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In the present study, we investigate the influence of temperature on the width and location of bands in the
UV-visible absorption spectra of oligomer chains of poly(p-phenylene vinylene) (PPV). These spectra have
been computed by means of molecular dynamics (MD) simulations along with the classical MM3 force field,
in conjunction with (Z)INDO/S-CIS calculations of vertical excitation energies and transition moments. In
addition, the MD(MM3) computations enable consistent insights into the average structures ofcis- andtrans-
stilbene, at temperatures ranging from 0 to 500 K. Fortrans-stilbene and larger PV-n oligomer chains
converging to PPV, thermal motions at room temperature in the vacuum result in a constant broadening of
bands by 24 nm (0.20 eV) at half the maximum. Compared with the trans-isomer, thermal broadening intensifies
to 33 nm (0.44 eV) forcis-stilbene, due to enhanced steric effects. When accounting in addition for the
outcome of vibronic broadening, the width of the first absorption band increases at 300 K to 33 nm (0.48 eV)
for trans-stilbene and∼46 nm (0.40 eV) for the largest PV-n chains. At last, upon studying a large molecular
cluster reproducing the crystalline structure oftrans-stilbene, it has been found that, although they strongly
impede the rotations of phenyl rings and out-of-plane distortions, packing effects and steric hindrances in the
solid phase lead to a limitation of the width of the first absorption band by 6 nm (0.07 eV) only at 300 K.

Introduction

The discovery of the electrical conductivity of doped poly-
acetylene1 has triggered a revolution in the perception of
polymer materials. Low-band gap oligomers and polymers are
nowadays a major research topic (see, e.g., refs 2-4), with
useful technological applications materializing in many areas.
The genuine interest in these polymers stems from the fact that
they combine the optical and electronic properties of semicon-
ductors, together with the lightness and engineering facilities
of plastics,5 a major advantage for numerous applications in
microelectronics. Unsurprisingly, therefore, conjugated polymers
are nowadays key components of a number of advanced but
rather low-cost electronic devices, such as light-emitting diodes
(LED’s),6 electrochromic displays and windows,7 field effect
transistors,8,9 anti-static layers,10 solar cells,11 sensors,12 and solid
or gel cell lithium batteries.13

Among these low band gap compounds, one of the most
intensively studied conjugated polymers is poly(p-phenylene
vinylene) (PPV), an intrinsically electroluminescent polymer
(see, e.g., ref 14). One of its “tuned” derivatives, known as
OC1C10, has recently been exploited in commercial devices such
as polymer LED’s.15 This structure carries a methyl and a longer
alkyl chain coupled to each of the phenyl rings through an ether
function, which keep chains at larger distances because of
intermolecular steric hindrances, and thereby limit the quenching
resulting from interchain hopping of charges.trans-stilbene is
the smallest molecule that reproduces the basic electronic and
geometric structure of PPV (Figure 1a). The low-lying elec-
tronically excited states of this molecule have been extensively
investigated using a variety of advanced ab initio methods (see,

e.g., refs 16-18). One of the strongest motivations for carrying
out such studies relates to the photoisomerization of this* Corresponding author. E-mail: deleuze@luc.ac.be.

Figure 1. (a) Structure oftrans-stilbene.φs and φd are the torsion
angles around the vinylene single and double bonds, respectively. (b)
Structure ofcis-stilbene. (c) Structure of the PV-n oligomers (withn
the number of phenyl rings).
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molecule (see, e.g., refs 19 and 20), a process of utmost
importance in e.g. biological reactions.

Despite so many theoretical and experimental studies on the
electronic absorption spectra of the PPV polymer and of related
oligomers, the problem of band broadening remains at present
a largely unresolved issue. As is well-known, the spectral line
relating to a given electronically excited state is in practice
broadened due to numerous effects, such as natural line
broadening, the Doppler effect, intermolecular collisions, in-
strumental broadening, environment effects, vibronic coupling,
and thermal motions (see, e.g., ref 21). One study of relevance
for the present contribution is an experimental determination
of the outcome of matrix and temperature effects, as well as
vibronic couplings, on optical spectra of PPV derivatives.22

For conjugated polymers such as PPV, several additional
factors can be retained that further contribute to band broaden-
ing. The extent of straight planar chain segments shows most
commonly a broad distribution, due to the inherent structural
disorder of polymer matrixes. Because this extent determines
the effective conjugation length in the PPV polymer (see, e.g.,
refs 23 and 24), strong distortions from planarity as well as sp3

defects could provide a first explanation of the particularly
strong and inhomogeneous band broadening (150 nm or more)
seen in the available absorption spectra of PPV.25 These
conjugated segments determine the spatial extent of the elec-
tronic wave function, which in turn controls the Franck-Condon
overlap integrals determining the intensities of lines in the
vibronic progressions. As such, the average conjugation length
and the extent of geometric relaxation in the excited states can
be estimated from measurements.26,27 From a comparison of
absorption spectra of PPV with the spectra of a series of finite
PV-n oligomers (withn the number of phenyl rings in the
system), it has been conjectured that the largest conjugation
lengths range from 10 to 20 monomer units (see, e.g., refs 28
and 29).π-delocalization in conjugated polymers is limited not
only by structural disorder, but also by temperature-induced
excitation of vibrational, rotational, or librational motions (see,
e.g., refs 30-32). Furthermore, in a polymer matrix, interchain
interactions through overlap of the individual electronic wave
functions can lead to a splitting of electronic states, referred to
as a Davydov splitting. This splitting, which is not considered
in this work, induces a blue shift of the lowest optically allowed
transition in a cofacial configuration with respect to the isolated
molecule.33 In the most ideal cases, e.g., a cofacial configuration,
Davydov splittings up to 0.3 eV have been reported from (Z)-
INDO/S-CIS calculations ontrans-stilbene molecules at an
interchain distance of 4 Å.33 Another possible source of
broadening, which is also dropped from the present study,
concerns the average distribution of trans- and cis-isomers (see,
e.g., ref 34).

Clearly, despite the impressive growth of computer power
and software developments, a complete description of all the
components affecting the electronic spectrum of a polymer
within one single theoretical model remains a highly elusive
target. In the present study, we will provide one piece to this
puzzling and complicated issue, by studying at different
temperatures the impact of thermal motions on the position and
shape of pure electronic absorption bands. It should be stressed
that none of the theoretical studies so far of the electrooptical
properties of conducting polymers have ever explicitly tackled
the outcome of thermal dynamic disorder. Most commonly, the
effect of temperature is simply accounted for in the simulations
through convolutions using an appropriate (Gaussian, Lorent-
zian, or Voigt) spread function with a fwhm (full width at half-

maximum) parameter of 20 nm at room temperature. Notice
that even with spectral measurements on PPV oligomers at 80
K, a spread function with a fwhm of 10 nm is necessary to
ensure consistent insights from the simulations (see, e.g., ref
35). As shall be shown, this broadening is fully consistent with
the outcome of thermal motions of PPV oligomers in the gas
phase. In the present study, conclusions for the polymer are
drawn from extrapolations of calculations on a series of finite
model molecular chains converging to PPV. The calculations
are based on molecular dynamics (MD) simulations along with
a classical molecular mechanics (MM) force field, followed by
(Z)INDO/S-CIS computations of vertical electronic transitions
on structures extracted from the MD simulations.

