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Damped harmonic oscillators are utilized to calculate Franck-Condon factors within displaced har-
monic oscillator approximation. This is practically done by scaling unperturbed Hessian matrix that
represents local modes of force constants for molecule in gaseous phase, and then by diagonalizing
perturbed Hessian matrix it results in direct modification of Huang—Rhys factors which represent nor-
mal modes of solute molecule perturbed by solvent environment. Scaling parameters are empirically
introduced for simulating absorption and fluorescence spectra of an isolated solute molecule in solu-
tion. The present method is especially useful for simulating vibronic spectra of polycyclic aromatic
hydrocarbon molecules in which hydrogen atom vibrations in solution can be scaled equally, namely
the same scaling factor being applied to all hydrogen atoms in polycyclic aromatic hydrocarbons. The
present method is demonstrated in simulating solvent enhanced X 1Ag < A'B,, absorption and flu-
orescence spectra of perylene (medium-sized polycyclic aromatic hydrocarbon) in benzene solution.
It is found that one of six active normal modes v, is actually responsible to the solvent enhancement
of spectra observed in experiment. Simulations from all functionals (TD) B3LYP, (TD) B3LYP35,
(TD) B3LYP50, and (TD) B3LYP100 draw the same conclusion. Hence, the present method is able
to adequately reproduce experimental absorption and fluorescence spectra in both gas and solution

phases. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4893529]

Il. INTRODUCTION

The Franck-Condon factor plays a very important role
for theoretical modeling and interpreting of experimental ob-
servations such as electronic spectra like VUV absorption
and fluorescence, and also nonradiative processes like elec-
tron and energy transfer. Under Born-Oppenheimer approxi-
mation, Franck-Condon (FC) factor can be decomposed into
a product of electronic factor and nuclear factor. The elec-
tronic factor is called as electronic transition dipole element
for absorption and fluorescence spectroscopy and as nona-
diabatic coupling matrix element (or vibronic coupling) for
nonradiative processes. The nuclear factor described as vibra-
tional overlap integral between two different electronic states
is the same for both irradiative and nonradiative processes.
With further harmonic oscillator approximation involving in
normal mode coordinates, the number of methods and algo-
rithms of multidimensional Franck—Condon factors for poly-
atomic species have been proposed and developed with or
without including anharmonic correction.'~”

The theoretical treatment of solvent effects on irradia-
tive and nonradiative processes is also divided into two parts.
The electronic factor involves in modification of electronic
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transition dipole momentum and nonadiabatic coupling ma-
trix under solvent environment. The nuclear factor involves
with modification of multidimensional Franck—Condon fac-
tors due to equilibrium geometry change from gas phase to
solution phase. The most popular theoretical approach for
electronic factor of solute molecules in solution is conven-
tionally represented by continuum solvation models, espe-
cially that the polarizable continuum model (PCM) combined
with the time-dependent density functional theory (TDDFT)
and this was developed to treat excited states for large poly-
atomic molecules.'®?" Electronic ground- and excited-state
equilibrium geometries, oscillator strength and excitation en-
ergy are calculated within TDDFT-PCM method for solvated
molecular systems. Furthermore, the solvent effects on the ab-
sorption and fluorescence spectra have been well investigated
within FC principle framework.?'~*? By introducing an aver-
age solvent interaction to all normal modes of molecular vi-
brations, inhomogeneous broadening approach in FC factor
has been utilized to describe interaction between vibronic ex-
cited state of solute molecule and solvent.'>!%37:38 By intro-
ducing time dependent approach as well as time-independent
algorithm including Franck-Condon factors, Herzberg—Teller
and Duschinsky effects, both high resolution of electronic
spectra in gas phase and how these effects affect elec-
tronic spectra in solution have been investigated.’**> De-
tailed comparisons of those effects have been demonstrated

© 2014 AIP Publishing LLC
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for electronic spectra subject to environment change of
solvents.*

The purpose of the present paper is to address that solute-
molecule vibrations in solution are subjected to a damping
force and to study how the damped harmonic oscillators af-
fect electronic spectra of solute molecule. A displaced har-
monic oscillator approximation is starting point, namely vi-
brational frequencies of solute molecule being the same for
ground and excited electronic states. Furthermore, multidi-
mensional FC factors can be decomposed into a product of
many one-dimensional (1D) FC factors, and each 1D-FC fac-
tor is associated with one Huang—Rhys factor that determines
the leading contribution of band shape and intensity of corre-
sponding normal-mode vibronic spectrum.

