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Quantum chemistry calculations at the level of (TD)-DFT plus PCM solvent models are employed for
analyzing potential energy surfaces and as a result two local minima with D, two local minima with Cyy,
and one second-order transition state with D,y group symmetry are found in both ground So and
excited-state S; potential energy surfaces. Simulated vibronic coupling distributions indicate that only
second-order transition states with D,y group symmetry are responsible for observed absorption and
fluorescence spectra of rubrene and vibrational normal-motions related with atoms on the aromatic
backbone are active for vibronic spectra. The Stokes shift 1120 cm™! (820 cm™?) and vibronic-band peak
positions in both absorption and fluorescence spectra in non-polar benzene (polar cyclohexane) solvent

are well reproduced within the conventional Franck—Condon simulation. By adding damped oscillator
Received 11th January 2017 tion to F k—Cond imulati \vent enh d vibronic-band intensiti d sh 1
Accepted 14th February 2017 correction to Franck—Condon simulation, solvent enhanced vibronic-band intensities and shapes are we
reproduced. Four (three) normal modes with vibration frequency around 1550 cm™* (1350 cm™?) related

DOI: 10.1039/c7ra00417f to ring wagging plus CC stretching and CH bend motions on the backbone are actually interpreted for
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1. Introduction

Franck-Condon (FC) factors play a very important role for
theoretical modeling and interpreting experimental observa-
tions for irradiative processes like electronic spectra of VUV
absorption and fluorescence as well as the nonradiative
processes like electron and energy transfer." For large poly-
atomic molecules, multidimensional Franck-Condon over-
lapping integrals are conventionally decomposed into a product
of one-dimensional Franck-Condon overlap integrals in terms
of normal mode coordinates under harmonic oscillator
approximation. Harmonic oscillator approximation provides
the leading-term contribution to FC factors, and further higher
order corrections of distorted oscillator approximation and
mode-mixing including Duschinsky effect and anharmonic
oscillators have been introduced to improve FC factors and its
various applications."”” Most of the electronic molecular
spectra and vibrational relaxation processes are experimentally
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solvent enhanced absorption (fluorescence) spectra of rubrene in benzene and cyclohexane solutions.

carried out in solution phases. Therefore, theoretical modeling
can deal with solutes and solvent molecules separately and FC
factors including electronic and nuclear parts are treated
separately as well. The electronic parts involve calculating
electronic transition dipole momentum and nonadiabatic
coupling matrix under solvent environment: the most popular
theoretical approach is represented by continuum solvation
models, especially the polarizable continuum model (PCM)
combined with time-dependent density functional theory
(TDDFT). The (TD)-DFT plus PCM approach provides an accu-
rate simulation of static electronic potential energy surfaces of
both ground and excited states for molecules in solution. The
nuclear parts represent dynamic motion and its FC factors have
been investigated based on various corrections to the leading-
term FC factors.'®° By introducing damped harmonic oscil-
lator approximation, Zhu and co-authors® formulated the
empirical correction to each normal mode differently in solvent
environment by converting the mass-weighted unperturbed gas-
phase Hessian matrix to solution-phase perturbed Hessian
matrix. This method is based on idea that each normal-mode
motion can be affected differently in solution, however each
local-mode motion can be affected in quite similar way for
highly symmetric molecules like polycyclic aromatic hydro-
carbon molecules in which CH-stretch local modes, for
example, are considered as in the same solvent environment.
This method was previously demonstrated for interpreting
solvent enhanced absorption and fluorescence spectra of
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perylene in benzene solution by applying a single empirical
parameter to CH-stretch local modes.*

One of the purposes in the present study is to continue
damped harmonic oscillator FC simulation for much large size
of polycyclic aromatic hydrocarbon like rubrene. The other is to
interpret experimentally observed vibronic spectra in terms of
potential energy surfaces of ground and excited states, transi-
tion patterns, molecular structure, solvent dependence and so
on. For instance, it is traditionally considered that vibronic
spectra simulated by FC factors are based on local minima
between ground- and excited-state potential energy surfaces,
and this is usually true for rigid molecules. However, for flexible
molecules, potential energy surfaces are very complicated with
many local minima closed to one another, in this case, (high-
order) transition states that connect (more than) two local
minima can play crucial role in FC simulation in order to
interpret observed vibronic spectra.

Rubrene molecules have been attracted more attention in the
field of organic semiconductor because of its high mobility at room
temperature and optical properties, and rubrene can be used as
a laser dye and a fluorescent dopant in organic light emitting
devices, field effect transistors and solar cell.**¢ In the present
study we focus on the optical properties of monomer of rubrene in
non-polar benzene and polar cyclohexane solvents. Rubrene
molecule is constructed with four six-member rings as the aromatic
backbone connected by four phenyl rings perpendicular to the
backbone. The backbone is the fluorescent center that can have
planar or twisted geometry, and its optical spectra, however, are not
well understood in terms of structure of the backbone geometry as
well as phenyl groups. Moreover, it is well-know that rubrene has
the large Stokes shift, but what is dependence in terms of solvent
environment. We investigate how solvent enhanced absorption
and fluorescence spectra vary with respect to solvents by damped
FC simulation and identify physical origin of vibronic spectra in
terms of ground- and excited-sate potential energy surfaces.

The rest of this paper is organized as follows: Section 2 briefly
introduces damped harmonic oscillator FC factors and discuss
(TD)-DFT+ PCM method for calculating potential energy
surfaces of ground and excited states for rubrene molecule.
Section 3 discusses how to reproduce experimentally observed
absorption and fluorescence spectra in benzene and cyclohexane
solution, and to interpret vibronic spectra in terms of molecular
structure, molecular orbitals, vibrational normal modes and
solvent environment. Section 4 presents concluding remarks.

