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Abstract: The synthesis and solid-state characterization of the heterocyckalical 1,2,5-thiadiazolo[3,4-
b]-1,2,3-dithiazolo[3,4b]pyrazin-2-yl, 1,2,3-TDTA, is described. The ESR spectrum of 1,2,3-TDTA (in-CH

Cly, 293 K,g = 2.009) confirms a highly delocalized spin distribution, with observable hyperfine coupling to

all five nitrogen atoms of the tricyclic moleculew = 0.514, 0.343, 0.109, 0.051, and 0.045 mT). While
chemical and electrochemical oxidatidi g(ox) = 1.14 V vs SCE) of 1,2,3-TDTA requires relatively harsh
conditions, reduction is extremely facil&;(x(red) = 0.15 V vs SCE). More importantly both the observed

cell potentialEce and computed (MNDO) gas-phase enthaliiqisp for the disproportionation of this and

other 1,2,3-dithiazolyls are significantly lower than those observed for their 1,3,2-isomers. Crystals of 1,2,3-
TDTA are monoclinicP2)/n, with a = 6.6749(16) A b = 11.7178(14) A,c = 8.6148(14) A,B =
103.297(16), andZ = 4. The crystal structure consists of slipped stacks of head-to-tail (centrosymmetric)
s-dimers. The closest intradimer S- - -S contact (S2- - -S3) is 3.2331(15) A. Variable-temperature magnetic
susceptibility measurements establish that 1,2,3-TDTA is essentially diamagnetic at room temperature. The
magnetic data, along with the results of variable-temperature single-crystal conductivity measurements (1,2,3-

TDTA exhibits a room-temperature conductivity= 1

x 1074 S cntl), are interpreted in terms of one-

dimensional hopping mechanism for charge transport.

Introduction

The ided of using neutratz-radicals as building blocks for
molecular conductors holds both appeal and challenge. In our
pursuit of this goal we have prepared and characterized a wide
range of heterocyclic thiazyl radical€arly work focused on
mono-# di-,°> and trifunctionél derivatives of the 1,2,3,5-
dithiadiazolyl or DTDA systeml (Chart 1). Most DTDA
radicals associate in the solid state, often forming elegantly
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stackedr-dimer arrays. While the tendency to dimerize can be
reduced by steric bulk,the high electronegativity of the
constituent atoms leads to a high Coulombic barrier to charge
transfer between adjacent radicals in the solid state. Essentially
the spins are trapped on the sites and, while interesting magnetic
effects have been reportéd)TDA-based materials are Mott
insulators. The on-site repulsiah which can be loosely equated
with the gas-phase disproportionation enthalfiyqisp and the
corresponding solution based cell potentBle,® can be

(7) (a) Banister, A. J.; Bricklebank, N.; Lavender, I.; Rawson, J. M.;
Gregory, C. I.; Tanner, B. K.; Clegg, W.; Elsegood, M. R. J.; Palacio, E F.
Angew. Chem., Int. Ed. Engtl996 35 2533. (b) Banister, A. J.;
Bricklebank, N.; Clegg, W.; Elsegood, M. R. J.; Gregory, C. |.; Lavender,
I.; Rawson, J. M.; Tanner, B. KI. Chem. Soc., Chem. Commu995
679.

(8) AHqisp is the enthalpy change for the gas-phase reactien R" +
R~ Ecen is defined as the difference in the half-wave potentials for oxidation
and reduction, i.e Ecen = E1/2(0x) — Exp(red).
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diminished by p-type doping of the half-filled energy band, a Scheme 1
change which also renders the uniform structure stable with |~ N N2 N N _NH,
respect to dimerizatiohHighly conductive materials have been ¢ I ji il 4 I I NesS Ot I \I

made in this way. However, for purely neutral systems, the need N N N ol N N s

to design alternative building blocks with low&Hisp andEcel 6 7 8

values is inescapablé!! No—ci *

We thus turned to the study of 1,3,2-dithiazolyl (1,3,2-DTA) N N 4 N N N N N n
radicals2,121%a family of heterocycles known with a wide range ¢/ I j: < I jiﬁs S retx g I I N\
of substituents in the 4,5-positio#s:1” The appealing feature NP s NN~y e NP~
of the 1,3,2-DTA ring system is that its redox properties can 10 Y 4 9
be significantly altered by the electron withdrawing/releasing
power of the attached 4,5-substituents; variations in oxidation through carbo® To suppress this C-dimerization problem,
and reduction potentials of almos V can be induced. More  \yhile at the same time reducing tBe.i/ AHqisp Values as much
importantly, the cell potentiald=ce; and disproportionation a5 possible, we set about the synthesis of 1,2,5-thiadiazolo[3,4-
energiesAHgisp can be significantly reduced relative to those pj-1 2 3-dithiazolo[3,46]pyrazin-2-yl, or 1,2,3-TDTA 4). We
found for DTDAs?!® However, despite these improvements in  phad previously prepared the isomeric 1,3,2-TDT%),}¢ and
charge correlation effects, and also the encouraging observatiorpreliminary estimates of thé\Hgisp value for 1,2,3-TDTA
that evenly spaced (undimerized) slipped stacks-ohdicals  syggested a significant decrease in the charge correlation effect.
can be generateld,conductivity remains lowdgr < 10°° S In this paper we report the preparation and solid-state
cm™Y), even for the best 1,3,2-DTAS:® Orbital interactions  characterization of 1,2,3-TDTAdJ. The redox properties and
between adjacent radicals along the stacks are still insufficient esr spectrum of this radical are compared to those of its 1,3,2-
to offset the Coulombic barrier to charge transport, and the jsomer5. The crystal structure determination of the dimer of
materials remain Mott insulators. 1,2,3-TDTA constitutes thfirst such characterization of a 1,2,3-