The rest of this paper is organized as follows: Sec. II first
introduces that damped diatomic oscillators in solution can be
solved exactly in terms of one damping parameter. This damp-
ing parameter can be practically converted to scaled local
force constant from undamped harmonic diatomic oscillators.
Then, we extend the diatomic oscillators to the polyatomic os-
cillators by scaling the Hessian matrix from the correspond-
ing isolated molecule. Each element of the Hessian matrix can
be considered as diatomic-like local oscillators corresponding
one damping parameter. All damping parameters are empiri-
cally determined from simulated electronic spectra in solution
with comparison to experimental observation. The present al-
gorithm is stimulated from inhomogeneous broadening that
can be different for vibrational normal mode associated with
ionic and neutral molecule in solution for reproducing absorp-
tion and fluorescence spectra of the green fluorescent pro-
tein chromophore.** Section III applies the present method
to the perylene in benzene solution and shows that the present
method is able to adequately reproduce experimental absorp-
tion and fluorescence spectra both in the gas phase and in so-
lution. There are two reasons to choose the perylene as an
example; one is that simulated absorption and fluorescence
spectra showed very small Duschinsky and Herzberg—Teller
effects in gas phase,** and the other is that there are quite
large solvent enhanced electronic spectra from experiment
observation.*> We guess that strong interaction between solute
and solvent results in direct modification of the Huang—Rhys
factors and this is responsible for solvent enhanced electronic
spectra. Polycyclic aromatic hydrocarbon molecules like the
perylene have high symmetry in which each hydrogen atom
is subjected to the same environment in solution, and thus
scaled force constant to hydrogen atom can be considered
as the same. This greatly simplifies empirical search of the
damping parameters. We have carefully checked robustness
in terms of change of the damping parameters by perform-
ing with (TD)-B3LYP, (TD)-B3LYP35, (TD)-B3LYP50, and
HFE-CIS ab initio quantum chemistry methods. Concluding re-
marks are mentioned in Sec. IV.

Il. DAMPED HARMONIC OSCILLATOR METHOD

Suppose that diatomic harmonic oscillator AB is placed
in solution subject to a damping force,

HapRyp +kapRyp =—AR,p. Y]
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where damping parameter A is positive, w,; and kS,
are reduced mass and unperturbed force constant respec-
tively, and then unperturbed vibrational frequency a)OA B

= /K% 3/, p is converted to perturbed vibrational frequency

w45 = ksp/1t4p iIn Which perturbed force constant is given
by46

_ k_2> _p b
41045k g AB%_AB’
where & ,; can be considered as a scaling parameter converted
from the damping parameter A. We generalize above descrip-
tion to polyatomic system by transferring the mass-weighted
unperturbed Hessian matrix to perturbed Hessian matrix,

kg =kp <1 2

0 0
H Kiajo_ ki, jp _ kiagp
. Y. = —_— - I ,‘ﬂv
! mi; o m gy g ](3)

where m; and m; are atomic mass and o and B are Carte-
sian component (X, y, z) of the position of nucleus i and
j. Unperturbed local force constant is converted to per-
turbed force constant by k;, ., = k?a. sl \/ﬁ . By diagonal-
izing perturbed Hessian matrix in Eq. (3), we obtain normal-
mode frequencies and transformation matrix (that transfers
the mass-weighted Cartesian coordinates to normal mode co-
ordinates) corresponding to solute molecule under damped
solvent environment. The dimensionless scaling parameter &
in Eq. (3) is treated as an empirical parameter that reflects a
local dynamic interaction of atom j of solute molecule with
solvent molecule in the present study. In other words, the
scaling parameters are empirically determined from simulated
electronic spectra in solution with comparison to experimen-
tal observation. Physical meanings of the scaling parameters
are obvious in which unperturbed local vibrational modes in
gas phase are scaled to perturbed local vibrational modes in
solution phase. After diagonalizing perturbed Hessian ma-
trix in Eq. (3), we obtain both perturbed normal-mode har-
monic vibrational frequencies and their corresponding per-
turbed normal-mode coordinates that represent an effective
interaction between atoms of solute molecule and molecules
of solvent. An alternative interpretation to damping (a solute
friction or viscosity) can be that rather than scaling the force-
constant matrix entries one views the phenomena in terms of
scaling the masses of the atoms in the solute. The physical
phenomena would be that in a full simulation including ex-
plicit solvent molecules there is a slight mixing of solvent
motion with the atomic motions in the solute. In as sense the
atoms in the solute drag along, partially, solvent molecules,
resulting in increasing atom mass in the solute. Mathemati-
cally, both pictures result in a similar change of the model
(and scale factors), however the interpretation is significantly
different. In the latter picture, it seems clear that the high sym-
metry of perylene can lead to only few scaling parameters. In
general this could be more complicated. In summary, the di-
mensionless scaling parameter §; in Eq. (3) can be considered
as either scaling force constant or scaling mass. It may be pos-
sible to simulate this empirical parameter by putting diatomic
molecule in solution in the framework of QM/MM simula-
tion. Diatomic molecule is treated quantum mechanically and
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solution is treated from force field, and then perturbed force
constant can be obtained to be compared with unperturbed
one to extract the scaling parameter. This scaling parameter is
mostly solvent depended and it can be defined for each sol-
vent. This procedure is similar to the PCM model in which
different dielectric constant is defined for different solvent to
simulate electronic structure of solute.