2. Damped Franck—Condon factors

Within displaced harmonic oscillator approximation, absorp-
tion and fluorescence coefficients can be analytically derived as
follows:"*?
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where wy,, represents electronically adiabatic excitation energy
between electronic states b and a. 7y = (e"/%T — 1) is the
average phonon distribution, vy, is the homogeneous broad-
ening parameter and Dy, is inhomogeneous broadening
parameter that reflects static interaction between electronic
states of molecule and solvent, and wj is the j-th normal mode
vibrational frequency. The dimensionless Huang-Rhys factor S;
corresponding to the j-th normal mode is defined as

1

Sj = ﬁ‘*’jdz‘z (3)
where displacement d; is given by
dj = Q,j - Qj = ZLjn (qln - qn) (4)

The g, and g, in eqn (4) are the mass-weighted Cartesian
coordinates at equilibrium geometries (or transition states) of
the electronic excited and ground states, respectively. Trans-
formation matrix L in eqn (4) can be computed with frequency
analysis using G09 programs, for instance. By applying damped
diatomic harmonic oscillator to local-mode force constant of
gas-phase Hessian matrix H;;, we formulate damped FC factors
as transferring the mass-weighted gas-phase unperturbed
Hessian matrix to solvent perturbed Hessian matrix,**

0 0
H° 5= Kiaj — Kiajo = Kijo = Hijg (5)
o], - - - - 1oy, M
VN, (mi%;) (mej) Vi

where m; and m; are atomic mass, and « and § are Cartesian
component (x, y, z) of the position of nucleus 7 and j. Unper-
turbed local force constant kY, jg is converted to perturbed force
constant  kiejg = k?aﬂi/\/?:j‘ The dimensionless scaling
parameter {;in eqn (5) is treated as an empirical parameter that
can be considered as a local dynamic interaction of atom j of
solute molecule with solvent molecules. By diagonalizing per-
turbed Hessian matrix in eqn (5), we obtain normal mode
frequencies and transformation matrix (that transfers the mass-
weighted Cartesian coordinates to normal mode coordinates)
corresponding to solute molecule under the solvent environ-
ment. It should be emphasized that solvent effect by damped
oscillator can directly modify the leading-term of FC factors, so
that it is usually larger than the other effects such as distorted
oscillator, Duschinsky effect and anharmonic effect which are
in higher-order perturbation terms.

We have employed the (time-dependent) density functional
theory with functional (TD)-B3LYP* (ie., B3LYP20), (TD)
B3LYP35, (TD)-B3LYP50 (i.e., BHandHLYP),** and HF-CIS (i.e.,
B3LYP100) plus PCM condition in benzene and cyclohexane
solvents for calculating potential energy surfaces of ground and
the first excited states. The numbers following after B3LYP

This journal is © The Royal Society of Chemistry 2017
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stand for different hybrid exchange-correlation functionals
containing 20% (B3LYP), 35%, 50%, and 100% of exact Hartree-
Fock exchange in the density functional theory. The basis set is
chosen as 6-31G throughout all calculations and all calculations
are carried out using GAUSSIAN 09 program package.*® Calcu-
lations from four functionals given above lead to the same
conclusion in which there are two local minima with D,, two
local minima with C,y, and one second-order transition state
with D,y group symmetry in both ground- and excited-state
potential energy surfaces. This conclusion does hold for PCM
condition in both non-polar benzene and polar cyclohexane
solvents although electronic structures can vary slightly. From
preliminary vibronic spectral calculation, we found that (TD)-
B3LYP50 presents the best agreement with experimental
results among four functionals, and this is the same as results
obtained in ref. 42. However, there is important difference in
comparison with ref. 42 in which there are only two local
minima, one is in D, and the other is in D,y symmetry (note for
this point, we show it is second-order transition state). The
Huang-Rhys factors calculated from our D,y structure are
similar to those from their D, symmetry, but the Huang-Rhys
factors calculated from our D, structure are very different to
those from their D, symmetry. Actually, the second-order tran-
sition point at D, connects two local minima at D, as well as
two local minima at C,y, and we will discuss this in detail later.
In the following discussions, we only report calculations from
(TD)-BHandHLYP (B3LYP50) as it performs best for vibronic
spectral simulations.

3. Results and analysis

Rubrene molecule plays as a prototype of large-size polycyclic
aromatic hydrocarbon molecules for a better understanding of
molecular structure, spectra, dynamics, solvent effect, and so
on. It's highly symmetrical electronic structures (see atomic
numbering in Fig. 1) in which all hydrogen atoms are approxi-
mately subjected to the same environment interacting with
solvent molecules and this greatly simplifies empirical search of
the scaling parameters in damped FC simulation. Geometry of
rubrene molecule is composed with four linearly connected six-
member rings as aromatic backbone connected by four phenyl
rings perpendicular to the backbone. The present (TD)-DFT
calculations reveal that there are two local minima at C,y
group symmetry where C,p(1) minimum is mirror image of
C,u(2) minimum as shown in Fig. 2(a) and (b), there is one
second-order transition state at D,y group symmetry as shown
in Fig. 2(c), and there are two local minima at D, group
symmetry where D,(1) minimum is mirror image of D,(2)
minimum as shown in Fig. 2(d) and (e). These kind of electronic
conformers displayed in Fig. 2 show similar structures for
ground and excited states in both benzene and cyclohexane
solvents. At D,y transition state, there are actually two normal
modes with imaginary frequencies —58.62 cm™' and —54.49
em ! (=58.06 cm ™! and —53.21 ecm ™) in Au and B3G symme-
tries, respectively for the ground (excited) state in benzene
solvent. Along Au and B3G normal-mode coordinates, we draw
two-dimensional potential energy surface diagrams in which

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Atomic numbering (optimized geometries under D,y group
symmetry by BHandHLYP/6-31G plus PCM model. The yellow and
blue indicate carbon and hydrogen atoms respectively).

second-order D,y transition state connects two D, minima via
Au and two C,y minima via B3G as shown in Fig. 3(a) for ground
state and Fig. 3(b) for excited state in benzene solvent envi-
ronment. Similar potential energy surface diagrams in cyclo-
hexane solvent environment are also shown in Fig. 4(a) and (b),
where two imaginary frequencies are —56.54 cm™ ' and —52.85
em ' (=55.70 ecm ™! and —51.29 cm ') with Au and B3G mode
symmetries, respectively for the ground (excited) state. Differ-
ence between ground and excited state potential energy surfaces
is not large, and this confirms that the present displaced
harmonic FC simulation should be good approximation to
reproduce experimental vibronic spectra. The adiabatic poten-
tial energy gap between D,y-transition state and D,-local
minima (C,y-local minima) is 0.31 eV (0.12 eV) as shown in
Fig. 3(a) and 4(a) for S, state and is 0.51 eV (0.20 eV) as shown in
Fig. 3(b) and 4(b) for S; state, respectively in both benzene and
cyclohexane solvents. Potential energy surfaces around Djy-
transition state in terms of two imaginary normal-mode coor-
dinates show little dependence on solvent.

