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ABSTRACT

A detailed insight behind the structure of absorption bands of the photochromic couple dimethyldihydropyrene (DHP)/metacyclophanediene
(CPD) is studied employing vibronic coupling theory. Two separate model molecular Hamiltonians, including a maximum of four electronic
states and 18 vibrational modes for DHP and five electronic states and 20 vibrational modes for CPD, are constructed in a diabatic electronic
representation. The parameters of the Hamiltonians are estimated from the electronic energies obtained from extensive density functional
theory (DFT) and time-dependent DFT calculations. Based on these Hamiltonians’ parameters, a detailed analysis of potential energy curves is
performed in conjunction with positional and energetic locations of several stationary points in multi-dimensional potential energy surfaces.
Based on the results of electronic structure calculations, quantum nuclear dynamics studies on the electronic excited states of DHP and
CPD are performed to understand the impact of non-adiabatic effects on the formation of vibronic structures of absorption bands of these

photo-isomers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0125114

I. INTRODUCTION

Dimethyldihydropyrene (DHP) and metacyclophanediene
(CPD) represent a negative photochromic couple. In the pres-
ence of visible light, DHP converts to CPD and the reverse
isomerization occurs under UV irradiation and also thermally’
(see Fig. 1). The presence of extended m-conjugation makes the
electronic excitation of DHP less energetic, while its aromaticity
(14 m electrons) and planarity make its ground state energetically
the most stable of this photochromic couple. On the other hand,
the loss of m-conjugation and aromaticity (16 m-electrons) makes
CPD a less stable isomer and its electronic excitation requires
higher energies.”’ In general, it is found that the change of color
upon irradiation of these types of photo-isomers is accompanied
by a change of their electronic structure and physical character-
istics, such as luminescence,”” magnetism,® conductivity,”* and
wettability.”'’ The photochromic property of DHP and its deriva-
tives upon exposure to visible light follows the timely applications

on photo-controlled molecular memories and switches. The present
DHP/CPD photochromic couple has unfavorable low photoiso-
merization quantum yields."' '° Therefore, most of the experimen-
tal and theoretical investigations'**" are focused on the synthesis
and design of more efficiently substituted DHPs for usable photo-
controlled molecular memories and switches operating at low exci-
tation energies. As a result, a wide range of derivatives of DHP
have been synthesized and their photoisomerization quantum yields
have been measured employing absorption and fluorescence spec-
troscopy. The analysis of the absorption spectra of DHPs indicates
well-separated bands, whereas, for CPDs, a complex and congested
broad band structure is observed.”'*"'? The above discussions indi-
cate the presence of a wealth of literature studies'"'*""*” regarding
the explanation of the low quantum yields of the DHP to CPD
photoisomerization, while the proper rationalization of the UV-vis
band structure of DHPs and CPDs is largely missing in the litera-
ture since their first synthesis.'” The goal of this article is to present
the details of the UV-vis band structure of the unsubstituted DHP
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FIG. 1. Schematic representation of the photochromic transformation from DHP to
CPD and vice versa.

and CPD on the light of the well-established vibronic coupling (VC)
theory.” '

The lowest energy band of DHP,’ acetyl and acetylene substi-
tuted DHPs,'° benzyl, naphthyl, and anthrayl substituted DHPs,'”
and other substituted DHPs reported in Ref. 35 was observed near
~650 nm with a low molar absorptivity. It was also found that the
absorption spectra of DHPs in the 200-700 nm range consist of
four distinct bands. Although, depending on the substitutions, the
positions and absorptivity of these bands are slightly changed, the
overall structure remained unchanged. Similar analyses of the CPDs
from the above-mentioned references indicate an obvious blue shift
of the overall absorption band of CPDs as compared to DHPs due
to the loss of conjugation in the annulene ring. The striking dif-
ference between the absorption spectra of these photo-isomers is
the existence of a broad band structure for CPDs, while the spectra
of DHPs contain individual and well-separated absorption bands.
From the theoretical point of view, previous studies on DHP/CPD
photo-isomerism”"***° indicate the existence of four well-separated
bright singly excited electronic states for DHP (11Au, 1'B,,2'A,,and
ZIBu), while for CPD, among the first five excited states, three singly
excited states (IIB,,, 1'4,, and 213,4) are bright and two other singly
excited states (1' By and 2'B,) are optically dark. It was found that
the first optically bright singly excited state (1'B,) of CPD possesses
a quite close vertical excitation as compared to the 1'B, and 2'B,
dark excited states. In other words, the excited states of CPD clearly
form two sets of energetically close electronic excited states: a first
set consisting of the 1'B,, llBg, and ZIBg states and the other set
consisting of the 1'A, and 2'B, states. Therefore, one could specu-
late that there would be some vibronic coupling between the bright
1'B, state and the optically dark states (1'B; and 2'By) through
au (B, ® B;) symmetry vibrational modes. Similarly, the existence
of vibronic coupling between the 1'A, and 2'B, bright states could
be observed through b, (A, ® B,) symmetry vibrational modes. The
above discussion reveals that non-adiabatic effects might play a sig-
nificant role in the absorption spectra of CPDs, while this is less
likely for DHPs.

A benchmark study on the vertical excitations of DHP, model-
DHP, CPD, and model-CPD, together with Franck-Condon (FC)
absorption spectral simulations of the DHP, model-DHP, and
model-CPD, was performed in our previous study.® The so-called
model systems consist in a simplification of the experimentally used
systems obtained by replacing the central methyl groups by hydro-
gen atoms (aka, dihydropyrene). FC simulations on DHP repro-
duced its experimental band positions and intensity, while the same
on CPD could not be performed as the geometry of the excited states
of CPD is quite different from its ground state energy minimum
structure and also because the geometries of the excited states of
CPD lose their C,;, symmetry upon excitation. Therefore, we choose
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VC theory” " coupled to quantum nuclear dynamics with the mul-
ticonfiguration time-dependent Hartree (MCTDH)” * method in
order to understand the absorption band structure of DHP and
CPD. The advantage of the VC theory is that the ground state
equilibrium structure of DHP and CPD can be taken as reference
configurations and the electronic structures of the excited states
can be predicted based on single point (SP) excitation energy cal-
culations at the distorted geometries of the reference state. There
is no need to calculate computationally demanding Hessians of
the excited states. It also turned out from our previous investi-
gations™ that the extended multi-configuration quasi-degenerate
perturbation theory (XMCQDPT2) is the most reliable quantum-
chemistry method to deal with both single and double excitations,
while the third-order variant of the algebraic diagrammatic con-
struction (ADC) and time-dependent density functional theory
(TD-DFT) estimate reasonably good single excitation energies of
the present photochromic couple. We have considered the first
four and the first five singly excited electronic states of DHP and
CPD, respectively, in the present study. Therefore, in order to
reduce the computational effort, we employ the TD-DFT quantum-
chemistry method to evaluate the SP excitation energies needed for
the estimation of the parameters of the constructed vibronic Hamil-
tonians. Finally, using those Hamiltonians’ parameters, nuclear
dynamics studies are performed in order to analyze the band struc-
ture of the absorption spectra of the DHP/CPD photochromic
couple.

