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2,5-Bis(trimethylsilyl)thiophene-S,S-dioxide is a member of
a wider family of materials of interest with regard to photo-
luminescence properties, and has been shown to exhibit a high
efficiency of blue fluorescence emission in the solid state. The
crystal structure of this material has been determined directly
from powder X-ray diffraction data using the Genetic Algorithm
technique for structure solution, followed by Rietveld refinement.
The structural properties of this material are assessed in the
context of a series of related derivatives of thiophene-S,S-diox-
ide. Potential energy calculations suggest that structural differ-
ences within this family of materials can be rationalized in terms
of competing intermolecular interactions promoting different
structure types. © 2001 Academic Press

INTRODUCTION

There is currently considerable interest in organic light-
emitting devices, mostly due to the need to develop low-cost
technology for display applications (1-3). In this field, the
design and development of organic materials with high solid

! To whom correspondence should be addressed. E-mail: K.D.M. Harris@
bham.ac.uk.

121

state fluorescence efficiency is an important contemporary
challenge (4). Although there has been significant progress
in recent years (1-9), there is still considerable potential for
developing new electroluminescent molecular materials and
polymers, as well as for understanding and controlling the
inter-relationships between their structural, electronic, and
electro-optical properties in the solid state. In particular, it
is now believed (10-13) that the geometric arrangement of
these molecules in the solid state has a significant influence
on their luminescence properties, and there is consequently
increasing interest in understanding the intermolecular
interactions and preferred modes of aggregation of these
molecules in the solid state. In this regard, attention has
focused on structural investigations of monomers and
oligomers, which serve both as model compounds for the
corresponding polymers and as potential materials for
photophysical applications in their own right.

We report here the results of photophysical, structural,
and computational investigations of 2,5-bis(trimethyl-
silyl)thiophene-S,S-dioxide (denoted 3; Scheme 1), which is
a member of a broader family of compounds (denoted 1-5;
Scheme 1). In this paper we report and discuss the crystal
structure of 3, which has been determined directly from
powder X-ray diffraction data using the Genetic Algorithm
technique for structure solution. The structural properties of
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1 X=Y=C(CH;)

2 X=C(CH;); Y=Si(CH,);
3 X=Y=Si(CH,),
4 X=Si(CH;); Y=Ge(CH;),
5 X=Y=Ge(CH),

SCHEME 1.

the other materials in this family have been determined
independently (14, 15) from single-crystal X-ray diffraction
data. Differences in the crystal structures and emission
properties of 1-5 are discussed, and aspects of these struc-
tures are rationalized in terms of competing intermolecular
interactions, which have been investigated by computa-
tional methods.

EXPERIMENTAL

Compound 3 was synthesized according to the procedure
described in Ref. (16).

Photoluminescence measurements on powder samples of
3 and 5 were carried out using a He-Cd laser operating at
325 nm. Photoluminescence excitation measurements on
3 were carried out using a xenon lamp (1000 W) mono-
chromated by a 0.5-m single monochromator. The samples
were mounted in a closed-cycle helium cryostat operating
between 20 K and 300 K, and the signal was detected by
a 2-m double monochromator equipped with a cooled
photon counter. Photoluminescence efficiencies (17pr) were
measured using an integrating sphere (17).

The synchrotron X-ray powder diffraction pattern of 3
was recorded at ambient temperature in transmission mode
(capillary sample) on Station 2.3 at the Synchrotron Radi-
ation Source (Daresbury Laboratory). The total range of 20
was 3° to 65° (4 = 1.3000 A) measured in steps of 0.01° and
collected over 6 hours. Structure solution was carried out
using the Genetic Algorithm technique implemented in the
program GAPSS (18-20). Rietveld refinement was carried
out using the GSAS program (21).

Calculations of potential energies of crystals were carried
out using the Cerius® program (22) employing the CVFF95
potential energy parameterization (23-30). The Ewald sum-
mation method (31) was used, with a cut-off radius of 10 A
for the repulsion term and cut-off radii of 15 A for the
dispersion and electrostatic terms. In all calculations, the
molecular geometry and the unit cell were allowed to relax
under minimization of the total potential energy, although
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in all cases the bond lengths for a given molecule in different
crystal structure types differed by less than 0.2%, and the
unit cell volumes differed by less than 5% from those in the
experimental crystal structures.