3.1. Electronic structures, potential energy surfaces and the
Huang-Rhys factors

The present (TD)-DFT+ PCM calculations reveal that the back-
bone formed by the four six-member rings is planar structure at
local minima C,y(1), C,u(2) and the second-order transition
state D,yy, but the backbone is twisted at local minima D,(1) and
D,(2) for both S, and S; states. Since there are existing D,, Cyy
and D,y group symmetries at five optimized geometries for both

RSC Adv., 2017, 7, 12407-12418 | 12409
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(a) (b)

(d) (©

Fig. 2 Optimized geometries by BHandHLYP/6-31G plus PCM model in benzene solvent for ground-state So. Local minima (a) C,n(1) and (b)
Cou(2), (c) second-order transition state D,p, and local minima (d) Dx(1) and (e) D2(2).

So and S; states, the internal coordinates of selected bond spectra are given in Tables 1 and 2. Tables 1 and 2 actually show
lengths, bond angles and dihedral angles which well represent  difference of bond lengths, bond angles and dihedral angles
geometries of electronic structures contributing to vibronic between S, and S; states with the same group symmetry in

12410 | RSC Adv., 2017, 7, 12407-12418 This journal is © The Royal Society of Chemistry 2017
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(b)

Fig. 3 Potential energy surface along two imaginary normal-mode coordinates (Au and B3G symmetries) starting from D,y transition state point
which connects two C, minima via B3G-mode direction, and two D, minima via Au-mode direction. (a) Ground state and (b) excited state in

benzene solvent.
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Fig.4 Potential energy surface along two imaginary normal-mode coordinates (Au and B3G symmetries) starting from D, transition state point
which connects two C,y minima via B3G-mode direction, and two D, minima via Au-mode direction. (a) Ground state and (b) excited state in

cyclohexane solvent.

benzene and cyclohexane solvents, respectively, and the corre-
sponding absolute values of those internal coordinates are
shown in Tables S1 and S21 (Full Cartesian coordinates for
optimized geometries shown in Table S3) (ESIf). As is well-
known, the magnitude of Huang-Rhys factor defined in eqn
(3) depends on the displacement of the normal mode between
local minimum on ground state and corresponding local
minimum on excited state, while the displacement of normal
mode is converted from differences of internal coordinates
between local minima of the ground and excited states. Bond-
length differences vary with respect change of group
symmetry from D,y to Cpy and from D,y to D, within small
magnitude (the largest value is about 0.05 A for C9C10 bond in

This journal is © The Royal Society of Chemistry 2017

benzene solvent) as shown in Tables 1 and 2, and this can lead
the change of Huang-Rhys factor about 0.4. However, bond-
angle differences can vary within as large as 6°, and this can
lead to the change of Huang-Rhys factor about 4. The largest
change happens for dihedral angles as shown in Tables 1 and 2
and it can go as large as ten degree, but these changes affect
change of Huang-Rhys factor in complicated way and it is hard
to predict the magnitude change before carrying out real
calculations. This fact was actually confirmed in which the
Huang-Rhys factors of the some vibrational modes can go as
large as from 5 to 50 due to big change in dihedral angles for the
two isomeric compounds.®® Dihedral angle differences between
So and S; states at D,y group symmetry are all equal to zero as

RSC Adv., 2017, 7, 12407-12418 | 12411
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Table 1 Differences of bond lengths (in A), bond angles and dihedral
angles (in degree) between ground and excited states and numbers of
S1 minus So are listed for optimized representative geometries within
D5, Doy, and C,y group symmetries and all are computed by (TD)-
BHandHLYP/6-31G plus PCM model in benzene solvent (the atom
numbering is showed in Fig. 1)
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Table 2 Differences of bond lengths (in A), bond angles and dihedral
angles (in degree) between ground and excited states and numbers of
Sy minus Sq are listed for optimized representative geometries within
D,, Doy and Coy group symmetries and all are computed by (TD)-
BHandHLYP/6-31G plus PCM model in cyclohexane solvent (the atom
numbering is showed in Fig. 1)