Within displaced harmonic oscillator approximation, ab-
sorption and fluorescence coefficients can be analytically
given by!'>16

00
2 2
Dyt

a(w)aw/dte“(“’ba_“’)_ Y]

—00

Xexp | — Z S]{Zl_)] —+ 1 — (l_)] + l)eitwf _ l_)je_itwf}
J

)
and
o0
D2 2
[(©) & & / . e
—00
xexp| = 5{20; + 1= (0; + De' = 07"} |,
J
Q)

where w,, represents electronically adiabatic excitation en-
ergy between electronic state b and a. Other quantities like
v; = (" kT — 1)~! is the average phonon distribution,
¥ . and D, represent the homogeneous and inhomogeneous
broadenings, respectively, and w; and d; are the jth normal-
mode vibrational frequency and corresponding the displace-
ment. The Huang-Rhys factor §; (corresponding to the jth
normal mode) can be calculated in both gaseous phase and
solution phase by
1 2

S; = 7® idjs 6)
from the method proposed above. The present method indeed
results in direct solvent modification of the leading contribu-
tion of electronic spectra in terms of the Huang-Rhys factors.
Equations (4) and (5) can be utilized for both unperturbed and
perturbed systems, especially for relation of the Huang-Rhys
factors,

1
where (Y, d) and (w;, d;) stand for unperturbed and per-
turbed normal-mode vibarational frequency and displace-
ment, respectively.

Before applying damped harmonic oscillators method
to simulate absorption and fluorescence spectra for pery-
lene molecule, we introduce ab initio quantum chemistry
methods employed for calculating the equilibrium geome-
tries and vibrational frequencies of the ground state SO(IAg)

1
(@) > 50,7 =5, @

and the first excited state S,('B,,) plus transition dipole os-
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cillator strengths, vertical and adiabatic excitation energies.
We have utilized the (time-dependent) density functional the-
ory with functionals (TD)-B3LYP (i.e., B3LYP20), (TD)-
B3LYP35, (TD)-B3LYPS50 (i.e., BHandHLYP), and HF-CIS
(i.e., B3LYP100). The numbers following after B3LYP stand
for different hybrid exchange-correlation functionals con-
taining 20% (B3LYP), 35%, 50%, and 100% (HF) of ex-
act Hartree-Fock exchange of the density functional theory.
The four basis sets, 6-31G(d), 6-31+G(d), 6-311G(d), and
6-3114+G(d), have been tested as well. Although absolute
equilibrium geometries of electronic states slightly depend on
choice of basis sets, geometry differences between ground S,
and excited S, states are almost independent on choice of ba-
sis sets (these differences determine the Huang-Rhys factors
that are converted vibronic spectra from Egs. (4) and (5)). The
present calculations have been performed with PCM condi-
tion in benzene solvent and without PCM condition in gas
phase. All calculations are carried out using GAUSSIAN 09
program package.*’

lll. APPLICATION TO ABSORPTION
AND FLOURESCENCE SPECTRA OF PERYLENE

The electronic spectroscopy of polycyclic aromatic hy-
drocarbons is of particular interest since it provides a frame-
work for the understanding of the electronic structure of large
polyatomic molecules.*3-3° Polycyclic aromatic hydrocarbon
molecules have received attention from fundamental studies
towards a better understanding of molecular structure and dy-
namics, especially interaction with hydrogen atoms.** Poly-
cyclic aromatic hydrocarbon molecules have high symmetry
in which each hydrogen atom is approximately subjected to
the same environment in solution, and thus scaling parame-
ters to hydrogen atom can be approximately the same. This
greatly simplifies empirical search of the scaling parameters.
We take perylene molecule as a prototype of medium-sized
polycyclic aromatic hydrocarbon, since its electronic spectra
in both gaseous and solution phases have been extensively
studied. However, the intensity enhancement of the vibronic
spectra in solution has not been well understood theoretically
as far as we know.