In an attempt to design heterocyclic radicals with still lower dithiazoyl radical. Variable-temperature magnetic susceptibility
Ecell /AHgisp Values, we are now exploring the properties of the and single-crystal conductivity measurements on 1,2,3-TDTA
isomeric counterparts of 1,3,2-DTAs, i.e., 1,2,3-DTRs have also been performed, and these transport properties are
However, while radicals of this type have been known (observed discussed in the light of the design criteria for a neutral radical
spectroscopically) for many yeats!® none has ever been  conductor.
isolated and structurally characterized in the solid state. Our
first attempt to isolate a simple monocyclic 1,2,3-DTA dem- Results and Discussion
onstrated the potential of these radicals to associate irreversibly

(9) (@) Bryan, C. D.; Cordes, A. W.; Haddon, R. C.; Hicks, R. G;
Kennepohl, D. K.; MacKinnon, Oakley, R. T.; Palstra, T. T. M.; Perel, A.
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Rao, M. N. S.; Schriver, M. J.; White, P. $. Chem. Soc., Dalton Trans.
1985 1405. (c) Wolmershsser, G.; Kraft, GChem. Ber1989 122 385.

(d) Harrison, S. R.; Pilkington, R. S.; Sutcliffe, L. Bl. Chem. Soc., Faraday
Trans. 11984 80, 669. (f) Fairhurst, S. A.; Pilkington, R. S.; Sutcliffe, L.
H. J. Chem. Soc., Faraday Tran%.1983 79, 439. (g) Fairhurst, S. A;;
Pilkington, R. S.; Sutcliffe, L. HJ. Chem. Soc., Faraday Trans.1983
79, 925.

(16) (a) Wolmershaser, G.; Kraft, GChem. Ber199Q 123 881. (b)
Heckmann, G.; Johann, R.; Kraft, G.; Wolmeisker, G.Synth. Met1991,
41-43, 3287. (c) Wolmershsser, G.; Johann, RAngew. Chem., Int. Ed.
Engl. 1989 28, 920.

(17) (a) Awere, E. G.; Burford, N.; Haddon, R. C.; Parsons, S.; Passmore,
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Commun.1984 573.
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Preparation 1,2,3-TDTA. The 5-atom 1,2,3-DTA ring
system can be constructed in various ways, including the
addition of sulfur monochloride to enamin¥sand variations

on the Herz reaction, i.e., the cyclization of aromaiitho-
amino—thiols with sulfur halideg! Reduction of the dithiaz-
olylium cation so formed then affords the neutral radig8af
Although a range of radicals has been well-characterized
spectroscopically, nothing is known of the molecular or solid-
state structures of these systems. In this work we constructed
the target molecule starting from the known compound 5,6-
dichloro-1,2,5-thiadiazolo[3,8}pyrazine 6).22 Monosubstitution

of this compound with ammonia, followed by treatment of the
resultant amine-chloro derivative7 with sodium sulfide, then
afforded the aminethiol 8 (Scheme 1). Final cyclization of
the latter with excess;El; in refluxing dichlorethane yielded
the imide 1,2,3-TDTAH(9). The conversion of this imide into
the radical proved a challenging task. On one hand we were
unable to oxidizé to 4 with either bromine or sulfuryl chloride,
while on the other we found that chlorine was too harsh an
oxidant, causing secondary cleavage of theSSbond and
formation of the trichloro-derivative 1,2,3-TDTA£X10). While
reduction of the latter with bromide ion could be used to
backtrack to the neutral radical, we eventually discovered the

(19) (a) Mayer, R.; Domschke, G.; Bleisch, Betrahedron Lett1978
4003. (b) Mayer, R.; Domschke, G.; Bleisch, S.; Bartl, AsRta A.Z.
Chem.1981, 21, 146, 265. (c) Mayer, R.; Domschke, G.; Bleisch, S.; Fabian,
J.; Bartl, A.; Stako, A. Collect. Czech. Chem. CommuiB84 49, 684.
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12136.
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A Neutral7-Radical Molecular Conductor

Table 1. Half-Wave Redox andE.e Potentiald (V vs SCE) and
Computed (MNDO) IP, EA, and\Hgis, Values (eV) for 1,3,2- and
1,2,3-Dithiazolyls

compound
param 1,3,2-BDTA 1,3,2-TDTA 1,2,3-BDTA 1,2,3-TDTA
Eq/2(0x) 0.15 1.00 0.18 1.14
Eusred)  —1.24 —0.06 -1.0 0.15
Ecel® 1.33 1.06 1.18 0.99
IP 7.81 8.55 7.86 8.92
EA 1.45 3.02 2.44 4.03
AHgisp 6.36 5.53 5.41 4.88

aAll potentials are from solutions in GI&N, reference SCE.
b Irreversible. Ece defined as the difference in the half-wave potentials
for oxidation and reduction, i.eEce = E1/2(0X) — Ey(red). 9 This value
taken as the difference in the cathodic peak potentials, since the
reduction wave is irreversible.