Conformations Conformations
Parameters  D,(1) D,(2) Dyu Cou(1) Cou(2) Parameters  D,(1) D,(2) Dyu Cou(1) Cou(2)
B(l,Z) 0.0285 0.0285 0.0304 0.0288 0.0288 B(1,2) 0.0286 0.0286 0.0404 0.0289 0.0289
B(1,6) —0.0315 0.0315 —0.0319 —0.0307 —0.0307 B(1,6) —0.0314 —0.0314 —0.0319 —0.0306 —0.0306
B(1,15) —0.0004 0.0004 —0.0002 0.0001 0.0001 B(l,lS) —0.0003 —0.0003 —0.0002 —0.0002 —0.0002
B(2,3) —0.0304 0.0304 —0.0309 —0.2976 —0.2976 B(Z,S) —0.0305 —0.0305 —0.0273 —0.0306 —0.0306
B(2,16) 0.0000 0.0000 0.0001 0.0001 0.0001 B(2,16) 0.0000 0.0000 0.0002 0.0002 0.0002
B(3,4) —0.0072 0.0072 —0.0086 —0.0069 —0.0069 B(3,4) —0.0071 —0.0071 —0.0086 —0.0068 —0.0068
B(3.7) 0.0387 —0.0387 0.0346 0.0367 0.0367 B(3.7) 0.0387 0.0387 0.0346 0.0365 0.0365
B(7,10) —0.0173 0.0173 —0.0098 —0.0095 —0.0095 B(7,10) —0.0144 —0.0144 —0.0097 —0.0095 —0.0095
B(7,27) —0.0084 0.0084 —0.0037 —0.0076 —0.0076 B(7,27) —0.0084 —0.0084 —0.0038 —0.0075 —0.0075
B(8,38) —0.0084 0.0084 —0.0043 —0.0076 —0.0076 B(8,38) —0.0084 —0.0084 —0.0038 —0.0075 —0.0075
B(9,10) 0.0638 —0.0638 0.0134 0.0009 0.0009 B(9,10) 0.0168 0.0168 0.0134 0.0010 0.0010
B(39,42] —0.0002 0.0002 —0.0001 —0.0003 —0.0003 B(39,42) —0.0002 —0.0002 0.0000 —0.0003 —0.0003
A(1,2,3] 0.1300 —0.1300 —0.0100 —0.0200 —0.0200 A(1,2,3) 0.1300 0.1300 —0.0100 —0.0200 —0.0200
A(2,3,4) 0.4000 —0.4000 0.4300 0.4000 0.4000 A(2,3,4) 0.3900 0.3900 0.4300 0.4000 0.4000
A(2,1,6) —0.4200 0.4200 —0.3600 —0.3900 —0.3900 A(2,1,6) —0.9700 —0.9700 —0.4200 —0.3900 —0.3900
A(3,7,10) 0.2500 —0.2500 0.8600 0.3000 0.3000 A(3,7,10) 0.2600 0.2600 0.8600 0.3200 0.3200
A(4,3,7] —0.5600 0.5600 —0.7000 —0.9400 —0.9400 A(4,3,7) —0.5700 —0.5700 —0.7000 —0.9300 —0.9300
A(7,10,9) —0.4000 0.4000 —0.2200 —0.0500 —0.0500 A(7,10,9) —0.4100 —0.4100 —0.1800 0.0500 0.0500
D(3,7,27,29) 8.1500 —8.1500 0.0000 9.4600 —7.9000 D(3,7,27,29) 8.1600 —8.1600 0.0000 9.2900 —7.7100
D(4,8,38,39) 6.1400 —6.1400 0.0000 —9.4600 7.9000 D(4,8,38,39) 6.1500 —6.1500 0.0000 —9.2900 7.7100
D(2,3,4,8] —1.3900 1.3900 0.0000 —0.0200 0.0200 D(2,3,4,8) —1.3600 1.3600 0.0000 —0.0200 0.0200
D(3,7,10,11) —3.9100 3.9100 0.0000 —4.2600 4.2600 D(3,7,10,11) —3.9000 3.9000 0.0000 —4.2200 4.2200
D(1,2,3,4] 1.0300 —1.0300 0.0000 —0.4600 0.4600 D(1,2,3,4) 0.9900 —0.9900 0.0000 —0.4600 0.4600
D(7,10,9,8) 4.7800 —4.7800  0.0000 0.0000 0.0000 D(7,10,9,8) 4.7800 —4.7800  0.0000 0.0000 0.0000

shown in the middle column of Tables 1 and 2, and thus this
indicates that observed vibronic spectra should be mostly
affected by the planar backbone structure. We will confirm this
issue later.

Experimentally observed absorption and fluorescence
spectra in benzene and cyclohexane solvents are mostly from
the lowest singlet excited state S; of rubrene molecule with
transition type of molecular orbital * — w*. The present
calculations show that the first excited state S; has ® — w*
feature, and natural orbital analysis confirm that the S; state
results mainly in the excitation of the HOMO — LUMO (one
electron excited) as shown in Fig. S1 (ESIT) corresponding to S,
(X 'Ag) — S; (A 'By,) electronic excitation between Sy-D,y; and
S;-D,y transition states. Fig. S1 (ESIT) show that electron density
is located on the backbone in both HOMO and LUMO, so that
four phenyl groups perpendicular to the backbone are not active
for vibronic spectra. Therefore, this indicates that absorption
and fluorescence spectra are mostly influenced by electronic
transition associate with the backbone of rubrene, and solvent
enhanced vibronic spectra should be also focused on carbon
and hydrogen atoms in the backbone. Actually, the present
(TD)-DFT calculations shows that adiabatic (vertical) excitation
energies are 2.506 eV and 2.514 eV (2.753 €V and 2.760 eV) in
benzene and cyclohexane solvents, respectively. Due to the
backbone of rubrene is rigid frame, polar and non-polar
solvents do not affect electronic excitation and even oscillator

12412 | RSC Adv., 2017, 7, 12407-12418

strengths are about the same as 0.33 for S, (X 'A;) — S; (A 'B3y)
excitation. The present (TD)-DFT calculations show good
agreement with experimental data and the other theoretical
calculations as shown in Table 3.

Franck-Condon factors can be qualitatively estimated from
Huang-Rhys factors S (that are also called as vibronic coupling);
when S is smaller than 1, peak position of vibronic spectra is
close to adiabatic excitation energy wy, (or 0-0 vibronic transi-
tion energy), and when S is larger than 1, the peak position is far
from wp,, and the larger S is, the farther from wy,. Therefore,
Huang-Rhys factors can present an immediate comparison
with experimentally observed spectra to determine which elec-
tronic structure is an actually contributed observed spectrum.
Let us calculate Huang-Rhys factors based on Sy-D,(1) and S;-
D,(1) local minima (it is the same based on Sy-D,(2) and S;-
D,(2)), then we found there are S = 15 and S = 13 that corre-
spond to vibrational frequencies 1565 cm ™ * and 3331 cm™*,
respectively in both benzene and cyclohexane solvents and its
vibrational normal-mode motions are related to large change of
dihedral angles in phenyl rings as shown in Fig. S2 (ESIT). Such
large Huang-Rhys factors present vibronic spectra totally wrong
in comparison with experimental results and actually peak
positions of vibronic spectra in experiment tell that all S values
should be smaller than unity. The same is also true if we analyze
calculated Huang-Rhys factors based on Sy-C,(1) and S;-Cpp(1)
local minima, because there are S = 23 and § = 13 that

This journal is © The Royal Society of Chemistry 2017
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Table 3 Observed and calculated vertical and adiabatic excitation
energies (Eyer (€V) and E,q (eV)) with corresponding oscillator
strengths (f) for 1B, transition and discrepancies (4) between adiabatic
excitation energies from theory and experiment
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experimentally observed vibronic spectra. In the following sub-
sections, we will discuss Franck-Condon simulation based on
only the second-order transition states of D,y group symmetry.
By performing frequency calculation at geometry of second-