Il. THEORETICAL METHODOLOGY
AND COMPUTATIONAL DETAILS

A. Vibronic Hamiltonian

The present study deals with the nuclear dynamics on the first
four and first five low-lying excited electronic states of DHP and
CPD, respectively. Both isomers belong to the Cy;, point group in
their ground state (1'A,) energy minimized structure, and these
structures are treated as a reference in the present study for the
construction of molecular Hamiltonians. The symmetry of the first
four excited states of DHP is 1'A,, 1'B,, 2'A,, and 2'B, in the
increasing order of vertical excitation energy (VEE) at its ground
state minimum. The symmetry of the first five excited states of
CPD is 1'B,, 111~Bg, 21Bg, 1'4,, and 2'B, in the increasing order
of VEE at its ground state minimum. Both isomers have 96 nor-
mal vibrational modes whose representation can be decomposed
as follows:

T = 27a, ® 21bg ® 224, ® 26b,. (1)

The molecular Hamiltonians for the present calculations are con-
structed in a diabatic electronic representation, as described by
Koppel et al.,”* and the elements of the potential energy matrix are
expanded in Taylor’s series along the rectilinear dimensionless nor-
mal coordinates at the FC geometry. The molecular Hamiltonian,
rather the vibronic Hamiltonian, can be written in the following
form:

H=Hol + AH, (2)

where H and H, represent the overall molecular Hamiltonian and
the Hamiltonian for the reference state, while A% represents the
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Hamiltonian, which takes care of the molecular change after exci-
tation. 1 stands for an unit matrix whose dimension depends on
the number of considered electronic states. Thus, it is a 4 x 4 and
5 x 5 unit matrix, respectively, for DHP and CPD. Within the har-
monic approximation, the Hamiltonian for the reference state can
be written as

HO:_ Z wiz +l Z
. \oQ) 2

i=0g,bg,a,,b, i=ag,bg,au,by

wiQf, 3)

N[ —

where i indicates the normal vibrational mode and Q; and w; repre-
sent the normal coordinate and frequency of the corresponding nor-
mal mode at the reference geometry. The non-vanishing elements of
the AH matrix of Eq. (2) are determined using standard vibronic
selection rules, as described in Refs. 28-34, and the elements of this
matrix can be written after Taylor’s expansion,

0 k 1 k2
E; + Z,eag % Qi + izimg,bg,awbu i Qi
.= k A3 k ~4
AHkJ +Zi=ag Ci Qi + Zi:ag,bg,awbuDi Qi T
[
Zi/li jQi

if k=j,
if k+j,
(4)

where k and j are electronic state indices. The VEE is represented by
E}, whereas the first-order intrastate and interstate coupling follow-

ing the linear vibronic coupling scheme is represented by «} and )Lf.(_} ,
respectively. The diagonal elements of A# are expanded to higher-
order Taylor series, including systematically quadratic terms, and up
to sixth order terms in some cases. The largest model Hamiltonians
constructed in the present study consist of four coupled electronic
states and 18 vibrational modes for DHP and five coupled electronic
states and 20 vibrational modes for CPD. The choice of vibrational
modes is made by considering their excitation strength, which is
discussed later in the text.

At this point, it is necessary to discuss about the detailed par-
ticipation of the vibrational modes depending on their symmetry in
the diabatic Hamiltonian presented in Eq. (4). The involvement of
the vibrational modes can be obtained from the well-known vibronic
selection rule presented in many literature studies.”” ** The vibronic
selection rule states that the symmetrized direct product of the cou-
pling vibrational mode(s) and electronic states should produce a
totally symmetric irreducible representation (irrep); in this case, it is
Ag. In other words, the direct product of two electronic states should
be the same as the symmetry of the direct product of the partici-
pated vibrational mode(s). This can be represented in terms of group
theory in the following forms:

{rj®ri®rm®~--®rk3mg )

or Fj®1"k31“i®l"m®-~~,

where we have previously defined the meaning of indices i, j, and k.
Additionally, we indicate that the index of m also defines the vibra-
tional mode. Let us first discuss about the diagonal elements of the
Hamiltonian presented in Eq. (4), where only one electronic state is
participating (i.e., intrastate coupling). Hence, in this case, indices j
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and k are the same. The direct product of the two same symmetry
states always produces a totally symmetric irrep. Therefore, the irrep
of the participating vibrational mode(s) should be totally symmet-
ric [see Eq. (5)]. Similarly, one can see that the totally symmetric
vibrational mode(s) appear in the odd-order and all vibrational
modes appear in the even-order positions in the diagonal elements
in Eq. (4). We explain this in the following way:

first-order,

Ti > ag,

i 3 au, by, by,

second-order,

T ®T; > ag, au, bg, bu, (©)
third-order,

;@ ®T; > ag,

Ii® L ® i P au, by, bu,

Let us now consider the coupling between different states (i.e., inter-
state coupling), which can be found in the off-diagonal elements of
Eq. (4). We explain this by considering the coupling between B, ()
and B, (k) symmetric states using Eq. (5),

7)

ng 2] l"Bu DA,

so, Iioay.
The vibrational modes responsible for the interstate couplings
between the other electronic states are determined by following the
similar type of formulation mentioned in Eq. (7).

B. Quantum dynamics

The quantum dynamical calculations are performed within
the MCTDH framework”” *' as implemented in the Heidelberg
MCTDH package* using both time-dependent (TD) and time-
independent (TI) formalisms. The TD Schrédinger equation is
solved by expressing the wavefunction as a sum of products of single
particle functions (SPFs) {g;, (k)} in the MCTDH formalism."”** The
wavepacket (WP) is expressed as follows:

‘I’(Ql,. . .,Qf,t) = \P(ql,. . .,qp,t)
y "p )4 )
=2 A, (O] T e (g t)
1 Jp k=1
- YA, (®)
J

where ¥(Qy,...,Qy,t) represents the wavefunction in f degrees
of freedom and ¥(q, . ...q,,) is the wavefunction in p combined
modes (MCTDH particles) with p < f. Later, ¥(q,,...,q,,t) is
expanded as the product of time-dependent MCTDH coefficients
(Ay = 4j,...;,) and orthonormal TD SPFs. The quantity @y, at the
third line of Eq. (8), represents the product of SPFs, termed as
Hartree product. The TD SPFs are again expanded in TI primi-
tive basis functions. The Hermite discrete variable representation
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is employed for the construction of the primitive basis. The num-
ber of SPFs (ny) is chosen in a way that it always maintains a
proper balance between the two limiting cases being the time-
dependent-Hartree and the standard method (i.e., propagating a WP
on the primitive basis). In this way, a proper correlation between the
interacting particles is introduced in our calculations.

The equation of motion of MCTDH is derived by using the
Dirac-Frenkel variational principle”*® based on the nuclear wave-
function given in Eq. (8). This gives the following MCTDH working
equations: e

iA] = Z < ®]|H‘®L > AL, (9)
L

I(P(k) - (1 _P(k))*l(p(k))’l < H >(k)(P(k)’ (10)

where the vector notation of the MCTDH coefficient and SPFs
is previously defined and p® and < H >® represent the one-
particle density matrix and the matrix of mean-field operators,
respectively. The MCTDH projector, P®), ensures that the SPFs
stay orthonormal during the propagation. The MCTDH coefficient
(A vector) and SPFs (¢ vector) are propagated under the con-
stant mean-field integration scheme. We have chosen the default
short iterative Lanczos and Bulirsch-Stoer integrators for A and ¢
vectors, respectively, with variable step sizes. An initial WP perti-
nent for representing the vibronic ground state of DHP or CPD
is vertically promoted to the low-lying bright electronic states of
DHP (llﬁu, 1'B,, 2'4,, and ZIBM) and of CPD (IIBu, 1'A,, and
2'B,), and the WP is then propagated up to 200 fs on the coupled
1'4,-1'B,-2'4,-2'B, and llBu—IIBg—leg—llAu—ZIBu electronic
states of DHP and CPD, respectively. The autocorrelation functions
[C(t) =<¥(0)|¥(¢t) >] obtained from individual calculations are
damped with an exponential function [exp( ;—t )] and Fourier trans-
formed and oscillator-strength weighted’” to get an energy value
spectrum.

