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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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Figure S1. Orientation and atom indexing of stilbene molecule used in this work.  

 

 

Table S1. Notations for stilbene conformers. Here φ1,2 are the angles between the rings and the vinyl group or 

approximately the dihedrals (1,2,3,4) and (2,1,15,16), τ=(φ1+φ2)/2 is the torsion angle which is the half-angle 

between the rings, and β=(φ1–φ2)/2 is the buckling angle which is the angle between the vinyl group and the 

mean plane of the two rings. The three stationary (by symmetry) points are labeled below as 'p', 's', 't'. The 's'-

point is the middle point for rotation of individual dihedrals: depending on method it can be either saddle or shal-

low local minimum. 

label φ1 φ2 τ β symmetry comment 

p 0 0 0 0 2/m planar 
a τ0 τ0 τ0 0 2 torsion minimum 
b β0 -β0 0 β0 -1 buckling minimum 
s 90 0 45 45 m high-symmetry saddle 
t 90 -90 0 90 2/m PES maximum 

 

Table S2. Notations for nonplanar PPV conformers. String of signs denotes signs of flexible dihedrals in the or-

der from one side of the oligomer to the other side. 

label dihedrals pattern symmetry comment 

OPV2 (stilbene) 

a + + 2 torsion 
b + – -1 buckling 

OPV3 (distyrylbenzene) 

a + + + + 2 helical torsion 
b + – + – -1 alternating buckling 
c + – – + 2 helical buckling 
d + + – – -1 alternating torsion 

OPV5 

ax + + + + – – – – -1 1 defect (ax1) 
bx + – + – – + – + 2  
cx + – – + – + + – -1  
dx + + – – – – + + 2 2 defects (ax2) 
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Geometry of trans-stilbene in gas phase. Experimentally, the geometry of trans-stilbene was determined 

by means of gas electron diffraction [10]. By studying the squared error sum and standard deviation values for 

the refined parameters as functions of the C‒C(Ph) torsion angles, the authors of Ref. [10] concluded that β=0, 

τ≈30º, and BLA=0.13-0.15 Å. In another work [11], free jet microwave spectra were used to obtain rotational 

constants for trans-stilbene assuming C2h (2/m) symmetry: A=2611.3±7.7 MHz, B=262.86±0.02 MHz, and 

C=240.56±0.02 MHz. First principle calculations at different levels of theory predict the same value for con-

stants B and C, but different values of other parameters: constant A larger by approximately 100 MHz, BLA 

closer to the lower experimental value, and range of dihedrals from zero to a value smaller than 30º. In particular, 

Ref.[17] reports CCD/6-31G* estimate of BLA to be 0.131 Å, and for butadiene the same method underesti-

mates experimental value only by 0.002 Å [S1]. Thus, available experimental gas phase techniques did not pro-

vide a robust direct determination of BLA and flexible dihedrals. At the other hand, published ab initio methods 

HF and MP2 overestimate BLA (~0.150 Å), whereas commonly used B3LYP underestimates it (~0.120 Å). 

Geometry of PPV crystals. In a solid state, experimental data are available for crystals of trans-stilbene 

(OPV2) [23], distyrylbenzene (OPV3) [19], OPV5 [20], and PPV [21-22]. Unfortunately, thus determined values 

of BLA (see Table S10) are mutually inconsistent and do not follow a known systematic trend: BLA decreases 

with increase of the distance from terminal ends of the π-conjugated system [S2]. Concerning the dihedrals, all 

oligomers and the polymer are reported to be flat within the experimental uncertainty, though large thermal fluc-

tuations of dihedrals were observed in Ref.[22]. This is consistent with very small deplanarization energy gain (if 

any), so that intermolecular steric interactions easily planarize the molecules. Noticeably, crystal structures of 

short oligomers (OPV2 and OPV3) show unavoidable disorder in molecular orientation [21,26,30]. It is unclear 

whether this disorder is dynamic or frozen, because the two orientations are connected via pedaling rotation of 

the vinyl group, which is not constrained sterically. 

Vibrations of stilbene molecule: high frequencies. Vibrational spectra of the trans-stilbene were investi-

gated both experimentally [S3,13,27] and theoretically [S3,13-14,16,S4,28]. In Ref.[27] the gas phase Raman 

spectrum was recorded at 330°C using a specially constructed high temperature cell allowing to observe and as-

sign low-frequency vibrational modes. In work [S3] infrared and Raman spectra of microcrystalline trans-

stilbene were measured and the vibrational frequencies were assigned using gas-phase force constants calcula-

tions with scaling adopted from benzene and ethylene. Later, infrared and Raman spectra of trans-stilbene in so-

lution (n-hexane, benzene) and in powder were reported [13], complemented by DFT B3LYP/6-311+G** calcu-

lations of vibrational frequencies as well as corresponding Raman activities, Raman depolarization ratios, and 

infrared intensities. The variety of quantum chemistry methods, including MP2 and DFT (B3LYP) in Pople basis 

sets of different quality, was used in work [14] to obtain the vibrational frequencies of cis- and trans isomers. 

Infrared and Raman spectra simulations of cis- and trans-stilbene were also carried out in works [16] and [S4]. 

Comparative estimation of vibrational frequencies, obtained in the harmonic approximation with scaling, was 

reported at B3LYP/cc-pVTZ level of theory in Ref [28]. For high frequency region (>400 cm-1), Raman spectra 

of trans-stilbene are reported to be quite well reproduced by harmonic approximation with scaled B3LYP fre-

quencies [13,27]. For longer OPVs, frequencies of some vibrations estimated by means of Franck–Condon anal-

ysis of the fluorescence emission spectra as well as estimated BLA values are discussed in Ref. [30]. In work 

[S5] combined experimental and theoretical investigation of Raman-resonant and nonresonant third-order sus-

ceptibilities of OPVn (n=1-5) was carried out. Raman spectra of PPV are dominated by two strong Raman bands 

[S5,25,31]: the band at 1600 cm-1 corresponds to the BLA mode [S6] and the band at 1200 cm-1 has more com-

plex nature. The relative Raman intensities were reported to be affected by the chain length of the molecules on-

ly slightly [25]. The BLA mode band typically shows triplet structure [S5,25,31], with the intensity ratio R(band 

1/band 3) increasing with the chain length [31]. 
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Vibrations of stilbene molecule: low frequencies. In contrast to high-frequency vibrations, LAMs require 

determination of PES beyond the harmonic approximation. In literature there are a few works investigating the 

shape of PES of PPV oligomers. Authors of Ref.[14] noted that, according to MP2 computations made, the 

nonplanar conformation of trans-stilbene is usually preferred, contradicting B3LYP results. One-dimensional 

minimum energy path along the phenyl ring rotation coordinate for the trans-stilbene molecule was calculated at 

the B3LYP/cc-pVDZ level of theory in Ref.[16] and refined by MP2 and B3LYP in cc-pVTZ in Ref.[17]. Tran-

sition frequencies observed in the fluorescence excitation and dispersed fluorescence spectra were used to de-

termine the parameters of the two-dimensional PES (φ1,2) for the ground and excited states of trans-stilbene [32]. 

The potential parameters obtained for the ground state were improved in work [S7]. Finally, B3LYP/6-31G* 

calculations [33] were performed to obtain the theoretical two-dimensional potential surface, which was further 

refined by using the observed energy level spacing taken from the literature. In Ref. [34] the role of ZPE correc-

tion on the PES shape is investigated at MP2/6-31G** level of theory and it is stressed that the molecule is effec-

tively planar with respect to rotation of the vinyl fragment about the longitudinal axis (pedaling motion). Overall, 

the topology of the two-dimensional PES for trans-stilbene molecule in vacuo is known, but quantitative details 

are missing including position and energy of minima and saddle points. Consequently the comparison of torsion 

progression observed experimentally and calculated from first principles reveals significant discrepancies. Also, 

no investigations of PES in non gas phase conditions (e.g. in solid state) has been published. 

Vibrations of stilbene crystal. Experimental IR and Raman spectra of trans-stilbene crystal have been re-

ported and analyzed in Refs.[S8,35,36]. Detailed and consistent analysis of high-frequency region was made in 

[S8], basing on symmetry considerations and of wave-number shifts of ten deuterated species as well as previous 

assignments made for substituted benzenes. For low-frequency part, peak at 59 cm-1 was assigned to Bg torsion 

accordingly to previous assignment of the first overtone at 127.7 cm-1 in the Raman spectrum of gaseous styrene 

[S9]. Authors [S8] stated, however, that in some cases the assignment was tentative and normal coordinate anal-

ysis is necessary. Paper [36] was focused on the analysis of low-frequency part of the Raman spectrum based on 

symmetry considerations and comparison with fluorescence spectra. It was pointed out that each Ag and Bg mode 

of the free molecule may split in the solid into four components, two with Ag and two with Bg, symmetry, and all 

four factor-group components may appear in the Raman spectrum of the solid. They also stated, however, that 

the similarity transformation that connects the polarizability derivatives of the molecule and the solid (in the ori-

ented gas model) is such that no unambiguous assignments of the symmetries of molecular modes can be made. 

A few points of interest were discussed in Ref.[36] with the first one concerning the assignment of 129 cm-1 line. 