The lowest singlet excited state S, of perylene molecule
has transition type of # — 7 * through experimental absorp-
tion and fluorescence spectra both in gaseous phase®' 3 and
in benzene solution.*> Computational studies on equilibrium
geometries and vibrational frequencies for ground- and the
first-excited states of perylene and its electronic spectra have
been performed.** 345 Absorption and fluorescence spectra
of perylene in gaseous phase were simulated with includ-
ing both Duschinsky rotation and Herzberg—Teller effects,** it
was found that the both effects are very small (one can com-
pare Fig. 5(a) of Ref. 44 with Fig. 4 from the present simu-
lation in gaseous phase). We think that the intensity enhance-
ment of the vibronic spectra in solution might be attributed
to the hydrogen atoms of perylene interacting with solvent
molecules.

The present calculation confirmed that equilibrium ge-
ometries of perylene molecule in both ground and the first
excited states have planar structure as D,, point group
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FIG. 1. Optimized geometries of the S, and S, states using B3LYP/6-31G(d)
and TD-B3LYP/6-31G(d) without PCM condition. The bond lengths are in
angstrom and angles in degree (parameters in the brackets for S|, otherwise
for S)). Note that the optimized geometries of both S, and S, have D, group
symmetry.

symmetry as shown in Fig. 1. This agrees well with
the experimental results’' and the previous calculation
results.**>1-3 Figure 1 shows the optimized geometries with
(TD) B3LYP/6-31G(d) method in gas phase in which the bond
lengths and angles in the S, and S, states are very similar. The

HOMO(A,)

J. Chem. Phys. 141, 084106 (2014)

bonds C3-C4 and C5-C6 are stretched by 0.02 A and 0.03 A,
respectively, from S, to S, state; while the bond C4-C5 is
shortened from 1.406 A to 1.388 A and the bond C6-C29 from
1.476 A to 1.444 A. It is also shown that the angle C4-C5-H7
is expanded by 0.8° and the angle C4-C5-C6 is reduced from
122.0° to 121.3° from S to S, state. The other differences are
0.001-0.002 A for bond lengths and 0.1°-0.5° for bond an-
gles. On the other hand, the present calculation showed that
the first excited state S, has a wxr* transition feature, thus
the significant changes in geometry comes from the CC bond
lengths when X 'A, — A 'By, transition occurs. Natural or-
bital analysis predicted that the S, state results mainly from
the excitation of the HOMO — LUMO (one electron excited)
as shown in Fig. 2. We have carried out calculation for equi-
librium geometries of the S, and S, states with PCM in ben-
zene solvent, and we found that the results are quite similar to
those of without PCM condition.

By performing frequency calculations at equilibrium ge-
ometries of S, and S, states, we found 16 total symmetry
a, normal-mode frequencies out of 90 vibrational normal-
mode frequencies and the present calculation agrees well
with the experimental results.’":3” The distributions of cor-
responding 16 Huang-Rhys factors are shown in Table I. We
have carried out the frequency calculations with equilibrium
geometries of S, and S, states calculated with PCM con-
dition, and we found that the 16 Huang-Rhys factors are
almost same as those calculated without PCM condition. Al-
though TDDFT-PCM method does present changes of equi-
librium geometries of ground and excited states individually,
change of geometry difference between ground and excited
states is small and thus it does not affect Huang—Rhys factors.
However, adiabatic excitation energies corresponding to 0-0
vibronic transition are quite different, and (TD) B3LYP cal-
culation estimated the adiabatic excitation energy as 2.74 eV
(452 nm) without PCM and 2.63 eV (471 nm) with PCM
in benzene. In addition, we checked with other two (TD)
DFT hybrid functionals and CIS method; both (TD)B3LYP35

LUMO(B, ;)

FIG. 2. Frontier molecular orbitals involved in S, (lAg) - S, (lBlu) excitation.
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TABLE I. Experimental frequency (in cm —1), and calculated vibrational normal-mode frequencies (w,, @y, ,, and w,) and Huang-Rhys factors (S, Sy, S,
and S,), corresponding to the scaling parameters chosen as (§;; = 1.0, £ = 1.0), (6,3 = 1.2, £ = 1.0), 6y = 1.7, = 1.0), and (§; = 1.7, § = 1.2),
respectively, for ground state. The calculated frequency differences between S, dA g) and S; (lBlu) states are shown as (s1-s0).