In addition, this investigation also compares both the ther-
mally averaged structure and optical bands of a crystalline
cluster of trans-stilbene molecules with that of isolated mol-
ecules. In a crystal, large-amplitude motions are expected to be
impeded by the steric hindrances with the surrounding mol-
ecules. However, an unusually short length (1.338 Å) has been
reported for the central vinylene CdC bond in recent X-ray
diffraction studies of trans-stilbene.36 These studies give
evidence that complete and synchronous rotations of the phenyl
rings about the single CsC bond are still possible in a crystal
matrix, in the form of a pedaling motion, described by a 2-fold
rotation of the central ethylene bond about the longitudinal axis
of the molecule.37-39 The occurrence of such large-amplitude
motions motivates further the present investigation of the impact
of dynamic disorder on the electronic properties oftrans-stilbene
and related compounds.

Methodological Considerations and Justifications

Molecular mechanics (MM)40 and molecular dynamics (MD)41

are used to study, among others, the structure of macromol-
ecules, disorder effects in crystalline structures, and solvent
interactions.42-45 In the present study, Allinger’s classical MM3
force field46-48 has been selected for performing the MD
computations, because with this force field the stretching,
bending, and torsion force constants in conjugated segments
can be refined at all steps of the calculations through iterative
SCF calculations of theπ-density.49,50As such, this force field
affords consistent insights into the out-of-plane deformations
of aromatic rings. It is also well suited for obtaining molecular
structures and evaluating conformational energies and rotational
barriers in strained (cyclic and cage) hydrocarbon structures and
aromatic compounds (see, e.g., refs 51-53). In particular, for
trans-stilbene, MM3 has been shown in a preliminary study54

to enable a consistent treatment of the out-of-plane rotation of
the phenyl rings up to a value of 60°, compared with DFT-
B3LYP/cc-pVDZ calculations including the leading effects of
electron correlation. Also, the MM3 force field enables a
quantitative determination of the crystalline architecture of PV-8
oligomers,42 both for the molecular structures and lattice
parameters. Also of relevance for the present work is a detailed
MM3 study of the pedaling motions oftrans-stilbene within
the field of a mean crystal lattice, which has led to a quantitative
description of the anomalous temperature dependence of the
central vinylene bond length.55 At the very last, the MM3 force
field has been shown to surpass in accuracy B3LYP/cc-pVDZ
calculations of the single-bond rotational barriers oftrans-
stilbene, in comparison with benchmark quantum-mechanical
results derived from a focal point analysis.56 At last, this force
field affords consistent insights into complex molecular motions,
such as the circumrotations of benzylic amide catenanes,57 and
the spinning of C60 cages in the solid phase.58
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The MD(MM3) computations have been performed using the
3.1 version of the TINKER package of programs.59 Atom types
“2” and “5” have been used for all sp2-carbon and hydrogen
atoms, respectively. Different temperatures have been imposed
in these simulations through coupling of the system with an
external bath using the Groningen method.60 The trajectories
are calculated using the modified Beeman algorithm,61 along
with the following inputs for the MD computations: an
integration time step of 0.25 fs, a thermal equilibration time of
0.01 ns, a dump time of 0.1 ps, and a total run time of 0.11-
0.36 ns. The outcome of accumulated deviations in the MD-
(MM3) computations, arising as numerical instabilities due to
a possibly too limited integration step, or of a too limited
exploration of the phase space by the MD trajectories have been
carefully assessed fortrans-stilbene, by comparison with the
results derived from MD runs using different input parameters.54

With the set of parameters selected here, it has been found in
particular that the impact of the highest-frequency molecular
motions, associated with the C-H bonds, on the width of the
first absorption band, is less than 0.05 nm (0.004 eV) at room
temperature.54 The potential and total energies of the configura-
tions produced by the MD runs have been carefully monitored,
to ensure a consistent exploration of phase space. It has been
observed that the equilibration time required to ensure stabiliza-
tion of the energy of the system within 10% of its thermally
averaged value is less than 2 ps and decreases with increasing
system size. An equilibration time of 0.01 ns has been
systematically used throughout this study, which is largely
sufficient to ensure a consistent thermalization.

The results of the MD(MM3) simulations are analyzed to
evaluate the effect of thermal agitation on the conformational
properties of oligomers of PPV in the gas phase. In particular,
attention has been focused on four geometrical parameters, with
regard to their leading influence on the absorption spectrum of
trans-stilbene, as already pointed out in ref 54. The determi-
nation of the thermally averaged values for the bond lengths of
the central vinylene single and double bonds, and for the dihedral
angle describing the torsion of the central vinylene double bond,
φd (Figure 1), is straightforward. On the other hand, when
estimating the average torsion of the vinylene single bonds,φs

(Figure 1), from the MD outputs, some care is needed to make
consistent comparisons with experiments. First, the reported
experimental data (see, e.g., ref 62) were obtained from
experiments that cannot discriminate structures with opposite
enantiomeric character (hence experimental values are actually
reported asφhs ) 〈φs

2〉1/2). Thus, to evaluate the average out-
of-plane distortion of stilbene at different temperatures, the
average of the absolute values ofφs has to be considered.
Second, at sufficiently high temperatures (T g 400 K), another
difficulty arises: both fortrans- andcis-stilbene, the rotational
barrier atφs ) 90° can be occasionally exceeded, implying that
the two C-C bonds, adjacent to the vinylene single bond, are
swapped in the studied phenyl ring. This in turn can lead to
some ambiguity in the assignment ofφs. Assuming that the
phenyl rings remain planar despite the thermal motions, this
ambiguity can be released as follows:

Case I: The absolute values ofφs comprised between 0 and
90° are accounted for as such.

Case II: The absolute values ofφs comprised between 90
and 180° are subtracted from 180°.

In a further step, (Z)INDO/S-CIS63,64 calculations are per-
formed using the ZINDO package65 by Zerner upon large sets
of structures (typically: 2000-3500 molecular geometries)
extracted from the MD(MM3) simulations at different temper-

atures. Compared with more reliable but much more demanding
TD-DFT66-68 and CASPT269 calculations, it has been found that
the (Z)INDO/S-CIS scheme by Zerner70 enables calculations
of the low-lying valence excited states oftrans-stilbene with
an accuracy of 0.2 eV on the computed one-electron excitation
energies.18 The reliability of this semiempirical scheme has been
amply assessed through comparison against experimental data
for polymers (see, e.g., refs 71 and 72). In the present work,
the accuracy of the (Z)INDO/S-CIS approach in describing the
excitation spectra of nonequilibrium, distorted structures has
been further verified by comparison with TD-DFT computations,
in conjunction with the B3LYP functional and the cc-pVDZ
basis set, on structures optimized at the B3LYP/cc-pVDZ level
under the constraint of aC2 symmetry point group and of fixed
torsion anglesφs with values ranging from 0 to 90° (see Table
1). Upon examining this table, it is immediately apparent that
the first absorption line is predicted within 0.1 eV accuracy
up to torsion anglesφs of 40°. More specifically, at the
(Z)INDO/S-CIS level, compared with the TD-B3LYP/cc-pVDZ
one, the wavelengths associated with the first excitation energies
are systematically overestimated by∼7.3 nm, whereas the
corresponding oscillator strengths are systematically underes-
timated by∼0.2 au. Also, the five lowest-lying vertical (Z)-
INDO/S-CIS excitation energies do not deviate by more than
0.2 eV from the TD-B3LYP/cc-pVDZ results, up to (double)
torsions φs of 60°. The agreement deteriorates for larger
synchronous rotations of both phenyl rings about the single
carbon-carbon bonds (0.3 and 1.2 eV disagreements are for
instance noticed for the first excitation energy, for structures of
C2 symmetry characterized by torsion anglesφs equal to 60°
and 90°, respectively). Notice, however, that these strongly and
doubly twisted conformations are 5.7 and 12.0 kcal mol-1 less
stable than the planar (C2h) structure, and are therefore ther-
mostatistically very unsignificant.