Vertical Adiabatic order transition state S, (S;) in benzene solvent environment,
we found 23 (21) total symmetry A, vibrational modes with non-
Solvent Eyert f Eaq (eV) 4 (eV) - .
zero S values, while in cyclohexane solvent environment, we
Benzene 2.753 0.338 2.506 found 20 (22) out of 208 vibrational normal modes. Number of
Cyclohexane 2.487° 0.13“ 2.302% A, modes with non-zero S values is slightly different in benzene
2.760 0.328 2.514 0.21 and cyclohexane solvents, however, this slight difference does
2.795” 0.32° 2.599” 0.29

“ Experiment values from ref. 42. ? Calculated values from ref. 42.

correspond to vibrational frequencies 1563 cm™' and 3330
cm™ ' respectively, and its normal-mode motions are as shown
in Fig. S3(ESIf). We performed fluorescence spectral calcula-
tions based on both D, and C,;; symmetries and that Huang-
Rhys factors computed from S;-D, and S;-C,y local minima also
show very large S values as discussed as above for absorption
spectrum. Thus, we conclude that observed vibronic spectra
cannot be interpreted by molecular structures related to D, and
C,yy group symmetries.

Only when we calculate Huang-Rhys factors based on the

not affect vibronic spectra so much. For absorption spectra, the
Huang-Rhys factors are calculated based on frequency and its
transformation matrix at So-D,y, there are four active normal
modes (vis, V16, V17, and Vvy0) = (1389, 1416, 1555, and 1669)
ecm™! corresponding to S-value 0.356, 0.05, 0.037, and 0.137,
respectively within benzene solvent and (v3, V14, V15, and v;7) =
(1390, 1415, 1555, and 1669) cm ' corresponding to S-value
0.356, 0.05, 0.037, and 0.137, respectively within cyclohexane
solvent. All Huang-Rhys factors for A, modes are listed in no
scaling ({x = 1.0) column of Table 4 for benzene solvent and in
Table 6 for cyclohexane solvent, four active normal modes all
vibrates as ring wagging plus CC stretch and CH bend motion
on the backbone as shown in Fig. S4(a) and S5(a) (ESIT). We can
immediately conclude that absorption spectrum should be the

same in non-polar benzene and polar cyclohexane solvents in
which the four active normal-mode motions are almost the
exactly same. For fluorescence spectra, the Huang-Rhys factors
are calculated based on frequency and its transformation matrix

second-order transition states of So-D,y; and S;-D,yy, we have all
S values are smaller than unity as shown in Tables 4 and 6, and
thus it is only D,y group symmetry that can interpret

Table 4 Calculated vibrational normal-mode frequencies w (in cm™) and corresponding Huang—Rhys factors S (only for non-zero values) vary
with respect to the scaling parameters for absorption spectrum in benzene solvent. The scaling parameters ¢ for 8 backbone-H atoms 15, 16, 17,
18, 23, 24, 25, and 26 (see Fig. 1) are changed equally as listed below and for the rest of hydrogen atoms and all carbon atoms are fixed as { = 1.0
and ¢c = 1.0 (no scaling)

yu=1.0 u=14 yu=1.6 {u=2.0
w S w S w S (2] S
1 84 0.013 82 0.012 81 0.012 79 0.012
2 213 0.021 210 0.019 208 0.019 205 0.019
3 274 0.035 267 0.037 263 0.033 256 0.032
4 357 0.096 350 0.094 346 0.095 339 0.100
5 583 0.012 556 0.007 542 0.009 515 0.006
6 673 0.017 664 0.011 648 0.000 598 0.000
7 706 0.020 685 0.003 661 0.019 650 0.022
8 772 0.004 695 0.019 688 0.018 675 0.015
9 829 0.004 777 0.001 754 0.001 712 0.000
10 1043 0.022 985 0.000 955 0.000 902 0.003
11 1078 0.004 1019 0.020 978 0.002 918 0.016
12 1267 0.018 1104 0.009 1041 0.001 1015 0.025
13 1287 0.003 1157 0.000 1137 0.002 1038 0.006
14 1293 0.006 1245 0.003 1237 0.006 1223 0.007
15 Ring wagging + C-C 1389 0.356 1373 0.233 1360 0.138 1336 0.069
16 stretch + C-H bend 1416 0.050 1389 0.038 1384 0.141 1377 0.227
17 1555 0.037 1484 0.146 1467 0.222 1449 0.288
18 1611 0.005 1527 0.001 1506 0.001 1480 0.000
19 1623 0.014 1590 0.001 1588 0.001 1585 0.000
20 1669 0.137 1656 0.237 1653 0.231 1646 0.247
21 3320 0.004 2855 0.001 2695 0.001 2455 0.001
22 3329 0.034 2863 0.025 2702 0.016 2461 0.006
23 3396 0.007 2920 0.005 2757 0.002 2512 0.001
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Table 5 Calculated vibrational normal-mode frequencies w (in cm™) and corresponding Huang—Rhys factors S (only for non-zero values) vary
with respect to the scaling parameters ¢ for fluorescence spectra in benzene solvent. The scaling parameters { for 8 backbone-H atoms plus 12
backbone-Catoms 1,2, 3,4,5,and 6, and 12, 13, 19, 20, 21, and 22 (see Fig. 1) are varied as listed below and for the rest of hydrogen atoms and the
rest of carbon atoms are fixed as { = 1.0 and {c = 1.0(no scaling)

