFs], and
temperature rises above 150 K. Examination of gie  2[ASFd similarly (see below).
products (insets) shows the low-temperature products to be However, when cooled to a temperature beto@80 K,
very small (-0.02 emu K mot?), far below the expected @ characteristic triplet spectrum was observedféisFe|»,
value of 0.75 emu K mot for an ideal diradical with including the “forbidden” half-field transition (Figure 5A).
noninteracting spins. TheT products increase with tem-  The lack of resolution of this spectrum at RT likely arises
perature, rapidly fol[AsFe], (~0.4 emu K mot? at 300 K) from broadening of the resonance lines. The zero-field-
and less rapidly fo2[AsFg]» (~0.25 emu K mot! at 300 splitting (ZFS) parameters were extracted by simulation of
K). This behavior is consistent with the presence of strongly the 230 K spectrum. Given the very similar structural features
antiferromagnetically coupled dimers plus a few percent of of the intercationic interaction ifAsFe], and [CICNSSSF*,
paramagnetic monomers (Table 2). The data are in goodit seemed likely that there would be significant non-
agreement with the predictions of the Blean@owers coincidence between tlgematrix and theD tensor axes for
model® with singlet-triplet gaps of—500 + 30 and—900 2[AsFg],, as found for [CICNSSS}* .5 Specifically, we
+ 90 cnt! for 1[AsFe], and 2[AsF],, respectively. The  expectedd; (~ge) to be perpendicular to the plane of the
larger absolute value of the exchange interactio2{AsF], radical cations an®,,to be oriented toward the interradical
correlates with its shorter observed-S contacts in the  cationic separation. Given the very similar angles between
crystal structurg 3.306(2) A as opposed to 3.455(1) A in the planes of the two radical cations and the interradical
1[AsFg]2}. This trend is also supported by the results of separation found for these two species, we attempted a
quantum chemical calculations (section 3.3.3). simulation of the EPR spectrum 2fAsFg], using the same

In the previously described [CICNSS8], the intradimeric set of non-coincidence angles that we previously determined
distances were found to be even shorter [3.167(2) A], further from a single-crystal EPR study of [CICNS$S]and then
increasing the singlettriplet gap to—1900+ 100 cnt1.82 made minor adjustments to tigeand ZFS parameters. This
Until this work, the latter value was the only experimental gave a very good fit to the experimental spectrum (Figure
exchange interaction determined for any thiazyl radical dimer 5A, Table 3). The temperature dependence of the (double
in the solid state. Current work allowed us to extend the

number of such examples to three. As can be seen from the(20) TheyT value of [SN]2[AsF¢]2 is 0.06 emu K mot! (ueir = 0.7 us;
Kent, J. P. Ph.D. Thesis, McMaster University, Hamilton, Canada,

inset of Figure 4, at RT1[AsFe], and 2[AsFe], have 1984) and that of H;[AsFg]2 equals 0.16 emu K mot (ues = 1.2
us; Murchie, M. P. Ph.D. Thesis, University of New Brunswick,
(19) Bleaney, B.; Bowers, K. DRProc. R. Soc. Londofh952 A214 451. Fredericton, Canada, 1986) at room temperature.
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Figure 5. (A) EPR spectrum of a powder sample2jAsFg], recorded at
X-band at 230 K (solid black line) and its simulation (dotted red line).
Insets show details of the ZFS structure of 8 1 excited state. Simulation

Decken et al.

Table 4. Calculated Spin Densities and NBO Chargedf—3%+
Using the MPW1PW91/6-31G* Level of Thedry

12+ 22+ 32+
spin NBO spin NBO spin NBO
density charge density charge density charge

C1 —0.013184 —0.00669 —0.01616 0.00743—0.017847 0.00541
C2 —0.001371 0.72471-0.00252 0.71927-0.002470  0.71960

C3 0.001413 0.68803 0.002549 0.69391
S2  0.283433 0.47468 0.283732 0.47012 0.283019 0.47491
S3  0.387473 0.25206 0.379319 0.23346  0.382861 0.24170
S4  0.314077 0.74069 0.316321 0.72843 0.316070 0.72891
N5 0.029475—0.54348 0.037689 —0.54334 0.037065—0.54851

F1 —0.000290 —0.32822 —0.000094 —0.33245 —0.000232 —0.33084

F2  0.000386—0.31375 0.0002935-0.30749 0.000386—0.30518

F3 —0.000076 —0.32693 —0.000127 —0.33293

F4 0.0000845—0.33653 —0.000127 —0.33293

a Atom labeling is given in Figure 1.