A first series of (Z)INDO/S-CIS calculations of UV-visible
absorption spectra at specific temperatures fortrans- andcis-
stilbene and PV-n (n ) 2-4) has been carried out without any
restrictions of the orbital active space, except for the frozen core
approximation. To make computations possible on larger
systems, a second series of calculations for oligomers up to PV-7
has been performed with the valence active space restricted to
π-orbitals only. It has been found that this restriction of active
space results in a nearly constant blue shift of the wavelength
describing the first absorption line (hereafterλmax) by 26.2 nm
(Figure 2a). Correspondingly, the related oscillator strength is
increased by a value (Figure 2b), which, upon fitting, scales on
average as

with a (R2) correlation coefficient of 0.9926. In the sequel of
this study, the absorption thresholds of the species PV-5,
PV-6, and PV-7 have therefore been corrected by a red shift of
26.2 nm, and the corresponding oscillator strengths have been
rescaled according toF′ ) F - ∆F. Notice that the restriction
of the active space no longer allows a consistent description of
the remaining B and C absorption bands, due to the neglect of
the configurational mixing with theσ andσ* levels. Therefore,
these bands have been dropped from the simulations for PV-n
chains larger than PV-4.

The influence of dynamic disorder within the field of a crystal
lattice has also been investigated at room temperature on similar
grounds fortrans-stilbene. For this purpose, molecular structures
have been extracted from MD(MM3) computations on a model
crystalline cluster of 58 molecules, characterized by a radius of

∆F ) 0.1264 ln(n) + 0.1253 (1)
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about 20 Å. The initial crystalline structure was built according
to the results of a X-ray diffraction study at-160°C62 (Figure
3). The monoclinic space group of the crystal isP21/a, and the
cell dimensions area ) 12.287,b ) 5.660,c ) 15.478 Å, and
â ) 112.03°. The cells contain two-half, independent molecules,
denoted asR andâ, in the asymmetric unit, which lies at two
nonequivalent inversion centers in the unit cell, and are very
nearly related by a 2-fold screw axis parallel to thec axis. The
molecular structure of these two molecules differ slightly (e.g.,
φs values of 3.4° and 6.9° are reported for theR and
â-molecules, respectively62). To roughly mimic the “crystal
pressure”, the “sphere” keyword of the TINKER package of
programs was used to inactivate all atoms positioned at a
distance of more than 15 Å from the center of the cluster. A
total of 24 molecules are fully enclosed within this sphere. The

π-electron SCF computations involved in the MM3 calculations
make large scale MD simulations on such clusters completely
untractable. To overcome this difficulty, the MM3 force field
constants, obtained from theπ-SCF computations on a single
trans-stilbene molecule, are retained for all 58 molecules in the
cluster, neglecting thereby the impact that intermolecular
motions and distortions of the molecular structure may have
on the electron densities. At first glance, this may seem a rather
drastic approximation. However, upon verification from further
combined (Z)INDO/S-CIS//MD(MM3) calculations of the gas-
phase absorption spectra oftrans-stilbene at room temperature,
it appears that freezing theπ-electron densities and the related
force constants to the 0 K values has a very negligible impact
(less than 2 nm or 0.02 eV, and 1 nm or 0.02 eV, respectively)
on the computed bandwidths, and onλmax. Furthermore, it has
been found that this simplified force field, denoted as MM3′,
does not very significantly deviate from the standard MM3 and
B3LYP/cc-pVDZ single-bond torsion potentials aboutφs (Figure
4). All three methods (MM3, MM3′, and B3LYP/cc-pVDZ) give
consistent insights, within less than 0.5 kcal mol-1, into the
rotation of the phenyl rings about the vinylene C-C bonds, up
to values ofφs approaching 60°.

Further MM3, MM3′, and B3LYP/cc-pVDZ calculations have
been carried out to study in detail the torsion potential oftrans-
stilbene near equilibrium with respect to variations of the double-
bond torsional angleφd. These results are displayed in Figure
5 and demonstrate that the MM3, MM3′, and B3LYP/cc-pVDZ
torsion potentials do not deviate by more than 0.5 kcal mol-1,
up to φd ) 12°, which is sufficient to reliably investigate the
outcome of thermal motions on this internal coordinate at 300
K (at this temperature, the thermodynamical weight of structures
with a torsion angleφd larger than 12° is less than 10%; see
further).

The average results obtained finally for the geometries and
electronic properties are, in practice, independent of the sets of
selected molecular structures, given they are extracted for a
givenR or â-molecule in the cluster, or from a mixture of both.
The results shown in the sequel for the cluster, modeling the

TABLE 1: Vertical Energies (E) and Oscillator Strengths
(F) of trans-Stilbene

TD-B3LYPa INDO/S-CIS

planar
E

(nm)
E

(eV) F
E

(nm)
E

(eV) F
B3LYPa,b

Erel (kcal mol-1)

2 × 0°
1Bu 314.7 3.94 0.968 322.0 3.85 1.108 0.0 (0.0)
2Bu 273.1 4.54 0.010 286.3 4.33 0.011
3Bu 240.6 5.15 0.175 225.4 5.50 0.547
4Bu 196.5 6.31 0.063 221.0 5.61 0.731
5Bu 195.2 6.35 0.005 201.9 6.14 0.467

2 × 10°
1B 313.1 3.96 0.958 320.2 3.87 1.095 0.1 (0.0)
2B 272.5 4.55 0.010 285.7 4.34 0.011
3B 240.2 5.16 0.164 224.9 5.51 0.514
4B 198.5 6.25 0.020 221.0 5.61 0.741
5B 197.3 6.28 0.047 209.9 5.91 0.018
6B 195.6 6.34 0.005 201.8 6.14 0.441

2 × 20°
1B 308.2 4.02 0.935 315.4 3.93 1.069 0.4 (0.2)
2B 270.1 4.59 0.008 284.7 4.35 0.012
3B 238.9 5.19 0.133 224.7 5.52 0.403
4B 199.3 6.22 0.024 221.0 5.61 0.758
5B 198.9 6.23 0.028 209.7 5.91 0.078
6B 196.5 6.31 0.002 202.2 6.13 0.362