Some investigators assigned it to the lowest Ag fundamental since this line is common to the Raman and the flu-

orescence spectrum, whereas the authors assigned it to the overtone of the Bg torsional fundamental. Another 

issue stated is that the lines in the Raman spectrum of the powder can be divided into two groups according to 

their linewidth. The sharp lines can be understood in terms of nearly harmonic fundamentals which give rise to a 

few weak combination bands. On the other hand, broad bands could be attributed to an accidental quasi-

degeneracy of a number of combinations and overtones of very anharmonic low frequency fundamentals. Quali-

tative analysis of all notable Raman-active peaks below 600 cm-1 was made in Ref.[36] basing on the assumption 

that the stronger components represent Ag and the weaker components represent Bg overtones or combinations; 

the lowest possible set of vibrational quantum numbers to satisfy the observed intensity alternation was proposed 

and anharmonicity constants were estimated by RMS fit of observed data. Thus, the authors assumed that the 

low-frequency Raman spectrum could be rationalized as an Ag and Bg overtones or combinations of torsional 

coordinates that are anharmonic in the solid and strongly coupled. However, first principle simulations for trans-

stilbene vibrational spectra in crystal have not been reported yet. 
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S3. Computational methodology 

Calculations of equilibrium geometry parameters and harmonic vibrational frequencies of PPV oligomers are 

performed by DFT with various exchange-correlation energy functionals commonly applied to π-conjugated 

molecules: PBE, HSE06, B3LYP, CAM-B3LYP, LC-ωPBE, ωB97XD, APFD, M06-2X. Used for the majority 

of calculations in present work, CAM-B3LYP is a long-range corrected hybrid functional known to provide a 

correct description of molecular and electronic structure of extended π-conjugated systems [S10,S11,40,41]. 

Dispersion interactions (for crystalline environment simulations) are taken into account by means 

of Grimme’s dispersion model with Becke-Johnson damping [42]. Majority of computations for free molecule 

and molecular clusters is made in 6-31G* and def2-TZVP basis sets. Solid-state DFT computations with the 

plane-wave basis set are performed with PAW pseudopotentials and 600 eV energy cutoff. Γ-centered 4×7×3 

Monkhorst-Pack k-grid is utilized for geometry optimizations of trans-stilbene and phonon frequencies calcula-

tions. Geometry parameters are optimized with tight convergence criteria predefined in both Gaussian and VASP 

programs. Phonon frequencies are estimated in harmonic approximation at Γ-point. Raman scattering factors 

were evaluated by means of corrected vasp_raman.py script [S12] which uses the VASP package as backend; 

lines broadening was simulated by gaussians. 

ZPE correction. To calculate ZPE correction to PES, it is important to identify modes which can intermix 

with the two studied LAMs. For trans-stilbene molecule there are four low-frequency modes separated from the 

rest of the modes by frequency gap: the maximum frequency of the lowest four modes at any PES point does not 

exceed 17 meV, whereas the frequency of the 5th mode is 25 meV. The four lowest modes are torsion (Au), 

buckling (Bg), out-of-plane bending (Au), and in-plane bending (Bu), where the symmetry is given for the planar 

geometry. These modes are identified at any point of the PES by matching normal mode displacements (through 

eigenvector overlap) of the two vinyl carbon atoms at that point and at the fully planar geometry (alternative 

method of mode tracking along a linear path fails at points where buckling and in-plane bending modes inter-

mix). Visual analysis of modes has been used to confirm the reliability of this approach near level crossing 

points. The dependence of ZPE and frequency of the four lowest modes on τ and β is shown in Fig. S3, and the 

resulting ZPE-corrected PES is given in Fig. 2b. 

Calculations for crystals. Periodic boundary conditions substantially restrict the variety of available com-

putational methods. Among the already discussed methods, PBE-D3 is the only one having efficient implemen-

tation in periodic boundary conditions. For CAM-B3LYP-D3 we will use a hybrid scheme explored in our pre-

vious work [41]: for optimization of intermolecular packing we use PBE-D3 and then perform cluster calcula-

tions with frozen perimeter using CAM-B3LYP-D3. Molecular crystals of short PPV oligomers with resolved 

structure possess unavoidable conformational disorder [19,23]. In the present work we use the dominant con-

former from Ref. [23] to obtain a fully relaxed (unit cell and atomic positions) by DFT-D geometry and then ex-

plore conformational space in cluster calculations. Unit cell parameters optimized by PBE-D3, PBE-MBD, vdW-

DF2 are listed in Table S19. All the three methods give geometry close to the experimental one within few per-

cent accuracy. In what follows we will use PBE-D3 geometry for two reasons: it best matches experimental ge-

ometry and out of the three it is the only method available for use with gaussian basis sets (to see the influence of 

basis set). 
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Solution of 2D vibrational problem. For the two LAMs the anharmonic vibrational problem is solved fol-

lowing the approach introduced in Refs. [S13,S14,39]. For a set of LAMs defined by the coordinates (φ1,…,φn) 

we use the model Hamiltonian 

 (S1) 

where n is the dimension of the problem, B
ij

= B
ji
 are kinematic parameters, and V  is the potential function. The 

kinematic matrix is given by 

 (S2) 

where I stands for inertia tensor and blocks X and Y effectively account for rotation-vibration interactions and 

interactions between different vibrations, respectively: 

  

(S3) 

 

where mk, rk are mass and position of k-th atom, and q=x,y,z enumerates cartesian coordinates. Partial derivatives 

are evaluated by numerical differentiation. For stilbene n=2 with the angles φ1,2 defined in Table S1. The poten-

tial V is periodic in each φi with the period 180º and 

 (S4) 

Both B
ij
 and V are calculated on a grid with step size 5º and then approximated by trigonometric functions of the 

variables 
i
 considering symmetry requirements:  

 

(S5) 

 

 

(S6) 

 

where )(

Kf  denotes Kcos  or Ksin  depending on the parity α. In a constrained geometry optimization by 

Gaussian program the angles φ1,2 are approximated by the dihedrals (1,2,3,4) and (2,1,15,16), but the symmetry 

is preserved by sampling only the fundamental domain 0≤φ1≤π/2, φ2<|φ1|. We use 12-order harmonics to fit V 

(the resulting RMS error is about 1 cm-1), 6-order to fit B and ZPE, and 20-order for wave-function. The Hamil-

tonian (S1) is solved by variational method. Note that the lowest vibrations are fully confined within ±40-degree 

rectangle around the φ1,2=0 point. The assignment of vibrational levels (i.e. determination of vibrational quantum 

numbers) is performed by the analysis of localization areas of wave-function and structure of its nodal surfaces. 

Marginal probability distributions are calculated from vibrational wave-function ),( 21   as follows: 

 

(S7) 

 

where α1, α2 correspond to either symmetrized coordinates (τ,β) (in that case, k = 4) or dihedrals φ1,2 (k = 2). 
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Figure S2. Dependence of the PES approximation error on the size of the trigonometric basis: total energy (black 

line) and ZPE correction (gray line) calculated by CAM-B3LYP/6-31G* method. 

 

 

 

 

 

(a) (b)  

Figure S3. ZPE and change of harmonic frequencies of the LAMs along two linear paths on the two-dimensional 

PES: (a) along torsion and (b) along buckling. The ZPE correction used in this work is shown by dashed line. 
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Perturbation theory for vibrations of molecular clusters and solids. 

 
In the present work, U'' is taken from Gaussian (for molecular clusters) or VASP calculations (for molecular 

crystals). Two types of perturbations are considered. In the first type the unperturbed system is a free molecule in 

vacuum and the perturbed system is the same molecule in a rigid cluster. Then the matrix Ť shows how that rigid 

molecular environment distorts vibrational modes of the free molecule. In the second type the perturbed system 

is the crystal unit cell with the periodic boundary conditions (Γ-point calculations), whereas for the unperturbed 

system we set all intermolecular elements of the force constant matrix to zero. Then the matrix Ť gives vibra-

tional modes of the crystal in the basis of vibrations of individual molecules, see for example Table S16. 
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S4. Benchmarks 

Because PPV oligomers are among the most studied π-conjugated molecules with complex PES highly sensitive 

to computation method, they are excellent objects for benchmarking of DFT methods. In this work we use sever-

al descriptors sensitive to the computational method. 

BLA and bond orders. An important and sensitive descriptor to monitor the polarization and charge trans-

fer in conjugated molecules is BLA (Table S5a). Since PBE is universal GGA method and as such is known to 

provide only a limited accuracy, for system in question it delivers only a zero-approximation results that more 

specialized functionals are expected to improve: i.e., it provides the lowest estimation for BLA and highest 

charge transfer integral from vinyl C=C to C-C(Ph) bond. The problem could be attributed to well-known self-

interaction issue that is common for semi-local functionals. B3LYP, as an empirical hybrid functional extensive-

ly parameterized for organic molecules, quite expectedly improves on all quantities tested compared to PBE and 

yet it still provides rather poor estimation for BLA value. Since CAM-B3LYP functional was specifically de-

signed to resolve known B3LYP deficiencies on charge transfer it allows to obtain BLA quite close to experi-

ment while also maintaining effectively planar equilibrium structure for trans-stilbene and reproducing experi-

mentally observed torsion progression [32] close to spectroscopic accuracy (≈1 cm-1). Other tested hybrid 

functionals with the long-range correction, ωB97XD and LC-ωPBE, also provide an accurate BLA but yield 

nonplanar structure for trans-stilbene (Fig. 3c) and fail to reproduce observed torsion frequencies (Fig. 3e, Ta-

ble S3). For Raman-active vibrations (Table S6a) one can note that known systematic tendency of PBE to under-

estimate harmonic vibrational frequencies holds; moreover, the method provides the lower limit among all 

functionals tested. It seems unclear why the upper limit is given by CAM-B3LYP estimations, whether that is a 

systematic trend or coincidence. We believe it requires detailed investigation and leave the matter without expla-

nation. 

Lowest vibrational states of trans-stilbene in vacuum. We benchmark methods upon experimentally ob-

served energies of the lowest vibrational transitions [32] (up to fourth overtone for torsion vibration). In particu-

lar, from Fig. 3e and Fig. S5 it can be seen that the best estimations for torsion frequencies are obtained for 

APFD and CAM-B3LYP functionals (8 and 6 cm-1 vs 8 in experiment for the fundamental transition). As one 

could expect, density functionals predicting single-minimum PES (PBE, B3LYP) systematically overestimate 

transition energies, whereas functionals showing both buckling and deep torsion minima (ωB97XD, LC-ωPBE, 

M06-2X, MP2) underestimate them. 