spectrum of2[AsFg], gave the weighting of the triplet to
doublet signals as 1:24. Given a singtéiplet gap of—910
cmt and the population of the spin triplet state of 0.34%,
we can calculate the percentage of lattice defect sites (leading
to the spin-doublet spectrum) agi% at 230 K. A similar

parameters are collected in Table 3. (B) The temperature dependence ofvalue of 2.45(1)% was obtained from magnetic susceptibility

the intensity of the triplet resonance lines marked by an asterisk (*) and
fitted by the BleaneyBowers modéP using the least-squares method
(dotted line). (C) The temperature dependence of the ZFS pararigter,

Table 3. Spin-Hamiltonian Parameters of the Paramagnetic Centers in
the EPR Spectra of Solig[AsFe)2

DI 1=
S Gix Yyy Uzz (em™)  (ecm™?)
12 doublet 2.016(1)  2.025(1) 2.001(1)
1 tiplet 2.016(1)  2.025(1) 2.001(1) 0.0254(8) 0.0013(8)

Euler angles transforming a =93 =152 y =139

axis system of thg

matrix to the axis system

of theD tensor
integral) intensity of thes = 1 signal in the range of 150
280 K (Figure 5B) was fitted to the BleaneBowers
model® to give a singlettriplet gap of —9104 70 cnT?,
in excellent agreement with the value obtained from the
magnetic susceptibility measurements900 4+ 90 cnl).
We note that in both cases the Blean®owers model is
not strictly obeyed because of a minor contraction of&

measurements (Table 2).

In contrast to2[AsFg],, which clearly exhibited triplet
species, we were unable to resolve allowkll = +1
transitions in the solid-state X-band EPR spectrum of
powderedl[AsFg], in the temperature range of 12600 K.
Some evidence for the presence of the triplet species arises
from the S-band spectra in which a weak half-field transition
was observed at low temperatures. This result (lack of
observation of triplet species) may seem counterintuitive at
first sight, given the fact that the dimeric pairs in solid
1[AsFg], have longer S-S contacts and consequently a
smaller singlet-triplet gap. From the Boltzmann relation,
using the singlettriplet gap determined from magnetic
susceptibility data-{500 cnt?), we calculated that 8.5% of
radical pairs are in the triplet state at RT. Therefore, dipole
dipole interactions between triplets are much more pro-
nounced in1[AsFg],, leading to the collapse of the ZFS
structure in the EPR spectrum because of line broadening
effects. Similar effects were previously observed for a

contacts at lower temperatures, as was observed for thenumber of [TCNQ@ ], salts with moderate singletriplet

AsFs— salt of [CICNSSSF*. In the latter dimer,~0.1 A
shortening of the 8-S distance occurred in the approxi-
mately 100 K temperature range (as determined by X-ray),
accompanied by an increase in the magnitude obttensor
from ~0.025 to 0.027 cmt.8 Since a similar increase in
the magnitude of th® tensor occurs foR[AsFg]. (from
~0.024 to 0.026 cm', Figure 5C) one could expect a
concomitant shortening of the intradimerie & contacts by
about 0.1 A. Hence the extracted singltriplet gap of
2[AsFg]2, as well as that ofl[AsFg],, must be treated as
average parameters. Using the value-e810 cnt?, the
percentage of molecules in triplet state in the s@[lisFg].

gaps, and often, the dipolar components could only be
resolved upon cooling to cryogenic temperature®q K).2*

3.2.4. Magnetic Properties of 3[Ask],:SO,. Preliminary
magnetic susceptibility measurements obtained on the poly-
crystalline sample o8[AsF¢]»*SO; (Figure 6) indicated that
it was paramagnetic in nature. The valuey@fat RT (0.83
emu K mol?!) was consistent with a molecule containing
two noninteracting unpaired spins. Variable-temperature
magnetic susceptibility measurements showed an interesting
magnetic behavior with a steep decrease of magnetic
susceptibility below 200 K, presumably indicative of a
structural phase transition (Figure 6). However an extensive

that found for [CICNSSS}H at RT (which has a larger
singlet-triplet gap), and we propose that this leads to

definitive structural evidence oB[AsFg].*SO; is obtained.

broadenmg of the EPR resonance lines at RT caused by(21) Coulon, C.; Clerac, RChem. Re. 2004 104, 5655 and references

dipole—dipole interactions. Simulation of the entire 230 K
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therein.



Solids Containing GF,(CNSSS)2* Diradicals
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Figure 6. Temperature dependence of magnetic susceptibilityBfiasFs]>:SO,. The inset depicts the correspondipfvs T plot.