{a=1.0,%c=1.0 lu=16,{c=12 lya=18,{c=12 u=23,8c=12

Total symmetry vibration -
modes (Ag) 3] S ) S © S ) S

1 93 0.0141 93 0.0141 93 0.0141 93 0.0141
2 210 0.0224 210 0.0225 210 0.0225 210 0.0225
3 272 0.0356 264 0.0537 264 0.0536 262 0.0582
4 354 0.0984 332 0.0520 331 0.0475 328 0.0428
5 583 0.0115 580 0.0110 580 0.0091 579 0.0093
6 670 0.0139 620 0.0192 616 0.0151 606 0.0119
7 706 0.0142 690 0.0044 689 0.0023 688 0.0021
8 828 0.0062 772 0.0056 772 0.0053 772 0.0034
9 1059 0.0127 971 0.0054 943 0.0122 926 0.0004
10 1078 0.0043 1077 0.0014 1077 0.0017 1077 0.0016
11 1265 0.0132 1108 0.0010 1108 0.0010 1108 0.0011
12 1286 0.0197 1264 0.0024 1263 0.0020 1256 0.0003
13 Ring wagging + C-C 1384 0.1820 1304 0.2712 1298 0.0690 1289 0.0006
14 stretch + C-H bend 1423 0.2330 1315 0.0001 1307 0.1391 1305 0.3148
15 1458 0.0968 1377 0.3107 1372 0.4019 1366 0.4909
16 1611 0.0142 1545 0.0286 1543 0.0292 1540 0.0367
17 1678 0.0174 1617 0.0044 1617 0.0043 1617 0.0043
18 3321 0.0034 2675 0.0224 2541 0.0165 2292 0.0106
19 3334 0.0341 2722 0.0009 2585 0.0016 2330 0.0013
20 3339 0.0004 3321 0.0034 3321 0.0034 3321 0.0034
21 3394 0.0065 3339 0.0008 3339 0.0008 3339 0.0008

Table 6 Calculated vibrational normal-mode frequencies w (in cm™) and corresponding Huang—-Rhys factors S (only for non-zero values) vary
with respect to the scaling parameters for absorption spectrum in cyclohexane solvent. The scaling parameters ¢ for 8 backbone-H atoms 15, 16,
17,18, 23, 24, 25, and 26 (see Fig. 1) are changed equally as listed below and for the rest of hydrogen atoms and all carbon atoms are fixed as { =

1.0 and {c = 1.0 (no scaling)

{u=1.0 la=14 Cu=16 lu =20

Total symmetry vibration

modes (Ag) 3) S ) S © S ) S

1 78 0.0141 76 0.0137 75 0.0136 74 0.0133
2 213 0.0216 210 0.0198 209 0.0197 206 0.0194
3 275 0.0340 268 0.0342 264 0.0315 257 0.0323
4 357 0.0971 351 0.0958 346 0.0944 340 0.1016
5 582 0.0116 556 0.0088 542 0.0085 515 0.0065
6 673 0.0172 666 0.0095 661 0.0189 650 0.0218
7 772 0.0049 696 0.0201 688 0.0177 675 0.0139
8 828 0.0054 777 0.0013 753 0.0006 712 0.0001
9 1043 0.0214 985 0.0002 955 0.0001 871 0.0002
10 1078 0.0044 1019 0.0035 979 0.0012 918 0.0144
11 1267 0.0191 1139 0.0040 1056 0.0032 1038 0.0063
12 1294 0.0061 1245 0.0027 1236 0.0059 1223 0.0074
13 Ring wagging + C-C 1390 0.3563 1382 0.3066 1361 0.1379 1336 0.0622
14 stretch + C-H bend 1415 0.0500 1414 0.0099 1383 0.1620 1377 0.2257
15 1555 0.0371 1514 0.0405 1467 0.2219 1449 0.2867
16 1623 0.0134 1596 0.0128 1588 0.0010 1480 0.0004
17 1669 0.1360 1662 0.1493 1653 0.2429 1646 0.2473
18 3320 0.0039 2856 0.0047 2694 0.0010 2454 0.0012
19 3329 0.0342 2917 0.0019 2702 0.0164 2460 0.0070
20 3396 0.0065 2919 0.0023 2757 0.0018 2512 0.0010

at S;-D,y, there are three active normal modes (vy3, V14, and vy5)  vi4 and v;5) = (1286, 1384, and 1423) cm ™ corresponding to S-
= (1384, 1423, and 1458) cm ™' corresponding to S-value 0.182, value 0.187, 0.185, and 0.223, respectively within cyclohexane
0.233, and 0.10, respectively within benzene solvent and (vi, solvent. All Huang-Rhys factors for A, modes are listed in no
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scaling ({y = 1.0, {c = 1.0) column of Table 5 for benzene
solvent and in Table 7 for cyclohexane solvent, three active
normal modes all vibrates as ring wagging plus CC stretch and
CH bend motion on the backbone as shown in Fig. S4(b) and
S5(b) (ESIt). We can immediately conclude that fluorescence
spectrum is slightly different in non-polar benzene and polar
cyclohexane solvents because the three active normal-mode
motions are slightly different. However, Huang-Rhys factors
for absorption spectra calculated with PCM in benzene solvent
(see the first column of Table 4) and in cyclohexane solvent (see
the first column of Table 6) are almost the same for corre-
sponding vibrational frequencies. Huang-Rhys factors for
fluorescence spectra calculated with PCM in benzene solvent
(see the first column of Table 5) and in cyclohexane solvent (see
the first column of Table 7) are also almost the same for cor-
responding vibrational frequencies. This actually reflects that
PCM method can show the certain amount change for equi-
librium geometries of ground and excited states individually,
but change of geometry difference between ground and excited
states is very small and thus it does not affect Huang-Rhys
factors while passing from gaseous to solution phase. We
checked this point by calculating Huang-Rhys factors in
gaseous phase not only for D,y symmetry, but also for D, and
C,u symmetries (the great detailed discussion for perylene in
benzene solvent was made in ref. 36). We also notify that
Huang-Rhys factors for absorption spectra (see the first column
of Table 4) and for fluorescence spectra (see the first column of
Table 5) are not big for corresponding vibrational frequencies,
and this reflects that Duschinsky rotation effect is small.
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The vibornic profiles including peaks and widths of
absorption and fluorescence spectra are mostly determined by
combination of four factors in Franck-Condon simulation:
vibronic coupling distributions (Huang-Rhys factors), adiabatic
excitation energies, inhomogeneous broadening of solvent
effect for electronic part, and interaction between solute mole-
cule and solvent molecules for nuclear part. There is an addi-
tional parameter called as homogeneous broadening (can be
regarded as instrumental resolution in experiment), and it is
taken as y,, = 20 cm™' in eqn (1) and (2) for simulating
absorption and fluorescence spectra of rubrene with room
temperature 7 = 298 K. Inhomogeneous broadening parame-
ters are chosen as Dy, = 650 cm™* (700 cm™ ') in eqn (1) and Dy,
= 600 cm ™' (650 cm™') in eqn (2), respectively for simulating
absorption and fluorescence spectra of rubrene in benzene
(cyclohexane) solvent. The present choice of inhomogeneous
broadening is because those observed widths of absorption and
fluorescence from experiment are slightly broader in cyclo-
hexane than in benzene solvent. Interaction between solute
molecule and solvent molecules is represented by damped FC
factor with the scaling parameters that are scaled slightly
different in benzene and cyclohexane solvents. Therefore, we
discuss separately in the following sub-sections.