For the TI calculation, the Hermitian Hamiltonian, represented
in a direct product of harmonic oscillator (HO) functions of the
reference state, is diagonalized using the Lanczos algorithm"* " as
implemented in MCTDH program module.”” The stick line spec-
trum obtained from these calculations is convoluted with Lorentzian
functions to get the spectrum envelope. The comparison between
the TI and TD calculations is made possible using the following
relation:*?

131
o[f)

where T represents the full width at half maximum (FWHM) of the
Lorentzian function used in the stick line convolution and 7, rep-
resents the damping factor used in TD calculation as mentioned
above.

[[eV]~ (11)

C. Computational details
1. Electronic structure and vibronic coupling
parameters

A benchmark study on the VEEs of both DHP and CPD
was performed in our previous article’® using different wavefunc-
tion based quantum chemistry methods and density-based quantum

ARTICLE scitation.org/journalljcp

TABLE 1. Important normal vibrational modes (symmetry) and their harmonic frequen-

cies [in cm~" (eV)] at the equilibrium structure of the ground state (11Ag) of DHP and
CPD calculated at the B3LYP/6-311G(d,p) level of theory. These vibrational modes
are included in the dynamical calculations of DHP and CPD.

Modes Modes
(symmetry) This work (symmetry) This work
DHP CPD

v3(ay) 186(0.0231) va(ag) 161(0.0199)
vii(ag) 337(0.0418) via(ag) 328(0.0407)
vi3(ag) 391(0.0485) vis(ag) 453(0.0562)
vig(ag) 458(0.0568) va1(ag) 548(0.0679)
vai(ag) 563(0.0698) vas(ag) 637(0.0790)
va(ag) 568(0.0704) v3s(ag) 824(0.1022)
vaa(ay) 803(0.0995) vas(ag) 992(0.1229)
V41(ag) 956(0.1186) Vss(ag) 1214(0.1505)
ves(ag) 1366(0.1694) ver(ag) 1458(0.1808)
vre(ag) 1539(0.1908) vi(bg) 81(0.0100)
vr9(ag) 1599(0.1982) v6(by) 207(0.0257)
vs(bg) 251(0.0312) v (ay) 86(0.0107)
v7(bg) 261(0.0324) vio(au) 263(0.0326)
vo(bg) 279(0.0346) vi3(ay) 354(0.0439)
vag(by) 743(0.0922) vi7(ay) 475(0.0589)
v3s(bg) 923(0.1145) va3(ay) 990(0.1227)
vea(bg) 1365(0.1694) vs6(ay) 1221(0.1514)
ves(byg) 1453(0.1801) v77(au) 1595(0.1978)
v75(bg) 1533(0.1901) vg(by) 239(0.0297)
v77(byg) 1575(0.1953) vsg(by) 1230(0.1525)

chemistry methods employing different density functionals. These
investigations indicated that both ADC(3) and TD-DFT provide a
reasonable description of the excited states with single excitation
character, whereas the same levels of theory are not suitable for the
excited states with significant double excitation character. The accu-
racy of the VEEs calculated from these levels of theory is within

TABLE II. Vertical excitation energy (in V) and the corresponding oscillator strength
of the first four and first five excited electronic states of DHP and CPD, respectively,
using the TD-CAM-B3LYP level of theory and the 6-311G(d,p) basis set.

This work This work
DHP CPD

State VEE f State VEE f

114, 2.1845 0.0021 1'B, 3.6419 0.0184

1'B, 2.5788 0.0197 1'B, 3.7774 0.0000

2'A, 3.4099 0.2844 2'B, 3.9528 0.0000

2'B, 3.8981 0.8559 1'4, 4.6021 0.0021
2'B, 4.8866 0.3564
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TABLE IIl. First-order (), second-order (y), and higher-order (C, D, and F) intrastate coupling parameters (in eV) of the relevant vibrational modes for the 11/2\1,, 11[3“, 212\[,,

and 2'B, electronic states of DHP. The parameters are evaluated from the calculated TD-CAM-B3LYP/6-311G(d,p) electronic energy data. The numbers given in the parentheses
represent the excitation strength of the relevant symmetric vibrational modes. Data corresponding to this table are used in the dynamical calculations of DHP.

F (sixth- F (sixth-
M (&) - () -
ode K ( 202 ) }'Z C D order) K‘i ( DR ) yi C D order)
114, 1'B,
V3(ag) 70.0160(0.240) —0.0040 70.0273(0.698) —0.0050
vii(ag) 0.0113(0.037) ~0.0029 0.0123(0.043) ~0.0008
v13(ag) 70.0352(0.263) —0.0008 70.0253(0.136) —0.0025
vls(ag) 0.0126(0.025) —0.0045 0.0209(0.068) —0.0040
v (ag)  0.0164(0.028) ~0.0017 0.0132(0.018) ~0.0016
vzz(ag) 0.0022(0.000) -0.0149 -0.0295(0.088) —0.0133
vy (ag)  0.0173(0.015) ~0.0084 0.0063(0.002) —0.0061
V41 (ag) -0.0198(0.014) —0.0009 —0.0442(0.069) —0.0034
V63 (ag) —0.0439(0.034) —0.0011 —0.0950(0.157) -0.0124
V76(ag) 0.0050(0.000) 0.0031 -0.0782(0.084) —0.0196 0.0009
V79(ag) 0.0271(0.009) 0.0064 -0.0673(0.058) —0.0208 0.0011 0.000 02
vs(hg) —0.0080 —0.0070
V7(bg) —0.0023 —0.0078
V9(hg) —0.0055 —0.0039
vzg(bg) —0.0022 —0.0021
vag(bg) ~0.0109 ~0.0043
vs4(bg) —0.0006 —0.000 02 —0.0217 0.000 06
Vﬁg(hg) 0.0019 —0.00003 0.000 002 —0.0347 0.00023
V75 (bg) 0.0017 0.000 34 —0.000 041 —0.0558 0.000 66
V77(hg) 0.0029 0.00003 —0.000003 -0.0329 0.00023
2'4, 2'B,
V3 (ag) —0.0159(0.237) —0.0060 —0.0163(0.249) —0.0056
vn(ag) 0.0283(0.229) —-0.0014 0.0187(0.100) —0.0046
v13(ag) —0.0501 (0.534) —0.0014 70.0522(0.579) —0.0001
vls(ag) 0.0003(0.000) —0.0031 0.0023(0.001) —0.0059
vy (ag)  0.0074(0.006) -0.0028 0.0195(0.039) ~0.0022
via(ag)  —0.0021(0.000) -0.0151 0.0197(0.039) ~0.0133
V32(ag) 0.0223(0.025) -0.0116 040306(04047) -0.0119 —0.0001
vii(ag)  —0.0265(0.025) ~0.0016 -0.0207(0.015) ~0.0005
V63 (ag) 70.0562(0.055) —0.0026 7040207(04007) 0.0071 —0.00018
V76(ag) —0.0028(0.000) —0.0001 —0.000 14 —0.000 02 0.0808(0.090) 0.0222
V79(ag) 0.0253(0.008) 0.0002 —-0.0001 —0.00001 0.1250(04199) 0.0350 —0.0011 —0.000 06
Vs(bg) —0.0059 —-0.0084
v7(bg) ~0.0049 ~0.0043
Vg(bg) —0.0058 —-0.0061
vag(bg) ~0.0020 ~0.0009
V33(bg) —0.0096 0.000 04 -0.0123
vea(bg) 0.0122 ~0.000 10 ~0.0012 0.000 02
ng(bg) 0.0301 —0.000 26 0.0050 0.000 09
V75(bg) 0.0580 —0.001 05 0.000010 0.0118 0.00018
V77(bg) 0.0330 —0.00030 0.0034 0.00013