2 × 30°
1B 299.7 4.14 0.900 307.2 4.04 1.028 1.0 (0.8)
2B 266.1 4.66 0.006 282.9 4.38 0.012
3B 236.4 5.25 0.093 224.3 5.53 0.307
4B 200.9 6.17 0.012 220.4 5.63 0.726
5B 200.5 6.18 0.032 209.5 5.92 0.181
6B 197.0 6.29 0.0004 202.2 6.13 0.234

2 × 40°
1B 287.7 4.31 0.843 295.7 4.19 0.971 2.2 (1.8)
2B 260.3 4.76 0.003 280.5 4.42 0.012
3B 232.6 5.33 0.056 224.1 5.53 0.315
4B 203.2 6.10 0.011 218.7 5.67 0.586
5B 202.2 6.13 0.023 209.3 5.92 0.245
6B 197.3 6.29 0.0006 201.9 6.14 0.107

2 × 60°
1B 258.3 4.80 0.609 275.1 4.51 0.006 5.7 (5.0)
2B 246.0 5.04 0.001 268.4 4.62 0.792
3B 222.5 5.57 0.030 224.7 5.52 0.418
4B 207.9 5.96 0.006 213.5 5.81 0.267
5B 205.3 6.04 0.008 210.9 5.88 0.173

S2 (2× 90°)c

1Au 227.7 5.45 0.001 266.2 4.66 0.011 9.4 (7.3)
2Au 207.4 5.98 0.004 214.3 5.79 0.060
1Bu 205.5 6.03 0.0001 236.0 5.25 0.166
3Au 204.8 6.05 0 200.9 6.17 1.373
2Bu 202.1 6.14 0.044 211.5 5.86 1.879
3Bu 201.4 6.16 0.001 197.6 6.27 0.109

a cc-pVDZ basis set.b Values in brackets are MM3 relative energies.
c Ref 56.

Figure 2. Size dependence of (a)λmax (linear regressions given by
yf ) -254.22 1/n + 449.41 andyr ) -249.48 1/n + 421.37, where f
and r refer to (Z)INDO/S-CIS//MM3 calculations with a complete active
space, or with an active space restricted toπ-π* excitations only. (b)
Corresponding oscillator strengths (n denotes the number of phenyl
rings in the oligomer).
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crystalline form oftrans-stilbene, are the outcome of the thermal
motions of aâ-stilbene molecule at the center of the sphere

in which molecular motions are permitted. In this case,
(Z)INDO/S-CIS calculations are performed within the frozen
core approximation on a large set of molecular structures (3000)
extracted from the MD(MM3′) simulation on the model crystal-
line cluster. Notice that these (Z)INDO/S-CIS calculations are
carried out on an individual molecular basis, so that the Davydov
splitting of lines, due to the overlap of the electronic wave
functions, is not accounted for.

To enable easy comparison with experimental spectra, all
resulting absorption lines are summed and convoluted using as
spread function a linear combination of one Gaussian and one
Lorentzian function of equal weight and width. A fwhm of 2
nm (corresponding to 0.025 eV fortrans-stilbene, or to 0.015
eV for PV-7) is used throughout the present work, to account
for the natural and standard instrumental broadenings. The
resulting convoluted absorption spectra have been normalized
onto the scale of a single molecule, which enables direct
comparison of absolute intensities for all simulations. The
temperature effect on the first absorption line is analyzed through
a description of the resulting band (A) by a Gaussian function,
using the linearization method described in ref 54. All broad-
enings reported in the sequel refer to full bandwidth at half-
maximum (fwhm).

Finally, the cumulated effect of thermal and vibronic broad-
enings has been reevaluated for the first absorption band by
means of an elementary theoretical approach based on the
harmonic Franck-Condon approximation (see, e.g., ref 73) for
calculating vibronic sequences, in conjunction with the (Z)-
INDO/S-CIS//MD(MM3) procedure described so far. The
purpose of this extension is not to provide quantitative calcula-
tions of vibronic sequences, which should require more elaborate
treatments,73 but simply to compare on qualitative grounds the
overall relative impact of thermal and vibronic broadenings.
Because using only one or two effective vibrational modes
makes in practice little difference in the obtained vibronic
sequences (see Figure 4 in ref 35), the energies of lines in the
vibronic sequences pertaining to the first excited state of each
selected PV-n structure in the MD(MM3) runs have been
calculated using only one effective vibronic mode

whereν is the vibrational quantum number andε00 andε0ν are
the vertical one-electron transition energies (in electronvolts)
from the zeroth vibrational energy level of the ground-state
structure to the zeroth and theνth vibrational quantum levels
of the first electronic excited state, respectively. The selected
vibrational quantum,ω, amounts to 0.18 eV, an energy that
corresponds to the average spacing of lines seen with site-

Figure 3. Model crystalline cluster oftrans-stilbene, based on the data
published in ref 61. The crystal structure is shown along (a) theb and
(b) thec axis.

Figure 4. Dependence of the relative energy oftrans-stilbene on the
torsion of a single phenyl ring around the vinylene single bond, at the
MM3, MM3 ′, and B3LYP/cc-pVDZ theoretical levels.

Figure 5. Torsion potential of the central vinylene double bond of
trans-stilbene at the MM3, MM3′, and B3LYP/cc-pVDZ levels of
theory.

ε0ν ) ε00 + νpω with ν ) 0, 1, ..., 5 (2)
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selective fluorescence spectroscopy for the vibronic progression
derived from the first excited (1Bu) state oftrans-stilbene.26,35

The total spectral intensity,I(λ), accounting for both thermal
and vibronic broadenings, is then calculated by summing the
intensities derived for the related vibronic distributions over all
the molecular structures extracted from the MD(MM3) outputs.
The latter are calculated on an individual molecular basis, as
follows73

with λ0ν the wavelength relating to the 0-ν vibronic transition.
The individual intensities in the vibronic sequence are scaled
against the oscillator strengthF, calculated for the 0-0
transition. The fraction in the summation over the vibrational
quantum levels on the right-hand side of eq 3 is the Franck-
Condon factor, characterizing the electronic transition. The fitted
Huang-Rhys factors,Sω, which are formally proportional to
the coordinate displacements induced by adiabatic electronic
transitions, have been taken from ref 35 (1.95 fortrans-stilbene
and 1.60 for the larger oligomers). The spread function
D(λ - λ0ν) required to convolute the vibronic sequence is again
a linear combination of one Gaussian and one Lorentzian
function of equal weight and width (fwhm) 2 nm). The
intensities of higher-lying vibronic transitions (ν > 5) are
negligible, due to the 1/ν! factor, and have therefore been
dropped from the present computations.