Figure 7. Diagram illustrating SOMOs of?* drawn at the isosurface of
0.04 au.

More detailed studies of the magnetic behavior of this
compound are in progress (see Supporting Information).
3.3. Computational Analysis. 3.3.1. Calculated Struc-
tures of Isolated P"—3?". DFT-optimized molecular struc-
tures of 12" and 22+ (bond lengths, angles, and dihedral

Figure 8. Schematic illustration of a polymeric array of D in the solids
of 1[ASF6]2 [X = C2F4; d= 3.455(1) A] andZ[Ast]z [X = C4F8; d=
3.306(2) A]. D= four-centered two-electron* —z* bond.

spectra ofl?—3?" containing one single line with= 2.016-

(1), typical of RCNSSS monoradical$; *° and showing no
dipolar splittings. Therefore, isolated (as in the solution or
gas phase)?t—3?" are, as expected, pure diradicals (100%
diradical character). However, substantiatermolecular
interaction experimentally observed fjAsFg], and2[AsFg).

in the solid state leads to one-dimensional polymer?of
and2?* linked via weak four-centered two-electrafi—s*
bonds. This situation warrants more detailed analysis given
below.

3.3.2. Potential Energy Scan Calculations of [CICNS-
SS}?*. The polymeric arrays of dications interacting via four-
centered two-electrom* —x* bonds in the structures of
1[AsFg], and 2[AsFg], are graphically illustrated in Figure
8. The noninteracting nature of the SOMOsI#f and 22"

angles) were rather similar to their X-ray geometries (see (Figure 7) allows us to describe the behavior of polymeric

Table 1 and Figure S2 in the Supporting Informati&h).
Since molecules1?> —3?* were explicitly designed to
inhibit interaction between two radical centers, it is not
surprising to find that the electronic properties of the two
rings in 12*—3%" are almost identical (Table 4). The two
SOMOs of 12" —3?" are essentially separated on the two
heterocyclic rings (Figure 7, shown for the representative
derivativel?"). With a broken-symmetry DFT approach, the
calculated singlettriplet gaps ofisolated diradicals are
+0.81, —0.18, and+0.13 cm?® for 1%, 22 and 3%,

chains as that of isolated dimeric units, obeying a classical
singlet-triplet model. Because of this fortunate circumstance,
computational analysis can be restricted to the analysis of
RCNSSS' radical pairs, with a Cl atom chosen as a
substituent for simplicity. This then gives the [CICNSSS]
dimer, previously reported in a preliminary communicafidn.

It was already pointed out that the geometrical mode of
association in the latter is essentially the same as thitof
and22*. Thus, theoretical considerations applied to [CICNS-
SS}? are also suitable for radical pairs observed in the

respectively. These numbers are very small and indicatepolymeric arrays ofi2" and 22*.

negligible communication between unpaired electrons. Ex-
perimentally this is consistent with isotropic solution EPR

(22) Optimized geometry 02" imposed withC; symmetry constraints
(0° twist angle between two radical rings) was in fact a first-order
saddle point. A minimum was found wit@; symmetry (32 twist

angle), and all the calculated parameters quoted in the text belong to

this structure. Optimized geometries B¥" and 3?* were of C; and
C, symmetries, respectively, and showed no imaginary frequencies.

An inherent one-configurational nature of both broken-
symmetry and closed-shell DFT algorithms makes them
unsuitable to correctly describe the electronic states of the
[CICNSSS}?* dimer. Although in the previous woi,we
reported [CICNSSS}H to be metastable in the gas phase
using the closed-she8 = 0 DFT method (MPW1PW91/6-
31G*), the computed minimum could be an artifact, that is,
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Figure 9. Calculated [CASSCF(6,6)/6-31G*] dependence of singht (

and triplet ) energies on the intradimeric~S distance in the [CICNS- . o . . .
SSp2+ dimer. Figure 10. Schematic diagram illustrating formation of the [CICNSSS]

o dimer from two monomers. Orbitals drawn at the isosurface of 0.05 au.
a consequence of the double-occupancy restriction to the