~0.3 eV when compared to the results obtained from the more accu-
rate XMCQDPT?2 level of theory. The state ordering and the sym-
metry of the considered electronic states of DHP were found to be
the same using all wavefunction-based methods [CASSCF, CASPT2,
MS-CASPT2, NEVPT2, QD-NEVPT2, XMCQDPT2, ADC(2), and

ADC(3)] and different DFT functionals (B3LYP, B3PW91, CAM-
B3LYP, PBEO, TPSSh, M06 M06-2X, and wB97XD) used in our pre-
vious study.’® The exception in the state ordering was found between
TD-DFT and other wave function-based methods (NEVPT2, QD-
NEVPT2, XMCQDPT2, ADC(2), and ADC(3)] for the first two
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TABLE V. First-order (), second-order (y), and higher-order (C, D, and F) intrastate coupling parameters (in eV) of the relevant vibrational modes for the 11éu, 11ég, 21ég,

11;\u, and 21éu electronic states of CPD. The parameters are evaluated from the calculated TD-CAM-B3LYP/6-311G(d,p) electronic energy data. The numbers given in the
parentheses represent the excitation strength of the relevant symmetric vibrational modes. Data corresponding to this table are used in the dynamical calculations of CPD.

F (sixth- F (sixth-
i\2 i\2
Mode KZ ( (z,i)z ) yi C D order) x’l ( (:2))2 ) yi C D order)
1'B, 1'B,
V4(ag) 0.1051(13.947) 0.0007 0.0836(8.824) —0.0031
vlz(ag) 0.1437(6.233) -0.0126 0.0239(0.172) —0.0059
vis(ag)  0.0266(0.112) -0.0072 0.0999(1.580)  —0.0092
V21 (ag) 70.1492(2.414) —0.0081 70.1285( 1.791) —0.0096
V25 (ag) 0.0512(0.210) —0.0063 0.0482(0.186) —0.0062
V35(ag) 040806(0.311) —0.0037 0.0009(0.000) —0.0035 0.001 74 —0.000 38
V44((lg) 0.0313(0.032) -0.0128 0.00022  —-0.00009 0.0366(0.044) —0.0268 0.001 67 0.00013
V55 (ag) 040414(0.038) —0.0033 0.0583(0.075) —0.0009
ver(ag)  —0.1680(0.432) -0.0043 ~0.0754(0.087) ~0.0066
V1 (bg) 0.0032 —0.000 60 —0.0098 —0.00017
vs(bg) -0.0116 —0.0035
vy (ay) 0.0003 —0.000 54 -0.0122 —0.00010
vio(ay) —0.0321 0.00020 0.0206 —0.00099 0.000 040
vi3(ay) —0.0257 0.000 14 0.0098 —0.000 52 0.000 020
vi7(ay) —0.0788 0.00138  —-0.000025 0.0715 —0.00591 0.000433
vz (ay) —0.0503 0.000 55 —0.000 009 0.0051 —0.000 45 0.000 008
vse(ay) —0.0567 0.00107  -0.000019 0.0518 —-0.002 36 0.000103
vy7(ay) —0.1609 0.003 31 —0.000 062 0.0509 —0.003 56 0.000 181
vg(by) —-0.0024 —0.0034
vsg(bu) ~0.0058 ~0.0123
2'B, 114,
vi(ag) 0.0829(8.677) ~0.0039 0.0318(1.277)  —-0.0039
vlz(ag) 0.1172(4.146) —0.0070 0.0022(0.001) —0.0080 0.00021
v15(ag) 0.0021(0.001) —0.0047 0.0253(0.101) —0.0113
vz1(ag) 70.0971(1.023) —0.0082 70.0517(0.290) -0.0115
V25 (ag) 0.0287(0.066) —0.0049 —-0.0109(0.010) —0.0024
V35 (ag) 0.0779(0.290) 0.0066 —0.000 84 0.0233(0.026) —0.0037
V44((lg) 0.1011(0.338) —0.0033 —0.00075 —0.0001(0.000) —0.0091 —0.00013
V55 (ag) 040796(0.140) —0.0024 0.0747(0.123) 0.0001
ver(ag)  —0.0977(0.146) 0.0008 ~0.0502(0.039)  —0.0039
V1 (bg) 0.0156 —0.000 14 —0.000 009 0.0072 —0.000 30
vs(bg) —0.0080 —-0.0073
vy (ay) 0.0131 —0.00023 —0.000003 —-0.0211 0.001 66 —-0.000076
vio(ay) 0.0108 —0.00003 —0.0065
vi3(aw) 0.0101 ~0.000 04 ~0.0067
vi7(ay) 0.0063 0.00030  —0.000 009 —0.0105
vaz(aw) ~0.0030 ~0.000 06 ~0.0107
vse(ay) 0.0188 —0.000 06 0.0006
vy7(ay) 0.0872 —0.00128 -0.0157 —0.00023
vg(by) 0.0009 0.0024 —0.00001
vsg(bu) ~0.0136 0.000 05 0.0141 ~0.000 06
2B,
V4(ag) 0.0485(2.970) —0.0082
vlz(ag) 0.0025(0.002) 0.0002
v15(ag) 0.0612(0.593) —0.0064
va(ag)  —0.0854(0.791) ~0.0094
V25 (ag) 0.0225(0.041) —0.0048
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F (sixth- F (sixth-
iV2 i\2
Mode K‘i ( (j’u 2 ) yﬁ C D order) xz ( (;i )2 ) yﬁ C D order)
2'B,
v3s(ag) 0.0097(0.005) —-0.0011
vas(ag) 0.1035(0.355) -0.0129
V55(ag) 0.0914(0.184) —0.0012
ve7(ag)  —0.0031(0.000) —-0.0025 —-0.000 15
v1(by) ~0.0032 0.00097  —0.000053
ve(bg) 0.0615 —-0.004 56 0.000110
vy (ay) -0.0155 0.00335  —0.000361
vio(au) -0.003 8
vlg(au) -0.0024
viz(au) -0.007 1
V43 (au) -0.0129
vse(ay) 0.0055
v77(ay) 0.0271 —0.000 14
vg(by) —0.000 02
vsg(by) -0.0225 0.000 07

excited states of CPD. In the following case, the order of these states
is reversed although the ordering of these two states is the same for
CASPT2 and MS-CASPT?2 with all DFT functionals. It was found in
our previous study’® that the absolute errors (in eV) with respect to
the available experimental values'® of the first four excited states of
DHP are ~0.02, ~0.20, ~0.19, and ~0.01 obtained from the XMC-
QDPT?2 level; ~0.30/0.33, ~0.21/0.02, ~0.12/0.04, and ~0.25/0.24
obtained from the ADC(2)/ADC(3) level; and ~0.25, ~0.06, ~0.12,
and ~0.23 obtained from the TD-DFT level using the CAM-B3LYP
functional. The above discussions indicate that both the ADC(3) and
TD-DFT/B3LYP level of theory produce comparable absolute errors
for the estimated VEEs of the first four excited states of DHP, while
for CPD, to the best of our knowledge, there is no accurate exper-
imental observation of the VEEs of the excited state available. That
is why, we rely on the most accurate wavefunction based method:
XMCQDPT2, as it estimated most balanced mixing of states than the
other considered quantum chemistry methods. The absolute errors
(in eV) with respect to the VEEs obtained from the XMCQDPT2
level of theory of the first five excited states of CPD are ~0.27, ~0.25,
~0.26, ~0.34, and ~0.56 obtained from ADC(2); ~0.26, ~0.29, ~0.24,
~0.17, and ~0.79 obtained from ADC(3); and ~0.29, ~0.03, ~0.02,
~0.48, and ~0.47 obtained from the TD-DFT level of theory using
the CAM-B3LYP functional. The above discussions indicate that the
TD-DFT/CAM-B3LYP level of theory produces a minimum abso-
lute error for the VEEs of the second, third, and fifth excited states,
while ADC(3) produces a minimum absolute error for the VEEs of
the first and fourth excited states of CPD. On the other hand, we
primarily deal with singly excited states of DHP and CPD in the
present study. Hence, we have a choice between the two computa-
tionally less expensive theories, ADC(2)/ADC(3) and TD-DFT, over
the more accurate and more expensive XMCQDPT2. We choose the
comparatively less expensive and similarly accurate TD-DFT level
of theory over ADC(2)/ADC(3) for our excited state calculations.

