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ABSTRACT: Conformational space of polyphenylenevinylene oligomers is
systematically investigated computationally at energies relevant for room
temperature dynamics in a solvent and in a solid state. Our calculations show
that optimal oligomer structures are essentially planar. However, lack of a deep
minimum at the planar geometry allows for large molecular deformations even at
very low temperatures. At larger angles, rotational motion of dihedrals intermix
with two orthogonal bending motions of the entire molecule. In a crystalline
environment these degrees of freedom intermix with translational and rotational
motions, whereas purely intramolecular modes are well separated. The reliability
of our calculations is confirmed by an excellent match of the theoretical and
experimental Raman spectra of crystalline stilbene in the entire spectral range
including the low-frequency part. Obtained results provide important insights
into nature of low-frequency vibrations, which play a key role in charge transport
in organic semiconductors.

The poly(p-phenylenevinylene) (PPV) polymer and its
oligomers (OPVs) are among the simplest and most

thoroughly studied π-conjugated systems.1−4 While electronic
properties of the fully planar oligomers are well understood,
description of nonplanarity effects is limited. The main
challenge is the complex potential energy surface (PES) of
this system with local minima and transition states at very low
energies thermally accessible at room temperatures and below.
While all nonrigid conjugated polymers and oligomers have
large-amplitude modes (LAM) associated with rotation of
flexible dihedrals, usually such rotations are dynamically
independent. More challenging are systems with dynamically
coupled LAMs, in the sense that considering dynamics of each
dihedral separately is meaningless. An archetypal representative
of this class is PPV having two coupled dihedrals per monomer
(see Figure 1). In addition, the PES over these dihedrals is flat
at millielectronvolt scale far away from the planar con-
formation. Because frontier electronic levels of π-conjugated
molecules are highly sensitive to dihedrals, modulation of
electronic properties due to electron-vibrational dynamics in
PPV is highly nontrivial. Importantly, at the room temperature,
activated low-frequency modes strongly scatter charge carriers
and excitons imposing intrinsic limits on performance of
optoelectronic devices.5−9 Therefore, adequate description of
LAMs and their interactions with intermolecular motions in
solids is important for understanding and accurate description

of charge transport in organic semiconductors with nonrigid π-
conjugated backbone.
In this work we focus on geometry and the low-energy

region of the PES of PPV oligomers in both gas and solid
states. Despite multiple experimental10−12 and theoretical13−18

investigations (see Section S2 of the Supporting Information),
the gas-phase ground-state geometry remains uncertain even
for the smallest oligomer, trans-stilbene (Figure 1), because
small changes in total energy correspond to large changes in
geometry. The key geometrical parameters of PPV oligomers
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Figure 1. Geometric definitions for trans-stilbene (OPV2): the two
interacting flexible dihedrals φ1,2 and the corresponding collective
LAMs, torsion and buckling.
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Figure 2. (a) Two-dimensional PES of trans-stilbene as computed by CAM-B3LYP/6-31G* with ZPE correction. Numeric labels on the contour
lines correspond to energy in meV. Positions of the three stationary-by-symmetry points are shown as white dots (see also Table S1). Orange and
green arrows show torsion (τ) and buckling (β) mode directions. (b) PES cross sections along the symmetrized coordinates torsion τ and buckling
β, together with the lowest energy levels of the two-dimensional quantum vibrational problem. (The zero-point level is marked by black line;
torsion and buckling excitations are colored appropriately.) See more data in Figure S6.