simplest and most effective method for the conversiof td
4 involved the use of sulfur monochloride in refluxing chlo-
robenzene. In this way, starting from eithor 9, we could
generatel in good yield. The radical, isolated as a lustrous black
crystalline solid, was purified by fractional sublimation in vacuo.
Redox Chemistry. The thiadiazolopyrazine (TDP) ligand
serves as a powerful electron-withdrawing ligand when attached
to a 1,3,2-DTA radicaR. Thus the redox potentials of 1,3,2-
TDTA experience dramatic anodic shifts (Table 1) in compari-
son to the simple benzo-derivative 1,3,2-BDTAL), Computed

S N
\ o\
7N /S
S S
11 (1,3,2-BDTA) 12 (1,2,3-BDTA)

(MNDO) estimates of IPs and EAs follow sdtin the context

of molecular conductor design, the favorable shifts in EA and
Eix(red) outpace the more adverse changes in IPE@Ep¢bX).
The net effect is thus a diminution in boffHisp andEcen and

an evolution toward a system with a lower barrier to charge
transfer in the solid stafe.

Initial MNDO calculations on model 1,2,3-DTA rings sug-
gested that they should provide better charge-transfer charac
teristics relative to their 1,3,2- counterparts. As indicated in
Table 1, the computedHgisp values of both 1,2,3-BDTAIR)
and 1,2,3-TDTA are smaller than those seen in the 1,3,2-series
largely as a result of the higher electron affinity for the 1,2,3-
ring. The results of cyclic voltammetric (CV) analysis measure-
ments on 1,2,3-BDTA and 1,2,3-TDTA support these theo-
retical predictions. The reversible oxidation and reduction waves
for the two 1,2,3-TDTA isomers are illustrated in Figure 1. In
accord with its chemical behavior, notably the difficulty
experienced in accessing the neutral radical from its inSide
the electrochemical reduction of 1,2,3-TDTA occurs at 0.15 V
vs SCE, a potential similar to that found for strong closed-shell
acceptors, e.g., TCNQ (0.127 $HOxidation also requires more
forcing conditions, and most importantly, the overall cell
potential E¢ey is reduced from 1.06 V in the 1,3,2-isomer to

(24) For 1,3,2-BDTA we also have ab initio estimates of the IP and EA,
along with experimental IPs from its UV photoelectron spectrum. The
MNDO estimates presented here provide self-consistency with the other
calculated IP and EA values. See: Barclay, T. M.; Cordes, A. W.; de Laat,
R. H.; Goddard, J. D.; Haddon, R. C.; Jeter, D. Y.; Mawhinney, R. C.;
Oakley, R. T.; Palstra, T. T. M.; Patenaude, G. W.; Reed, R. W.; Westwood,
N. P. C.J. Am. Chem. S0d.997 119, 2633.

(25) Cyclic voltammetry on the 1,2,3-BDTA system has been reported
by Tsveniashvili, V. Sh.; Malashkiya, M. \Electrokhimiyal984 3, 357.

The data provided in Table 1 refer to measurements made in our laboratories

(26) Bard, A. J.; Faulkner, L. R. I&lectrochemical Methods). Wiley
and Sons: New York, 1980; Appendix C.

J. Am. Chem. Soc., Vol. 121, No. 5, 1999

-0.02 i
g -0.01 g
¥
2 0.00 J
3
o

0.01 ]

1 1 1 1 1
-1.0 -05 0.0 0.5 1.0 1.5 2.0
T T T T T
-010 /N\INIS\ T
5 S\ }N
g-005 L VTN s ]
€
o 0.00 L E
3
O
0.05 4
ol " 1 1 A1 A "
-1.0 -05 0.0 05 1.0 1.5 2.0
Volts vs SCE

Figure 1. Cyclic voltammetry waves on 1,2,3-TDTA and 1,3,2-TDTA
radicals (in CHCN, n-BusNPF; supporting electrolyte, reference SCE).
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Figure 2. X-Band ESR spectra of 1,2,3-TDTA and 1,3,2-TDTA (in
CH:Cl, 293 K, sweep width 4 mT). DerivedN hyperfine coupling
constantsay are shown on the right, and calculated (MNDO) spin
densitiesgr are shown on the left.

0.99 Vin the 1,2,3-compound, the lowest value we have ever
observed for a heterocyclic thiazyl radical.

ESR Spectra.The X-band ESR spectra (in GBI, 293 K)
of the two TDTA isomers are shown in Figure 2. The sigmal (
= 2.009) of the 1,2,3-derivative is considerably more complex,
but spectral simulation reveals the effects of hyperfine coupling
to all five nitrogen nuclei. The assignments of the derieqd
values are provided in Figure 2, along with the calculated
(MNDO) spin densitiegyr for both systems. The results reveal
that while the thiadiazolopyrazine (TDP) residue simply refines
the spin distribution of a 1,3,2-DTA radical, it causes a major
reorganization of the electronic structure of a 1,2,3-DTA radical.
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Table 2. Crystal Data for 1,2,3-TDTA4) and 1,2,3-TDTAJ Table 3. Atomic Parameters, y, andz and Beq Values (&) for
(10 1,2,3-TDTA @)
compd 4 10 X y z Bf
formula S;NsC4 S3N5C4C|3