All DFT and TD-DFT calculations are performed with Gaussian09
program modules.’’

DFT was employed for both ground and excited state cal-
culations of DHP and CPD using the 6-311G(d,p) basis set. The
ground state energy minimum of both DHP and CPD was obtained
employing the B3LYP functional,’” while the confirmation of energy
minimum structure was obtained from subsequent analytic fre-
quency calculations at the same level of theory. Relevant harmonic
vibrational frequencies at the ground state minimum of DHP and
CPD are given in Table I, while a full list of frequencies can be found
in Tables SI and SII of the supplementary material. The ground
state energy minimum structures of DHP and CPD are treated as
references for subsequent SP excited state calculations at the dis-
torted geometries along each normal mode of vibrations of DHP
and CPD. The VEE:s of the excited states of DHP and CPD at their
respective reference geometry are given in Table II in conjunction
with their oscillator strengths. The mass-weighted normal displace-
ment coordinates of the vibrational modes are calculated from the
eigenvectors of the GF-matrix.”” These are then transformed to the
dimensionless form Q by multiplying with the harmonic frequencies
(in a.u.).

The VEEs at the distorted geometries (Q from —5.00 to +5.00,
AQ = £0.25, £0.50, £1.00, +1.50, ..., +5.00) of DHP and CPD
were calculated at the TD-DFT level employing the CAM-B3LYP
functional.”* For these SP energy calculations, we considered all
totally symmetric vibrational modes for DHP and CPD, while b,
symmetry coupling modes for DHP and by, by, and a, symmetry
coupling modes for CPD were considered. Thus, a total of 1056 SP
energies and 2112 SP energies for each electronic state were cal-
culated, respectively, for DHP and CPD, in order to estimate the
Hamiltonian’s parameters. It was discussed in our previous article’®
that the VEEs of DHP were functional independent, while those
of CPD were functional dependent. We employ the CAM-B3LYP
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TABLE V. Relevant linear interstate coupling parameter (A=) (in eV) and the corre-

k)2
sponding excitation strength ( ( ) ) between pairs of electronic states j and k of

wa2
DHP and CPD.
N 2 ;. 2
k () & ()
Mode N ( 2 N 27
DHP
1'A,-1'B, 1'A,-2'B,
vs(bg) 0.0090 0.042 vg(bg)  0.0253 0.038
vo(bg) 0.0125 0.065 ves(bg)  0.0432 0.029
vas(bg)  0.0034 0.004
vas(bg)  0.0253 0.024
-k () —k ()
Mode N ( 2 N 27
1'B,-2'A, 2'4,-2'B,
vs(bg) 0.0146 0.109 vr(bg)  0.0077 0.028
v7(by) 0.0256 0.312 vas(bg)  0.0104 0.006
vas(bg)  0.0072 0.003
vea(bg)  0.0834 0.120
ves(bg)  0.1165 0.209
vrs(bg)  0.1462 0.296
vr7(bg)  0.1167 0.179
CPD
1'B,-1'B, 1'B,-2'B,
vio(a,)  0.0468 1.030 v(a,)  0.0416 7.558
vis(a,)  0.0369 0.353 vio(ay)  0.0640 1.927
viz(a,)  0.0783 0.884 vis(a,)  0.0567 0.834
ves(a,)  0.0479 0.076 viz(a,)  0.0918 1.215
vss(ay)  0.0692 0.104 ves(ay)  0.0619 0.127
vir(a,)  0.1254 0.201 vse(a,)  0.0824 0.148
vir(ay)  0.1793 0.411
1'B,-1'A, 1'B-1'4,
vi(bg) 0.0503 12.650 vg(by)  0.0335 0.636
ve(bg) 0.0327 0.809 vss(by)  0.0746 0.120
1'B,-2'B, 2'B,-1'A,
va(ay) 0.0550 13.211 vg(by)  0.0151 0.129
vsg(by)  0.0676 0.098
1'4,-2'B,
vi(bg)  0.0117 0.684
ve(bg)  0.0301 0.686

functional for SP TD-DFT calculations of both DHP and CPD in
a quest of consistency of the results. Later, these excitation energy
values were used for non-linear fitting with the adiabatic analytic
form of the potential matrix of Eq. (4) in order to estimate different

ARTICLE scitation.org/journalljcp

Hamiltonian’s parameters. The intrastate Hamiltonian parameters
for DHP are given in Table III, while those for CPD are given in
Table I'V. Tables 11T and IV contain the information of the relevant
vibrational modes of DHP and CPD included in the dynamics, while
data concerning other vibrational modes can be found in Tables
SIII and SIV of the supplementary material. The Huang-Rhys para-
()’
207
(ag) vibrational modes, are also given in parentheses in these tables
(cf. Tables I1I and IV). On the other hand, the linear interstate cou-
pling (/Vi*k) between two electronic states j and k through vibrational
mode i can be calculated using the following expression:**

meters

defining the excitation strength of the totally symmetric

1

L
! 2Qs

[Ei(Q) - Ee(Q) ] - [Ej(Q) - Ee(Q) % (12)

where E; and E; denote the excitation energy of the jth and
kth excited state at the dimensionless normal coordinate Q
(Q; = Qy+AQ) along the normal vibrational modes. AQ represents
the distortion from the equilibrium ground state reference config-
uration (Qy). The calculated values of )Lji_k for relevant vibrational
modes are given in Table V for both DHP and CPD, along with their

V!
coupling strength, determined as ( 2w2) . The full data of interstate
coupling can be found from Tables SV and SVI of the supplementary
material, respectively, for DHP and CPD. The choice of non-totally
symmetric vibrational modes (bg, a,, and by,) for intrastate coupling
is made by considering their respective coupling strength provided

in Tables SV and SVI of the supplementary material.

2. Nuclear dynamics

Concerning the WP propagation, the calculations for DHP
were performed with 18 vibrational modes listed in Table I
(nine totally symmetric and nine non-totally symmetric vibrational
modes) and those for CPD were performed with 20 vibrational
modes listed in Table I (nine totally symmetric and 11 non-totally
symmetric vibrational modes). The methodology and applied inte-
gration schemes employed are given in Sec. II B. The normal mode
combination and the size of the primitive basis set are given in
Table SVII of the supplementary material. The dynamics is ini-
tiated by setting the initial WP on the bright electronic states of
DHP and CPD, i.e., on the singlet states of A, and B, symmetry. A
parameter 7, of 15 fs is used for damping the autocorrelation func-
tion, and the oscillator strengths are used for weighting the different
spectra.