Total symmetry §g =10, §n=12, Eg=17, £y =17,
vibration fc=10 Ec=1. fo=1 Eo=12
modes (a,) Expt.?(expt.”) w, s1-s0 S, w, S, w, S, wy S,

1 Ring wagging 352(353) 358 -1 0.250 356 0.254 349 0.241 324 0.260
2 Ring wagging 431(427) 436 0 0.006 431 0.008 418 0.016 404 0.021
3 Ring breathing 549(547) 556 -2 0.098 552 0.11 541 0.113 506 0.115
4 Ring deform 803(801) 810 -3 0.009 801 0.007 775 0.008 729 0.013
5 Ring deform 998 6 0.003 980 0.005 905 0.009 895 0.013
6 C-C stretch ~(1102) 1138 0 0.001 1089 0.002 965 0.002 944 0.001
7 C-C stretch + C-H bend 1225 4 0.004 1146 0.006 1031 0.004 1012 0.006
8 1307(1300) 1339 - 16 0.032 1276 0.011 1163 0.002 1136 0.000
9 1400 3 0.039 1368 0.022 1309 0.062 1260 0.038
10+ 1380(1372) 1410 10 0.077 1403 0.266 1398 0.359 1347 0.411
11 1487 19 0.027 1452 0.03 1431 0.002 1390 0.003
12 1652(1580) 1619 -35 0.075 1606 0.115 1590 0.182 1500 0.043
13 1660 1650 —15 0.003 1633 0 1613 0.022 1552 0.161
14 C-H stretch 3072 3185 1 0.013 2941 0019 2522 0016 2493 0.013
15 C-H stretch 3203 0 0.021 2960 0.02 2543 0.035 2511 0.028
16 C-H stretch 3144 3232 11 0.054 2985 0.065 2562 0.047 2531 0.058
2From Ref. 51.

YFrom Ref. 57.

and (TD)B3LYP50 calculations have showed the same adi-
abatic excitation energy as 3.06 ev (405 nm) and 2.93 ev
(423 nm), and CIS as 3.69 eV and 2.93 eV without PCM
and with PCM in benzene solution, respectively, as shown in
Table II. Adiabatic excitation energies with PCM are gener-
ally lower than those without PCM. This is also true for verti-
cal excitation energies. The corresponding oscillator strengths
are 0.36/0.49, 0.42/0.55, 0.46/0.60, and 0.70/0.85 without-
PCM/with-PCM calculated by TD(B3LYP), TD(B3LYP35),
TD(B3LYP50), and TD(B3LYP100), respectively. The more
portion of Hartree-Fock exchange including in DFT hy-

TABLE II. Observed and calculated vertical and adiabatic excitation ener-
gies (E, ., (eV) and E ,; (eV)) with the calculated oscillator strengths (f) for
IB]u transition of perylene and discrepancies (A) of adiabatic excitation en-
ergy between theory and experiment.

Vertical Adiabatic
E. V) f E,, (eV) A (eV)

Expt. 2.96% 2.820/2.98°

TD (B3LYP) 2.9 03614 2.74 —0.08/—0.24
TD (B3LYP)! 2.86 03616 2.7 —0.12/-0.28
TD (BLYP)* 2.64 03088

CIS 404 07015 3.69 0.87/0.71
TD (B3LYP)-PCM 2.8 0.4866 2.63 —0.19/-0.35
TD (B3LYP35) 327 04201 3.06 0.24/0.08
TD (B3LYP35)-PCM 316 05510 293 0.11/—0.05
TD (BHandHLYP) 331 04565 3.06 0.24/0.08
TD (BHandHLYP)-PCM 3.2 0.6005 2.93 0.11/-0.05
CIS-PCM 3.9 0.8521 3.5 0.68/0.52

4From Ref. 52.
YFrom Refs. 58 and 59.
“From Ref. 51.
dFrom Ref. 44.

brid exchange-correlation functionals, the stronger oscillator
strengths are. Oscillator strengths are enhanced with PCM in
benzene solution compared without PCM in gas phase. The
present calculations for both vertical and adiabatic excitation
energies show good agreement with experiment results’!:>2
and comparison with the other theoretical simulations**>%-5
is also shown in Table II.

