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The preparation and crystal structure of 5-cyanofuran-2-[1,2,3,5-diselenadiazolyl], TR = 5-cyanofuran),

is reported. Crystal data forsH,ON3Se: monoclinic, space group2;, a= 7.1121(7) b= 20.541(2)c =20.923-

(2) A, p=99.785(13, Z = 16. The crystal structure consists of diselenadiazelgimer stacks running parallel
to the x direction; the asymmetric unit consists of fawrdimer units. The dimers are aligned into snakelike
ribbons along they direction, with consecutive dimers linked by head-to-tail-€8e contacts. Each-dimer
stack is bordered by two out-of-register stacks, but most interstaclS8eontacts lie outside the van der Waals
separation. Along the-dimer stacks, the intradimer S&e distances range from 3.183(10) to 3.294(1) A, and
the interdimer Se-Se distances range from 3.826(1) to 3.945(1) A. Like othdimer stacked diselenadiazolyls,
[CeH2ON3Se), is diamagnetic over the temperature rang&80K. Variable temperature single-crystal conductivity
measurements reveal a room-temperature conductivity neard.@nt?! and provide a calculated band gap of
0.72 eV. The structural results and transport properties are interpreted in the light of Extefrwlesd band
structure calculations.

Introduction interpreted in terms of a collapse of intermolecular overlap as
. L o . the dimers separate into radicals. The consequent bandwidth is

The potential applications of 1,2,3,5-dithiadiazolyl radicals, g ficient to offset the Coulombic barrier to charge transfer

La, in the design of molecular conductdrmagnets,and thin (1)) "and the materials convert to a Mott insulating rather than

film devices have led to extensive research into the structure/ . ialiic state. Conductivity can be enhanced by p type doping
property relationships of these materials. the solid state, the e.g., by oxidation with halogerisAs a result of oxidation, the

radicals are usually found as diamagnetic dimers, although eye of hand filling is no longer commensurate with dimeriza-
dimerization can be inhibited by steric effeftdhe weak  ioh and, more importantly, the value of which is a maximum
intradimer S-S “bonds” dissociate at elevated temperat@es, for a half-filed energy band, is reduced. But in the absence of

but the co_nseque_nt enha_nce_ments in_magnetic _su_sce_pti_bility A%Yoping, the energetics of charge transfer between neutral
not associated with a major increase in conductivity, indicating gjthiadiazolyls limits their utility as conductive materials.

that the liberated spins are not charge carriers. Within a simple
band model of electronic structure, these findings can be
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stronger intradimer SeSe interactions, the compounds are Scheme 1

diamagnetic. In several cases, structural and transport property N(SiMe3); N
l N\ 2 SeCl, | AN J +|Se
\ =Se
of NSiMe3 NG 0 N

data are available on both sulfur and selenium containing
systems, e.g., the bifunctional radicag 3,1° and 4.1 The

respective pairs (E S/Se) are all isostructural in the solid state NC 8 cr
(although there is a second phtsenown for 2b). In contrast 7

to the sulfur based compounds, the selenium materials remain ¢ 1/2 PhySb
essentially diamagnetic to temperatures well aboveQhd Ne_
exhibit conductivity/temperature profiles characteristic of an D_{ ISe
intrinsic semiconductor. From an applications viewpoint, these *_Se
bifunctional materials are, however, not easy to manipulate. NC © 6b N

Their vaporization requires extreme temperature and vacuum
conditions, and sublimation is often accompanied by sample

decomposition. to pack with similar efficiency, it should display a relatively
By contrast, purification and crystal growth of monofunctional  high conductivity, comparable to those seen #tr and 3b.
diS@lenadiaZO'ylS by vacuum sublimation is relatively Straight- However, while prepara’[ion and purification 6b proved to
forward. Several pairs (E= S/Se) have been structurally e a routine task, repeated attempts to determine the crystal
characterized, but different packing patterns are often observedstructure were thwarted by twinning and superlattice problems.
for the two partners, e.gL (R = H, Ph)***However, when R More recently, using X-ray data collected on a CCD instrument
= 3-cyanophenyl, i.e5, the packing patterns are identical for  and new twinning routines in SHELX software, we have been
E = S and Sé?i.e., stackedr-dimers, akin to those observed  aple to solve the structure and complete the structure/property
for 2and3, so correlations of structure and property are possible. analysis. Herein, we report the preparation and structural

In general, the conductivity of monofunctional derivatives is characterization 06b and provide a comparative analysis of
markedly lower than that of bifunctional materials. For example, its electronic structure and conductivity with that of other

the stacking direction. At the time, we suspected thébifvere

the room-temperature conductivityzr of 5b is near 10° S
cm™1, while for 2b,° ort &~ 1074 S cntl.