Ill. RESULTS AND DISCUSSIONS
A. Potential energy curves

1. Adiabatic potential energy curves along totally
symmetric normal coordinates

The detailed topological features of the potential energy curves
(PECs) along the relevant normal coordinates are examined in this
subsection. PECs along relevant a, symmetry vibrational modes are
shown in Figs. 2 and 3, respectively, for DHP and CPD to illus-
trate the tuning activity of these modes near the intersections. These
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modes combinedly participate in the tuning of the conical intersec-
tions (CIs)” ** in multidimensional space (see below). The points in
Figs. 2 and 3 represent the calculated ab initio energy values obtained
from the TD-DFT level of theory, and the solid lines are gener-
ated from the potential energy part of the model Hamiltonian of
Eq. (2) using the respective Hamiltonian parameters of DHP and
CPD (cf. Tables I-I1V). The superposition of the ab initio energy
points and the solid lines indicates the quality of the potential fits and
acceptability of the constructed model Hamiltonian. For both DHP
and CPD, most of the vibrational modes possess significant har-
monicity, while some of the vibrational modes show anharmonicity
(cf. Tables I1I and IV and Tables SIIT and SIV of the supplemen-
tary material). A comparison of the data given in Tables III and IV
indicates a stronger Condon activity (defined by Huang-Rhys para-
meters) of relevant a; symmetry vibrational modes for CPD than
that of DHP. As a result, a comparatively larger shift of energy mini-
mum of the excited electronic states as compared to its ground state
(reference state) minimum (at Q = 0) can be observed in Fig. 3

ARTICLE scitation.org/journalljcp

for CPD than for DHP (cf. Fig. 2). In order to illustrate the above
comment, we consider the v3 and v4 vibrational modes of DHP and
CPD, respectively, which possess overall the strongest Condon activ-
ity. The PECs along these modes are shown in panel (a) of Figs. 2
and 3. The PECs shown in panel (a) of Fig. 2 indicate relatively small
shifts of the minima of the four excited states of DHP (~0.84, ~1.52,
~0.94, and ~0.94 unit), while the PECs shown in panel (a) of Fig. 3
indicate rather large shifts of the minima of the five excited states of
CPD (~5.10, ~4.98 and ~5.18, ~1.99 and ~4.11 unit). Another notice-
able point is that the direction of these positional shifts is guided by
the sign of « for the respective electronic states; a positional shift of
the minimum of the excited state occurs in the negative direction
in the presence of positive x and vice versa.”® The sign of « for the
v3 vibrational mode of DHP is negative for all four excited states,
while the sign of « for the v4 vibrational mode of CPD is positive
for all five excited state. One finds that the position of the minima
of the excited states of DHP occurs along the positive direction from
its reference state, while the position of the minima of the excited
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FIG. 2. Potential energy curves (PECs) along some selected totally symmetric (ag) normal coordinates of DHP. Selection of vibrational modes is performed considering

kl. 2
their Poisson parameter [( (2;)2 ); see Table IlI ] for each electronic state. The PECs along vs, v11, v43, V21, v22, v32, ve3, and vy are shown in (a)—(h), respectively.
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FIG. 3. Potential energy curves (PECs) along some selected totally symmetric (aq) normal coordinates of CPD. Selection of vibrational modes is performed considering

kjj 2
their Poisson parameter [( (x) ); see Table IV] for each electronic state. The PECs along vs, v12, v15, Va1, Va4, Vss, ve7, and vgg are shown in (a)—(h), respectively.

Zw’?

states for CPD occurs along the negative direction from its reference
state.

The PECs represented in Fig. 2 indicate a significant separa-
tion of energies of the 1'4,, 1'B,, 2'A,, and 2' B, states of DHP at
the distorted geometries along Q;, Q;1, Q;3, Qu1, Q1;, and Qs; nor-
mal coordinates [cf. panels (a)-(f) of Fig. 2]. The scenario is rather
different at the distorted geometries along the Q43 and Q9 normal
coordinates. The PECs shown in panels (g) and (h) of Fig. 2 show
an intersection between the 1'A, and 1'B, states along both nor-
mal coordinates, while the other two states (ZIAM and ZIBu) are well
separated. The intersection between the 1'4A, and 1'B,, states along
the Qg3 normal coordinate is quite high in energy. On the other
hand, the intersection between the 1'A, and 1'B, states along Qy,
is low in energy. The above discussion indicates that the vibrational
modes, v63 and v79, would play a crucial role in the non-adiabatic
phenomena in the nuclear dynamics of the first four excited states
of DHP. The diagrammatic representation of the displacement vec-
tors of the normal vibrational modes (included in the dynamics)

presented in Table I of DHP is shown in Fig. SI of the supplemen-
tary material. We find that the v3, v11, v22, and v3; vibrational modes
show symmetric bending type vibrations, vi3, v21, and v79 vibra-
tional modes show symmetric stretching type vibration of the planar
pyrene ring, and the vg3 vibrational mode shows stretching vibration
in the C-CH3 bonds among the vibrational modes considered in the
PECs shown in Fig. 2. This indicates that the stretching motion of
C-CH3 bonds (ve3), one symmetric bending type vibration (v22),
and one breathing vibration (stretching of the pyrene ring), i.e., v79,
plays a more important role in the tuning of energies between the
electronic states of DHP.

The situation is more complex for the electronic states of CPD,
as indicated in Fig. 3. These PECs clearly indicate two sets of cou-
pled electronic states: the first set consists of the 1' B, 1' Bg, and 2' B,
states and the second set is composed of the 1'A, and 2'B,, states
of CPD. There are several intersections that exist between the 1'B,,
IIBg, and ZIBg states of CPD, and the energetic locations of these
intersections are quite low relative to the energetic minima of these
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electronic states. This indicates that the topology of the bright 1'B,,
state could be affected by the close lying other two optically dark
llBg and ZIBg states of CPD. On the other hand, fewer intersections
can be observed between the 1'A, and 2'B, states. In addition, the
PECs shown in panels (b), (e), and (h) of Fig. 3 indicate an energetic
proximity between the 2'B; and 1'A, states. This might also ini-
tiate non-adiabatic interactions between the above-mentioned two
sets of coupled surfaces. The diagrammatic representation of the
displacement vectors of the normal vibrational modes (included
in the dynamics) presented in Table I of CPD is shown in Fig.
S2 of the supplementary material. We find that the vs4, vi2, vis,
Va1, Va4, and vss vibrational modes show symmetric bending type
vibrations. Among these symmetric bending type of vibrations, va4
and vss involved the out-of-plane bending and in-plane bending
motion of central moiety, while the vs; and vg vibrational modes
show stretching vibrational motion in the C-CH3 bond and central
moiety, respectively. All these vibrational modes show the tun-
ing activity between the first set of electronic states of CPD as
mentioned before, i.e., between the optically bright 1B, state and
optically dark (IIBg and ZIBg) states (see Fig. 3). On the other
hand, the tuning activity between the second set of electronic states,
i.e., between 1'A, and 2'B, states, is prominent along the vibra-
tional modes involved in the either bending (v44) or stretching (vso)
motion of central moiety, as seen in panels (e) and (h), respectively,
of Fig. 3.

The intersections discussed above form CIs in a multidimen-
sional space. The energetic minimum of the seam of various Cls
and the equilibrium minimum of electronic states are estimated
within a quadratic vibronic coupling model using the parameters of
Tables I-1V. The results are given in Table VI for both DHP and
CPD. The diagonal and off-diagonal entries of Table VI represent
the equilibrium minima of the states and the minima of CI seams,
respectively. A constrained minimization by Lagrangian multiplier
methods as implemented in the Mathematica software™ is used to
calculate the energetic minimum of the CI seam. The energy min-
ima of the states together with the minima of the CI seams between
them govern the mechanistic details of the nuclear dynamics, which
will be discussed in Sec. III B 2. Note that it looks like the abso-
lute sign of x would play a vital role in the nuclear dynamics as the
position of the CI between two energetically close lying electronic
states with the same sign of x should be different from the position
of the CI of the same electronic states with the opposite sign of «.
The similar argument is true for the position of energy minima of
the excited states. However, it is the relative sign of x with respect to
the normal coordinates (Q), which plays a crucial role in the nuclear
dynamics.