The dependence of the CAM-B3LYP results on basis set is noncritical: Fig. 5b shows that 6-31G*, 6-311G*, 

TZVP, def2-TZVP (closest to basis set convergence limit) give consistent results. Also the results are insensitive 

with respect to addition of the D3 dispersion correction. Effectively taking into account other vibrations by add-

ing ZPE correction (in harmonic approximation) to the PES also does not change the results qualitatively (ob-

servable distribution of angles) but renormalizes the PES and thus the vibrational energy levels, see Figs. 2-3 and 

Table S3. For these reasons and because the computational overhead of using large basis sets and making ZPE 

correction is substantial, in the rest of the study we will use CAM-B3LYP/6-31G* without ZPE (whose predict-

ed transition energies are close to CAM-B3LYP/def2-TZVP with ZPE), but with D3 correction whenever is im-

portant. 

It should be noted that (1,0) transition can be missed in analysis of experimental spectra if its frequency is 

close to zero as predicted by such methods as ωB97XD. In this case the entire ωB97XD curve in Fig. 5a will be 

displaced to the left so that calculated (n,0) transition matches observed (n-1,0) transition. However, the slope of 

the curve remains the same and, evidently, it does not follow the experimental slope. A completely different ap-

proach to provide reference data for DFT methods would be to use CC calculations. Unfortunately, for post 

Hartree-Fock methods the PES converges slowly with increasing basis set, see Fig. S6b, whereas commonly 

used methods "accelerating" this convergence (see e.g. [S15]) are not suitable for providing meV-accuracy for 



S11 

 

Å-scale deviations in geometry. For MP2 in particular, consistent results are observed only for the largest con-

sidered basis sets: aug-cc-pVTZ, cc-pVQZ and def2-QZVP. Fortunately, the basis set dependence is systematic: 

upon basis set increase the entire PES shifts up relative to (0,0) point. Therefore the calculated CCSD/def2-

TZVP energies for MP2/def2-TZVP geometry are expected to provide the lower bound for PES. Thus generated 

one-dimensional cross-section of the PES along the torsion coordinate coincides with ωB97XD/6-31G*, see 

Fig. S6c. MP2 results in large basis sets are close to ωB97XD/def2-TZVP. For both cases, the dihedral distribu-

tion for the ground state wave-function is shown in Fig. 3. In particular, ωB97XD/def2-TZVP predicts effective-

ly planar geometry but with broad distribution of angles compared to CAM-B3LYP results because the underly-

ing PES has shallow minima at τ≈15º. Though ωB97XD/def2-TZVP predicts broader distribution of angles 

compared to CAM-B3LYP both correspond to effectively planar geometry of trans-stilbene. 

Empirical PES. Based on our extensive DFT benchmarking of the PES, we have also tested the empirical 

model proposed in Ref. [32] which assumes relatively simple 4th-order harmonic trigonometric form of the po-

tential function. It turns out that upon addition of higher harmonics to PES expansion, the expansion coefficients 

and approximation error decrease in magnitude gradually, with 4th order being the minimum meaningful order, 

see Fig. S2. 

Conclusions. HSE06 hybrid specifically designed to describe solids for trans stilbene performs close to 

B3LYP, slightly improving PES but predicting less accurate BLA. M06-2X results are always close to ωB97XD 

as should be expected since both were parameterized for similar use (thermochemistry, noncovalent interactions) 

and test sets. APFD functional designed for accurate (comparable to CC) description of weak dispersive interac-

tions and hydrogen bonds allows to reproduce PES section along torsions well (Fig. 5a), but shows surprisingly 

small value for BLA and hence is less desirable studying conjugated systems then CAM-B3LYP. MP2 fails to 

deliver consistent results for trans-stilbene especially for small (double- and triple-zeta) basis sets: BLA is too 

small (Table S5a), the equilibrium geometry is severely distorted, PES seems too complex for 2D section by just 

two dihedrals [S16] to be meaningful. 

Our data show that common systematic trends for DFT calculations work for trans-stilbene. CAM-B3LYP 

provides best DFT estimations for a chosen set of descriptors compared to available experimental and CC data. 

APFD could probably be used for conformational analysis of organic molecules but should be avoided when 

accurate description of charge transfer matters. On the contrary, ωB97XD works well for those systems but does 

not allow to reproduce PES consistently at 6-31G* basis set. It should be mentioned that for the free molecule 

dispersion interactions seem fairly negligible (Tables S5a,S6a). It should be emphasized that neither CAM-

B3LYP nor other DFT methods especially in small basis sets are usually suitable for calculations within 1 cm-1 

accuracy. If the study demands the use of DFT, it should be benchmarked against relevant experimental data to 

choose the viable option for further investigation. 

The analysis of the dependence of descriptors (most importantly, BLA and frequencies of torsion and buck-

ling modes, Tables S5b,S6b) on the basis set coupled with CAM-B3LYP calculations identifies three groups of 

basis sets: accurate but large, small but inaccurate, small and accurate. The largest basis sets of each family 

(def2-QZVP, 6-311+G(3df,2p), cc-pVQZ) show good level of consistency thus indicating a basis set conver-

gence. Benchmarked by these three basis sets, we see that only 6-31G* basis set gives a reasonable balance of 

size and accuracy. If accuracy is important, def2-TZVP stands as the smallest fault-free basis set which provides 

results close to complete basis set, but it is two times larger than 6-31G*. 

Comparing lowest frequencies estimated for different PPV oligomers one could see that DFT trends dis-

cussed above for stilbene hold also for oligomers (Table S18): CAM-B3LYP and APF data are caught between 

PBE-like methods and B3LYP (upper bound) and wB97XD (lower bound). As for the geometry in crystal, both 

PBE-D3 and vdW-DF2 yield satisfactory results (the former predict slightly lesser unit cell volume while the 

latter overestimates it as shown in Table S19).  
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Figure S4. Correlation between IP+EHOMO descriptor and key properties of the stilbene molecule calculated 

with different density functionals at def2-TZVP basis set. The QCT is the charge transfer associated with the 

BLA: it is calculated as the bond order deficiency for the vinyl double bond, i.e. 2 minus NBO bond order. 
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Figure S5. Predicted and observed energies of vibrational transitions for a) different DFT functionals with TZVP 

basis set and b) CAM-B3LYP functional but different basis sets, accounting for dispersion interactions and high-

ly polar dielectric environment. 

 

 

Table S3. Vibrational transitions energies (in cm-1, beyond harmonic approximation) from zero vibrational level 

for torsion and buckling vibrations as appeared in experiment and DFT. In the notation (ʋ1, ʋ2), the first quantum 

number corresponds to torsion τ, and the second one to buckling β vibration. 

  (1,0) (2,0) (3,0) (4,0) (5,0) (0,1) 

exp 9 19 31 45 59 53 

TZVP 

ωB97XD 0 11 17 27 37 54 
LC-ωPBE 0 19 20 30 37 57 
M06-2X 0 13 18 28 39 59 

CAM-B3LYP 6 15 26 38 51 61 
APF-D 8 18 31 44 58 74 
HSE06 12 26 41 58 75 77 
B3LYP 13 28 44 60 78 78 

PBE 16 33 51 69 89 84 

CAM-B3LYP 

6-311+G(3df,2p) 2 12 22 34 47 58 
6-311G** 4 13 23 35 48 58 

6-31G*(ZPE) 3 12 23 34 47 61 
-D3/6-31G* 7 17 28 41 55 63 

def2-TZVP (ZPE) 7 17 29 42 56 64 
6-31G* 7 17 29 43 57 64 

def2-TZVP 10 22 35 50 65 66 
acn 6-31G* 13 28 44 60 78 71 
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Table S4. Sizes of basis sets used in this work (as reported in Gaussian 16 program). Basis sets used in the pre-

sent work are highlighted. 

Basis set basis cartesian primitive 

6-31G 150 150 356 
6-31G* 234 234 440 
cc-pVDZ 256 270 546 

def2-DZVP 256 270 434 
6-311G* 288 302 508 

6-311G** 324 338 544 
6-311+G* 344 358 564 

6-311+G(2d,p) 450 478 684 
def2-TZVP 506 576 810 

cc-pVTZ 588 670 932 
6-311+G(3df,2p) 654 738 944 

aug-cc-pVTZ 920 1070 1332 
cc-pVQZ 1130 1400 1690 

def2-QZVP 1158 1428 1744 
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Table S5a. Descriptors for trans-stilbene: NBO charges on H22 and H9, charge transfer from double to single 

bonds calculated as bond order deficiency of the double bond, BLA, torsion τ and buckling β angles for con-

formers a and b (if non-planar) and their relative energies taken with opposite sign, relative energies of saddle 

point E(90,0) and PES maximum E(90,90). Rows are ordered by IP+EHOMO. For vdW-DF2/PAW600 the BLA is 

0.113 Å. Methods used in the present work are highlighted. 