Figure 3. (a)−(c) Ground-state vibrational wave function of trans-stilbene. All considered methods give one of the three types of the ground state
shown here: (a) single maximum, (b) two merging maxima, and (c) two well separated maxima. (See also Figure S10.) (d) Distribution of dihedral
angles and their symmetric combinations for the ground-state vibrational wave function of trans-stilbene. The default method is CAM-B3LYP/6-
31G*. (e) Vibrational transition energies calculated by different density functionals and compared to gas-phase experiment.32 Here we use the def2-
TZVP basis set except for “in acetonitrile”, which means CAM-B3LYP/6-31G* calculations in the CPCM model of acetonitrile, and “6-31G*”,
which means our default method, CAM-B3LYP/6-31G*. Addition of ZPE correction uniformly decreases all energies, so that, e.g., CAM-B3LYP/
def2-TZVP+ZPE data points are visually indistinguishable from CAM-B3LYP/6-31G* data. See more comparisons in Figure S5 and also torsion
progression for styrene in Figure S7a.
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are the bond length alternation (BLA) and the two flexible
dihedrals φ1,2 (per vinyl group) or their symmetric
combinations: torsion τ = (φ1 + φ2)/2 and buckling β = (φ1
− φ2)/2; see Figure 1 (also Tables S1 and S2). The
experimental gas-phase geometry is published only for
stilbene:10 it was concluded that β = 0, τ ≈ 30°, whereas
BLA could not be accurately determined. Experimentally
resolved crystal structures19−24 also do not provide a consistent
value of BLA but converge on dihedrals: all oligomers and the
polymer are reported to be flat without a systematic deviation
from planarity. This is consistent with very small deplanariza-
tion energy gain (if any), so that intermolecular steric
interactions easily planarize the molecules. Taking into account
large uncertainty of experimental determination of BLA and
dihedrals, vibrational spectroscopy becomes an important tool
for indirectly probing the geometry of PPV oligomers using
both empirical25−27 and first-principles13−16,28,29 models to
match experimental spectra.28−31 For the high-frequency
region (>400 cm−1), Raman spectra of PPV are well
reproduced by harmonic approximation with scaled DFT
frequencies. They are dominated by two strong Raman
bands:30,31 the band at 1600 cm−1 corresponds to the BLA
mode (alternating stretching of bonds), whereas the band at
1200 cm−1 has a more complex nature. Modeling and
interpretation of the low-frequency region (<200 cm−1) is
challenging due to effects of anharmonism (especially for
LAMs) and mode mixing (especially for crystals). In particular,
for the trans-stilbene molecule, there is no consensus on the
exact shape of its low-energy PES and there are discrepancies
in interpretation and first-principles simulation of observed
vibrational spectra.32−34 For low-frequency modes in crystals,
experimental reports35,36 provide only empirical interpretation
of spectra using symmetry arguments and fitting oversimplified
models, whereas first-principles simulations of Raman spectra
have yet to be reported.
In summary, the analysis of literature suggests that even

though PPV is a well-studied system, some fundamental
questions concerning PES and, in particular, planarity of
molecular geometry in the gas phase are left unanswered even
for the shortest oligomer. The present work addresses these
issues by answering questions: Which scalable method can
accurately predict the PES? What is the ground-state geometry
and what are low-energy conformers in vacuum? Which
molecular motions contribute to low-frequency vibrational
spectra in the gas phase and solid state? Our Letter is
organized as follows: after benchmarking density functional
theory (DFT) methods and choosing the most accurate one,
we determine PES of stilbene molecule in a vacuum (Figure
2), calculate the vibrational wave function (Figure 3a−c),
identify all low-frequency modes (Table 1), show agreement
with experimental data on geometry (Figure 3d) and vibrations
(Figure 3e), and then repeat this analysis for the crystal (Figure
4) and discuss other PPV oligomers.
Computational methodology is detailed in Section S3 of the

Supporting Information. Briefly, we use Gaussian 1637 and
VASP38 packages for calculations with Gaussian basis sets (up
to quadruple-ζ quality) and with plane waves (600 eV cutoff,
PAW pseudopotentials abbreviated as PAW600), respectively,
as well as methods described in ref 39 for solution of
vibrational problems. Most of the commonly used density
functionals are thoroughly benchmarked in Section S4 of the
Supporting Information and in refs 40 and 41. In addition,
MP2 and CCSD(T) methods are applied for the stilbene

molecule. Judging by all available experimental and computed
data on geometry and vibrations of PPV oligomers, the CAM-
B3LYP/6-31G* method provides a reasonable trade-off
between the accuracy and computational cost. If accuracy is
important, the def2-TZVP basis set gives results close to the
complete basis set limit for DFT methods, though it is 2 times
larger than 6-31G*. Also, in terms of the accuracy of the
stilbene PES, the ωB97XD functional results seem to be closer
to CCSD (basis set convergence has not been achieved) and
MP2 predictions, whereas the CAM-B3LYP approach better
matches observed vibrational frequencies. In any case, both
functionals predict similar geometries and energies at def2-
TZVP basis set. Among other tested functionals APFD
predicts PES for dihedrals close to CAM-B3LYP but inaccurate
BLA, and M06-2X gives PES close to ωB97XD. The most
sensitive parameter is the frequency of the buckling mode of
the trans-stilbene: it varies from imaginary 10 meV for MP2 to
real 10 meV for PBE. Consequently, most of the calculations in
this work are performed using the CAM-B3LYP/6-31G*
method with D3 corrections42 for intermolecular geometries.
For plane waves, both considered functionals, PBE-D3 and
vdW-DF2,43,44 give reasonable accuracy for intermolecular
geometry and vibrational frequencies in a crystal.
We start our investigation by analyzing geometry, PES, and