Results and Discussion

trans- and cis-Stilbene.The ground state geometries oftrans-
and cis-stilbene are the outcome of a tricky balance between
steric and electronic (conjugation) effects. In the case oftrans-
stilbene, steric interactions between the vinylene hydrogen atoms
and the adjacent H atoms in the ortho-positions of the phenyl
rings are weak and can be easily overcome by conjugation
effects, which favor planarity. Therefore, at the MM3 level, a
planar C2h structure is found fortrans-stilbene. This is in
agreement with geometry optimizations within aC2 point group
at theoretical levels such as PM3,74 CASSCF,16 and DFT/
B3LYP,18,75leading to nearly planar geometries (within less than
1°). At such levels, the energy difference between these
practically planar and fully planar (C2h) structures is very small
(of the order of 0.03-0.06 kcal mol-1). Importantly, the (roto)-
vibronic fine structure seen in site-selective fluorescence spectra
in ultracold molecular beams19,76,77suggests that in its ground
state structure,trans-stilbene is unequivocally planar. The
planarity oftrans-stilbene at the absolute zero of temperatures
has been ultimately confirmed on the theoretical side, by a
geometry optimization at the MP2/aug-cc-pVDZ level and a
focal point analysis56 of MP2 and MP3 calculations using
extremely large correlation consistent basis sets, along with
benchmark CCSD and CCSD(T) calculations using the cc-pVDZ
basis set.

Forcis-stilbene, on the other hand, a distortion from planarity
is clearly needed to release enhanced steric strains between the
phenyl rings. At the MM3 level, the energy minimum form of
cis-stilbene is characterized by a dihedral angleφs of 32.6°.
Obviously, the interaction between the phenyl rings incis-
stilbene78 will strongly influence the amplitude of thermal
motions.

Table 2 contains the thermally averaged values for the
vinylene single and double bond lengths, and the torsion angles,

φhs and φhd, as generated by the MD simulations for isolated
molecules oftrans- andcis-stilbene. At 300 K, compared with
0 and 33° at 0 K, an increase ofφhs by 16 and 3° is seen for
trans- andcis-stilbene, respectively. Obviously, this significant
difference can be related to much stronger steric hindrances in
the latter case. On the experimental side (gas-phase electron
diffraction measurements),trans-stilbene is characterized by
averaged torsion anglesφhs of 30((15)° and 32°, at temperatures
of 473 and 553 K, respectively.79 These values are qualitatively
in line with the thermally averaged torsion angles found from
the MD(MM3) simulations (Table 2) at 400-500 K. Also for
cis-stilbene, an experimental value of 43° is obtained from gas-
phase electron diffraction measurements at 435 K,80 which is
in very close agreement with the average value (41°) found on
the theoretical side at the same temperature. Fortrans- andcis-
stilbene in the vacuum at 300 K, 90% of the extracted structures
display a torsion angleφs ranging from-36 to+36°, and from
11 to 62°, respectively.

Increases by∼6° and∼1° are similarly seen for the central
double bond torsional angleφhd of trans- andcis-stilbene at 300
K, respectively, compared with the situation that prevails at
absolute zero. For an isolated molecule oftrans-stilbene at 300
K, the central double bond torsional anglesφd emerging from
the MD(MM3) simulations at 300 K display (Figure 6a) a
Gaussian distribution centered aroundφhd ) 0° and characterized
by a full width at half-maximum of∼20°. Hence, in these
conditions, 90% of the extracted structures have torsion angles
φd that, in absolute value, do not exceed 12°. In the same
conditions, 90% of the structures extracted from the MD(MM3)
runs oncis-stilbene have torsion anglesφd ranging from-5 to
+22° (Figure 6b).

UV-visible measurements (see, e.g., refs 81 and 82) and
theoretical calculations (see, e.g., refs 16, 17, and 72) of the
one-photon absorption spectrum of bothtrans- andcis-stilbene

I(λ) =
F

λ
∑
ν)0

5 (Sω)νe-Sω

ν!
D(λ - λ0ν) (3)

TABLE 2: Thermally Averaged Conformational Parameters
of Isolated cis-Stilbene, trans-Stilbene, and PV-n in the Gas
Phase and Crystallinetrans-Stilbene at Specific
Temperatures As Generated by MD(MM3) Simulations or
by Means of MM3 Optimization at 0 K

bond length (Å)a torsion angle (deg)

T (K)
CsC

vinylene
CdC

vinylene
CsC

vinylene
CdC

vinylene

cis-stilbene 0 1.4794 1.3510 33 9
100 1.481 1.352 34 9
200 1.484 1.352 35 9
300 1.485 1.353 36 10
400 1.487 1.354 37 11
500 1.490 1.355 40 11
600 1.491 1.356 40 12

trans-stilbene 0 1.4747 1.3555 0 0
100 1.476 1.356 10 3
200 1.478 1.356 14 6
300 1.479 1.356 16 6
400 1.481 1.357 18 7
500 1.483 1.358 21 8
600 1.485 1.358 24 9

trans-stilbene 0 1.4724 1.3541 0 0
crystalline 300 1.478 1.358 5 5
PV-3 0 1.4746 (1.4740) 1.3556 (1.3556) 0 0

300 1.479 1.356 17 6
PV-4 0 1.4743 (1.4739) 1.3557 (1.3558) 0 0

300 1.479 1.357 17 6
PV-5 0 1.4743 (1.4739) 1.3557 (1.3558) 0 0

300 1.479 1.356 16 6
PV-6 0 1.4741 (1.4739) 1.3557 (1.3558) 0 0

300 1.479 1.357 16 6
PV-7 0 1.4740 (1.4739) 1.3557 (1.3558) 0 0

300 1.479 1.357 16 6

a The values in parentheses at 0 K give the average bond lengths in
the oligomer chain.
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show three bands, usually labeled A, B, and C, by increasing
order of energy. Experimentally, it was found from absorption,
fluorescence, and spectral line narrowing measurements, that
an increase of temperature induces a blue shift and a broadening
of the first absorption band oftrans-stilbene.26,83,84The maxima
of the simulated bands in the thermally averaged spectra for
both compounds are reported in Table 3 and displayed in Figure
7. Upon analysis of these spectra, it appears that the first
absorption band (λmax) is blue shifted for both isomers due to
temperature effects, compared with the prediction at 0 K.
Interestingly, the shift is much more significant forcis-stilbene
(8 nm; 0.10 eV) than fortrans-stilbene (3 nm; 0.04 eV)54 (300
K).

Compared to the situation that prevails at 0 K, thermal
motions at room temperature result in a broadening of the first
absorption band oftrans-stilbene by 23 nm (0.29 eV).54

Correspondingly, a broadening by 33 nm (0.44 eV) is seen for
cis-stilbene. At temperatures of 400 K and above, the first two
absorption bands clearly overlap (Figure 7) due to enhanced
broadening, preventing a straightforward determination of the
widths of bands.

For both the trans- and cis-isomers of stilbene, the distribution
of lines aroundλmax is almost symmetric. Previous investigations
and analysis of molecular orbital topologies54 have led to the
conclusion that, fortrans-stilbene, the first absorption energy
is strongly influenced by four structural alterations. Because of
the nodal structures of the HOMO and LUMO,18 the value of
λmax, which derives directly from the fundamental HOMO-
LUMO band gap, is found to be very sensitive to any alteration
of the vinylene CsC and CdC bonds, especially the torsion of
the vinylene CsC bond,φs. It has been inferred18 that, fortrans-
stilbene, the near insensitivity of the thermally averaged value
of λmax toward temperature, and the highly symmetric distribu-
tions of lines aboutλmax in the spectra of Figure 7, find their
origin in tricky compensations between variations induced for
the first excitation energy by various structural distortions, such

as the vinylene CsC and CdC bond stretchings, as well as
out-of-plane distortions. More specifically, stretchings of the
vinylene CsC bond length and the torsion (φs) around that bond
induce in average a blue shift ofλmax, whereas the stretching
of and the torsion (φd) around the central vinylene CdC bond
have the opposite effect.