RESULTS AND DISCUSSION
Photophysical Measurements

Compound 3 is characterized by high solid state fluores-
cence efficiency, emitting (as a microcrystalline powder) in
the blue region (Ap;, = 391 nm) with a fluorescence efficiency
(7pL) of 30%. This fluorescence efficiency is substantially
higher than those of oligothiophenes [which do not exceed
a few percent in the solid state (32)] and polythiophenes [for
which #p;, reaches 20% only in very few cases (33, 34)]. The
emission lifetime of 3 is remarkably long (greater than
10 ns). Figure 1 shows the photoluminescence spectrum and
the photoluminescence excitation spectrum of 3. There is
a bathochromic shift in the emission wavelength with re-
spect to the absorption wavelength. On varying the temper-
ature between 300 K and 30 K, there is no observed change
in the spectrum, suggesting that there are no significant
structural changes in this temperature range.

The photoluminescence spectrum and fluorescence effi-
ciency of the germanium derivative 5 in the solid state are
very similar to those reported above for 3. As discussed
below, 5 and 3 are isostructural, suggesting a strong correla-
tion between structural and electro-optical properties. Pre-
liminary measurements (35) on 1, 2, and 4 suggest that 1 and
4 have emission characteristics similar to those of 3 and
5 (comparable brilliance for 4; somewhat lower brilliance for
1). In contrast, 2 does not emit in the solid state. We note
that oligomers of other thiophene-S,S-dioxides containing
appropriate a-functionalization and/or f-functionalization
with alkyl or trialkylsilyl groups also exhibit high solid state
fluorescence efficiency (36, 37).
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FIG. 1. Continuous wave photoluminescence (PL) and photolumines-

cence excitation (PLE) spectra of 3. The inset shows the PL spectrum as
a function of temperature.
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FIG. 2. Experimental ( + marks), calculated (solid line), and difference (lower line) powder X-ray diffraction profiles for the final Rietveld refinement

of 3.

Structure Determination

To explore relationships between the electro-optical
properties and structural properties in the solid state, the
crystal structure of 3 has been determined. As single crystals
of appropriate size and quality for conventional single-
crystal X-ray diffraction studies could not be prepared, we
have instead exploited recent developments in the tech-
niques available for solving crystal structures directly from
powder diffraction data (38-41).

The synchrotron X-ray powder diffraction pattern of
3 was indexed (using data up to 20 = 25°) by the program
TREOR (42) giving the unit cell: a = 6.49 A, b = 15.58 A,
c=1537A, «a = =7y=90°. Systematic absences were
consistent with the orthorhombic space groups Pn2;m and
Pnmm, and density considerations suggested that there are
four molecules in the unit cell.

The crystal structure was solved from the powder diffrac-
tion data using the Genetic Algorithm (GA) method, details
of which are described elsewhere (18-20,43,44). The struc-
ture solution calculation was carried out in space group
Pn2,ym, and involved the evolution of 200 generations of
a population of 100 structures. In each generation, 100
offspring (50 pairs of parents) and 20 mutants were gener-
ated. The structural fragment was constructed using stan-
dard bond lengths and bond angles and comprised two
half-molecules in the asymmetric unit, positioned appro-
priately with respect to the mirror plane. Rotation about the
C(ring)-SiMe; bonds represented a total of two intra-
molecular degrees of freedom.

The best structure solution (i.e., the structure with lowest
R, in the final generation in the GA calculation) was taken
as the starting structural model for Rietveld refinement. All
atoms were refined, with standard geometric restraints ap-
plied to bond lengths and bond angles. Hydrogen atoms
were introduced into the structural model in calculated
positions. A common isotropic displacement parameter was
refined for all nonhydrogen atoms, and a preferred orienta-
tion parameter was refined in the final stages. After carrying
out the refinement in space group Pn2,m, it was recognized
that space group Pnmm provides a better description of the
structure, and subsequent refinement calculations were car-
ried out in this space group. Indeed, an energy minimization
calculation on the structure solution obtained in space
group Pn2;m suggests that an additional mirror plane (cor-
responding to space group Pnmm) is present. In space group
Pnmm, the molecule is located at the intersection of two
perpendicular mirror planes (the two-fold axis of the
thiophene ring system runs along the intersection of these
mirror planes). The final Rietveld refinement (Fig. 2) gave
Ry, = 10.85% and R, = 8.09% (6200 profile points; 617
reflections; 40 variables). The final refined structure is shown
in Fig. 3, and fractional coordinates are given in Table 1.