Method 
IP+EHOMO QH22 QH9 QCT BLA τ Ea β Eb E(90,0) E(90,90) 

eV    Å deg meV deg meV meV meV 

6-31G* 

PBE-D3 2.13 0.239 0.229 0.154 0.103     253 465 

PBE 2.13 0.240 0.229 0.153 0.104     249 459 

HSE06 1.79 0.239 0.229 0.134 0.114 6.7 0.1   224 413 

B3LYP 1.60 0.230 0.220 0.133 0.117     222 412 

APF 1.50 0.239 0.229 0.133 0.116 8.4 0.3   213 396 

APFD 1.50 0.239 0.229 0.133 0.114 11.1 1.1   212 391 

PBE0 1.44 0.240 0.230 0.131 0.116 8.9 0.4   214 398 

PW6B95 1.41 0.233 0.222 0.129 0.118 8.8 0.4   222 414 

M062X 0.75 0.236 0.225 0.112 0.128 17.0 5.5   187 354 

CAM-B3LYP-D3 0.49 0.232 0.222 0.111 0.129 13.1 1.7   185 347 

CAM-B3LYP 0.49 0.232 0.222 0.111 0.130 12.5 1.4   184 347 

ωB97XD -0.05 0.237 0.226 0.109 0.130 19.3 6.8 9.4 0.4 164 311 

ωB97X -0.34 0.234 0.223 0.100 0.136 18.6 5.9 9.6 0.5 158 301 

LC-ωPBE -0.51 0.240 0.230 0.095 0.138 21.8 10.2 15.4 1.8 138 264 

CCSD  0.226 0.214 0.168 0.130 26.9 24.2* 25.1 15.9 107 207 

MP2  0.231 0.219 0.175 0.112 26.6 29.2 24.9 19.7 131 251 

def2-TZVP 

PBE-D3 2.07 0.210 0.200 0.155 0.107     238 432 

PBE 2.07 0.210 0.200 0.155 0.107     234 426 

HSE06 1.74 0.208 0.197 0.136 0.117     218 400 

B3LYP 1.54 0.201 0.190 0.135 0.121     208 381 

APF 1.45 0.208 0.197 0.135 0.118     209 383 

APFD 1.45 0.208 0.197 0.135 0.117 5.3 0.3   207 379 

PBE0 1.39 0.209 0.198 0.133 0.119     210 386 

PW6B95 1.36 0.203 0.192 0.130 0.121     217 400 

M062X 0.69 0.206 0.195 0.114 0.132 14.1 2.9   180 338 

CAM-B3LYP-D3 0.44 0.203 0.192 0.113 0.132 9.8 0.6   172 320 

CAM-B3LYP 0.44 0.203 0.192 0.113 0.133 9.0 0.5   171 320 

ωB97XD -0.10 0.204 0.193 0.111 0.133 15.6 2.7   158 298 

ωB97X -0.40 0.203 0.192 0.101 0.139 14.8 2.1   150 284 

LC-ωPBE -0.56 0.211 0.198 0.097 0.141 19.2 5.6 10.5 0.5 135 257 

MP2  0.202 0.191 0.191 0.111 17.1 6.6 11.0 2.2 175 330 

* For this geometry: CCSD(T)/6-31G* value is 20.2, CCSD/def2-TZVP value is 1.9. 
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Table S5b. Descriptors for trans-stilbene: basis set dependence. The largest basis set of each family is shown in 

boldface. Methods are ordered by the last column. Rest of the notations are described in Table S5a. 

Method 
IP+EHOMO QH22 QH9 QCT BLA τ Ea β Eb E(90,0) E(90,90) 

eV    Å deg meV deg meV meV meV 

CAM-B3LYP 

6-31G  0.240 0.229 0.111 0.127 8.9 0.4   194 366 

def2-DZVP  0.221 0.210 0.113 0.129 0 0   196 366 

6-31G*  0.232 0.222 0.111 0.130 12.5 1.4   184 347 

cc-pVDZ  0.225 0.214 0.113 0.129 0 0   181 341 

aug-cc-pVTZ  0.201 0.189 0.113 0.133 6.1 0.3   175 327 

cc-pVTZ  0.199 0.188 0.114 0.133 10.0 0.6   174 325 

cc-pVQZ  0.208 0.197 0.112 0.134 10.3 0.7   173 322 

def2-QZVP  0.211 0.200 0.112 0.134 9.8 0.6   173 322 

def2-TZVP  0.203 0.192 0.113 0.133 9.0 0.5   171 320 

6-311+G(3df,2p)  0.204 0.192 0.111 0.133 11.0 1.5   167 310 

6-311G**  0.200 0.190 0.112 0.133 15.2 2.7   161 302 

6-311+G(2d,p)  0.203 0.191 0.112 0.134 12.5 2.1   160 301 

6-311G*  0.198 0.188 0.112 0.133 16.7 3.6   156 292 

6-311+G*  0.202 0.189 0.112 0.133 14.6 2.7   154 290 
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Table S6a. Harmonic vibrational frequencies of important vibrational modes of trans-stilbene: ντ, νβ stand for 

torsion and buckling vibrational modes, respectively, ν5 is the mode separating the four low-frequency modes 

from the rest of modes, "R" denotes Raman-active modes with the subscript indicating approximate position of 

that mode. Rows are ordered by IP+HOMO. Imaginary frequencies are marked by 'minus' sign. 

Method 
IP+EHOMO ντ νβ ν5 R1000 R1200 R1300 R1600L R1600H 

eV meV meV meV cm-1 cm-1 cm-1 cm-1 cm-1 

6-31G* 

PBE-D3 2.13 1.55 9.37 25.06 987 1201 1335 1611 1656 

PBE 2.13 1.63 9.57 24.90 985 1198 1334 1609 1653 

HSE06 1.79 -0.73 7.83 25.61 1019 1237 1379 1679 1727 

B3LYP 1.60 0.84 8.50 25.58 1015 1223 1382 1655 1706 

APF 1.50 -1.11 7.43 25.53 1017 1234 1378 1676 1724 

APFD 1.50 -1.58 6.32 26.07 1017 1237 1385 1675 1726 

PBE0 1.44 -1.14 7.30 25.62 1019 1237 1380 1683 1731 

PW6B95 1.41 -1.74 7.32 26.00 1018 1238 1384 1686 1734 

M062X 0.75 -2.04 3.14 26.05 1018 1238 1381 1694 1754 

CAM-B3LYP-D3 0.49 -1.78 4.82 26.05 1031 1243 1394 1701 1760 

CAM-B3LYP 0.49 -1.69 5.30 25.93 1029 1241 1394 1699 1758 

ωB97XD -0.05 -2.16 -2.95 25.62 1026 1237 1392 1697 1752 

ωB97X -0.34 -2.24 -3.34 26.31 1029 1243 1393 1714 1776 

LC-ωPBE -0.51 -2.75 -5.81 25.83      

CCSD  -3.44 -11.16 24.72      

MP2  -3.80 -12.73 24.11 1021 1244 1396 1672 1710 

def2-TZVP 

PBE-D3 2.07 1.12 8.56 24.79 989 1191 1317 1592 1639 

PBE 2.07 1.23 8.78 24.62 987 1188 1316 1590 1636 

HSE06 1.74 -0.46 7.90 25.42 1020 1227 1360 1659 1709 

B3LYP 1.54 0.22 8.12 25.42 1018 1208 1370 1636 1689 

APF 1.45 -0.83 7.59 25.31 1019 1224 1359 1657 1706 

APFD 1.45 -1.39 6.51 25.88 1020 1227 1363 1656 1708 

PBE0 1.39 -0.89 7.38 25.39 1020 1227 1360 1663 1713 

PW6B95 1.36 -1.36 7.08 25.69 1022 1228 1363 1666 1717 

M062X 0.69 -2.18 3.72 26.27 1021 1228 1375 1674 1735 

CAM-B3LYP-D3 0.44 -1.61 4.89 25.96 1034 1234 1383 1681 1742 

CAM-B3LYP 0.44 -1.52 5.35 25.84 1032 1231 1383 1680 1739 

ωB97XD -0.10 -1.62 2.58 25.71 1026 1226 1379 1677 1735 

ωB97X -0.40 -1.54 2.77 26.29 1028 1232 1381 1693 1756 

LC-ωPBE -0.56 -2.33 -4.27 25.73      

MP2  -3.03 -9.85 25.26 1013 1224 1361 1638 1676 
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Table S6b. Continuation of Table S6a: basis set dependence. Rows are ordered by "νβ" column 

Method 
IP+EHOMO ντ νβ ν5 R1000 R1200 R1300 R1600L R1600H 

eV meV meV meV cm-1 cm-1 cm-1 cm-1 cm-1 

CAM-B3LYP 

6-311G*  -2.12 2.53 25.86 1030 1231 1388 1686 1744 

6-311G**  -2.02 3.01 25.80 1028 1229 1378 1681 1739 

6-311+G(2d,p)  -1.98 4.59 25.81 1032 1228 1383 1676 1734 

cc-pVQZ  -1.62 5.13 25.84 1032 1230 1383 1678 1737 

cc-pVTZ  -1.54 5.15 25.82 1033 1231 1383 1680 1739 

6-31G*  -1.69 5.30 25.93 1029 1241 1394 1699 1758 

def2-TZVP  -1.52 5.35 25.84 1032 1231 1383 1680 1739 

def2-QZVP  -1.49 5.53 25.84 1033 1230 1383 1677 1736 

6-311+G(3df,2p)  -1.76 5.84 25.84 1019 1227 1381 1676 1737 

6-311+G*  -1.14 6.03 25.81 1029 1230 1387 1682 1740 

aug-cc-pVTZ  -1.54 6.82 25.80 1033 1230 1382 1677 1737 

6-31G  -1.19 6.93 26.20 1050 1256 1420 1700 1762 

cc-pVDZ  0.58 7.82 25.60 1024 1231 1356 1691 1749 

def2-DZVP  1.56 9.46 25.62 1023 1233 1356 1697 1754 

 

 

 

Table S7. Four lowest Hessian eigenvalues (in cm-1, rotations are excluded) at high-symmetry points.  