vibrations of trans-stilbene molecule in vacuum. Important
equilibrium geometry parameters and rotational constants of
stilbene evaluated by different DFT methods are listed in
Table S11. The entire PES over the two flexible dihedrals is
shown in Figure 2, and almost all considered DFT functionals
predict qualitatively the same picture: a minimum on PES
corresponding to nonplanar conformation with nonzero
torsion (τ ≠ 0, β = 0). The exceptions are PBE and B3LYP
functionals predicting planar geometry, though for B3LYP
some basis sets (e.g., TZVP) give slightly nonplanar geometry
with planarization energy and dihedrals very close to 0.
Functionals with high Hartree−Fock exchange fraction
(ωB97XD, LC-ωPBE) and MP2 predict also the secondary
minimum with nonzero buckling (τ = 0, β ≠ 0).
Because the PES is so flat, the molecular geometry at the

PES minimum does not answer the question of whether or not
trans-stilbene is planar in the ground electronic state, since the
observable geometry can be different due to quantum and
thermal fluctuations. To take into account quantum fluctua-
tions, the wave function of the lowest vibrational levels is

Table 1. Calculated (CAM-B3LYP/6-31G*) vs
Experimental Frequencies (cm−1) of trans-Stilbene in a Gas
Phasea

calc exp sym physical interpretation

(7) 8 Au torsion
(64) Bg buckling
60 58 Au out-of-plane bending
83 76 Bu in-plane bending
209 202 Ag complex in-plane
221 ≈226 Bg buckling 2
291 291 Ag in-plane bending 3
294 ≈285 Au out-of-plane bending 2

aThe values in parentheses are for the lowest transitions in the 2D
vibrational problem, whereas the rest of frequencies are obtained in
harmonic approximation for the planar conformation. Experimental
data32 contain five data sets; see Table S14 for details. The buckling
mode is discussed in the text.
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calculated and shown in Figure 3a−c and Figure S10. As
expected, for PES with deep minima at τ = ± τ0 (e.g.,
ωB97XD/6-31G*) the lowest energy wave function has two
clearly separated domains (Figure 3c), whereas for shallow
minima (e.g., CAM-B3LYP, ωB97XD/def2-TZVP) the wave
function is delocalized among those minima (Figure 3a,b). In
the latter case, the probability distribution function of angles,
Figure 3d, shows no deep minimum (if any) at zero, implying
that the observable geometry is planar. At the same time, the
distribution is broad spanning up to 30° in good agreement
with experiment,10 especially at elevated temperatures due to
the addition of thermal fluctuations. Since the above results are
highly sensitive to computational method, we use exper-
imentally probed energies of the lowest vibrational transi-
tions32 to benchmark the methodology. The comparison given
in Figure 3e and Figure S5 shows that CAM-B3LYP best
matches the experiment, and this was one of the tests used to
select CAM-B3LYP as the default functional for this work. It
should be noted that the MP2-based basis set extrapolation of
CCSD sampling of the PES is more consistent with the
ωB97XD functional with a large enough basis set; see Figure
S6c (and also the (1,0) transition can be missed in analysis of
experimental spectra if its frequency is close to zero). However,
as shown in Figures 3d and S10, both ωB97XD with large basis
set and CAM-B3LYP predict essentially the same double-well
PES and wave function but single-humped dihedral angle

distribution. Also, ZPE corrections are of the same order as
basis set corrections; e.g., predicted wave function (Figure
S10e) and transition energies for CAM-B3LYP/def2-TZVP
with ZPE are close to those for CAM-B3LYP/6-31G* without
ZPE.
The rest of the low-frequency vibrations are summarized in

Table 1, showing good agreement of calculations with
experiment. The only difference from ref 32 is that the tiny
peak in the fluorescence excitation spectrum at 118 cm−1 was
interpreted as the buckling mode frequency, whereas we assign
it to an overtone or a combination of interacting lower
frequency modes, since there are three of them near the half-
frequency complicating interpretation of the observed spectra.
In fact, the “in-plane bending” mode varies substantially on the
two-dimensional PES and intermixes with the buckling mode
(Figure S3). Quantitative estimates require solution of at least
three-dimensional vibrational problem which is beyond the
scope of this work.
In a solid state we expect a dramatic change of PES of

intramolecular LAMs due to intermolecular interactions
among which steric constraints are the most important
parameters.45 Moreover, molecular solids have an additional
set of modes resembling LAMs of free molecules: intermo-
lecular modes corresponding to translational and rotational
motions of individual molecules, which are usually anharmonic
and intermixed. The entire set of such low-frequency modes