Sl 0.67752(15)  0.22234(8) 0.16892(10)  2.51(4)

;‘"’ A glg‘?ig 16) eézgég% 1) S2  0.70755(14) 0.31574(8)  0.37396(10)  2.14(4)
oA 11.7178(14) 6.8203(17) S3  0.75159(14)  0.58467(8) —0.34348(10)  2.16(4)
o R 8.6148(14) 0.4167(10) N1  0.7383(4) 0.4409(2) 0.3062(3) 2.02(13)
5 de 103.297(16) 111.961(9) N2  0.7683(4) 0.5469(2) 0.0842(3) 1.82(11)
v 5e0 655.7(2) 520.67(16) N3  0.7837(4) 0.6309(2) —0.1619(3) 1.89(12)
Sote arou o Sy N4  0.7066(5) 0.4483(2) —0.3216(3) 2.11(12)
zp group 2 -~ N5  0.6876(4) 0.3341(2) —0.0966(3) 2.03(12)
temp. K 503 503 Cl  0.7014(5) 0.3415(3) 0.0577(4) 1.77(13)

Ly T oo Tas Cc2  0.7378(5) 0.4471(3) 0.1506(4) 1.68(13)
o ithl > 1.00() 010 pra C3  0.7576(5) 0.5396(3) —0.0735(4) 1.62(12)
oarams refined 109 20 C4  0.7151(5) 0.4349(3)  —0.1650(4) 1.78(13)
R(F), Ru(F)? 0.037,0.050 0.031, 0.036 3By is the mean of the principal axes of the thermal ellipsoid.
aR = [%IZIFOI — [FZIFoll; Ry = {[XWIIFol — IFclI?/ Table 4. Intramolecular Distances (A) in 1,2,3-TDTA)(and

[> (WIFolAIH2 1,2,3-DTDACE (10)
4 10 4 10
S1-S2  2.0482(13) N2C3 1.347(4) 1.369(5)

S1-C1 1.721(3)  1.754(4) N3C3 1.347(4) 1.335(5)
S2-N1 1.609(3)  1.516(3) N4C4 1.347(4) 1.333(5)
S3-N3  1.622(3)  1.618(4) N5C1 1.314(4) 1.301(5)
S3-N4  1.644(3)  1.619(4) N5C4 1.351(4) 1.364(5)
N1-C2 1.342(4)  1.403(5) CiC2 1.463(5) 1.451(5)
N2—-C2 1.338(4)  1.293(5) GC3C4 1.450(5) 1.417(6)

which are planar to within 0.07 A, are loosely associated into
centrosymmetric or head-to-tail dimers (Figure 3), the closest
intradimer S- - -S contaat; (=S2- - -S3) being 3.2331(15) A.
This distance is shorter than the interannular contacts observed
in the low-temperature phase of 1,3,2-TD®Aut longer than
those seen in the dimer of 1,3,2-BDTA& As the magnetic
measurements (vide infra) indicate, interannular orbital interac-
tions at this range are weak but sufficient to quench paramag-
netism, i.e., to generate a weak “chemical bond” between the
two radicals. Within the individual halves of the dimer the bond
lengths show changes from those seen in compdiththat
reflect the long-range nature of the electron delocalization in
the radical. The shortening of the NC2 bond relative to 1,2,3-
TDTACI; heralds considerable double bond character. This
change, coupled with the shortening of N@3 and N5-C4,

and the lengthening of N2C2, suggest the collective involve-
ment of the series of valence bond resonance structures
4A—C.

Figure 3. ORTEP drawings of a single dimer unit in 1,2,3-TDTA
(top) and compoundO (bottom), showing the atom numbering.

In simple monofunctional 1,2,3-DTA radicals spin density is N N N

heavily localized at the 4-position of the heterocycle; i.e., they N SN0 N"e =N S~ =N

are carbon-centered radicd?By contrast, in 1,2,3-TDTA, spin % ;[ I VN O WA Y

density is stripped away from the 5-position and is redistributed N N S N N s N N s

not only to the nitrogen attached to the 4-position of the DTA 4A 4B 4c

ring but also to the other three nitrogens of the TDP ligand. As ) ) ) )

a result of this reorganization of spin density, the 1,2,3-TDTA -Several views of the packlr_lg of the dlmgrs are shqwn in

radical resists association via-C bond formation. Figure 4. The dimers adopt a slippeestack motif within which
Crystal Structures. We have determined two crystal struc- the closest mterdlmg_r S---S separatldfl (=52---S3) is

tures in the course of this work. That of the oxidized derivative 3'86(,)1(15) A. In addition to these intrastack contacts there are

1,2,3-TDTACk (10) was performed in order to confirm its WO interstack S---S contactds (=3.5819(15) A) andds

structural identity and also to provide a basis for comparison (=3.3610(13) A) that a7re within the van der Waals approach

with the radical 1,2,3-TDTA itself. Crystal data for the two (3-8 A) for two sulfurs’ . -

compounds are provided in Table 2. An ORTEP drawing of Magnetic Measurements.The magnetic susceptibility of