orbitals imposed by any closed-shell method. The correct 3-3-3. Calculation of Singlet-Triplet Gaps and Dirafii—
modeling of the overall wavefunction requires the use of €3l Characters of the.FOt;Jrr—Centerfd Two-Electronz* —
multiconfigurationalmethods, such as CASSCF, that allows 7" Bonds in Polymeric 1*" and 22+- Calculaztfd singlet
mixing-in of other wave functions from the orbitals of higher triplet gaps of radical pairs in1f'], and P*'], can be
energy. In this work, we reconsidered the situation and OPtained from Figure 9 using the-SS distances determined
performed a potential energy scan along the intradimeric S &Xperimentally. Extrapolation of these values (3.455 and
S distance using the CASSCF(6,6)/6-31G* method, with 3-303 A, respectively) onto thg-axis gives the singlet
calculation of both singlet and triplet states (Figure 9). The UiPlet gaps for thex* —x* bond? in solid 1[AsFe], and
results indicate that the dimer at that level of theory has ~ 2[/ASFelz as—1250 and-1900 cm”, respectively. The ratio
minimum in either triplet or singlet spin states on the ©Of these two values (0.65) is in fairly good agreement with
potential energy surface (along the interannularScoor- the ratio of the experimentally determined singlgtplet
dinate), contrary to our previously reported results of closed- 92PS (0.56). We note that in both cases the calculated
shell DFT calculations, where such a minimum was found. Singlet-triplet gaps are approximately twice the experimental
It is possible that higher-level calculations would show that Values extracted from the magnetic susceptibility data (see
there is an intrinsic minimum in the gas phase. Alternatively, S€ction 3.2.2). _

it could be that the overall electrostatic interaction not only ~ AS the two monomers are separated, the magnitude of
compensates for the repulsive energy between the positively2ntiferromagnetic exchange interaction decreases and ap-
charged rings in the dimer but also leads to the particular Proaches zero above 4.5 A (Figure 9). Thus, beyond this
dimer geometry observed in the solid state. This arrangement?&nchmark the system can be considered as a pure diradical
featuring partially positively charged sulfur atoms, interacting (~100% diradical character), with the unpaired electrons
via four-centered two-electram* —* bonds, is very com-  9ccupying nearly degenerate MOs.. Below 4.5 A a bpndmg
mon, and we suspect that it possesses intrinsic stability. Mostinteraction between two monoradicals arises causing the
polyatomic doubly charged species are unstable in the gas1‘ront|(?r orbltals to split into the bonding and antibonding
phase with respect to dissociation into singly charged combinations (Figure 10). Because of the somewhat long
fragments® The unfavorable dissociation energy is more |nt2e+rmolecularS-S distances found in polymeri¢'], and
than offset by the gain in lattice energy on formation of a [2*In [3-455(1) and 3.303(2) A, respectively, cf., conven-
2:1 salt. For example, s8(AsFs), (S), containing $N,2*, tional S—S single bond of 2.06 A], this spl|tt|n_g do_es_ not
is stable in the solid-state even thoug/Ng* is unstable in result in a double occupancy of HOMO as idealistically
the gas phase with respect to Shhd SNS.2%21n the case shown in Figure 10. We attempted to gain some insights
of [CICNSSS}HASFg. (s), the repulsive energy of the INt0 & nature of these vyeak four—ce_nteve'd—zr* bonds by
[CICNSSS}?* dimer in the gas phase is more than compen- COmMputing natural orbital occupation numbers that have
sated by the overall lattice energy of the solid as a whole, Previously proven to be useful in the analysis of singlet
including favorable electrostatic terms arising from cation  diradical ground staté$.Using a multiconfigurational CASS-

anion attraction, as well as repulsive terms between ions of CF(6,6)/6-31G* method, we found that in radical pairs of
like charge. 12" and2?* the LUMO occupation numbers equal 0.618 and

0.529, respectively. Approximately the same numbers were

(23) (a) Brooks, W. V. F.; Cameron, T. S.; Parsons, S.; Passmore, J.;