While exploring the packing patterns of monofunctional
s-dimer stacks, we considered the cyanofuryl derivati®é%
At the level of lock-and-key parlance, these radicals might
be expected to display a similar packing pattern to that exhibited
by 5. X-ray characterization oda confirmed this supposition,
but also revealed a much tighter packing of thdimers along
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si-dimer stacks.

Results and Discussion

Synthesis.Compoundéb was prepared (Scheme 1) using a
variation of the procedure developed for the preparaticGadf
Accordingly, the cyanofuryl functionalized persilylated amidine
7, itself prepared by the reaction of 2,5-dicyanofuran with
lithium bistrimethylsilylamide, was treated with 2 equiv of
SeC}, which was prepared in situ from Se and Sedlhe
diselenadiazolylium chlorid was reduced with triphenyl-
antimony, and the radica@b was separated and purified by
sublimation in vacuo.

Crystal Structure. Bronze needlelike crystals 6b (several
were examined) gave a diffraction pattern which appeared to
be C centered orthorhombic. However, a primitive monoclinic
cell of half the volume showed slightly better merging statistics,
andP2; proved to be the correct space group. A routine direct
methods solution (SHELXS) clearly showed eight independent
molecules, or four dimers, in the asymmetric unit. Full aniso-
tropic refinement converged wittR; 7.03%, the Flack
parameter= 0.18(3), a high variance for the weak data, and a
definite trend ofF. < F, for the poorly fitting reflections.
Refinement with compensation for inversion twinning only
improvedR; to 6.98%, but there was still evidence of further
twinning. Addition of a pseudomerohedral twin correction for
a two-fold rotation around tha*, c* face diagonal (a two-fold
axis in the pseudo-orthorhombic cell) cleaned up the refinement
and difference map. The refined twin component fractions were
0.15(1), 0.11(1), and 0.06(1) for the rotational, inversion, and
inverted rotational contributions, respectively. The fiRalvas
3.15%, and the molecules showed the expected geometry. The
unusually high value o' = 8 independent molecules and the
low packing symmetry result from the alternation in inter-
molecular contacts along the slight shift of one stack relative
to the next (out-of-register stacking) with a period of four stacks
along z, and the sinusoidal variation of the molecular plane
perpendicular toy. All of these packing effects result in a
reduction of the electronic strain of the solid, as discussed below.

Crystal data fo6b is presented in Table 1, and a summary
of pertinent intramolecular bond lengths, as well as intradimer
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Table 1. Crystal Data for6b

. 40, No. 26, 2001

Britten et al.

formula GH2N3OSe
fw 290.03

a A 7.1121(7)
b, A 20.541(2)
c, A 20.923(2)
p, deg 99.785(1)
vV, A3 3012.2(5)
p(calcd), g cm?® 2.558
space group P2, (No. 4)
Z 16

temp, K 298(2)

u, mmt 9.764

2, A 0.71073
data/restraints/parameters 12838/1/868

solution method direct methods
R Ry 0.0315, 0.0764 (of?)?
AR = [JIIFo] — [Fd[XIFoll; Rw = {[XWIFo|2 — |Fc??/
[S(WIFo )]} 2.

Table 2. Selected Intramolecular Distances and Intra- and
Interdimer Se-Se Distances b (in A)

Figure 1. ORTEP drawing (50% probability ellipsoids) of the
asymmetric unit o6b. Atom numbering of all rings (AH) follows

Intramolecular that shown for ring G.