1,2,3-TDTA, showing the atom numbering, is shown in Figure 1,2,3-TDTA (@) has been measured over the temperature range

3. Table 3 provides the atomic parameters for 1,2,3-TDTA 5—380 K, and the results are plotted in Figure 5. The compound

while Table 4 summarizes the intramolecular distances in 1,2,3-1S €ssentially diamagnetic. In the low-temperature regime the
TDTA and 1,2,3-TDTAC}. susceptibility exhibits a CurieWeiss dependence (solid line

Crystals of 1,2,3-TDTA belong to the monoclinic space group in Figure 5a), with a derived diamagnetic contributign=

P2,/n; there are four radical molecules per unit cell. The radicals,  (27) Bondi, A.J. Phys. Cheml964 68, 41.
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dimensions were 1x 0.3 x 0.3 mn¥. The temperature
dependence of the conductivity was measured in the range 345
75 K. At 75 K the sample resistance was ovetQ, the limit
Figure 4. Packing of 1,2,3-TDTA, shown from above and the side. of the experimental setup. The high-temperature limit was set
The four intermolecular distances (dashed lines)dare 3.2331(15), by the sample degradation that appeared above 345 K as an
d> = 3.8601(15)0s = 3.5819(15), andi, = 3.3610(13) A. irreversible increase in the sample resistance. The results are
) shown in Figure 6a. The conductivity decreases by 8 orders of
—133 x 10°° emu mot*, a®© value of 6.4 K, and a residual  magnitude with decreasing temperature from 345 to 75 K. The
spin concentration of 0.2% (Figure 5b). Aboved20a deviation  Arrhenius plot of the same data (Figure 6b) shows activated
Ay from Curie-Weiss behavior is observed (Figure 5a) in the pehayior fors with variable activation energy, the characteristic
form of an enhanced paramagnetism which reaches a value thategtre of hopping conductivi?. Near room temperature the
correspond_s to 2% of the molecules carrying free quie SpiNS 4ctivation energy\ is about 2600 K (0.22 eV), which is close

at 380 K (Figure 5b). This enhancemelt shows an activated {5 the activation energy of the free Curie spins (Figure 5¢) and
temperature dependence (see the ploAgfvs 17T in Figure is consistent with a gap valueA2= 0.4 eV calculated in the

5¢) with activation energyA = 2000 K (0.17 eV). Similar et section. This correlation suggests that the thermally released
paramagnetic enhancements of larger magnitude have beefree spins are the same carriers which contribute to the

observed in the structures of dithiadiazafidimer stacks;® conductivity. Figure 6¢ shows that the temperature dependence
and this behavior has been attributed to an uncoupling of the of the |ogarithm of conductivity is proportional 2 as

weak intradimer bonds and the formation of spin defects in the predicted for one-dimensional variable range hoppffgThe

lattice. Such spin uncoupling can clearly also take place at hree- and two-dimensional variable-range hopping the®ries
elevated temperatures in 1,2,3-TDTA, but it is interesting, in

view of the weakness of the interannular interactions (as Chgﬁ)l%%eak%a’gsR- A.; Boér®k. T.; Moock, K. H.; Parvez, MCan. J.
eV'denC?d l?y the molecular separation), that the degree of ™ >9)'\ow, N. F.: Davis, E. AElectronic Processes in Non-Crystalline
uncoupling is so small. Materials Oxford University Press: New York, 1979.

Conductivity Measurements.The single-crystal conductivity (30) Shante, V. K. S.; Varma, C. M.; Bloch, A. Rhys. Re. 1973 B,

(0) of 1,2,3-TDTA was measured in.afo.ur probg configuration. (31) Brenig, W.; Dohler, G. H.; Heyszenau, Rhilos. Mag.1973 27,
The in-line contacts were made with silver paint. The crystal 1093.
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(1000/T)™ (1K) the lattice and thermal dissociation of dimers.
Figure 6. Conductivity of solid-state 1,2,3-TDTA, plotted as a function . . .
of (a) absolute temperatuf® (b) 1/T, and (c) (1122 conduction band splitting arises from the weakness of the
intradimer interactions, which we attribute to the unique head-
(T-V4 and T-13 dependencies, respectively) do not fit to our to-tail mode of associat.ion. Uncoupling. of the glimers will
data. The observed behavior of the conductivity suggests thatProduce defects and midgap states which are important for
defect states exist within the gap near the Fermi level and at conductivity (see below), but these cannot be adequately
least at low temperature the transport is dominated by variable-described by the ideal crystal model used for the band
range hopping involving these states. The transport is prefer-calculations. ) . .
entially one-dimensional in thedirection along the molecular Conduction Model. The one-dimensional hopping mod#,
stacks. At high temperatures the hopping would involve states @S it applies to 1,2,3-TDTA, is summarized in Figure 8. At low
near the gap edgey = 2600 K, where the carrier mobility is ~ {emperatures topological defects and some lattice disorder are
higher. responsible for the finite density of states within the gap that
Band Structure Calculations. To probe the extent of leads to hopping conductivity. With increasing temperature the
intermolecular orbital interactions in 1,2,3-TDTA, we have free spins that are created by dissociation of the dimers appear
performed extended Hiel band structure calculations on the as midgap states at the Fermi level. Presumably the same
full solid-state structure. Figure 7 illustrates the dispersion curves Situation arises with the dithiadiazolyl compounds, where a fairly
of the highest lying occupied and lowest lying unoccupied large density of midgap states is generdtétHowever these
molecular orbitals, plotted along the three principal directions Midgap states in the dithiadiazolyls do not contribute to the
of reciprocal space. As expected from the magnetic measure-conductivity and the states are localizeapparently by the large
ments, dimerization of the radicals leads to the opening of a Onsite Coulomb correlation energy. Thus we consider the
band gap at the Fermi level, leading to a closed-shell semicon-dithiadiazolyls as Mott insulators. The new feature for 1,2,3-
ducting state. The calculations suggest the band gap is ca. 0_4TDTA is the identification of enhanced conducnwty.wnh.these
eV, a value considerably smaller than that found in other radical Midgap states. Thus these states are not fully localized in 1,2,3-
dimer structures we have studied, and consistent with the TDTA and they contribute to the conductivity by variable-range
magnetic and conductivity data reported above. The small size NOPPINg. It may be appropriate to view these mid-gap states as
of the band gap cannot be ascribed to crystal orbital dispersionSeparate donor and acceptor baffdsecause these states will