2. Impact of non-totally symmetric modes
on the PECs

The interstate couplings between two electronic states with
different symmetry are mediated through non-totally symmetric
vibrational modes. These potential couplings constitute the off-
diagonal elements of the diabatic matrix Hamiltonian of Eq. (2).
The characterization of the interstate coupling is performed by the

2

. . 28,60-62 . .
dimensionless parameter x;, 00762 which is defined as ﬁ, where w;
;

is the frequency of the non-totally symmetric vibrational mode i and
A is the half of the difference between the VEEs of the considered
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TABLE VI. Estimated energies of the equilibrium minimum (diagonal entries) and the
minimum of the seam of various Cls (off-diagonal entries) of the electronic states of
DHP and CPD derived from the quadratic coupling model developed in this paper.
The energies are given in eV.

DHP

14, 1'B, 2'A, 1'B,
1'A, 21523 26191 124475  18.1383
1'B, 2.4697 6.5592 7.3700
2'A, 3.3518 5.6805
2'B, 3.8981

CPD

1'B, 1'B, 2'B, 1'4, 2'B,
1'B, 26705 32912 4.2380 5.1070 5.5658
1'B, 3.2596 3.3706 5.5742 6.5533
2'B, 3.3321 49234  5.5582
1'4, 45104 4.6061
2'B, 4.6064

electronic states. The strength of the interstate coupling can be clas-
sified as low (x; < 1), moderate (x; > 1), or strong (x; > 1). In the
present work, inspection of Table V indicates the existence of low
interstate couplings in the four excited states of DHP, while mod-
erate to strong interstate couplings exist in the five excited states of
CPD. Hence, it is expected that the PECs of the DHP should not
be significantly affected by interstate coupling. Considering the exis-
tence of strong interstate coupling in CPD, we inspect the effect of
these couplings on the close-lying first three coupled excited elec-
tronic states (1'By, 1'B,, and 2'B,) mediated via the v2, vio, and
v17 vibrational modes (Fig. 4). Considering only two states, the adi-
abatic potential energies along the non-totally symmetric normal
coordinate (Q,) can be written as

1 1 1
VI,Z(QS) = Estsz + E[(E(l) +Eg) + E(ysl + YSZ)QSZ]

?l\/[(EO—EO)-Fl( 1 2)Q2]2+4(A1_2)2Q2
2 1 2 2 Vs Vs S s S
(13)

where V; and V) are the lower and upper adiabatic potentials. It is
seen from panels (a) and (c) of Fig. 4 that a strong interstate coupling
is mediated through the vio vibrational modes in the 1'B,~1'B; and
llBu—ZlBg coupled surfaces. As a result, the lower 1'B, state has a
double well shape (for more information, see Ref. 60) [cf. panels (a)
and (c) of Fig. 4], while the upper llBg [cf. panel (a) of Fig. 4] and
leég [cf. panel (c) of Fig. 4] states become steeper. A clearer view of
the topology of the lower surfaces is shown in the insets of panels (a)
and (c) of Fig. 4. Similarly, the topological changes of the upper and
lower PECs of the llBu—ZlBg coupled surfaces due to the interstate
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coupling mediated via the v, and v, vibrational modes are shown in
panels (b) and (d) of Fig. 4.

The above discussions on the PECs of DHP and CPD indi-
cate a possibility of a relatively simpler topology of the PESs of
DHP, whereas the topology of the PESs of the electronic states of
CPD is highly complex and coupled. The existence of several close
lying CIs and energy minima of the electronic states will compli-
cate the dynamics of CPD, especially in the case of high intrastate
and interstate couplings. The continuation of the above discussion
about the PECs in order to examine the role of vibronic cou-
pling mediated simultaneously through one totally symmetric and
one non-totally symmetric mode in the coupled PESs of CPD is
elaborately discussed in the supplementary material, and the corre-
sponding potential energy diagrams are presented in Fig. S3 of the
supplementary material.

B. Vibronic structure of the absorption
band of DHP and CPD

1. Vibronic structure on the uncoupled states
In this subsection, we first discuss about the Poisson spec-
tral intensity distributions for selected totally symmetric vibrational

modes. The Poisson intensity distribution [P(E)]***** of the kth
vibrational mode of an electronic state can be written as

Py (E) = Z%T exp(-a)d(E - Eo + aw — vw), (14)

% is the Huang-Rhys parameter or Poisson parameter
and v is a vibrational quantum number of a given vibrational mode.
The values of the Huang-Rhys parameter of the vibrational modes
of CPD are quite large compared to those for DHP. As a result, exci-
tations to higher quantum levels of vibrational modes of CPD are
expected for optically bright excited states. Poisson intensity dis-
tributions in the vibrational quantum levels of two strong Condon
active modes for each optically bright excited state of DHP and
CPD are examined, and the results are represented in Figs. 5 and 6,
respectively. Figures 5 and 6 indicate rather wide Poisson intensity
distributions for the excited states of CPD, while the intensity dis-
tributions for DHP are quite narrow. The diagrams represented in
Fig. 5 indicate that the highest level of vibrational excitation in DHP
is v =2 and that the spectral intensities of the active vibrational
modes are gradually decreasing when going from the fundamen-
tals to their overtones. The diagrams represented in Fig. 6 indicate
a quite different scenario. For example, for v4, which is the strongest
Condon active vibrational mode in the optically bright excited states
of CPD, the highest spectral intensity is found at vibrational levels

13, 1, and (2,3) in the 1'B,, 1'A,, and 2'B, state, respectively [cf.
panels (a), (c), and (e) of Fig. 6]. Additional information concerning

where g = £
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FIG. 5. Poisson intensity distributions (PIDs) in the vibrational quantum levels of vibrational modes of DHP possessing highest values of excitation strength in the 11:4u,
1'B,, 21Au, and 21Bu states. PIDs in the 11Au state along v43 and v vibrational modes are shown in (a) and (b), respectively. PIDs in the 11Bu state along v3 and vg3
vibrational modes are shown in (c) and (d), respectively. PIDs in the 2'A, state along v43 and v3 vibrational mode are shown in (e) and (f), respectively. PIDs in the 2'B,

state along v43 and v3 vibrational modes are shown in (g) and (h), respectively.

the highest intensity in the Poisson distributions is given in Table
SVIII of the supplementary material, and the data of Table SVIII
indicate a vibrational congestion at least for the first optically bright

excited state (i.e., 1'B,) of CPD.

The uncoupled absorption spectra obtained through the T1 for-
malism for the optically bright excited states of DHP and CPD are
represented in Fig. 7. The spectra of panel (a) of Fig. 7 are obtained
by including the most important vs, vi1, v13, V21, V22, v32, and vy9
totally symmetric vibrational modes of DHP using a HO basis of
11,9, 9, 5, 6, 5, and 8 functions, respectively, while the spectra of
panel (b) of Fig. 7 are obtained by including the most important

V4, V12, V15, V21, Va4, V55, and ve7 totally symmetric vibrational modes
of CPD, considering a HO basis of 20, 14, 14, 12, 10, 10, and 10
functions. Larger HO bases are used for the spectra simulations of
CPD considering the higher excitations of the individual vibrational
modes as discussed above. The spectra shown in Fig. 7 indicate a
wider distribution of spectral intensities in the 1' B,, state of CPD [cf.
black spectra in panel (b) of Fig. 7] compared to the other absorp-
tion bands of both DHP and CPD, which is in accordance with the
Poisson intensity distribution of the individual vibrational modes.
These spectra also indicate possible vibrational energy level mixing

between the 1'A, and 2'B, states of CPD [cf. red and blue spectra
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FIG. 6. Poisson intensity distributions (PIDs) in the vibrational quantum levels of vibrational modes of CPD possessing highest values of excitation strength in the 1@,,,
11Au, and 21Bu states. PIDs in the 11Bu state along v4 and vy, vibrational modes are shown in (a) and (b), respectively. PIDs in the 11Au state along v4 and v,y vibrational
modes are shown in (c) and (d), respectively. PIDs in the 2'B, state along v4 and vy1 vibrational modes are shown in () and (f), respectively.

of panel (b) in Fig. 7], a feature that is completely missing in the
case of DHP [cf. panel (a) of Fig. 7]. This occurs due to the pres-

ence of quasi-degeneracy between the 1'A,~2'B,, CI and the energy

minimum of the 2!B,, state of CPD (cf. Table V1), which allows us
to anticipate a possible population flow between these states. It is
noted that the spectra represented in Fig. 7 are generated without
oscillator-strength weighting.