In the crystal structure of 3 (Fig. 3), the molecules are
arranged in an edge-to-face manner. The structure contains
a parallel alignment of the molecular dipoles along the
b-axis, whereas in the direction of the c-axis, adjacent mol-
ecules are arranged in an antiparallel manner. These struc-
tural features may be interpreted in terms of optimization of
intermolecular electrostatic interactions.
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FIG. 3.

The crystal structures of 4 (SiMe;, GeMes) and 5 (GeMes,
GeMe;), which were reported (15) subsequent to our com-
pletion of the structure determination of 3 reported here, are
found to be isostructural with that of 3 (SiMes, SiMes).
Table 2 summarizes relevant crystal data for 3 and for the
crystal structures of 1, 2, 4, and 5.

TABLE 1
Fractional Coordinates of the Non-Hydrogen Atoms in the Final
Refined Crystal Structure of 3

Atom X y z U,/A2
o(1) 0.329(2) 0.8165(5) 1 0.079(3)
SQ2) 1 0.9380(2) 1 0.079(3)
C(3) i 1.1166(1) 0.17012(5) 0.079(3)
C(4) 1 13185(1)  0.2015(7) 0.079(3)
Si(5) 1 1.04708(8)  0.054024)  0.079(3)
C(6) i 1.2785(1)  —0.00972(5) 0.079(3)
C(7) 0.34565(6) 0.8982(1) 0.02966(5) 0.079(3)
0(8) 1 09028(5)  0.8144(3) 0.079(3)
S©9) P 0.7536(2) 3 0.079(3)
C(10) 033537(5)  0.5858(1) 3 0.079(3)
(i) 030756(7)  0.3798(1) 3 0.079(3)
Si(12) 045250(4)  0.66390(1) 3 0.079(3)
C(13) 0.50696(5) 0.5357(1) 0.83756(6) 0.079(3)
C(14) 0.46795(6)  0.9260(1) 3 0.079(3)

The crystal structure of 3 viewed along the a-axis (sulfur, oxygen, and silicon atoms are shaded).

We now compare the crystal structure of 3 with the
known crystal structures of 1 (CMe;, CMej;) and 2 (CMe;,
SiMe;). In the structure of 1 (Fig. 4a), the molecules are
arranged in an edge-to-face manner, but with a slight tilt of
the two-fold axis of the thiophene ring relative to that in the
structure of 3. In contrast, the structure of 2 (Fig. 4b) is
substantially different from those of 1 and 3, with a different
overall arrangement of the thiophene rings. Furthermore,

TABLE 2
Summary of Crystal Data for Compounds 1-5°

1 2 3 4 5
a(A) 10.210 11.257 6.4917(3)  6.513 6.525
b (A) 9.430 6.439 15.5778(3)  15.406 15.505
c(A) 6.400 19.735 15.3702(3)  15.556 15.600
B(©) 90 92.68 90 90 90
Voen (A%) 619.5 1428.9 1554.4 1560.8 1578.3
V4 2 4 4 4 4
Space group P2,2,2 C2/c Pnmm Pnmm Pnmm
Voot (A%) 207.7 234.2 235.6 240.2 245.4
PC 0.67 0.66 0.61 0.62 0.62
Reference 14 15 This paper 15 15