along the stacking directio. Rather, the small valence/ e split by the relatively large Coulomb correlations still
remaining in this organic molecule. In this way the conduction

(32) Given that the unit cell angles are equal to or close o &ud that in 1,2,3-TDTA would be viewed as arising from one-
there is a close correspondence between real and reciprocal space vectors .

orbital dispersion alonga*, b*, and c* can be equated with orbital dimensional variable range hopping involving semimetallic
interactions parallel to, y, andz midgap states. In this model the low-temperature conductivity
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originates from hopping between midgap states (FigureA6b, Experimental Section

= 0.12 eV), whereas at high temperatures the conductivity is . .

inl iated with h . h SO i | id General Procedures and Starting Materials.The reagents chlo-
mainly associated wit O.pplng that also involves mi gf’:lp Statesropyrazine (Aldrich), sodium sulfide (Aldrich), potassium phthalimide
and the band edges of either the valence or conduction bandsjgrich), tetran-butylammonium bromide (Aldrich), sulfur monochlo-
(A =0.22 eV, in good agreement with the energy gapAf 2 ride (Aldrich), and ammonia (Matheson) were obtained commercially
discussed above). and used as received. The compounds tetrachloropyrézing-

At room temperature approaches k 1074 S cntl, rising diamino-5,6-dichloropyrazin€,and 5,6-dichloro-1,2,5-thiadiazolo[3,4-
to a value of 4x 107 at 345 K. These values are significantly ~blpyrazine ¢),%* were all prepared by standard literature procedures.
higher than those observed for 1,3,2-TDT8) @nd, indeed, Solvents were of reagent grade and dried by distillation fre@s Ffor
any heterocyclic thiazyl radical or radical dimer system we have acetonitrile, chlorobenzene,_and dichloroethane) and Mg (for EtOH).
yet encountered. We can estimate the mohility 1,2,3-TDTA. Crys_tals_of .1’2’3'TDTA S.U'table for X-ray work were grown by

. . . sublimation in an ATS series 3210 three-zone tube furnace mounted
Using the observed value of the fraction of free spins (0.5% at

. h | fth lecul horizontally and linked to a series 1400 temperature control system.
room temperature, Figure 5b) and the volume of the molecular Melting points are uncorrected. Infrared spectra (Nujol mulls, KBr

unit cell (1.6x 107 A® mol™), we obtain a carrier (spin) density optics) were recorded on a Nicolet 20SX/C FTIR spectrometer at 2

n=3 x 10" cm3 Henceu = ol(en) = 2 x 10 % cm? V1 cm! resolution. Low-resolution mass spectra (70 eV, EI/DEI and CI/
s~ ! at room temperature, a reasonably high value for this class DCI) were run on a Finnigan 4500 quadrupole mass spectrometer at
of materials®? the McMaster Regional Centre for Mass Spectrometry. X-Band ESR
spectra were recorded on a Varian E-109 spectrometer with DPPH as
Summary and Conclusions a field marker. ESR spectral simulations were accomplished with Win-

) ) ) EPR Simfonia Version 1.25, by Bruker Analytische Messtechnik

In our pursuit of neutralz-radical conductor materials we  GmpH. Elemental analyses were performed by MHW Laboratories,
faced two fundamental design challenges. First, we have Phoenix, AZ 85018.
endeavored to suppress the structural (Peierls) instability as- Preparation of Compound 7. Ammonia gas was passed over a
sociated with a half-filled one-dimensional energy band, i.e., solution of 5,6-dichloro-1,2,5-thiadiazolo[3B}pyrazine 6) (5.00 g,
the tendency ofi-stacked radicals to dimerize. Overcoming the 24.2 mmol) in 100 mL toluene for 30 min. The gas flow was halted
self-association of radicals has required that the radical spinsand the mixture left to stir fiol h atroom temperature. The yellow
be highly delocalized at the molecular level and that in the solid S°lid was filtered off, washed with 50 mL ether, and sucked dry. The
state two- and three-dimensional intermolecular interactions be €rude product was extracted by boiling with 300 mL of hot toluene (in