For cis-stilbene,λmax is found to be sensitive to the same
structural alterations (Figure 8). For temperatures ranging from
100 to 600 K, thermally induced stretching and torsion of the
vinylene CsC bond yield overall a decrease ofλmax, whereas
an increase ofλmax is on average induced by stretching of the
central CdC bond. Compared withtrans-stilbene, the average
impact of the thermally induced stretching of the vinylene single
bond is much stronger for the cis-isomer (the slope of the
regression line displayed in Figure 8 amounts to-134 nm/Å,
to compare with a value of-38 nm/Å for trans-stilbene54). On
the other hand, for the correlation between the stretching of the
vinylene double bond and the first vertical excitation energy,
the value found forcis-stilbene (204 nm/Å) is less than that
found for trans-stilbene (287 nm/Å).

These striking differences betweentrans- andcis-stilbene in
the impact onλmax of structural alterations can be easily
rationalized from the topologies of the frontier orbitals (HOMO
and LUMO, Figure 9). For both isomers, the central vinylene
CdC bond relates to bonding and antibonding overlaps of C2p

atomic functions in the HOMO and LUMO, respectively,
whereas the opposite phase relationships are seen along the
vinylene CsC bond. Through destabilization of the HOMO and
stabilization of the LUMO, stretching of the vinylene double
bond results therefore for both isomers in a red shift ofλmax

(hence the positive sign of the correlation of Figure 8b, as well
as Figure 6c of ref 51). Conversely, stretching of the single
CsC vinylene bonds implies a blue shift ofλmax, as is apparent
from the negative sign of the slope of the correlation displayed
in Figure 8a, or Figure 6b of ref 51. Forcis-stilbene, however,

Figure 6. Statistical analysis of the probability distributions of the
central double bond torsion anglesφd in (a) trans-stilbene and (b)cis-
stilbene at room temperature in the vacuum.

Figure 7. Simulated UV-visible absorption spectra for isolated
molecules of (a)trans-stilbene and (b)cis-stilbene at temperatures
ranging from 100 to 600 K with indication of the A, B, and C bands
((Z)INDO/S-CIS//MD(MM3) results).
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additional antibonding and bonding through-space interactions
between the closer phenyl rings help to further stabilize the
HOMO and destabilize the LUMO, respectively, upon stretching
of the vinylene single bond. This explains the much stronger
impact of this structural alteration onλmax, compared to the trans-
isomer. On the other hand, the alteration of through-space
interactions between the phenyl rings upon stretching of the
central CdC vinylene bond tends to compensate the direct
outcomes of the overlaps of the C2p atomic functions describing
that bond. Indeed, if tight-binding effects imply a destabilization
of the HOMO and a stabilization of the LUMO, the appeasement
of through-space interactions between the phenyl rings lead
conversely to a stabilization of the HOMO, and a destabilization
of the LUMO. Hence, the smaller impact of the stretching of
the central double bond of the cis-isomer onλmax, compared

with trans-stilbene. Also, due to these through-space interactions
between phenyl rings, a significant reduction is seen forcis-
stilbene in the influence onλmax of the torsions,φs andφd, of
the single and central double bonds, respectively.

For both compounds, the remaining two bands in the
calculated spectra exhibit less pronounced broadenings and
minor red shifts of about 1 nm (0.02 eV; B band) and 5 nm
(0.14 eV; C band), due to temperature effects at 300 K (Table
3). Two additional weak bands at about 260 nm (4.77 eV) and
280 nm (4.43 eV) can be seen in the absorption spectra oftrans-
stilbene (Figure 7a) at nonzero temperatures, which relate to
the weak (HOMO f LUMO+1) 1Bu and the symmetry
forbidden (HOMOf LUMO+3) 1Ag transitions, respectively.
The latter gains intensity because of symmetry lowering due to
thermal distortions. The related transitions are allowed by the

TABLE 3: Characterization of the Simulated UV-Visible Spectra (ZINDO/S-CIS//MD(MM3) Resultsa)

thermal thermal and vibronic

T (K) Ab (nm) A (eV) fwhm (nm) B (nm) C (nm) A (nm) A (eV) fwhm (nm) expA (eV)

cis-Stilbene
0 (1B) 318.7 (0.3668) 3.89 2.00i 232.2 204.7
100 316.3 3.92 23.6 232.6 205.9
200 311.8 3.98 28.9 233.5 207.7
300 310.5 3.99 35.3 232.9 209.8 4.48c

400 312.0 3.97 52.6 233.8 210.1
500 309.0 4.01 51.7 234.4 210.7
600 308.1 4.02 46.1 233.5 213.1

trans-Stilbene
0 (1Bu) 322.3 (1.0583) 3.85 2.00j 225.4 201.7 6× 2.00j,k 3.71,d 4.00e

100 320.3 3.87 11.30 223.9 203.5 294.2l 4.21l 28.91l

200 318.4 3.89 20.99 225.4 204.1 293.9l 4.22l 32.65l

300 318.9 3.89 25.63 225.7 205.9 295.3 4.20 34.91 3.98,f 4.22,g 4.0h

300 320.2 3.87 21.86
400 320.6 3.87 28.52 228.4 206.8 296.6 4.18 36.21
500 317.6 3.90 35.07 228.1 207.5 296.8 4.18 37.52
600 316.6 3.92 41.56 231.1 207.4 298.0 4.16 39.40

trans-Stilbene

Crystalline
300 323.3 3.84 19.83 224.8 204.4 298.2 4.16 33.64

PV-3
0 (1Bu) 364.4 (1.8296) 3.40 2.00j 227.6 201.6
300 359.4 3.45 26.24 228.6 207.3 332.9 3.72 40.75 3.44i

300 358.6 3.46 23.97

PV-4
0 (1Bu) 386.6 (2.25510) 3.21 2.00j 227.4 201.6
300 379.5 3.27 26.78 228.6 207.9 350.2 3.54 43.92 3.20i

300 378.5 3.28 24.35

PV-5
0 (1Bu) 398.1 (3.2822) 3.11 2.00j 226.2 201.0
300 389.9 3.18 23.17 359.3 3.45 44.00 3.08i