 (0, 0) (90, 0) (90, 90) 

DFT/TZVP 

APFD 13i 49 57 82 8i 124i 55 65 43i 148i 54 60 

B3LYP 2i 64 58 81 13 119i 56 66 41i 144i 55 61 

CAM-B3LYP 15i 38 59 82 12i 116i 57 67 40i 137i 55 62 

HSE06 10i 61 58 81 10 123i 56 65 43i 147i 55 60 

LC-ωPBE 23i 42i 60 82 22i 116i 57 67 39i 131i 55 61 

M06-2X 13i 36i 57 87 14i 126i 57 66 39i 146i 57 61 

PBE 8 69 56 78 18 122i 54 63 43i 149i 53 58 

ωB97XD 13i 21i 59 82 18i 119i 56 66 40i 137i 52 61 

CAM-B3LYP 

6-31G* 12i 45 60 83 8i 121i 57 67 42i 144i 54 62 

-D3/6-31G* 19i 37 59 82 16i 123i 56 66 45i 146i 52 60 

def2-TZVP 10i 47 60 82 3 114i 57 67 40i 139i 55 62 

6-31G*(acn) 6i 49 61 82 14 120i 57 67 43i 152i 53 62 
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Figure S6a. Benchmarking PES for torsion: basis set convergence for CAM-B3LYP compared to CCSD and 

MP2 results at fixed basis set. The PES geometry is relaxed by CAM-B3LYP/def2-TZVP. 

 

 

Figure S6b. Benchmarking PES for torsion: basis set convergence for MP2. The PES geometry is relaxed by 

MP2/def2-TZVP. The results for MP2/6-31G* are out of scale. "DF" means density fitting. 
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Figure S6c. Benchmarking PES for torsion: CAM-B3LYP and ωB97XD vs. MP2 and CCSD (small basis set 

only). The PES geometry is relaxed by MP2/def2-TZVP. Although basis set convergence has not been achieved 

for CCSD, comparison with MP2 allows to speculate that the converged CCSD curve will be close to 

ωB97XD/def2-TZVP. Also, note that in contrast to CAM-B3LYP, a large basis set is required for ωB97XD 

(6-31G* is insufficient). 
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Table S8. Calculated vs. experimental [S17] torsional vibrational levels for styrene in a gas phase. Rows are or-

dered by the first vibrational level. Here ν1 is harmonic frequency of the planar conformer. 

Method Basis set IP+EHOMO, eV ν1, cm-1 Vibrational levels, cm-1 

PBE 6-31G* 2.65 49 61 129 203 280 359 441 
PBE def2-TZVP 2.56 45 58 123 195 268 344 422 

B3LYP 6-31G* 1.99 43 56 120 191 264 340 419 
B3LYP def2-TZVP 1.91 41 55 117 186 257 330 405 
HSE06 def2-TZVP 2.09 37 53 114 183 253 326 402 

PW6B95 def2-TZVP 1.70 36 53 114 183 254 328 406 
PBE0 def2-TZVP 1.72 34 51 111 178 247 319 394 

CAM-B3LYP def2-TZVP 0.65 21 44 98 158 222 289 358 
CAM-B3LYP 6-31G* 0.72 19 44 99 161 226 295 367 

APFD def2-TZVP 1.79 20 43 98 160 225 295 367 
APFD 6-31G* 1.87 -12 41 95 157 222 292 365 

CAM-B3LYP+ZPE def2-TZVP  7 39 90 148 209 273 340 
CAM-B3LYP+ZPE 6-31G*  -13 39 91 150 212 278 347 

experiment    38 86 139 196 255 307 
M062X def2-TZVP 0.91 12 35 85 144 205 271 340 
ωB97X def2-TZVP -0.28 -25 35 83 137 196 258 322 

ωB97XD def2-TZVP 0.08 -31 34 83 139 198 261 328 
M062X 6-31G* 0.97 -17 32 82 139 200 267 336 

ωB97XD+ZPE def2-TZVP  -33 31 77 130 187 248 311 
ωB97XD 6-31G* 0.16 -42 30 77 132 191 254 321 
LC-ωPBE def2-TZVP -0.48 -35 27 71 121 175 234 295 

MP2 def2-TZVP  -47 24 71 123 179 240 304 
 

 

Figure S7a. Graphical representation of a subset of Table S8. The basis set is def2-TZVP. 
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Figure S7b. PES of the flexible dihedral of styrene calculated by CAM-B3LYP/6-31G* without ZPE. 

 

 

 

Figure S7c. ZPE and change of harmonic frequencies of the lowest vibrations along the one-dimensional PES of 

styrene. The ZPE correction used in this work is shown by dashed line. 
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Figure S7d. Benchmarking torsional PES of styrene: basis set convergence for MP2. The PES geometry is re-

laxed by MP2/def2-TZVP. 

 

 

 

Figure S7e. Benchmarking torsional PES of styrene: various density functionals at 6-31G* basis set vs. MP2 at 

large basis set vs. MP2 and CCSD-T at def2-TZVP basis set. The PES geometry is relaxed by MP2/def2-TZVP. 

Although basis set convergence has not been achieved for CCSD-T, comparison with MP2 allows to speculate 

that the converged CCSD-T curve will be somewhere in between CAM-B3LYP and ωB97XD. 
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Figure S7f. Basis set dependence of PES energies (relative to the planar conformation) for MP2 and CCSD: plot-

ted here is the difference from def2-TZVP value. 

 

 

 

 

Table S9. Comparison of geometry structure of trans-stilbene in different environments. 

Method Environment BLA, Å 
Dihedrals, deg. 

Inertia defect 
Θ τ β 

CAM-B3LYP/6-31G* gas 0.130 180.0 12.4 0.0 -16.18 

CAM-B3LYP/6-31G* in acetonitrile 0.130 180.0 4.5 0.0 -2.13 

CAM-B3LYP-D3/6-31G* crystalline (PBE-D3) 0.127 180.0 0.0 5.0 -0.26 
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S6. Geometry and rotational constants 

Table S10. Observed BLA in crystals. Disorder groups are distinguished by prime. Experimental estimates of 

BLA in gas is 0.13-0.15 Å [10]. 

  vinyl group number 

crystal molecule 1 2 3 4 

OPV5 relaxed by PBE-D3 1 0.099 0.092 0.092 0.099 

 2 0.098 0.092 0.092 0.098 

OPV5 [20] 1 0.272 0.221 0.221 0.272 

 2 0.150 0.198 0.211 0.213 

OPV3 [19] 1 0.242 0.245   

 1' 0.145 0.147   

 2 0.222 0.224   

 2' 0.156 0.159   

 3 0.245 0.245   

 3' 0.134 0.134   

 4 0.194 0.194   

 4' 0.171 0.171   

OPV2 [23] (est90k3 dataset) 1 0.144    

 1' 0.081    

 2 0.135    

 

 

 

      

Figure S8. Dependence of the rotational constants A,B,C on flexible dihedrals φ1,2. 
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Table S11. Important dihedrals and rotational constants of trans-stilbene as obtained by DFT and MP2. Dihe-

drals Θ (C3-C2-C1-C15) and τ in microwave studies are assumed to be 180 and 0 deg., respectively, correspond-

ing to planar structure. Experimental estimations for rotational constants A, B and C are 2611.3±7.7, 

262.86±0.02, 240.56±0.02 MHz [11]. 

DFT  
functional 

Θ, deg. τ, deg. rotational constants, MHz 

A B C 

6-31G* 

PBE 180.0 0.0 2687 260 237 

B3LYP 180.0 0.0 2715 261 238 

HSE06 -179.8 5.7 2725 263 240 

APF-D -179.7 11.1 2714 263 241 

CAM-B3LYP -179.7 12.4 2730 263 242 

M06-2X -179.7 17.1 2712 263 243 

LC-ωPBE -179.9 21.8 2725 263 245 

ωB97XD -179.6 19.4 2713 262 243 

B2PLYPD -179.6 13.4 2704 262 241 

MP2 -179.0 26.6 2680 261 246 

TZVP 

PBE 180.0 0 2704 261 238 
B3LYP -179.8 6.5 2731 262 240 
HSE06 -179.7 7.3 2741 265 242 
APF-D -179.7 6.4 2732 264 242 

CAM-B3LYP -179.9 12.9 2747 264 243 
M06-2X -179.6 18.7 2727 264 245 
LC-ωPBE 179.9 22.4 2740 264 246 
ωB97XD -179.6 22.5 2726 262 245 
B2PLYPD -179.7 19.9 2709 263 244 

MP2 180.0 30.0 2685 262 248 

def2-TZVP 

B3LYP -179.9 3.4 2737 263 240 
APF-D -179.9 6.4 2739 265 242 

CAM-B3LYP 180.0 8.7 2756 265 243 
LC-ωPBE 179.7 22.4 2748 265 246 
ωB97XD 178.9 14.3 2736 264 243 
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S7. PES sections and vibrational wave functions 

 

Figure S9. 1D paths for pedaling motion of vinyl group of trans-stilbene calculated by CAM-B3LYP-D3/6-

31G* with ZPE correction. In a gas phase the pedaling flip (τ=0, β is changing) proceeds via the PES maximum 

at 0.3 eV thus hampering the flip. Nevertheless there exists a path around that point requiring about 30-degree 

torsion but with the barrier below 0.2 eV. 
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Figure S10a. 2D PES sections along φ1 and φ2 dihedrals and vibrational wave functions obtained for zero and 

first vibrational levels obtained by different DFT functionals in TZVP basis set: functionals predicting single 

minimum. 
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Figure S10b. 2D PES sections along φ1 and φ2 dihedrals and vibrational wave functions obtained for zero and 

first vibrational levels obtained by different DFT functionals in TZVP basis set: functionals predicting multiple 

minima. 
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Figure S10c. 2D PES sections along φ1 and φ2 dihedrals and vibrational wave functions obtained for zero and 

first vibrational levels obtained by CAM-B3LYP functional with different basis sets. 
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Figure S10d. 2D PES sections along φ1 and φ2 dihedrals and vibrational wave functions obtained for zero and 

first vibrational levels obtained by CAM-B3LYP/6-31G* basis set with and without dispersion correction and 

also in acetonitrile. 