h d. We h dd d both of th . b . .~ which the presumed “diamino” derivative and ammonium chloride are
ennhanced. We have addressed both of these ISSues by using rIn%soluble). Hot filtration of the extract and cooling of the filtrate afforded

systems in which carbpn, along with its exocyclic ligand (even canary yellow needles o (1.88 g, 10.0 mmol, 42%), mp 2118

if only a C—H group), is replaced by a heteroatom. °C. Evaporation of the toluene extracts afforded 0.4 g (1.8 mmol) of
However, while aiding in the resolution of the structural issue unreacteds. IR: 3419 (m), 3296 (w), 3127 (m, br), 1656 (vs), 1482

the use of heteroatoms creates a second, energetic problem. Then), 1343 (m), 1107 (s), 925 (w), 872 (m), 817 (m), 783 (w), 642 (m),

extreme electronegativity that results from incorporation of 536 (vs), 474 (w), 434 (m) cnt. MS (me): 187 (M', 100%), 152

nitrogen and sulfur atoms into the skeletal framework leads to (65%), 87 (14%), 74 (18%), 68 (50%), 53 (45%). Anal. Calcd for

a higher ionization potentials, a trend which is counterproductive C:Hz2NsSCI: C, 25.61; H, 1.07; N, 37.33. Found: C, 25.74; H, 0.97;

to the design of radicals with a low disproportionation enthalpy N, 37.50. . )

AHgisp Under these circumstances the radical spins become23%?#2@?3%3;5321:)?:gdszrﬁyg{irggsgsﬁl%mm?;]g:;j?n(81(')818'

trapped on the molecular building blocks and in the solid state ;' ' L

. . - of anhydrous ethanol, and the resulting orange red slurry was stirred
the materials are Mott insulators. The 1,3,2-TDTA radi6al under nitrogen for 16 h at 50C. Aqueous HCI (100 mL, 10%) was

provides a good example of such a systéirg., an undimerized  then added to the mixture, and the resulting orange precipitate was
m-stacked structure in which the bandwidth is insufficient to filtered off, washed with water and ethanol, and sucked dry. The crude
overcome the Coulombic barriéf to charge transpottin the product was recrystallized from boiling benzonitrile (350 mL) as red
isomeric 1,2,3-TDTA radicad reported herelJ is lowered by brown microcrystals 08 (3.07 g, 16.6 mmol, 78%), sub¥ 280 °C.
virtue of a dramatic increase in electron affinity, one which more IR: 3402 (m), 3266-3070 (br, m), 1633 (s), 1601 (s), 1576 (s), 1312
than offsets the small increase in ionization potential. However, (8), 1292 (m), 1126 (s) 852 (m), 806 (s), 778 (m), 693 (s), 516 (W),
in the solid state the 1,2,3-TDTA radical does not adopt a simple 467 (m) cm™. MS (we): 185 (M", 55%), 112 (21%), 68 (20%), 58
slippedz-stacked structure but rather a slippedlimer stack ~ (100%)- Anal. Calcd for @HNsSy: C, 25.94; H, 1.63; N, 37.81.

. ) . . . Found: C, 26.16; H, 1.56; N, 37.73.

in which the dimers are coupled in a hitherto unobserved head-

i A It of thi . h dical Preparation of Compound 9.Excess sulfur monochloride (4 mL)
to-tall arrangement. As a result of this association the ra 'C,a was added to a slurry of amindahiol (0.50 g, 2.70 mmol) in 35 mL of

spins are paired andsmallenergy gap is opened at the Fermi  gichioroethane, and the mixture was stirred and heated at gentle reflux
level. Nonetheless, the resulting material exhibits a remarkably for 6 h. The mixture was cooled and the red microcrystalline solid
high conductivity. Indeed it is, to our knowledge, the highest filtered off, washed with 2« 20 mL of dichloroethane, and dried in
conductivity ever observed for a single-composérmsulfur- vacuo (0.56 g, 2.62 mmol, 97%). The crude prod@stas purified,
based molecular material. More important, however, is the fact for analytical purposes, by fractional sublimation at +80 °C/102

that the free spins generated by uncoupling of 1,3,2-TDTA Torr as orange microcrystals, dec230°C. IR: 3188 (w), 1586 (s),
dimers at elevated temperatures contribute to an enhancement®64 (W), 1318 (s), 1277 (w), 1247 (m), 1079 (w), 838 (w), 828 (w),

; o ; : 785 (s), 717 (m), 693 (w), 508 (m) cth MS (me): 215 (M*, 100%),

felated heterocyclic radicals will load 1o materals wih even 3 (L1%). 70 (1190, 4 (35%) 45 (26%) Anal. Caled foHLS;

hiah d .y. . C, 22.32; H, 0.47; N, 32.53. Found: C, 22.54; H, 0.29; N, 32.70.
igher conductivities. Preparation of 1,2,3-TDTA (4). Excess sulfur monochloride (6 mL)

(33) Haddon, R. C.; Siegrist, T.; Fleming, R. M.; Bridenbaugh, P. M.; Was added to a slurry of (1.50 g, 8.10 mmol) in 50 mL of
Laudise, R. AJ. Mater. Res1995 1719. chlorobenzene, and the mixture was stirred and heated at reflux for 3