PV-6
0 (π) (1Bu) 405.8 (4.0095) 3.06 2.00j

300 395.5 3.13 24.76 365.4 3.39 45.45 3.01i

PV-7
0 (π) (1Bu) 410.8 (4.7410) 3.02 2.00j

300 400.8 3.09 23.96 370.1 3.35 45.50 2.97i

PPV
0 449.4m 2.76m 401.0m 3.09m

a Values in italic are the results of (Z)INDO/S-CIS calculations with an active space restricted toπ andπ* orbitals which are corrected using eq
1. b Values in parentheses are oscillator strengths in au.c One-photon absorption spectrum in ethanol at room temperature [Beale, R. N.; Roe, E.
M. F. J. Chem. Soc.1953, 2755]. d 0-0 line resolved in dibenzyl crystals at 20 K [Dyck, R. H.; McClure, D. S.J. Chem. Phys.1962, 36, 2326].
e 0-0 transition observed in molecular beams [Champagne B. B.; et al.J. Phys. Chem.1990, 94,6]. f One-photon absorption spectrum in benzene
at room temperature [Suzuki, H.Bull. Chem. Jpn.1960, 33,379]. g One-photon absorption spectrum inn-heptane at room temperature [Suzuki, H.
Bull. Chem. Jpn.1960, 33,379]. h One-photon absorption spectrum in 3-methylpentane at room temperature [Hohlneicher, G.; Dick, B.J. Photochem.
1984, 27,215]. i One-photon absorption spectrum in THF at room temperature [Schenk, R.; Gregorius, H.; Mu¨llen, K. AdV. Mater.1995, 3, 492].
j Chosen fwhm value for convoluting each individual line in the spike spectra.k Six vibronic transitions are retained in the computation.l Low
correlation due to description of multiple bands with a single Gaussian function; however, visual inspection of Figure 8a supports the suggested
maximum and broadening.m Extrapolated values; see Figure 2.
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C2 symmetry of the 0 K structure ofcis-stilbene and are found
at about 290 nm (4.28 eV) and 255 nm (4.86 eV).

Isolated PV-n Chains.Most of the observations reported so
far for an isolatedtrans-stilbene molecule (or PV-2) straight-
forwardly apply for larger PV-n oligomer chains. The MM3
optimizations indicate that the outmost vinylene CsC and
CdC bond lengths of larger systems are comparable to those
found for PV-2, whereas the inner parts of the oligomers (given
in parentheses in Table 2) exhibit reduced bond length alterna-
tions in the energy minimum form. These differences in bond
lengths are typical of termination effects. With MM3, the inner
bond lengths are reproduced within 0.01 Å accuracy, in
comparison with calculations using bond alternation potentials
parametrized on DFT results using the LDA (local density
approximation) functional.85 All structural parameters are
converged from PV-6 and beyond, indicating saturation to the
polymer regime. The differences between inner and outer bond
lengths is blurred out by thermal effects already at 100 K,
making such distinction irrelevant in practical situations. The
thermally averaged value for the torsion angleφs, describing
the out-of-plane rotation of the phenyl rings, is nearly constant
for all investigated oligomers, PV-n, and amounts to 16° at 300
K. Similarly, the average torsion of the vinylene double bonds
is independent of system size (6° at room temperature).

Figure 2a shows that the lowest energy absorption peak gets
red shifted with increasing chain length, in agreement with

various theoretical and experimental studies (see e.g. refs 29,
35, 72). Extrapolation ofλmax against 1/n at 0 K leads to an
estimate of the vertical absorption threshold of PPV at an energy
of 2.76 eV (or 449 nm). The main characteristics of the
simulated UV-visible absorption spectra at a temperature of
300 K (Figure 10) are quantified in Table 3. It can be seen
that, at constant temperature, the amplitude of the thermally
induced blue shift of the first absorption band increases with
increasing system size (PV-2 3 nm, 0.04 eV; PV-3 5 nm, 0.05
eV; PV-4 7 nm, 0.06 eV; PV-5 8 nm, 0.07 eV; PV-6 10 nm,
0.07 eV; PV-7 10 nm, 0.07 eV). Fortrans-stilbene and the
smallest PV-n chains (n ) 2-4), the first absorption band
undergoes simultaneously a constant broadening, which at room
temperature amounts to about 24 nm (0.29 eV fortrans-stilbene
and 0.20 eV for larger PV oligomers, taking into account the
width, 2 nm or 0.02 eV, of the spread function). Notice that,
for PV-n chains larger than PV-4, the restriction of the active
space toπ levels only results in a limitation of the thermal
broadening of band A estimated to∼2 nm (0.05 eV fortrans-
stilbene and 0.02 eV for larger oligomers), at room temperature;
hence the best estimate for thermal broadening amounts also in
this case to∼24 nm (0.20 eV).

Various thermally averaged vibronic sequences at tempera-
tures ranging from 0 to 600 K are displayed fortrans-stilbene
in Figure 11a to evaluate the cumulated effects of the thermal
and vibronic broadenings. According to these simulations, the
vibronic fine structure must be clearly apparent in the gas phase
at low temperatures (100 and 200 K) but must disappear in a
single band of about 35 nm (0.50 eV) width at 300 K (Table
3). Taking into account the width of the spread function, this
implies a combined broadening of 33 nm (0.48 eV; compared
to a broadening of 24 nm (0.20 eV) when only temperature
effects are accounted for). Notice that the apparent impact of
the vibronic broadening on bandwidths becomes much less
apparent at higher temperature (Table 3). Thermal broadening
and vibronic coupling yield overall a global blue shift of the
first absorption band oftrans-stilbene by 27 nm (0.35 eV) at
room temperature, compared to the 0 K value of 322.3 nm (3.86
eV). Similarly, for the other PPV oligomers, vibronic fine
structures can no longer be resolved at room temperature (Figure
11b). In this case, the cumulated impact of thermal and vibronic
broadenings increases with system size and tends to converge
to about 46 nm (0.41 eV) (taking account of the impact of the
restriction of the active space toπ-orbitals and of the width of
the employed spread function). Upon extrapolation to the
polymer limit, the maximum of the thermally and vibronically
broadened first absorption band of PPV (λmax) lies at about 401.0
nm (3.09 eV), which implies a blue shift by nearly 50 nm (0.33
eV) compared to the 0 K value.

trans-Stilbene in Crystalline Phase.Upon inspection of the
thermally averaged geometry parameters reported in Table 2,
it immediately appears that intermolecular interactions at room
temperature in the crystal have very limited effects on bond
lengths (0.001-0.002 Å) or on the torsion of the vinylene double
bond, as described by theφd dihedral angle (about 1° difference),
compared to the situation that prevails in a vacuum. On the
other hand, packing effects and intermolecular forces strongly
impede rotations of the phenyl groups about the vinylene single
bonds. Unsurprisingly, the thermally averaged value ofφs at
room temperature decreases by 11°, compared with the case of
an isolated molecule. This difference is even more striking when
one compares the largest values found at room temperature for
φs, 67° and only 26°, from the MD(MM3′) simulations on an
isolated molecule and on the model crystalline cluster, respec-

Figure 8. Statistical correlation at room temperature between the first
excitation energy,λmax of cis-stilbene, and the vinylene (a) single bond
length (regression given byy ) -133.75x + 512.88), (b) double bond
length (y ) 204.1x + 38.148), (c) single bond torsion angle,φs

(y ) -0.0064x2 + 0.2105x + 316.55), and (d) double bond torsion
angle,φd (y ) 0.0071x2 + 0.12x + 312.48) ((Z)INDO/S-CIS//MD-
(MM3) results at 300 K).
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tively. Interestingly, the value calculated upon thermal averaging
for theφs dihedral angle (5°) is in excellent agreement with the
structures inferred from XRD studies, which also point out a
value of∼5°.37,38,62

Figure 12 compares the simulated UV-visible absorption
spectra oftrans-stilbene at room temperature in the gas phase
(lower spectrum) and in a crystalline matrix (upper spectrum).
Hindrances of thermal out-of-plane distortions due to packing
effects slightly affect the shape and position of the first
absorption band (A), without leading to significant changes of
the integrated intensity. All other bands are found to be almost
unaffected by such effects. Compared with what was found for
an isolated molecule (Table 3), a red shift by 4 nm (0.05 eV)
is seen forλmax at room temperature, whereas the width of the
first absorption band decreases by almost 6 nm (0.07 eV). When
vibronic broadening at room temperature (Table 3) is included,
and the bandwidth of the spread function is subtracted, the total
broadening amounts to a fwhm parameter of 32 ()34-2) nm
(0.42 eV), to compare with a value of 33 ()35-2) nm (0.45
eV) for the isolated molecule.