 

               

Figure S10e. Ground state vibrational wave-function of trans-stilbene: compare with Figs. 3a,b. 
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S8. PES in cluster 

 

Figure S11. PES of trans-stilbene molecule in rigid crystal (only the studied molecule is relaxed). Numeric 

labels on the contour lines correspond to energy in meV. Orange curve shows the initial path of a possible  

pedaling flip of the vinyl group. At large deviations from the planarity, the vinyl hydrogens approach 

hydrogens of the two neighbor molecules and thus the chosen approximation (only central molecule is 

fixed) becomes invalid. 

 

 

Figure S12. 1D PES section along buckling (β) coordinate for trans-stilbene cluster of 13 molecules: CAM-

B3LYP-D3/6-31G* points, harmonic fit, and order-4 polynomial fit. 
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S9. Vibrational spectra 

Table S12. Analysis of Raman-active modes shown in Fig. S8: physical interpretation of modes and calculated 

frequencies (in cm-1) in vacuum (def2-TZVP basis set) and in crystal (PAW600). Mode numbering includes 

translations and rotations. The mode at 1200 cm-1 is complex involving also C-C single bond stretch. The peaks 

at 1195 and 1340 cm-1 are not isolated well enough for robust cross-identification between gas and crystal phas-

es. 

# Assignment 
Experimental 
frequencies 

(crystal) 

Calculated frequencies 

vdW-DF2 
crystal 

CAM-B3LYP 
gas 

PBE-D3 
gas 

PBE-D3 
crystal 

40 phenyl rings 997 991 1032 987 992 
– C-H bending 1195 1182 1231 1191 – 
– hydrogens 1340 1352 1383 1317 – 

64 BLA on phenyl rings 1595 1562 1680 1592 1587 
66 BLA on vinyl group 1642 1617 1739 1639 1635 

 

 

Table S13. Frequencies of Raman-active phonons of trans-stilbene crystal in low-frequency region (< 400 cm-1): 

vdW-DF2 calculations vs experiment. SA stands for absolute value of Raman scattering factor, SN - for normal-

ized (for all phonon modes below 400 cm-1). 

Mode Assignment νF
calc, cm-1 SA, Å4/amu SN νF

exp, cm-1 

6 Rz 38 28.551 2.7 39 
7 Rz 42 3.203 0.3 45 

12 Rz+Ry 56 27.998 2.6 57 
14 Ry+Rz 64 3.136 0.3 63 
17 Ry+Rz 73 12.419 1.2 73 
20 Ry 87 227.394 21.5 84 

28 buckling + Rx 110 142.458 13.5 104 
33 Rx + buckling 124 50.973 4.8 

123 
34 Rx + buckling 127 98.719 9.3 
35 Rx + buckling 129 191.913 18.2 
38 Rx + buckling 133 41.097 3.9 
40 buckling + Rx 146 28.715 2.7 140 

45 buckling 2 232 23.137 2.2 229 
47 buckling 2 240 40.771 3.9 232 
48 buckling 2 248 19.047 1.8 245 

55 in-plane bending 3 292 28.490 2.7 293 
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Table S14. Physical interpretation of low-frequency vibrational modes calculated with explicit elimination of 

translations and rotations from the force constants matrix of the planar conformer. Modes are numbered accord-

ing to their CAM-B3LYP/6-31G* energy. This information is used for mode identification for molecule in com-

plex environments and for calculations with different methods. Experimental data are derived from Ref.[32] con-

taining 5 datasets using the following procedure: 1) for some modes we observe that a single data entry is incon-

sistent with the rest of the data and discard it; 2) the arithmetic average of consistent data is given in the table; 3) 

if data spread is large we add '≈' symbol; 4) data for buckling are inconsistent and discussed in the text. 

# 
Energy Exp. Symmetry 

Interpretation 
meV cm-1 cm-1 2/m mmm 

1 .00 0  Bu B3u Tx 

2 .00 0  Bu B2u Ty 

3 .00 0  Au B1u Tz 

4 -.34 -3  Bg B3g Rx (long-axis rotation) 

5 -.17 -1  Bg B2g Ry (out-of-plane rotation) 

6 -.27 -2  Ag B1g Rz (in-plane rotation) 

7 -1.69 -14 8 Au Au torsion (anharmonic 0-1 transition freq. is 7 cm-1) 

8 5.30 43 – Bg 
 

buckling (anharmonic 0-1 transition freq. is 64 cm-1) 

9 7.43 60 58 Au B1u out-of-plane bending (involves phenyl flap) 

10 10.24 83 76 Bu B2u in-plane bending (involves phenyl wag) 

11 25.93 209 202 Ag Ag stretching, vinyl angle bending, in-plane bending 2 

12 27.34 221 ≈226 Bg 
 

buckling 2 (involves phenyl flap) 

13 36.05 291 291 Ag 
 

in-plane bending 3 

14 36.47 294 ≈285 Au 
 

out-of-plane bending 2 

15 52.03 420  Au 
 

torsion 2 
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Table S15. Vibrational frequencies (in meV) of various systems classified as modes # 1-12 according to Ta-

ble S13. The default calculation method is indicated in the heading rows. Meaning of labels in the first column is 

as follows: 'molec' means molecule in vacuum, 'crystal' means Γ-point phonons in crystal with 4 molecules in the 

unit cell, 'molec 1,2' distinguish two symmetry-nonequivalent molecules in a rigid crystalline environment (force 

constant matrix of the crystal is cut to the selected molecule), 'm1/c15' means molecule 1 in cluster of 15 mole-

cules cut out of the crystal, 'm1+3/c23' means molecule 1 and 3 in cluster of 23 molecules, 'clf' means chloroform 

in CPCM model. Phonons labelled by asterisk are mixed with other modes (20% threshold): 1+2+3, 3+9+10, 5+6, 

4+8. For example, the eigenfunction of the predominantly buckling mode 16.43* is the superposition of the four 

molecular vibrations: Ψ=-0.50ψ2.8-0.50ψ4.8+0.46ψ2.4+0.46ψ4.4, where the subscripts denote 'molecule.mode', i.e. 

it intermixes with rotation Rx. Out of the two symmetry nonequivalent molecules, the first molecule has lower 

buckling and rotation frequencies in consistency with the observation that only this molecule is conformationally 

disordered in the crystal. 

mode # 1 2 3 4 5 6 7 8 9 10 11 12 

PBE-D3/PAW600 

6-31G* 0.00 0.00 0.00 0.41 0.09 0.29 1.55 9.37 6.97 9.83 25.06 27.12 

def2-QZVP 0.00 0.00 0.00 -0.90 -0.32 0.24 1.44 9.00 6.81 9.62 24.79 26.74 

molec 0.01 -0.01 0.00 2.04 -4.50 1.43 3.04 9.32 5.70 9.54 24.71 26.88 

molec 1 4.91 6.20 9.23 13.72 9.17 6.43 15.06 15.37 12.73 11.55 25.34 29.41 

molec 2 6.22 4.55 8.18 15.88 8.32 5.77 16.01 17.01 11.49 12.77 25.88 30.61 

crystal -0.69* -0.99 -1.21 13.12* 7.22 4.31 15.11 15.60 8.59* 11.12* 25.25 29.18 

 
4.56* 4.21* 8.13* 13.59 7.48 5.12 16.24 16.02 12.04* 11.14 25.43 29.57 

 
5.19* 6.00* 9.84* 14.74* 8.98* 5.60 16.32 16.43* 13.35* 11.59* 25.84 30.08 

 
6.38 7.42 12.22* 16.11 10.03 7.01* 16.46 18.36 13.74* 13.20 25.91 31.35 

vdW-DF2/PAW600 

molec 0.00 0.00 0.00 -0.72 -0.86 -1.07 1.30 9.13 6.53 10.11 25.55 26.84 

molec 1 5.29 5.88 9.93 15.17 9.84 5.52 15.04 13.59 12.77 11.26 25.93 29.01 

molec 2 5.93 5.50 9.52 15.92 9.69 5.87 15.90 16.75 11.76 12.74 26.32 30.05 

crystal -0.05* -0.08 -0.19* 15.10* 7.98 4.37 15.09 12.75 9.12* 11.05 25.86 28.69 

 
4.59* 5.30* 8.64* 15.76 9.02 4.64 16.10 13.62 10.10* 11.36 26.00 29.26 

 
5.92 6.63 11.55* 15.93 9.07 5.19 16.31 15.40* 11.85* 13.68* 26.28 29.70 

 
6.23* 7.26 12.61* 16.52* 10.81 6.93 16.57 18.11 13.42* 14.10* 26.32 30.71 

CAM-B3LYP-D3/6-31G* 

molec 0.00 0.00 0.00 -0.35 -0.16 -0.27 -1.78 4.82 7.38 10.25 26.05 27.30 

m1/c5 in clf* 1.92 5.14 8.10 12.58 7.22 4.09 11.38 10.33 13.52 9.21 26.09 29.55 

m1/c5 1.96 5.20 8.03 12.44 7.36 4.06 11.34 10.40 13.51 9.03 26.15 29.43 

m1/c11 4.34 7.56 9.82 12.95 9.53 6.78 12.53 12.10 14.52 11.51 26.49 29.85 

m1/c13 4.59 7.82 10.83 13.21 10.82 7.76 13.00 12.80 14.91 11.79 26.53 30.20 

m1/c15 5.54 8.01 10.64 13.48 10.63 7.73 13.00 12.70 14.84 11.81 26.55 30.07 

m1+3/c23 5.51 7.04 10.04 13.50 10.57 7.75 13.11 12.39 14.58 11.88 26.55 30.10 

 5.75 8.30 11.04 14.12 10.83 7.85 13.27 13.45 15.76 12.13 26.63 30.18 
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Table S16. Interpretation of low-frequency Raman active modes. Notation '(XX.yy)' denotes the eigenfunction 

of yy-th normal mode (see Table S13) of molecule XX in the unit cell (there are four of them). For instance, I.6 

stands for 6th (i.e. Rz) mode of molecule I. 