“PC denotes the packing coefficient, which is defined as ZV,,,;/V,.y. In this
expression, V,,; is the molecular volume, V,, is the unit cell volume, and Z is the
number of molecules in the unit cell.
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FIG. 4. (a) The crystal structure of 1 viewed along the c-axis (sulfur and oxygen atoms are shaded). (b) The crystal structure of 2 viewed along the
b-axis (sulfur and oxygen atoms are shaded).
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the structure of 2 is disordered, and each molecule in the
average crystal structure has one CMe; side group with half
occupancy and one SiMej; side group with half occupancy
on each side of the molecule. The C and Si atoms of these
side groups are located at the same average position, and
the C(ring)-C/Si distances therefore represent an average of
C-C and C-Si bond lengths. Chains of molecules run along
the direction of the a-axis, with neighboring molecules inter-
acting through = --- @ stacking. Further interactions along
the c-axis may be interpreted in terms of interlocking of
methyl groups. In such disordered average crystal struc-
tures, we cannot determine a priori whether the structure
comprises (a) ordered domains containing only one molecu-
lar orientation and an equal amount of ordered domains
containing only the other molecular orientation, or (b)
a situation in which, in each region of the crystal, each
individual molecule has a 50% probability of being in one
or other of the two orientations. In case (a), the disorder in
the average structure arises from averaging over the differ-
ent domains, whereas in case (b), the disorder exists at the
molecular level. The packing coefficients (Table 2) decrease
from 1 (0.67) to 3 (0.61), with very similar values of the
packing coefficients for 3, 4, and 5.

The similarity between the crystal structures of 3, 4, and
5 is reflected in their emission properties. For example, as
discussed above, 3 and 5 have identical fluorescence spectra
and fluorescence efficiencies, whereas no emission is
observed for 2 in the solid state.

Potential Energy Calculations

In this section, we apply computational approaches to
obtain more insight into the observed structural properties
of compounds 1-5 in the solid state. Since the crystal struc-
tures of 3, 4, and 5 are essentially identical, the family of
compounds 1-5 exhibit only three different structure types,
exemplified by the experimental crystal structures of
compounds 1, 2, and 3.

The potential energy calculations described below esti-
mate the total potential energy (E,,) of a crystal in terms of
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intramolecular and intermolecular contributions. The intra-
molecular contribution (E;,,,) comprises bond stretching
terms, bond bending terms, and cross-terms, whereas the
intermolecular contribution comprises van der Waals
(E,qw) and electrostatic (E..) terms. In order to compare
the energetic properties of the three different structure types,
we consider calculations for a given type of molecule in each
of the three different structure types. As the calculations
require ordered periodic structures, such calculations
cannot be carried out for the observed (average) crystal
structure of 2, and the unsymmetric molecule 2 cannot be
incorporated into the crystal structures of 1 and 3. Never-
theless, the symmetric molecules 1 and 3 can be inserted into
the crystal structure type observed for 2. Thus, we have
carried out calculations for molecule 1 (i.e., with two CMe;
side groups) in each of the three structure types for com-
pounds 1, 2, and 3 (these calculations are denoted {1},, {1},,
and {1};, respectively), and for molecule 3 (i.e., with two
SiMe; side groups) in each of the three structure types for
compounds 1, 2, and 3 (these calculations are denoted {3},
{3},, and {3}, respectively). The experimental crystal struc-
tures of 1 and 3 correspond to {1}, and {3}, respectively.
The results of the calculations are summarized in Table 3.

In comparative terms, the results obtained for molecule
1 in each of the three crystal structure types { };, { },, and
{ }3 mirror the results obtained for molecule 3 in each of
these crystal structure types. Thus, for both molecules 1 and
3, the following general observations are made: (i) structure
type { }; has the lowest value of E,,, with the following
order of increasing E.,, { }; < { }3 < { }2; (ii) this ordering of
the values of E,, is dominated by the electrostatic contribu-
tion E..., which is the energy contribution that exhibits the
largest variation in magnitude across the three different
structure types, and follows the same trend as the values of
E,,—thus, in order of increasing E ., { }; < { }3 < { }2; (iii)
structure type { }, has the lowest value of E, g, with the
following order of increasing E,qw, { }» <{ }1 <{ }3; (iv)
structure type { }, has the highest density, with the
following order of decreasing density, { }, > { }; > { }3; (V)
in terms of the variation, across the three structure types, of

TABLE 3
Total Potential Energy (E,,) for Molecules 1 and 3 in Each of the Structure Types Found Experimentally for Compounds 1, 2, and 3*