Se-Se Se-N N—-C

range 2.310(1)2.316(1) 1.760(7y1.806(7) 1.300(16y1.359(10)
mean 2.313 1.780 1.326

c
Intradimer q
Se Se2 A
A-B 3.285(1) 3.202(1)
E-F 3.284(1) 3.206(1) a
c-D 3.285(1) 3.189(1)
G—H 3.294(1) 3.183(1) b0
Interdimer >
Q
Sel Se2 .
o
A—B 3.837(1) 3.917(1) o
E—F 3.842(1) 3.916(1)
c-D 3.852(1) 3.942(1) Slp
G—H 3.826(1 3.945(1 Ik
) (1) A
Intrastack )
A—E 3.980(1) B-E 4.096(1)
A—F 3.909(1) B-F 4.030(1) a
Cc-G 4.000(1) D-G 4.106(1)
C—H 3.963(1) D-H 3.918(1)
A—G 3.659(1) B-G 3.882(1) Figure 2. Packing of dimers in the unit cell &b viewed parallel to
A—H 3.663(1) B-H 3.893(1) the x axis.
Cc-E 3.898(1) D-E 3.760(1)
C-F 3.7729(1) b-F 3.665(1) of the rings gives rise to two types of local environments for

the dimers. The side-on or partial dovetailed arrangement, e.g.,
A/B with E/F, is a very common feature in dithia- and
g diselenadiazolyl structures, as it maximizes electrostatic inter-
actions between adjacent rings. The more head-to-head inter-
action, e.g., A/B with G/H, is symptomatic of the curvature of
the molecular ribbons, which prevents the ideal dovetailed
arrangement found, for example, in 4-NgGCNE,.

Se-Se and interdimer SeSe contacts is provided in Table 2.
An ORTEP drawingf of the asymmetric unit, showing atom
numbering, is shown in Figure 1. The packing motif, viewe
down thex direction (Figure 2), is similar to that observed for
5a/band6a, with the dimers forming snakelike ribbons in which
neighboring molecules are linked in a head-to-tail fashion by
E—NC (E = S, Se) contacts. The role of these secondary
bonding interactiod§ as structure making “supramolecular ~ Viewed perpendicular to the stacking direction, the dimers
synthons?? is well recognized®1516.200ther donoracceptor form z-stacked arrays, with neighboring stacks aligned approxi-
combinations, e.g., secondary-Be contacts, have recently been Mately out-of register (Figure 3). This arrangement gives rise
shown to have a similar structure-influencing réte. to numerous SeSe interactions, both within and between the
In contrast toba/b and 6a, there are four dimers (labeled as Stacks. However, relatively few of these contacts lie significantly

A/B, C/D, E/F, and G/H) in the asymmetric unit. The packing inside the standard SeSe van der Waals contact of 3.82A.

Of more note, in comparison to the structureStf and also

(17) ORTEP-3 for Windows: Farrugia, L. J. Appl. Crystallogr.30, 565 the band structure calculations and conductivity measurements
1997. ) ) which follow, are the intra- and interdimer contacts along the

(18) Vargas-Baca, |.; Chivers, Main Group Chem. New4999 7, 4, 6.

(19) Reddy, D. S.; Ovechinnikov, Shiskin, O. V.; Struchkov, Y. T.; Desiraju,
G. R. J. Am. Chem. Sot996 118 4085.

(20) Davis, W. M.; Hicks, R. G.; Oakley, R. T.; Zhao, B.; Taylor, N. J.
Can. J. Chem1993 71, 180.

(21) Beer, L.; Cordes, A. W.; Myles, D. J. T.; Oakley, R. T.; Taylor, N. J.
CrystEngComn200Q 20.
(22) Bondi, A.J. Phys. Chem1964 68, 441.
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v ot

L \ ‘ as before, the material is treated as an intrinsic semiconductor,
0.003 0.004 0.005 06 we obtain values for the activation eneryof 0.72 eV. This
1T (K value can be compared with that of 0.55 eV &h® and 0.64
eV for 3b.10
Band Electronic Structure Calculations. To probe the
extent of electronic interactions within and betweensthdimer

stacks; the mean values are, respectively, 3.241 and 3.885 AStacks oféb, we performed Extended tekel Theory (EHT)
By contrast, the corresponding mean intra- and interdimer band calculations on a model structure in which the cyanofuryl

distances in6b are 3.27 and 4.15 A. Indeed, the interdimer 90UP Was replaced with a simple hydrogen ligand. All other
contacts of this monofunctional radical aclserthan those atomic coordinates were taken from the crystal structure. Only