A. Vibronic spectra simulated in gaseous phase

Let us first simulate the absorption spectra of perylene in
gaseous phase with setting homogeneous broadening as y
= 20cm~! in Eq. (4) (reflecting the instrumental resolution
broadening in experiment) and inhomogeneous broadening
parameter D, as zero. Temperature is chosen as 7 = 20 K
and the band origin (0-0 transition) is set up to be 23 883
cm~! as it was adopted in experimental study.’?> Under
displaced harmonic oscillator approximation, we found six
modes with significant numbers of Huang-Rhys factors in
the column (§;; = 1.0, £~ = 1.0) of Table I, their vibrational
normal modes are shown in Fig. 3, and four of them that
are most active for the main progressions of vibronic bands.
The absorption spectrum are well described by ring wagging
mode v, (its Huang-Rhys factor S, = 0.250) accompanied
with ring breathing mode v; (S,; = 0.098), C-H bend plus
C-C stretch modes v (S,;, = 0.077) and v, (S,;, = 0.075)
calculated by (TD) B3LYP/6-31G(d). Huang-Rhys factors
calculated from the other three (TD) DFT methods show the
similar tendency as those calculated by (TD) B3LYP and they
are not shown here. However, we do show simulated absorp-
tion spectra from HF-CIS, (TD) B3LYP, (TD) B3LYP35, and
(TD) B3LYP50 methods, respectively, in Figures 4(b)—4(e).
They all agree well with experimental observation as shown in
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FIG. 3. Six active vibrational normal modes calculated at B3LYP/6-31G(d) level.
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FIG. 4. S, ‘A g) - S, (lBlu) absorption spectrum at temperature 7= 20 K
for perylene in gaseous phase without PCM condition. (a) Experimental data
from Refs. 52 and 53, and simulations from (b) HF-CIS ((TD) B3LYP100),
(c) (TD) B3LYP, (d) (TD) B3LYP35, and (e) (TD) B3LYP50.

Fig. 4(a). The main peak corresponding to 0-0 vibronic bands
and the other vibronic bands are pretty weak. We have done
simulation including the first-order anharmonic correction
and its contribution is negligible. The Duschinsky and
Herzberg-Teller effects were confirmed to be small for
absorption spectra of S,('B,,).** We conclude that displaced
harmonic oscillator is method good enough to reproduce
experiment absorption spectra of perylene in gaseous phase.
This makes perylene molecule as an ideal case to look for
solvent enhanced vibronic spectra by damped harmonic
oscillator method. This is our motivation of the present study,
and in Subsection III C, we investigate robustness of the
present method in terms of scaling parameters defined in
Eqgs. (2) and (3).

B. Vibronic spectra simulated with damped harmonic
oscillator method in solution phase

By choosing inhomogeneous broadening parameters D,
=300cm~! and D, = 400 cm™!, respectively, for absorption
and fluorescence spectra, we employ damped harmonic oscil-
lator method to simulate vibronic spectra in benzene solvent
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FIG. 5. Measured and calculated S, (lAg) — S, (lBlu) absorption and

S, (lAg) <~ S, (lBlu) fluorescence spectra at temperature T = 298 K for
perylene in benzene solvent. (a) Experiment data from Ref. 45; simulated re-
sults with the scaling parameters: (b) iy = 1.7, §- =12, (©) §; = 1.7, &
=10, d &y =12,6-.=10,(e) §5 = 1.0, = 1.0 with PCM condition,
and (f) §;; = 1.0, £ = 1.0 without PCM condition.

environment. This is because that experiment measurement
determines absorption and fluorescence width as 0.26 eV and
0.27 eV, respectively, at room temperature T = 298 K in ben-
zene solvent,’® and experiment observes spectrum shift (en-
ergy gap between the strongest peaks of absorption and flu-
orescence bands) as 422 cm~'. With unscaled local force
constants defined in Eq. (3) where all §; = 1, the present
simulation reproduces the strongest 0-0 vibronic bands and
spectrum shift for both the absorption and fluorescence spec-
tra as shown in Fig. 5(f) (without PCM environment) and
Fig. 5(e) (with PCM environment). However, the second
strongest bands enhanced in benzene solvent from experiment
shown in Fig. 5(a) are not reproduced at all. The present sim-
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ulation in gaseous phase did reproduce the weak band v, of
absorption as shown in Fig. 4.