On the basis of the correlations presented previously18 for
an isolated molecule oftrans-stilbene, the limitation of the
thermally averaged value ofφs should lead to a red shift by 9
nm (0.11 eV) at room temperature. Other factors must therefore
be considered to explain why a red shift of only 4 nm (0.05
eV) occurs fortrans-stilbene in the crystal phase. From the
statistical correlations displayed in Figure 13, it appears that
the stretching of the vinylene C-C bond has a much stronger
effect on the position ofλmax in the crystal than in the vacuum
(the average linear correlation with the excitation energy shows
a slope of-173 Å/nm, to compare with a slope of-38 Å/nm
for isolatedtrans-stilbene). This enhanced average dependence

Figure 9. Molecular orbital contours to account for the restriction of the active space toπ andπ* orbitals. (a) HOMO and (b) LUMO oftrans-
stilbene; (c) HOMO and (d) LUMO ofcis-stilbene ((Z)INDO/S-CIS//MM3 results).

Figure 10. Thermally averaged UV-visible absorption spectra of all
isolated PV-n oligomers in the gas phase and at room temperature ((Z)-
INDO/S-CIS//MD(MM3) results). (The spectra for PV-5 to PV-7 are
shifted by 26.226 nm to account for the restriction of the active space
to π andπ* orbitals.)

Figure 11. (a) Simulation absorption spectra for the vibronic progres-
sions of allλmax values from the previous coupled (Z)INDO/S-CIS//
MD(MM3) calculations fortrans-stilbene in the gas phase at different
temperatures. (b) Simulated vibronic absorption spectra for the PV
oligomers at room temperature (from previous (Z)INDO/S-CIS//MD-
(MM3) results). (The spectra for PV-5 to PV-7 are shifted by 26.226
nm to account for the limitation of theπ active space.)
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of the first excitation energy on the vinylene C-C bond length
therefore partially compensates the red shift arising because of
the limitations of the amplitude of out-of-plane distortions and
reflects stronger couplings between various intramolecular
structural distortions, due to steric hindrances with the sur-
rounding crystalline matrix.

Conclusions

The issue of band broadening is of particular relevance for
standard conjugated polymer materials such as poly(p-phenylene
vinylene) (PPV), because a striking and common feature of their
optical spectrum is the exceedingly large width (150 nm or
more) of the first absorption band, due to alterations of the
conjugation length by inherent structural defects in the polymer
matrix.25 Formally, deconvolution of this band into individual
contributions for finite PV-n oligomer chains should in principle
deliver straightforward and quantitative information on the
relative abundances in the material of conjugated segments with
varying length. In practice, such an analysis is extremely
challenging, owing to the many factors that can contribute to
band broadening. Among these, thermal dynamic disorder is
certainly the one that so far received the less attention.

In sharp contrast with so many studies of excited states, which
to the greatest extent focus on accurate determinations of
excitation energies and transition moments for individual
molecular structures allegedly taken in their ground-state energy

Figure 12. Comparison of the spectra fortrans-stilbene in the gas
(lower) and in crystal (upper spectrum) phases ((Z)INDO/S-CIS//MD-
(MM3) results at 300 K).

Figure 13. Statistical correlation at room temperature between the first excitation energy,λmax of trans-stilbene in the crystalline phase, and the
vinylene (a) single bond length (regression given byy ) -173x + 579.34), (b) double bond length (y ) 261.77x - 31.687), (c) single bond torsion
angle,φs (y ) -0.004x2 - 0.0227x + 323.71), and (d) double bond torsion angle,φd (y ) 0.0196x2 - 0.016x + 322.83) ((Z)INDO/S-CIS//MD-
(MM3) results at 300 K).
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minimum forms, this work aims at providing consistent insights
into the shifts and band broadenings induced by temperature
effects in the UV-visible absorption spectra of PV-n oligomers
converging to PPV. In this purpose, (Z)INDO/S-CIS calculations
have been carried out on various and large sets of thermally
distorted structures, generated along molecular dynamic trajec-
tories on potential energy surfaces described by a classical
(MM3) molecular mechanics force field. Significant band
broadenings and blue shifts (up to 10 nm, or 0.07 eV, for PV-
7, at 300 K) are seen for the first absorption band, because of
thermal motions. For the first absorption band oftrans-stilbene
and related PV-n chains, thermal broadening in the gas phase
amounts to 11 nm (0.14 eV) and∼24 nm (0.29 eV fortrans-
stilbene and 0.20 eV for larger oligomers) at 100 and 300 K,
respectively. Thermal broadening strongly intensifies for the first
absorption band ofcis-stilbene (33 nm, or 0.44 eV at 298 K),
owing to stronger steric hindrances and through-space inter-
actions between the phenyl rings. Compared withtrans-stilbene,
a stronger band shift is also noticed forcis-stilbene (8 nm, or
0.10 eV versus 3 nm, or 0.04 eV, at 298 K). As a bonus, the
MD(MM3) calculations, presented in this study, enables con-
sistent insights into the average gas-phase structures ofcis- and
trans-stilbene at different temperatures.

Upon an extension of this study on a model crystalline cluster
of trans-stilbene, it appears that compared with the situation
that prevails in the vacuum, the impact of intermolecular
interactions and packing effects in the solid phase on the thermal
broadening of bands leads to a limitation of the width of the
band by 6 nm (0.07 eV) only. Hence a constant thermal width
of 18 nm (0.19 eV) can be inferred for the first absorption band
of trans-stilbene in the solid phase, which is perfectly in line
with the commonly used value of 20 nm (for measurements at
room temperature).

Very significant also is the outcome of vibronic couplings
on bandwidths, which is found to be of the same order of
magnitude as that induced by temperature effects. In straight-
forward analogy with the work of ref 35, the vibronic sequences
that have been incorporated into the (Z)INDO/S-CIS//MD-
(MM3) model have been computed by using fitted Huang-
Rhys factors and a single effective vibrational mode for the first
excited state. It is shown on theoretical grounds that at room
temperature vibronic sequences can no longer be apparent in
the absorption spectrum. When both thermal and vibronic
broadening are accounted for, the width of the first absorption
band of PV-n chains ranges at 300 K from 33 nm (0.48 eV,n
) 2) to 46 nm (0.41 eV,n ) 7). With regard to these results
and the computed excitation spectra, it can be therefore safely
concluded that the optical spectrum presented in ref 72 for a
PPV sample actually relates to a polymer material that incor-
porates a very significant proportion of planar segments of very
limited conjugation length, comparable to that of the PV-2,
PV-3, and PV-4 chains.
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