# 
Energy 

Eigenfunction 
meV cm-1 

Group of intermixed modes 5+6 (Ry + Rz) 

4 4.37 35 +0.69(III.6)-0.69(I.6) 

6 4.64 37 -0.52(I.6)-0.52(III.6)+0.43(II.6)+0.43(IV.6) 

7 5.19 42 -0.69(IV.6)+0.69(II.6) 

12 6.93 56 0.54(II.6)+0.54(IV.6)+0.37(I.6)+0.37(III.6)+0.25(IV.5)+0.25(II.5) 

14 7.98 64 -0.49(III.5)-0.49(I.5)-0.42(IV.5)-0.42(II.5) 

16 9.02 73 +0.49(IV.5)-0.49(II.5)-0.48(I.5)+0.48(III.5) 

17 9.07 73 -0.47(III.5)-0.47(I.5)+0.46(II.5)+0.46(IV.5) 

20 10.81 87 -0.48(II.5)+0.48(IV.5)+0.47(I.5)-0.47(III.5) 

Group of intermixed modes 4+8 (Rx + buckling) 

32 15.10 122 -0.42(II.4)-0.42(IV.4)+0.35(III.4)+0.35(I.4)-0.33(IV.8)-0.33(II.8)-0.29(III.8)-0.29(I.8) 

33 15.40 124 +0.50(I.4)+0.50(III.4)+0.44(II.8)+0.44(IV.8) 

34 15.76 127 -0.62(III.4)+0.62(I.4)+0.26(I.8)-0.26(III.8) 

35 15.93 128 +0.65(IV.4)-0.65(II.4) 

38 16.52 133 -0.52(II.4)-0.52(IV.4)+0.42(IV.8)+0.42(II.8) 

40 18.11 146 -0.65(II.8)+0.65(IV.8) 

Intramolecular mode 12 (buckling 2) 

45 28.69 231 -0.65(I.12)+0.65(III.12)-0.26(IV.12)+0.26(II.12) 

47 29.70 240 -0.65(II.12)+0.65(IV.12)-0.26(I.12)+0.26(III.12) 

48 30.71 248 -0.70(IV.12)-0.70(II.12) 
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Figure S12x. Convergence of harmonic vibrational frequencies with respect to the cluster size, see Table S15. 
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Figure S13. From top to bottom: calculated (CAM-B3LYP-D3/6-31G* and vdW-DF2/PAW600) and experi-

mental (NIST Chemistry WebBook) IR spectra of stilbene crystal. The only notable difference between theory 

and experiment is the overestimation of intensity of C-H valence vibrations (>3000 cm-1) due to the fact that the 

absorbance is estimated at 0 K without including temperature effects (i.e. without summation over all levels of 

the normal mode p, because all transitions with Δʋp = 1 occur at the same wave number). CAM-B3LYP-D3/6-

31G* calculations are performed for a molecule in a rigid cluster of 12 neighbor molecules cut from PBE-

D3/PAW600 crystal. 
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S10. Raman spectra: experimental details and computational analysis 

Experimental details. Trans-stilbene powder was purchased from Sigma Aldrich and used as received. 

Raman spectra were obtained at 83 K using InVia Renishaw spectrometer in conjunction with Leica 2500M con-

focal microscope. Excitation wavelength was 633 nm. For measuring low-frequency region (0-400cm-1), built-in 

double monochromator with subtraction of dispersion (Next, Renishaw) was used; high-frequency measurements 

were performed with a 633-nm edge filter. To avoid anisotropy effect, spectra were accumulated in several 

points of the sample (powder pressed in tablet) and then averaged. 

Computational methodology. In order to reduce computational cost, Raman intensity calculations were 

made in vdW-DF2 method rather than in PBE-D3: both show satisfactory agreement with experimental frequen-

cies. The calculated by vdW-DF2 method Raman spectrum is in excellent agreement with experiment. Such a 

good match is plausibly due to error cancellation: PBE-like methods tend to underestimate frequencies while 

harmonic approximation usually overestimate them. 

Analysis. The peaks with the highest Raman intensity are centered near 997, 1195, 1595, and 1642 cm-1. 

They correspond to the most Raman-intensive peaks observed in gas phase ([13] and references therein): 1001, 

1194, 1600 and 1639 cm-1, also in agreement with calculations, see Table S11. Low frequency region of Raman 

spectra is more difficult to model due to anharmonism and mode mixing, and the simulated by vdW-DF2 spec-

trum below 350 cm-1 is less accurate than in the higher frequency range, see Fig. S10. Nevertheless, all observed 

prominent Raman active modes have been identified in the simulated spectrum. In order to interpret Raman-

active modes in this region we project their eigenfunctions onto normal modes of individual molecules, which 

are then matched with normal modes of the free molecule, see Tables S12-S14. One can note that in the dipole 

approximation odd (Au and Bu) modes are forbidden by symmetry in Raman spectrum, thus below 200 cm-1 

symmetrically allowed displacements correspond only to rotations and buckling vibration. Indeed, the analysis 

of low frequency normal modes (Table S12) reveals 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 other peaks 

correspond to the intermixed long-axis rotation Rx and buckling. While the phonon frequencies are very close to 

experimental, the part below 50 cm-1 apparently requires more sophisticated techniques evaluating Raman scat-

tering factors (intensities). 
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Figure S13x. Linear electron-phonon couplings for all bright excited states of the planar stilbene molecule till 7 

eV (see Table S16x) calculated by relaxing the corresponding excitons under 2/m symmetry restriction using 

TDDFT with CAM-B3LYP/6-31G*, see Ref. [5] for the methodology. Plotted are gaussian-broadened relaxation 

energies λ=S·hbar·ω, where S is the Huang-Rhys factor. Then resonance Raman intensities can be estimated by 

the formula Iω~λωnd4/ΔΩ2, where 'd' is the transition dipole moment, ΔΩ is the deviation from the resonance, and 

'n' together with the normalization factor depend on details of the experiment [S19,S20]. 

 

 

Table S16x. Lowest excitations of the planar trans-stilbene calculated by TDDFT with CAM-B3LYP/6-31G*. 

# 
Energy 

(eV) 

oscillator 

strength 

transition dipole 

components (e·Å) 
sym Largest CI expansion coefficients 

1 4.38 0.993 -1.25 -1.02 0 BU 48->49  0.70 

2 5.11 0.008 0.12 0.07 0 BU 45->51 -0.20,  46->52 -0.20,  47->49  0.47,  48->50 -0.44 

3 5.12 0 0 0 0 AG 45->50  0.21,  46->49  0.47,  47->52 -0.20,  48->51  0.44 

4 5.99 0 0 0 0 AG 45->49  0.49,  46->49  0.27,  48->51 -0.24,  48->52  0.22 

5 6.19 0.344 0.09 -0.79 0 BU 47->49  0.48,  48->50  0.51 

6 6.21 0 0 0 0 AG 45->49  0.41,  46->49 -0.33,  48->51  0.42,  48->52 -0.15 

7 6.32 0 0 0 0 AG 45->49 -0.16,  46->49 -0.23,  48->52  0.58 

8 6.77 0.505 0.74 0.56 0 BU 44->49 -0.21,  45->52  0.17,  46->51 -0.44,  47->50  0.46 

9 7.20 0 0 0 0 BG 39->49  0.15,  41->52  0.16,  42->49  0.16,  43->49  0.63 
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S11. Longer oligomers 

Table S17. Conformer energies in meV relative to the energy of the lowest conformer ('a'-conformer). The nota-

tion 'axN', where N is a number, denotes 'a'-conformer with N pattern defects created (see the main text). The 

basis set is 6-31G*. Methods predicting fully planar geometry for long oligomers are PBE, B3LYP, HSE06, 

PW6B95, APF, B2PLYP. Conformers with 'nodata' label exist but have not been calculated, whereas empty cells 

denote nonexistent conformers. 

method ax1=ax ax2=dx ax3=d planar b 

OPV5 

CAM-B3LYP 0.4 0.9  2.5  

CAM-B3LYP-D3 0.5 nodata  3.3  

M062X 1.6 nodata 4.0 15  
ωB97X 1.0 2.5 3.6 19  
ωB97XD 1.2 nodata 3.8 21  
LC-ωPBE 1.3 nodata 4.3 34  
MP2 2.6 5.1 7.7 92 44 
PM7 0.2 1.7 1.4 163 26 

OPV3 

CAM-B3LYP 0.5   1.7  

ωB97XD 1.3   12  

MP2 2.5 2.5  51 21 

PM7 0.6 0.4  83 13 

OPV2 

CAM-B3LYP    1.4  
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Table S18. Dependence of lowest vibrational frequencies on oligomer size and method (the basis set is 6-31G). 

Rows are ordered by the lowest vibration. 