We know that the reduced mass in Eq. (3) is close to
hydrogen atom mass if diatom-like molecule contains hydro-
gen atom, and thus hydrogen atoms interacting with solvent
molecules are most influential. By scaling every local mode
related to hydrogen atom in perylene equally, we set up scal-
ing parameters &, = &; = 1.2 and 1.7 with keeping all carbon
atoms unscaled as &; = £ = 1. We obtained the correspond-
ing Huang-Rhys factor of normal mode v,, shift to 0.266
(column with &y = 1.2 in Table I) and 0.359 (column with &
= 1.7 in Table I) from unscaled value 0.077. The other three
active modes change slightly as shown in Table I. This shift of
normal mode v, is exactly responding to the second strongest
band enhancement in benzene solvent, Figures 5(d) (§,; = 1.2
and £~ = 1) and 5(c) (§y = 1.7 and £ - = 1) show the improv-
ing simulation of absorption and fluorescence spectra. If we
further increases &£y > 1.7, the corresponding Huang-Rhys
factor of normal mode v,, gradually decreases. Finally we
have optimized scaling parameters &; = 1.7 and §. = 1.2,
with which we have the Huang-Rhys factor of normal mode
v;o shift to 0.411 (column with £ = 1.2 in Table I. Then,
we could reproduce the second and third strongest bands in
benzene solvent as shown in Fig. 5(b). Especially, the sim-
ulated absorption and fluorescence spectral widths, 0.24 and
0.26 eV, respectively, are in very good agreement with the
experimental values 0.26 eV and 0.27 eV. Figure 6 shows
details of normal modes with &; = 1.7 in comparison with
&y = 1.0 for enhanced absorption spectra, and it clearly shows
that normal mode v, to be most influential for the second
and third strongest bands enhancement of absorption spec-
tra in benzene solvent. It should be noted that there are four
peaks in Fig. 6(a) while there are three peaks in Fig. 6(b).
Scaling parameters with damped harmonic oscillator method
could reproduce three peaks observed from experiment. We
have checked various combinations of scaling &; and &, and
results showed very smooth and stable change with respect
shift of the Huang-Rhys factors and normal mode frequen-
cies within (TD) B3LYP method, and we should demonstrate
more in Subsection III C.

C. Spectral robustness in terms of change
of the scaling parameters

We have investigated how vibronic spectra of perylene
vary with scaling parameters by employing (TD) B3LYP/6-
31G(d) method. We found that Huang-Rhys factor of normal
mode v,, increases as the scaling parameter &y increases,
while the other five active normal modes are almost un-
changed. In order to fully understand and demonstrate that
the present results are also valid as TFD functionals and ba-
sis sets change. In the present subsection, we employ (TD)
B3LYP, (TD) B3LYP35, and (TD) B3LYP50 with basis set 6-
311G(d) to check spectral robustness in terms of change of the
scaling parameters. All simulations in the present subsection
now are performed with perylene molecule in PCM benzene
solvent environment, and the scaling parameters for all carbon
atoms are fixed at £ = 1.0, namely no scaling. The scaling
parameters for all hydrogen atoms are considered at £y = 1.0,
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FIG. 8. The same as in Fig. 7 except simulation performed with TD-
B3LYP35/6-311g(d) methods.

1,2, 1.4, 1.6, 1.8, and 2.0. Simulation confirms that Huang-
Rhys factor of normal mode v,, increases as the scaling
parameter &p; increases from all three functionals chosen
above and Huang-Rhys factors for the other five active nor-
mal modes are almost unchanged. Detailed comparison about
absorption spectra is shown in Fig. 7 simulated from TD
(B3LYP) 6-311G(d), Fig. 8 from TD (B3LYP35) 6-311G(d),
and Fig. 9 from TD (B3LYP50) 6-311G(d). All three func-
tionals demonstrate that the intensity of the second strongest
bands is enhanced as the rise of scaling parameter from 1 to 2.
However, TD (B3LYP) and TD (B3LYP35) can keep change
of the band shape in good agreement with experimental obser-
vation, while TD (B3LYP50) does not follow the experimen-
tal band shape nicely. Actually HF-CIS shows much worse
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FIG. 9. The same as in Fig. 7 except simulation performed with TD-
B3LYP50/6-311g(d) methods.
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change of the band shape (not shown here). This means that
the more exact Hartree-Fock exchange in hybrid exchange-
correlation functionals is considered, the worse band shape is
simulated. Something in between 20% and 35% for the exact
Hartree-Fock exchange including in B3LYP functional per-
forms the best simulation with the present damped harmonic
oscillator method.