Structure E. (kcal mol™1) Eintra (kcal mol ™) E,qw (kcal mol 1) E. . (kcal mol™ 1) p (gem™?) Vien/Z (A3)
{1}, —266.0 133.0 —63.0 — 3360 1.171 3238
{1}, —262.4 132.9 —64.7 —330.6 1.194 317.6
{1}5 — 2649 129.4 —60.2 —334.1 1.148 330.3
{3h — 4443 131.3 —121.2 —454.4 1.196 361.7
{3}, — 4378 131.7 — 1229 —446.6 1.224 353.5
{3}3 — 4409 129.5 — 1174 —453.0 1.163 372.1

“The individual energy contributions E;, ., Evaw, and E.,. are also given, together with the density (p) and the volume per molecule (V,.;;/Z) in the unit

cell.
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the magnitudes of the three contributions to the total en-
ergy, the variation is smallest for E;,,,, and largest for E..

For molecule 1, the experimentally observed crystal struc-
ture {1}, has the lowest value of E,,;, whereas for molecule 3,
the structure with the lowest value of E,, is {3}, rather than
the experimentally observed crystal structure {3}; (which is
the structure type giving the second lowest value of E,,, for
molecule 3). Thus, while the experimentally observed struc-
ture for molecule 1 is predicted from our calculations to be
the polymorph of lowest energy (with respect to the particu-
lar potential energy parameterization used in our calculations)
among the three structure types investigated, the experi-
mentally observed structure for molecule 3 is predicted from
these calculations to be a metastable polymorph. It is clear
from the results of these calculations that optimization of
the intermolecular electrostatic interaction is the dominant
factor that discriminates structure type { }; as the preferred
structure for both molecules 1 and 3. On the other hand,
structure type { }, has the most favorable van der Waals
interactions, both for molecules 1 and 3, and is the structure
type of highest density in each case.

The fact that the experimentally observed crystal struc-
ture for compound 2 is a substantially different structure
from those of the other members of the family may be
related intrinsically to the unsymmetric nature of this mol-
ecule and/or the disorder in this structure, and thus the
calculations presented here (which have considered symmet-
ric molecules in ordered crystal structures) cannot shed light
directly on this issue. Nevertheless, the fact that compound
2 forms the structure type for which the van der Waals
contribution is apparently most favorable may be related in
some manner to the important steric requirement (encoun-
tered only for 2) of accommodating side groups of different
size within the crystal.

CONCLUDING REMARKS

The crystal structure of 2,5-bis(trimethylsilyl)thiophene-
S,S-dioxide (3) has been determined through the use of
modern techniques for solving structures directly from pow-
der X-ray diffraction data, and the structural properties
have been rationalized in comparison with those of related
derivatives of thiophene-S,S-dioxide. Compounds 3, 4, and
5 exhibit very similar emission features in the solid state, and
the fact that the crystal structures are isostructural is in
support of a strong correlation between crystal structure
and electro-optical properties. Potential energy calculations
have provided some insights into the different crystal
structure types formed within this family of materials,
particularly in relation to the competing influences of
electrostatic and steric factors.

While the structural information determined from pow-
der diffraction is not, in general, as accurate as that which
could be determined from single-crystal diffraction on the
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same material, we nevertheless emphasize that for under-
standing details of the intermolecular packing arrangements
and characterization of different structure types, the struc-
tural information determined from powder diffraction data
is perfectly adequate. Furthermore, it is important to em-
phasize the following inherent advantages of structural
analysis by powder diffraction data, some of which may find
particular relevance in establishing (as in the present paper)
relationships between the structure and properties (and ulti-
mately potential applications) of crystalline materials: (i)
many crystalline materials (as in the case of 3) cannot be
prepared as single crystals of sufficient size and quality for
single-crystal X-ray diffraction studies; (ii) in structure deter-
mination from powder diffraction data, the structure ob-
tained is inherently representative of the bulk material; and
(ii1) comparison of the diffraction data of a thin film of the
material of interest and the powder diffraction pattern of the
corresponding bulk material may provide opportunities to
obtain a structural model for the thin film (this aspect is
particularly relevant in the context of those materials ap-
plications in which the material of interest is deposited as
a thin film).
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