(34) We differentiate our neutral radical materials, which are single h. The black solid was filtered off, washed with<220 mL acetonitrile,
component, from highly polarized doneacceptor compounds. For ex-
amples of the latter, see: Yamashita, Y.; TomuraJMViater. Chem1998 (35) Allison, C. G.; Chambers, R. D.; MacBride, J. A. H.; Musgrave,
8, 1933. W. K. R.J. Chem. Soc. @97Q 1023.
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and dried in vacuo (0.135 g, 6.31 mmol, 78%). The crude product was  Magnetic Susceptibility MeasurementsMagnetic susceptibilities
purified by slow, fractional sublimation (to remove trace®pét 155~ were measured over the temperature rang88 K on a George
120°C/10°2 Torr in a gradient tube furnace to afford jet black needles, Associates Faraday balance operating at 0.5 T.

dec> 270°C. Further purification was effected by a second sublimation Conductivity Measurements. Conductivity was measured in a

at 140-80°C/102 Torr in a sealed tube. IR: 1417 (w), 1331 (s), 1293 helium variable-temperature probe using a LakeShore 340 temperature
(m), 1090 (w), 949 (m), 879 (s), 857 (m), 800 (m), 686 (M), 633 (m), controller. A Keithley 236 unit was used as a voltage source and current
531 (m), 495 (w), 495 (m), 448 (m), 405 (s) ct Anal. Calcd for meter, and two 6517A Keithley electrometers were used to measure

CiNsSs: C, 22.42; N, 32.69. Found: C, 22.53; 32.65. the voltage drop between the potential leads in a four-probe configu-
Preparation of 1,2,3-TDTACI; (10). Chlorine gas was passed over  ration.

a slurry of9 (0.250 g, 1.16 mmol) in 20 mL of C¥N. The mixture Electronic Structure Calculations. Semiempirical (MNDO) cal-

was gently warmed until all the solid dissolved to afford an orange culations were carried out using the MOPAC93 suite of progfams

solution (30 min). Canary yellow needles of 1,2,3-TDTAQIO0) grew compiled to run under DOS. All geometries were optimized within

upon cooling the solution te-20 °C. These were filtered off under  the constraints o€,, symmetry. Spin densitiegy refer to the square
nitrogen, washed with Z 5 mL of cold CHCN, and pumped dry of the pr-orbital coefficients in the SOMO. The band structure
(yield 0.300 g, 0.94 mmol, 81%), deec 135°C. IR: 1521 (m), 1458 calculations were carried out with the EHMACC suite of progr&ms
(s), 1384 (s), 1293 (s, br), 1246 (m), 1136 (s), 1021 (m) 917 (m), 869 using the parameters discussed previoéskhe off-diagonal elements
(m), 814 (m), 759 (m), 681 (w), 636 (M), 549 (s), 467 (s), 431 (s) of the Hamiltonian matrix were calculated with the standard weighting
cm L. Anal. Calcd for GNsSCls: C, 14.98; N, 21.84. Found: C, 15.10;  formula®
N, 21.98. Crystals suitable for X-ray work were grown by recrystal-
lization from CHCN. Acknowledgment. We thank the Natural Sciences and
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a black precipitate of 1,2,3-TDTA (215 mg, 1.00 mmol, 80%) was the MRSEC program of the NSF (Award No. DMR-9809686)
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Cyclic Voltammetry. Cyclic voltammetry was performed on a PAR

273A electrochemical system (EG&G Instruments) with scan rates 50 Supporting Information Available: Tables of crystal

100 mV s on solutions of the radical (0.1 M tetrabutylammonium ; :
. ! o structure solution, and refinement data, bond lengths and angles,
hexafluorophosphate) in GBN (dried by distillation from BOs). and anisotropic thermal parameters for the structures reported

Measurements on the 1,2,3-BDTA system were made on thedak . . .
of the corresponding 1,2,3-BDTA cation. Potentials were scanned from (PDF). X-ray files, in CIF format, are available. See any current

—2.5t0 1.5 V with respect to the quasi-reference electrode in a single Masthead page for Web access instructions.

compartment cell fitted with Pt electrodes and referenced to the jagg3490s

ferrocenium/ferrocene couple at 0.38 V vs S€E.
X-ray Measurements.X-ray data were collected on ENRAF-Nonius (37) MOPAC93, Quantum Chemistry Program Exchange.

CAD-4 with monochromated Mo & radiation. Crystals were mounted (38) EHMACC, Quantum Chemistry Program Exchange, program no.

on glass fibers with silicone or epoxy. Data were collected using a (:3,9) (a) Cordes, A. W.: Haddon, R. C.: Oakley, R. T.; Schneemeyer, L
6/260 technique. The structures were solved using direct methods andf : \waszczak, J. V.; Young, K. M.; Zimmerman, N. M.Am. Chem. Soc.

refined by full-matrix least squares which minimizgav(AF)2. 1991, 113 582. (b) Basch, H.; Viste, A.; Gray, H. Bheor. Chim. Acta
1965 3, 458.
(36) BoefeR. T.; Moock, K. H.; Parvez, MZ. Anorg. Allg. Chem1994 (40) Ammeter, J. H.; Burghi, H. B.; Thibeault, J. C.; Hoffmann,R.

620, 1589. Am. Chem. Socd 978 100, 3686.