IV. CONCLUSION REMARKS

Staring with the displaced harmonic oscillator approxi-
mation to construct Franck-Condon factor, we have consid-
ered solute molecule vibrations in solution as damped har-
monic oscillators and then we could obtain perturbed Franck-
Condon factors from damping parameters related to local
atom vibration in solute molecule. This is practically done by
converting the mass-weighted molecular unperturbed Hessian
matrix to perturbed Hessian matrix, and then by diagonaliz-
ing perturbed Hessian matrix, we obtain perturbed normal-
mode frequencies and Huang—Rhys factor corresponding to
solute molecule under damped solvent environment. Empiri-
cally searching scaling parameters are carried out by compar-
ing simulated vibronic spectra with experimental observation
in the present study. In this way, we add a new aspect of sol-
vent effect for molecular spectra in solution besides the other
effects like Duschinsky and Herzberg—Teller.

The present method is especially useful for polycyclic
aromatic hydrocarbons in which hydrogen atom vibrations in
solution can be considered almost equally, so that the same
scaling factor is applied to all hydrogen atoms in polycyclic
aromatic hydrocarbons. We have demonstrated that enhance-
ment of absorption and fluorescence spectra of medium-sized
polycyclic aromatic hydrocarbon, perylene molecule in ben-
zene solution, and we found that vibrational normal mode v,
is most influential through local modes of solute hydrogen
atoms interacting with solvent molecule. For highly symmet-
ric molecules like perylene, local vibration modes between
carbon and hydrogen atoms are all needed to be dealt with so
that a single damping parameter work well to reproduce sol-
vent enhanced spectra. For molecule with less symmetry and
many different species of atoms, local vibration modes can
be very different and then multiple scaling parameters have
to be introduced to simulate spectra. Initially multiple scaling
parameters might be selected by focusing on diatoms (local
modes) in molecule, and the same diatoms have the same scal-
ing parameters. After initial shooting of simulation of spectra,
various optimized procedures for multiple scaling parameters
can be applied to reproduce experimental spectra. Actually,
we have found in the present study that spectra are not so sen-
sitive scaling parameters and in the certain region, simulated
spectra are all in good agreement with experiment.

Spectral robustness in terms of scaling parameters has
been fully investigated by systematically performing simula-
tion with (TD) B3LYP, (TD) B3LYP35, (TD) B3LYP50, and
HF-CIS methods, and all methods demonstrate the same be-
havior of solvent enhanced absorption spectra against rise of
scaling parameter for hydrogen atom in perylene. One of six
active normal mode v, is most responsible to solvent en-
hanced absorption spectra and this result is confirmed from

J. Chem. Phys. 141, 084106 (2014)

all kind of (TD) B3LYP-like functionals. It should be empha-
sized that scaling parameters for C-H local modes mainly ro-
tate normal modes slightly. However, in the present (displaced
oscillator) calculations this rotation and (minor) change in fre-
quencies is exactly the same in ground and excited states. The
redefinition of normal modes changes the gradient of the ex-
cited state expressed in normal mode coordinates and this in
turn scale Huang-Rhys factors to enhance the spectra in so-
Iution. The minor frequency shifts have little effect on en-
hancement of the spectra. We expect the principles of the phe-
nomena: rotation of normal modes by change in mass/local
mode factors to be similar even when Duschinsky rotation ef-
fects are included, but this is subject to further studies. We
are now working on electronic spectra for large-sized poly-
cyclic aromatic hydrocarbons in solution, and preliminary re-
sults show that the present method can reproduce vibronic
spectra for large polycyclic aromatic hydrocarbons in solution
even their vibronic spectra in gaseous phase are very different
from those in solution phase. The present method can also
follow spectral change for polycyclic aromatic hydrocarbons
from one solvent to the other by adjusting scaling parame-
ters. We will report those results in near future. In conclusion,
we develop a practical method in calculating Franck-Condon
factors perturbed by damped harmonic oscillator for vibronic
spectra in solution.
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