3.2. Absorption and fluorescence spectra in benzene solvent

The Stokes shift (energy gap between the two peaks most close

to adiabatic excitation energy wp, in absorption and fluores-

cence spectra) is 1120 cm ™', 1200 cm ', and 1200 cm !,

Table 7 Calculated vibrational normal-mode frequencies  (in cm™?) and corresponding Huang—Rhys factors S (only for non-zero values) vary
with respect to the scaling parameters ¢ for fluorescence spectra in cyclohexane solvent. The scaling parameters { for 8 backbone-H atoms plus
12 backbone-C atoms 1, 2, 3, 4,5, and 6, and 12, 13, 19, 20, 21, and 22 (see Fig. 1) are varied as listed below and for the rest of hydrogen atoms and

the rest of carbon atoms are fixed as {y = 1.0 and {c = 1.0 (no scaling)

Cu=14,0c=1.4

{u=1.6,{c=1.4 u=19,c=14

Total symmetry vibration

modes (Ag) ) S ) S ) N ) S

1 89 0.0160 89 0.0160 89 0.0160 89 0.0160
2 210 0.0238 210 0.0245 210 0.0245 210 0.0245
3 273 0.0348 257 0.0589 256 0.0587 255 0.0626
4 354 0.0994 321 0.0261 321 0.0253 320 0.0246
5 582 0.0120 573 0.0178 572 0.0192 570 0.0281
6 670 0.0138 588 0.0008 586 0.0003 584 0.0000
7 706 0.0139 687 0.0012 687 0.0026 686 0.0023
8 772 0.0054 772 0.0040 771 0.0046 771 0.0046
9 828 0.0076 818 0.0095 818 0.0088 817 0.0113
10 1059 0.0134 994 0.0001 982 0.0015 943 0.0107
11 1078 0.0044 1027 0.0046 1020 0.0013 1021 0.0030
12 Ring wagging + C-C 1286 0.1870 1211 0.2921 1210 0.3282 1210 0.3192
13 stretch + C-H bend 1289 0.0039 1264 0.0012 1259 0.0056 1241 0.0246
14 1384 0.1853 1306 0.0089 1289 0.0002 1289 0.0003
15 1423 0.2226 1340 0.1774 1333 0.3066 1331 0.4001
16 1458 0.0979 1403 0.0020 1387 0.0002 1375 0.0048
17 1612 0.0141 1503 0.0015 1502 0.0035 1501 0.0038
18 1622 0.0384 1618 0.0044 1618 0.0043 1618 0.0043
19 3320 0.0034 2817 0.0264 2652 0.0302 2457 0.0206
20 3333 0.0343 2869 0.0055 2700 0.0034 2500 0.0009
21 3339 0.0001 3320 0.0034 3320 0.0034 3320 0.0034
22 3394 0.0065 3339 0.0007 3339 0.0007 3339 0.0007
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respectively from experimental measurement (see Fig. 5(a)), and
the present simulation with scaling (see Fig. 5(b)) and without
scaling (see Fig. 5(c)) in benzene solvent. Actually, simulated
vibronic band peaks all agree with experimental results as
shown in Fig. 5, and the simulated peaks do not depend on
change of scaling parameters as shown in Fig. S6 and S7 (ESIT).
However, the intensity of the second maximum band peaks
from simulation is much weaker than those from experiment
for absorption spectrum if we compare Fig. 5(a) with Fig. 5(c), in
fact, these solvent enhanced band shapes cannot be well
reproduced without scaling. The first consideration about
scaling is focused on all hydrogen atoms in rubrene as we did in
ref. 36, however, there are distinct two group types of hydrogen
atoms: one is 8 hydrogen atoms (15, 16, 17, 18, 23, 24, 25, and
26) on the backbone and the other is associated with four
phenyl rings. The preliminary test was done by scaling all
hydrogen atoms in the same way, and then we looked at how
absorption spectrum varies as scaling parameters. We found
there is little influence on spectrum by scaling those hydrogen
atoms associated with four phenyl rings, while only scaling on 8
hydrogen atoms on the backbone makes sense of spectrum.
This is actually consistent with analysis given in Subsection 3.1
about electronic excitation and molecular orbitals all related
with the backbone atoms. Therefore, we work on only scaling 8
backbone-H atoms equally varying from ¢y = 1.0, 1.4, 1.6, and
2.0 (no-scaling on the other hydrogen atoms and all carbon
atoms), and we see from Table 4 that the only S values related to
four active normal modes (v;s, V16, V17, and v,o) = (1389, 1416,
1555, and 1669) cm™ ' change, while the rest of S values has no
meaningful change. For instance, the S values change from
0.356, 0.050, 0.037, and 0.137 at {i = 1.0 (means no scaling) to
0.069, 0.227, 0.288, and 0.247 at {y = 2.0 for the corresponding
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four active normal modes (vi5, V16, V17, and vy,), respectively.
Simulated absorption spectrum with scaling parameter at {y; =
2.0 well reproduces solvent enhanced absorption spectrum as
shown in Fig. 5(b), besides the present scaling scheme is very
smooth and stable (just like in ref. 36) as shown in Table 4 and
S6 (ESIt) for absorption spectrum of rubrene molecule in
benzene solvent.