Figure 4. Calculated vs experimental Raman spectra of the stilbene crystal. Numbers at peaks denote maxima of the corresponding bands. “Rx
+buckling” means intermixed long-axis rotation and buckling, “Ry+Rz” are short-axes rotations, and the dashed lines separate these two groups of
vibrational modes. See Tables S14 and S16 for details.
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presents a challenge for their description in contrast to
phonons in rigid solids and vibrations in rigid molecules.
To study how PES of the two dihedrals changes in the

crystalline environment, we select a molecule-centered cluster
containing all essential contact interactions with the central
molecule (12 neighbors). The cluster is cut out of the crystal
fully relaxed by the PBE-D3/PAW600 method; then in the
PES scan by CAM-B3LYP/6-31G* we allow only the central
molecule to move (the robustness of the model with respect to
implicit and explicit solvation effects has been tested in Table
S15). The resulting PES shown in Figure S11 is drastically
different from that in Figure 2a; namely, it is no longer flat.
Moreover, even at relatively significant deviations from
equilibrium (within 30° in τ, β and 100 meV in energy), the
PES is essentially harmonic (Figure S12). Thus, counter-
intuitively, low-energy PES in a crystal is simpler than that in a
free molecule.
Because PES in a crystal is nearly harmonic, the Hessian

diagonalization at the minimum should give accurate vibra-
tional spectra. To decompose phonons into motions of
individual molecules we use perturbation analysis of the Γ-
point force constant matrix calculated by the PBE-D3/
PAW600 method following our previous work46 (see details
in the Supporting Information, p S9). The lowest 12 modes
per molecule (discussed below) are given in Table S15. In a
crystalline environment, stilbene is a relatively rigid molecule
with the smallest vibrational frequency at 5 meV, whereas the
torsion and buckling frequencies are increased to about 15
meV. Since PES is no longer flat, different density functionals
give consistent results, in a sharp contrast with the Hessian of
the free molecule. Vibrational modes above 25 meV (200
cm−1) are intramolecular: they do not intermix with other
modes and their dispersion is negligible (∼1 meV). Low-
frequency modes (10 modes per molecule) intermix and have
noticeable dispersion with 5−14 meV bandwidth. The only
exception is the torsion mode preserving intramolecular
character despite the resonance with other modes (in a crystal
its frequency is increased substantially), which is probably due
to unique symmetry of this mode. Thus, we see that mode
mixing and change of PES substantially modify character and
frequencies of the lowest normal modes in a crystal compared
to a free molecule, complicating their cross-identification solely
by vibrational spectra:36 even the mode ordering changes so
that the torsional progression that is well-separated in the gas-
phase moves up in energy in the crystal slightly above the
buckling mode energy.
To check the reliability of our crystal modeling, we have

measured and simulated Raman spectrum of crystalline
stilbene; see details in Section S10 of the Supporting
Information. The results are compared in Figure 4 showing
an excellent agreement between experiment and theory at the
vdW-DF2 level. Our calculations show that all Raman-active
modes below 200 cm−1 belong to two groups: the group below
100 cm−1 is assigned to molecular rotations Ry and Rz (short
axes), whereas the other peaks correspond to the intermixed
long-axis rotation Rx and buckling. This is consistent with
symmetry analysis forbidding odd modes (Au and Bu; see
Table S14) in the dipole approximation.
Finally, we briefly discuss geometry of longer oligomers.

Distyrylbenzene (OPV3) is the next smallest PPV oligomer
suitable to study effects of weak interactions between strongly
coupled pairs of dihedrals, which are separated by the middle
phenyl ring. There are four possible low-energy conformers

distinguished by the sequence of the signs of the four flexible
dihedrals;47 see Table S2. In agreement with previous
studies,47 the lowest energy conformer (for all considered
methods) corresponds to the helical torsion, where all signs are
equal (+ + + +). The next conformer corresponds to the
alternating torsion (+ +−−). Here the energy difference is
only 0.5 meV, giving the minor penalty of changing sign of
dihedrals across the middle phenyl ring. The other two
conformations would represent helical and alternating
buckling, but it turns out that buckling is energetically
suppressed in OPV3 and longer oligomers. Consequently, all
low-energy conformers of any oligomer OPVn can be
represented as sequences of torsions, and the total energy
relative to the planar conformation can be estimated as En = (n
− 1)Etorsion + (n − 2)Ecoupling + mEdefect, where Etorsion is a
torsion energy per vinyl group (−1.4 meV for CAM-B3LYP/6-
31G*), Ecoupling is an across-ring coupling energy (+1.0 meV),
m is the number of sign changes (“defects”), and Edefect is the
defect creation penalty (+0.5 meV); see Table S17. Since
Ecoupling is positive due to π-conjugation, the tendency to
planarization strengthens with oligomer size: the planarization
energy gain decreases from 1.4 meV for stilbene to 0.4 meV for
the polymer (and the same trend holds for imaginary
frequencies at the planar geometry; see Table S18).
Extensive DFT benchmarking made in this work allows us

also to draw important conclusions on the use of density
functionals for π-conjugated molecules. First of all, it should be
noted that for any DFT modeling of complex systems, a good
agreement with experimental measurements can be interpreted
as the effect of some underlying error cancellation.48