seen in the bifunctional radica®b (4.014 A) and3b (3.91 A). interactions along and lateral to the stacking directions were
The contraction in the dimer separation@h (and its sulfur ~ considered. The results are expressed in the form of a two-

analoguesa) is, we believe, a consequence of the more efficient d!mensiongl [ — XandI' = Z) crystal orbital (CQ) dispersion
layering of the dimer ribbons occasioned by the smaller size of diagram (Figure 5) for the valence and conduction bands. These

the cyanofuryl group relative to that of the cyanophenyl group. bands_ are comprised of the COs farising from the two highest
Essentially, by reducing the steric bulk of the “structure making” °ccuPied anSd two lowest unoccupied molecular orbitals of the
4-substituent, a much tighter packing of the dimers can be four dimers?3 Also shown are the corresponding 2-D dispersion

induced. However, this more efficient stacking of dimers along Eyrxes forsb. In (tjh|s I(;a'iter case, only thedCOsl arlsllng frtc))_m lthe
x does little to improve lateral interactions, as a result of which, N'ghest occupied and lowest unoccupied molecular orbitals are

the structure remains highly one dimensional (see below). ~ ncluded. . . o
Conductivity Measurements.In accord with previous find- Inspection of the dispersion curves for bbthandéb indicate

ings ons-stacked diselenadiazolyl dimers, magnetic suscepti- lthat bloth Etructurzs areZh|gth| one glmensmnal. Dgrf)ersmn
bilty measurements ofib confirm that it is diamagnetic from z;]ltera tot el stacl SH ) .'j ?jmoslt_ at,has (Expecte frlo m |
4—380 K, with an observed diamagnetism-e£80 x 10-6 emu the structural analysis provided earlier (the absence of latera

mol~1. Four probe single-crystal conductivity measurements on Se—Se contacts .|n3|de 'the van der Waals separayon). .By
6b reveal a room-temperature conductivitgr ~ 0.10°5 S contrast, but also in keeping with the structural data, dispersion

_ : long the stacking direction is far more substantial@bithan
cm?, a value about 4 orders of magnitude greater than that a - ) . . .
found for5h. Application of 1 GPa pressure leads to an incréase for 5b; indeed, in6b along-the-stack dispersiol (~ X) is the

in conductivity of nearly an order of magnitude. Log plots (with (23) There are several avoided crossings alnthese arise from strong

and without applied pressure) of the single-crystal conductivity mixing of the COs associated with the orbitals of the molecular
of 6b as a function of temperature are provided in Figure 4. If, units.

108 £ J ‘

g
< bd

Figure 4. Log plots of the conductivity of 6b as a function of inverse
temperature with and without applied pressure.
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Table 3. Room Temperature Conductivityzr (S cnT?!) and
Measured and Calculated (EHT) Band Galgg (eV) of
Diselenadiazolyl Radical Dimers

compound ORT Eg (meas.) Egy(calc.)
2b 10+ 0.55 0.88/0.93
3b 1077 0.64 1.52
5b 10°° - 1.96
6b 10 0.72 1.39

aBand gaps estimated from dispersion curve dafde two values
are taken from calculations on pinwheel stacks aboudtlamd4 axes.

largest ever observed in a monofunctional diselenadiazolyl dimer
stack. As a result of this enhanced spreading of both the valenc
and conduction bands, the band gap predicted @bris
dramatically reduced relative to those calculated for other
monofunctional systems, e.§h, and similar to that encountered
for bifunctional radicaBb?* (Table 3). Only in the case @b,

Britten et al.

horizontally, and linked to a series 1400 temperature control system.
Mass spectra were recorded on a Kratos MS890 mass spectrometer.
Elemental analyses were performed by MHW Laboratories, Phoenix,
AZ. Infrared spectra were recorded (at 2 @mesolution on Nujol
mulls) on a Nicolet 20SX/C FTIR spectrometer.