    Method          IP+EHOMO, eV Lowest vibrational frequencies for the planar conformer, meV 

OPV5 

PW6B95 0.83 0.78 1.07 1.13 1.53 1.82 2.59 2.64 3.80 5.41 7.85 7.92 9.14 

PBE 1.23 0.61 1.23 1.45 1.58 2.42 2.43 3.41 4.08 4.18 7.77 7.79 8.55 

PBE-D3 1.23 0.60 1.22 1.41 1.59 2.36 2.39 3.34 4.04 4.19 7.71 7.82 8.46 

HSE06 1.11 0.47 0.79 0.96 1.54 1.65 1.95 2.67 3.95 4.32 7.94 8.03 8.18 

B3LYP 0.94 0.33 0.96 1.01 1.55 1.76 2.15 2.78 4.01 4.24 7.97 7.99 8.35 

APF 0.89 -0.27 -0.22 0.67 1.25 1.60 1.61 2.52 3.84 4.28 7.83 7.96 7.98 

PBE0 0.86 -0.71 -0.68 0.38 1.08 1.37 1.62 2.43 3.77 4.29 7.76 7.85 8.02 

APFD 0.89 -1.00 -0.99 -0.16 0.88 1.08 1.65 2.37 3.64 4.37 7.50 7.52 8.15 

CAM-B3LYP 0.25 -1.51 -1.48 -0.96 -0.55 1.02 1.59 2.23 3.26 4.31 6.77 6.79 8.10 

CAM-B3LYP-D3 0.25 -1.67 -1.60 -1.09 -0.59 1.00 1.59 2.16 3.12 4.32 6.48 6.50 8.11 

M062X 0.43 -2.53 -2.22 -1.35 0.35 1.36 1.64 1.99 2.13 4.70 4.70 4.70 6.73 

ωB97X -0.37 -2.93 -2.59 -2.12 -1.70 -1.07 -0.26 0.52 1.83 2.40 2.63 4.52 5.08 

ωB97XD -0.19 -3.22 -2.81 -2.30 -1.96 -0.91 0.41 0.58 1.72 2.65 3.08 4.40 5.33 

LC-ωPBE -0.48 -4.30 -4.18 -3.19 -2.86 -2.58 -2.23 -1.73 -0.87 1.12 1.68 3.84 4.37 

OPV3 

PBE 1.68 1.27 2.50 2.54 4.52 7.45 9.24 10.55 12.11 18.01 23.24 23.36 29.89 

B3LYP 1.27 0.71 1.68 2.53 4.57 7.70 8.69 10.82 10.92 18.44 23.28 23.92 30.60 

CAM-B3LYP 0.35 -1.72 -1.09 2.26 4.66 6.63 6.86 8.45 11.00 18.67 22.37 24.23 30.63 

ωB97XD -0.15 -3.02 -2.31 -0.70 -0.50 4.42 4.75 8.02 10.96 18.57 21.35 24.11 29.96 

OPV2 (stilbene) 

PBE 2.13 1.63 7.01 9.57* 9.80 24.90 27.15 34.18 34.83 49.05 49.22 56.86 56.98 

B3LYP 1.60 0.84 7.29 8.50* 10.08 25.58 27.59 35.66 35.70 51.18 51.32 58.70 59.23 

CAM-B3LYP 0.49 -1.69 5.30* 7.43 10.24 25.93 27.34 36.05 36.47 52.03 52.13 59.03 60.06 

ωB97XD -0.05 -2.95 -2.16* 7.36 10.44 25.62 26.49 36.11 36.16 51.48 51.56 59.19 59.39 

* Buckling mode (note that mode ordering can be different for different methods). 
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Table S19. Calculated vs. experimental geometry of stilbene (OPV2), 1,4-bis(4-methylstyryl)benzene (OPV3-

Me), OPV5 and PPV. Computed structures for OPV2 are dynamically stable, i.e. there is no imaginary vibra-

tional frequencies at Γ-point and no negative eigenvalues of the elastic tensor. Computed PPV and OPV3-Me 

structures are unstable with respect to unit cell symmetry lowering. For OPV5 such analysis is computationally 

challenging. 

Method 
Unit cell volume 

per atom, Å3 
Lattice constants, Å 

β, deg. 
a b c 

OPV2, space group is P21/a 

PBE-MBD 9.38 12.232 5.621 15.309 112.13 
PBE-D3 9.41 12.231 5.600 15.400 111.97 

experiment at 90 K [23] 9.56 12.276 5.657 15.442 112.04 
VDW-DF2 9.85 12.367 5.707 15.638 111.86 

OPV3-Me, space group is Pbca 

PBE-D3 9.04 7.317 5.844 38.887 90 
experiment at 123 K [24] 9.17 7.362 5.883 38.950 90 

vdW-DF2 9.50 7.489 5.960 39.147 90 

OPV5, space group is P21/a 

PBE-D3 9.19 15.786 7.434 32.889 103.74 
experiment at 220 K [20] 9.51 16.072 7.538 32.914 103.35 

vdW-DF2 9.70 15.986 7.690 33.072 103.23 

PPV, space group is P21/c 

PBE-D3 9.19 6.675 7.613 6.037 122.94 
experiment [21] 9.42 6.58 7.90 6.05 123. 

vdW-DF2 9.61 6.712 7.806 6.112 122.8 
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S12. Electronic couplings and band structure 

Table S20. Comparison table of hopping amplitudes (see caption of Table S21) for electrons and holes in stil-

bene (OPV2), 1,4-bis(4-methylstyryl)benzene (OPV3-Me), and OPV5 vs. electrons in TCNQ and F2-TCNQ. 

Geometry is fully relaxed by PBE-D3, electronic couplings are calculated by CAM-B3LYP/6-31G*. The 'band-

width' is defined here as the mean square deviation of band energies. 

crystal  hopping amplitudes (eV·Å) bandwidth (eV) band span (eV) μ (cm2/Vs) ref 

F2-TCNQ electrons 0.94 0.39 0.38 0.18 1.02 6-7 [52] 

TCNQ electrons 0.45 0.32 0.31 0.14 0.65 1.6, ≈0.1 [51,52] 

OPV2 holes 0.40 0.30 0.19 0.11 0.51 –  

OPV2 electrons 0.38 0.33 0.16 0.12 0.53 –  

OPV3-Me holes 0.23 0.22 0.04 0.09 0.37 0.01 [24] 

OPV3-Me electrons 0.44 0.38 0.04 0.17 0.63 0.1 [24] 

OPV5 holes 0.20 0.15 0.06 0.08 0.32 –  

OPV5 electrons 0.27 0.26 0.04 0.11 0.42 –  

 

Table S21. Transfer integrals (intermolecular couplings) and efficiencies for electrons and holes in stilbene crys-

tal fully relaxed by PBE-D3. Here 'mol1' and 'mol2' are the two molecules participating in the transfer. There are 

4 molecules in the unit cells numbered from 1 to 4. For 'mol2' the notation 'm  n1 n2 n3' means molecule 'm' 

translated by n1 unit cells along the first translation vector, by n2 along the second translation vector, and by n3 

along the third vector. Only symmetry nonequivalent dimers are listed, their multiplicity per unit cell is given in 

'mul' column. The distance 'a' is the center-to-center (hopping) distance. The transfer efficiency is the product 

t2a2 given in eV2Å2 and is proportional to the contribution of the given transfer to the charge carrier mobility 

along the direction of the transfer. The three eigenvalues of the charge carrier mobility tensor are proportional to 

the hopping amplitudes which are equal (in eV·Å) to 0.38, 0.33, 0.16 for electrons and 0.40, 0.30, 0.19 for holes. 

mol1 mol2 mul t(meV) a(Å) eff. 

electrons 

2 2 0 1 0 4 68 5.6 0.145 

2 4 0 1 0 8 -47 6.7 0.099 

1 1 0 1 0 4 54 5.6 0.092 

1 2 0 0-1 8 -21 8.2 0.029 

1 3 0 0 0 8 -24 6.7 0.026 

1 4 0 0 0 8 6 7.8 0.002 

1 2 0 0 0 8 -4 8.2 0.001 

holes 

2 4 0 1 0 8 49 6.7 0.107 

1 4 0 0 0 8 -37 7.8 0.086 

1 3 0 0 0 8 36 6.7 0.059 

1 2 0 0-1 8 -20 8.2 0.027 

1 1 0 1 0 4 18 5.6 0.010 

1 2 0 0 0 8 -7 8.2 0.004 

2 2 0 1 0 4 5 5.6 0.001 
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(a)  

(b)  

Figure S14. Band structure for electrons (a) and holes (b) in stilbene. 
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Table S22. Transfer integrals (intermolecular couplings) and efficiencies for electrons and holes in OPV5 crystal 

fully relaxed by PBE-D3. Here 'mol1' and 'mol2' are the two molecules participating in the transfer. There are six 

molecules in the unit cells numbered from 1 to 6. The three eigenvalues of the charge carrier mobility tensor are 

proportional to the hopping amplitudes which are equal (in eV·Å) to 0.27, 0.26, 0.04 for electrons and 0.20, 

0.15, 0.06 for holes. 

mol1 mol2 mul t(meV) a(Å) eff. 

electrons 

2 5 0 0 0 8 70 6.5 0.210 

2 3 0 0 0 4 64 6 0.145 

1 2 0 1 0 8 -49 4.7 0.053 

1 2 0 0 0 8 17 4.8 0.007 

1 2 0 1-1 8 1 31.8 0.002 

2 3 0 0 1 4 -1 30.4 0.001 

holes 

2 5 0 0 0 8 -62 6.5 0.163 

2 3 0 0 0 4 27 6 0.027 

1 2 0 0 0 8 -26 4.8 0.015 

1 5 0 0 0 8 -13 6.1 0.006 

2 3 0 0 1 4 2 30.4 0.003 

1 2 0 1 0 8 -9 4.7 0.002 

1 2 0 0-1 8 -1 31.8 0.002 

1 2 0 1-1 8 -1 31.8 0.002 

2 5 0 0 1 8 -1 28.5 0.001 
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(a)  

(b)  

Figure S15. Band structure for electrons (a) and holes (b) in OPV5 crystal (experimental geometry). 
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