Consequently, a rigorous benchmarking per studied system is
normally required to understand the performance of DFT
models as illustrated in the present Letter for PPV oligomers.
However, many density functionals show good transferability
and very systematic trends,49 and our data fully support this
idea as well. In particular, benchmarks of torsional progression
for stilbene and styrene molecules show essentially the same
performance of the tested DFT models with respect to
experimental and MP2/CCSD values (Table S8, Figure S7).
Also, predictions of the studied transferable functionals PBE,
B3LYP, PBE0, CAM-B3LYP, and ωB97X are strictly ordered
(systematic) in the sense that, e.g., the values of intramolecular
properties (BLA, dihedrals, PES extrema, vibrational transition
energies etc.) calculated by CAM-B3LYP are between PBE0
and ωB97X values (deviations from this rule are much smaller
than absolute errors of these functionals); see Tables S5a, S6a,
S8, and S18. Moreover, the accuracy of these functionals
strongly correlates with the “IP+EHOMO” descriptor40 (see
Figure S4), which is the sum of the ionization potential and the
energy of the highest occupied molecular orbital (it is zero in
ideal DFT50), thus supporting the idea that it can be used for
assessment of density functionals for longer oligomers when
experimental or high-level theory reference data are not
available.
To summarize, via proper choice of the computational

methodology, we have resolved the long-standing problem of
the ground-state geometry of PPV oligomers. Although the
PES of PPV oligomers has a shallow global minimum
corresponding to the helical torsion of the oligomer, the
ground-state vibrational wave function is delocalized between
the two symmetry-equivalent minima. Consequently, the
geometry is effectively planar at ambient and lower temper-
atures, though the distribution of the observable value of the
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dihedrals is very broad (up to 30° for trans-stilbene) even at
zero temperature. At the room temperature the molecule is
also statistically planar, however, with even broader dihedral
angle distribution. Due to extended π-conjugation, planarity
improves with an increase of the oligomer size since both
torsion angle and planarization energy per monomer decrease.
In a crystal, PESs of individual molecules become close to

harmonic, so that, counterintuitively, description of vibrations
in the crystal is simpler and less method-sensitive compared to
the free molecule, which is also confirmed by a good
agreement between measured and simulated Raman spectra
in the entire range of vibrational frequencies. Mode analysis of
stilbene crystal shows a clear separation of low-frequency
modes: all vibrations above 200 cm−1 are intramolecular
meaning that they are linear combinations of undistorted
normal modes of the free molecule. In contrast, there are 10
low-frequency modes per molecule (including translations and
rotations) that strongly intermix and are dispersive in a crystal.
Four of them are Raman-active being rotational and buckling
motions.
From the perspective of charge transport in crystalline

organic semiconductors, such a rich spectrum of low-frequency
modes results in quasistatic and dynamic disorders at ambient
conditions, which effectively decrease charge carrier transport
via various scattering mechanisms. For example, such motions
in OPV crystals produce large disorder, disrupting formation of
ideal two-dimensional dispersive bands (Figure S14). Indeed,
while molecular size, number of rotatable dihedrals, planarity,
and even intermolecular electronic couplings (Table S20) in
stilbene match those of TCNQ, practically achievable charge
carrier mobility (μ) differs substantially: TCNQ-core molec-
ular crystals demonstrate good charge transport performance
(μ ≥ 1 cm2/(V s)) across the family,51,52 whereas there are no
published reports on high charge carrier mobility in OPV-core
crystals (μ ≤ 0.1 cm2/(V s)) in the sense of rigorously
measured mobility in a field effect transistor.4,24,53 A notable
difference between these two molecules is that the two
rotatable dihedrals of TCNQ are more rigid then those of
stilbene, so that both thermal (due to low-frequency modes)
and frozen-in (due to large amplitude motions) disorder would
be lower in TCNQ crystals. At the same time, a reinforcement
of the OPV core by modification of the vinyl bridge increases
the mobility.54−56 In this context, our study facilitates further
research on understanding and controlling the relationships
between low-frequency vibrational motions and charge trans-
port efficiency in organic semiconductors.
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