For fluorescence spectrum, we can see from Fig. 5(a) and (c)
that intensity enhancement is not as much as absorption
spectrum for the second maximum band peak and actually the
present simulation works to some extent even without scaling.
However, fluorescence band shape is not well reproduced
without scaling. We have done the preliminary test with only
scaling 8 backbone-H atoms, but it did not work out for
detailed band shape. Therefore we add scaling on 12 carbon
atoms (1, 2, 3, 4, 5, 6, 12, 13, 19, 20, 21 and 22) at two ends of
the backbone, so that we make scaling on these 12 carbon
atoms equally denoted as {c= and on the 8 backbone-H atoms
as {y=, and the rest of H and C atoms are kept no scaling. In
this way, simulated fluorescence spectrum with combination
scaling {y = 2.3 and {¢ = 1.2 can reproduce detailed band
shapes as shown in Fig. 5(b). We see from Table 5 that the only
Svalues related to three active normal modes (v13, V14, and v;5)
= (1384, 1423, and 1458) cm™ ' change, and the rest of S values
has no meaningful change. For example, the S values change
from 0.182, 0.233, and 0.097 at {i = 1.0 and {c = 1.0 (means
no scaling) to 0.0006, 0.315, and 0.491 at {i; = 2.3 and {c = 1.2
for the corresponding three active normal modes (v;3, V14, and
v1s), respectively. Table 5 and Fig. S7 (ESIT) again show that
the present scaling scheme is very smooth and stable for
fluorescence spectrum of rubrene molecule in benzene
solvent.

0-0

L (@) 0-0

fluorescence Absorption

fluorescence

(@)

Absorption

0-0 0-0

(e)

0-0 0-0

0-0  0-0

+ ()

solvent:cyclohexane

0-0 0-0

(©)

solvent:benzene

20 21 22 23

24

15 16 17 18

Wavenumber(1 030111")

Fig. 5 Measured and calculated So (1Ag) — S, (*Bs,) absorption and S (lAg) « S, (!B3,) fluorescence spectra at temperature T = 298 K. (a)
Experiment from ref. 43, simulated (b) with and (c) without scaling in benzene solvent. (d) Experiment from ref. 42, simulated (e) with and (f)

without scaling in cyclohexane solvent.
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3.3. Absorption and fluorescence spectra in cyclohexane
solvent

In cyclohexane solvent, the Stokes shift is 820 cm™, 830 cm ™",
and 830 cm ™", respectively from experimental measurement
(see Fig. 5(d)), and the present simulation with scaling (see
Fig. 5(e)) and without scaling (see Fig. 5(f)). Actually, all simu-
lated peak positions in vibronic spectral bands agree with
experimental results as shown in Fig. 5, and again simulated
vibronic peaks do not depend on change of scaling parameters
as shown in Fig. S8 and S9 (ESI}). For absorption spectrum in
cyclohexane solvent, we work on only scaling 8 backbone-H
atoms equally varying from {y = 1.0, 1.4, 1.6, and 2.0 (like we
did in benzene solvent), and we see from Table 6 that the only S
values vary the almost same as those in Table 4 for four active
normal modes (vy3, V14, V15, and vq7) = (1390, 1415, 1555, and
1669) cm™'. Simulated absorption spectrum with scaling
parameter at {y = 2.0 well reproduces solvent enhanced
absorption spectrum in cyclohexane solvent as shown in
Fig. 5(e).

For fluorescence spectrum in cyclohexane solvent, we do the
same scaling as in benzene solvent for the 8 backbone-H atoms
and 12 backbone-C atoms, and as a result, simulated fluores-
cence spectrum with combination i = 1.9 and {c = 1.4 can
well reproduce detailed band shapes as shown in Fig. 5(e). Table
7 shows that the only S values related to three active normal
modes (viz, V14 and vy5) = (1286, 1384, and 1423) cm ™' change
and the rest of S values has no meaningful change. Fig. S8 and
S9 (ESIt) confirm that vibronic spectra vary very smoothly with
respect to change of scaling parameters in cyclohexane solvent.

4. Concluding remark

We have employed four types of density functionals such as
(TD)-B3LYP, (TD)-B3LYP35, (TD)-B3LYP50, and HF-CIS plus
PCM models to investigate topology of potential energy surfaces
on the ground state S, and the first excited state S; for rubrene.
Geometry optimization calculations with the four-type func-
tionals have revealed that there are four pairs of the local
minima, S¢-D,(1) and S;1-D,(1), So-D»(2) and S1-Dy(2), So-Cou(1)
and S;-Cpy(1), and Sy-C,1(2) and S;-Cri(2), and one pair of the
second-order transition state S,-D,y and S;-D,y that connect
four local minima on S, and S; potential energy surfaces,
respectively. The vibronic coupling distributions (Huang-Rhys
factors) based on each pair of frequency calculations only
support that the second-order transition state (So-D,y and S;-
D,y) can reproduce experimentally observed absorption and
fluorescence spectra, and we have actually demonstrated that
(TD)-BHandHLYP performs best for FC spectral simulation for
rubrene molecule in benzene and cyclohexane solvents. The
Stokes shift 1120 cm™" (820 cm™") and vibronic-band peak
positions in absorption and fluorescence spectra in non-polar
benzene (polar cyclohexane) solvent are well reproduced
within the displaced harmonic oscillator FC simulation (no
need to have damped correction). However, the second stron-
gest vibronic-band peak intensities and shapes in both
absorption and fluorescence spectra are not in good agreement

This journal is © The Royal Society of Chemistry 2017
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with experiment results without the scaling, so that the damped
FC simulation comes to apply to resolve this deviation. We
found that only hydrogen atoms and carbon atoms associated
with the aromatic backbone are sensitive to the scaling, while
the hydrogen atoms and carbon atoms associated with four
phenyl rings are not. Especially, we have shown in both
absorption and fluorescence spectra that four vibrational
modes around (1390, 1400, 1550, and 1670) cm™ " are respon-
sible for solvent enhanced absorption spectra and three vibra-
tional modes around (1290, 1380, and 1420) cm ' are
responsible for solvent enhanced fluorescence spectra. Those
active modes all correspond to ring wagging plus CC stretch and
CH bend motions of the atoms on the backbone, vibartional
normal-mode motions associated with atoms on four phenyl
rings are not active for vibronic spectra. Therefore, in the
present work we have presented new physical insight how
vibrational motions related to the aromatic backbone with D,y
group symmetry play for interpreting solvent enhanced vibronic
spectra of rubrene.
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