Schriver, M. J.Inorg. Chem.1994 33, 6230. (b) Krossing, I.; (24) (a) Ddhnert, D.; Koutecky, JJ. Am. Chem. Sod.98Q 102 1789. (b)
Passmore, Jnorg. Chem1999 38, 5203. (c) Cameron, T. S.; Dionne, Jung, Y.; Head-Gordon, Ml. Phys. Chem. 2003 107, 7475. (c)
I.; Jenkins, H. D. B.; Parsons, S.; Passmore, J.; Rowbottom, H. K. Jung, Y.; Head-Gordon, MChem. Phys. Cher@003 4, 522. (d)
Inorg. Chem200Q 39, 2042. (d) Cameron, T. S.; Deeth, R. J.; Dionne, Aikens, C.; Gordon, M. SJ. Phys. Chem. 2003 107, 104. (e)
I.; Du, H.; Jenkins, H. D. B.; Krossing, I.; Passmore, J.; Roobottom, Bendikov, M.; Duong, H. M.; Starkey, K.; Houk, K. N.; Carter, E.
H. K. Inorg. Chem.200Q 39, 5614. A.; Wudl, F.J. Am. Chem. So2004 126, 7416.
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systematically obtained on increase of the active space fromions forming dimeric pairs with multicentered bonding
(6,6) to (10,10). When the LUMO occupation numbers are include tristert-buthyl-phenalenyt!? diazaphenalenyi®
divided by the corresponding HOMO occupation numbers tetrathiafulvalenium, TT# 32 terthiopheniurf®2and related
(1.374 and 1.464, respectively), we can calculate that thes dimers33® tetramethylphenylenediamonium, TMPT3*
a*—m* bonds in polymeric chains of?" and 2>" possess tetracyanoquinodimethanide TCN®&-356and its tetrafluoro
diradical characters of 45 and 36%, respectively, assuminganalog?’ dichlorodicyanobenzoquinonide, DD and
that the level of calculations is sufficiently high. An other quinoidal based radical aniotidn addition, there are
alternative description of a diradical character with Neese a number of simple inorganic species, for examplg]{j*°ab
index?25 using the broken-symmetry MPW1PW91/6-31G* Sg2t,4¢[SI,1],,%% [Sek ]2, O.ClyT 4% and [NOL,** that can
method, gave somewhat higher values (60 and 50%; expec-be viewed as being composed of two radical units linked by
tation values<&>gs = 0.84 and 0.75, respectively). The multicenteredr—x bonds. All these compounds therefore
four-centeredsz* —s* bonds in the [CICNSSS$}" dimer warrant relevant theoretical and experimental studies.
possess a similar diradical character (32% from natural orbital
analysis and 37% from Neese index;$>gs = 0.60)
calculated with the geometry fixed at the-& distance of The RCNSSS radical cations present an emerging class
3.167 A. of nonsterically hindered stable radicals that are primarily

The obtained values of diradical characters are intermediatesulfur based, with~95% spin density residing on sulfur
between those of conventional closed-sheld)] and open- atoms and only~5% on nitrogen. Thus, these radical cations
shell (~100%) systems. In that respect, the [CICNS8S]  are rare examplé%of the heavier, non-second-row elements.
and the radical pairs observed in polymeti¢'], and '], In this article, we have explored the series of AsBalts of
may be regarded as diradicaloids. Intramolecular diradicaloid the dication diradicals of general formulgfg(CNSSS) 2+
(diradical).be.haVior has been proposed in a number of (X = 2—4) and described their physica' properties as a
heterocyclic ring systems and heavier alkyne congeners offynction of spacer size, using X-ray, solid-state EPR, and
current interesi®
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4. Conclusions
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magnetic susceptibility measurements. ket 2 and 4, the At present, the factors leading to formation of monomeric
diradicals formed weakly coupled radical dimers with versus associated/dimeric structures for the RCNSSS
thermally accessible excited triplet states, as proven by solid-radical cations are not clear. It should be noted that the
state EPR and magnetic susceptibility measurements. Theextensively studied RCNSSNKeterocycle (altogether more
experimental and computational results indicate that thesethan 40 derivatives known) still has some degree of unpre-
radical pairs may be considered as lying on the border gictability regarding the extent of association in the solid
between conventional closed-shell and open-shell systemsstatel To gain more understanding of such systems, with
In the field of thiazyl radical chemistry, the radical pairs in - the solid-state structures very sensitive to the substituent
solid 1{AsFe]> and 2[AsF]. represent the second and third  gffect, it is more logical to introduce slight modifications
: . X

examples whose the magnitude of the—x* interradical 15 5 substituent group, for example, by modifying the
exchange interaction was experimentally determined. SUChaIkane moiet§f or increasing a spacer size as in the series

extensive studies on the singtdtiplet gaps combining solid- of 12-—3%. Although not all the puzzles have yet been

state EPR and magnetic measurements have only been donreesolved we believe that our observations provide more
for a few related organic radical pairs (e.g., [TCN[RP135:36 ’ P

and [TTP*],).%2 The exchange interactions in radical pairs information on the variety of packing motifs present in the

(divided by two) are approximately a measure of the strength ;tructures of the RCNSS*Sradlca! cations, which will aid .
of the 7*—x* bonds. This is another way to obtain in the assessment o_f their pqtentlal as precursors to organic/
dimerization energies of radical dimers, which are not trivial main group magnetic materials.

to obtain? The corresponding in situ dimerization energies

of radical pairs in polymericd®" and 22+ would then be
approximately—3 and—5 kJ mol?, respectively. Accord-
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