Synthesis of 5-Cyanfuran-2-[1,2,3,5-diselenadiazolyl], 6(5olid
N,N,N-tris(trimethylsilyl)-5-cyano-2-furylamidiné (1.76 g, 5.0 mmol)
was added to a solution of Se@made from SeGl(1.10 g, 5.0 mmol))
and Se powder (0.39 g, 5.0 mmol) in 50 mL of acetonitrile. The mixture
was refluxed for 1 h, cooled to room temperature, and the resulting
bright, brick red solid was filtered off, rinsed with acetonitrile (three
20 mL portions), and dried in vacuo. The crude diselenadiazolylium
chloride was slurried in 50 mL of acetonitrile and treated with solid
triphenylantimony (0.91 g, 2.6 mmol). The dark mixture was gently

Gefluxed fa 1 h and then cooled to room temperature. A dark brown

solid was filtered off, rinsed with acetonitrile, and pumped to dryness.
The crude diselenadiazolyl radical was sublimed at°C700 2 Torr

to afford pure6b as lustrous bronze needles, yield 1.00 g (68%). dec
> 310°C. IR spectrum (2000250 cntl): 1460 (s), 1377 (s), 1310

where a more two-dimensional structure is observed, is the band(s), 1223 (w), 1214 (m), 1140 (m), 1021 (s), 972 (w), 963 (s), 889 (w),

gap substantially smallép.

Summary and Conclusions

By suitable choice of 4-substituents, 1,2,3,5-diselenadiazolyl
radicals can be induced to crystallize asdimer stacks,
affording semiconductive materials with tunable band gaps. The
enhanced conductivity of the cyanofuryl derivatise relative
to that of the 3-cyanophenyl compouBt can be traced to a
more efficient packing allowed by the cyanofuryl ligand. This

880 (w), 828 (m), 816 (w), 805 (s), 741 (s), 700 (m), 688 (m), 664 (s),
593 (w), 583 (w), 556 (w), 467 (m), 421 (s), 415 (s), 300 (s)y &m
V(CN) 2228 cm. Mass spectrumm/e 292 (M*, 85%), 196 (M—
NS)t, 6%), 174 (SEN*, 94%), 160 (S¢", 72%), 135 (?, 32%), 118
((NC(C4HO)CN)*, 55%), 94 (SeN, 100%). Anal. Calcd for @H,N3-
OSe: C, 24.95; H, 0.70; N, 14.49%. Found: C, 25.00; H, 0.55; N,
14.41%.

X-ray Measurements.A sample oféb was glued to a glass fiber,
centered on a Bruker P4/CCD diffractometer, and irradiated using 11.25
kW X-rays from a Bruker Mo rotating anode generator. The final
diffraction data set, consisting of 28358 reflectioRg.(= 2.98%, 12857

“chemical pressure” leads to a closer separation of dimers alongnique (for Laue symmetry 2); coverage to 0.77/9%, redundancy
thesr-stack and, hence, a greater bandwidth for both the valence= 3.9 (for 2/m symmetry)) was measured at 298 K using narrow frame

and conduction bands (the HOMO and LUMO of the dimers).
The band gap found f@b compares favorably with those found
for the bifunctional materialb and 3b. The importance of
this result lies in the implication that thermally stable and
relatively volatile (easily sublimable) low band gap semicon-

ductive materials based on monofunctional diselenadiazoyls can

be designed.

Experimental Section

General Procedures and Starting Materials Furan-2,5-dimethanol,
selenium powder, triphenylantimony (Aldrich), and chlorine (Matheson)

(0.38°) scanning in Bruker's SMART program and integrated using
Bruker's SAINT software. SADABS was used for the absorption
correction3!
Transport Property Measurements. The magnetic susceptibility
of 6b was measured using the Faraday technique; details of the
apparatus have been previously descrigéour probe conductivity
measurements o8b were performed with a Keithley 236 unit.
Electronic Structure Calculations. Molecular and band electronic
structure calculations were performed with the EHMACC suite of
programs®® using the parameters discussed previo&slyhe off-
diagonal elements of the Hamiltonian matrix were calculated with the
standard weighting formul&. Atomic positions were taken from the

were obtained commercially and used as received. Selenium tetra-Crystallographic data fosb and6b.

chloride’® was prepared using standard literature procedures, and lithium
bis(trimethylsilyl)amide (Aldrich) was converted into its ethefate
facilitate amidine synthesis. Acetonitrile (Fisher HPLC grade) was
purified by distillation from BOs. Dicyanofuran was prepared by the
oxidation of furan-3,5-dimethanol to the corresponding dialdetfyde
and conversion of the latter to the dioxirffesubsequent dehydration
with acetic acid afforded the desired dinitrifFractional sublimations
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