We assigned some vibrational progressions in the four
uncoupled absorption bands of DHP. The assignment of the
vibronic energy levels of different states of DHP is performed by
wavepacket (WP) density plots using the block-improved relax-
ation method"****” as implemented in the MCTDH program mod-
ule.*” The WP density plots of the vibronic energy level of 1'4,,
1'B,, 2'A,, and 2'B, states of DHP are represented in Figs. S4-S7
of the supplementary material, respectively. The detailed proto-
col of the assignment of the vibronic energy levels can be found
elsewhere.””®*"! The locations of the fundamentals of (vs, v11, and
v13), (v3, Vi1, V13, V22, Va1, and v32), (v3, Vi1, Vi3, v22, and v32), and

(vs3, V11, V13> V22, V21, and v3;) are found at ~(169, 325, and 388
em™b), (165, 334, 381, 512, 556, and 777 cm™Y), (160, 331, and 385
em™), and (162, 318, 391, 511, 554, and 753 cm™") from the 0)
line of 1'A,, 1'By, 2'4,, and 2'B, states, respectively. The above
assignments are performed by observing one nodal plane along the
corresponding normal coordinate, and the respective WP density
plots of the above-mentioned vibronic energy lines in the 1'A,,
1'B,, 2'A,, and 2'B, state of DHP are shown in panels (a), (b),
and (d) of Fig. S4; panels (a), (¢c), (d), (g), (h), and (i) of Fig. S5;
panels (a), (c), (d), (g), and (i) of Fig. S6; and panels (a)-(c), (e),
(g), and (h) of Fig. S7. Similarly, the assignment of the first over-
tone and the combination peak is performed by observing two
nodal planes and simultaneous nodal planes along the correspond-
ing normal coordinate. The first overtone of v; is found to be
~339 cm™! [cf, panel (c) in Fig. $4 of the supplementary material],
~331 cm™ [cf. panel (b) in Fig. S5 of the supplementary material],
and ~321 cm™' [cf. panel (b) in Fig. S6 of the supplementary
material] in the 1'4,, 1'B,, and 2'A, state, respectively. It is also
found from these plots that v3, vi1, v13, and vy vibrational modes
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FIG. 7. Overall uncoupled spectra of 1'A,, 1'B,, 2'A,, and 2' B, states of DHP (a)
and 1'B,, 1'A,, and 2'B, states of CPD (b). The spectra are obtained using the
parameters of Tables [|I-1V/. The stick lines are generated from matrix diagonaliza-
tion, and the envelope of each spectrum is obtained by convoluting the stick lines
with the Lorentzian function using 0.087 eV full-width at half-maximum (FWHM).
Time-independent calculations are performed with seven important totally sym-
metric vibrational modes, v3, v11, v13, va1, v22, V32, and v7g, and four electronic
states for DHP. The same calculations for CPD are performed with seven impor-
tant totally symmetric vibrational modes, v4, v42, v15, v21, vas, vs5, and vg7, and
three optically bright states.

are very likely to form combination peaks between them and also
with other vibrational modes in the four excited states of DHP.

Similarly, we assign the fundamental vibrational progression
of V15, v21, and ve; at ~423, 524, and 1441 cm™", respectively, from
the 08 line at the 1'B,, state [cf. panels (a)-(c), respectively, in Fig.
S8 of the supplementary material]. The fundamental of v4 and v»;
and the first overtone of v4 in the llAu state are found at ~144,
499, and 288 cm™' from the 0) line at the 1'A, state [cf. panels
(d), (f), and (e), respectively, in Fig. S8 of the supplementary mate-
rial]. The fundamental of vis, v21, and ve; in the 2'B, state are
found at ~427, 508, and 938 cm™', respectively, from the 03 line
at the 2'B,, state [cf. panels (g)-(i), respectively, in Fig. S8 of the
supplementary material].

2. Vibronic structure on the coupled states:
Impact of electronic non-adiabatic coupling

The impact of non-adiabatic coupling in conjunction with
CIs between the first four excited states of DHP and the first five

ARTICLE scitation.org/journalljcp

excited states of CPD is examined on the basis of TD quantum
dynamics as implemented in MCTDH program.”” A TI calcu-
lation (matrix diagonalization) cannot be performed owing to a
huge increase of dimensionality resulting from the inclusion of
non-totally symmetric modes.

The overall vibronic band structure obtained from the four
coupled state (llAu—llBu—ZlAu—ZIBu) calculations of DHP is rep-
resented in panel (b) of Fig. 8, indicated by the black solid line,
and the result is compared with the available experimental spec-
trum reproduced from Ref. 36 in panel (a) of Fig. 8. Four distinct
absorption bands are obtained in accordance with the existence of
well-separated PECs (cf. Fig. 2) and weak intrastate couplings (cf.
Table III), as discussed above. In addition, the estimation of the
energetic locations of the CIs and state minimum (cf. Table VI)
indicates significant energy gaps between the Cls and the minimum
of the upper electronic state, except the energy gap between the
1'A,-1'B, CI and energy minimum of the 1' B, state. The combined
effects of the moderate interstate couplings between 1'A, and 1'B,
states (see Table V) and the low energy gap between the 1'4,-1'B,
CI and energy minimum of 1'B, state (cf. Table VI) initiate the
non-adiabatic effects between these states. This causes the electronic
population flow between these states (cf. Fig. S9 of the supplemen-
tary material). A moderate interstate couplings exist between the
other states of DHP, but the existence of a high energy gap between
the CI and the energy minimum of the upper state prohibits the non-
adiabatic effects between the other states of DHP. That is why, one
cannot find the electronic population flow between the other states
of DHP.

It can be seen from our previous FC_Class [see Fig. 2(a) in
Ref. 36] and nuclear ensemble (NE) (see Fig. 5 in Ref. 36) simu-
lations that the hump of the second absorption band of DHP (i.e.,
llAg — 1'B, electronic transition) was not generated as one can
find it in the experimental observation [see Fig. 1 in Ref. 36 and
Fig. 8(a)], while the previous FC_Class [see Fig. 2(a) in Ref. 36] sim-
ulations of the third absorption band of DHP (i.e., llAg —=2'A,
electronic transition) were not in order to the experimental obser-
vation [see Fig. 1 in Ref. 36 and Fig. 8(a)] with regard to hump
generation, and NE simulations of the same absorption band of DHP
showed resemblance with the experimental observation by not gen-
erating the hump. In case of a fourth absorption band of DHP (i.e.,
1'A ¢ 2' A, electronic transition), NE simulations did not produce
any hump, while FC_Class simulations produced one hump, which
was in partial resemblance with the experimental observation of two
humps of the corresponding absorption band. In this context, the
comparison of our calculated absorption spectra [cf. Fig. 8(b)] in the
present study and the experimental findings of Ref. 36 indicates a
quite good accordance, specially concerning the shape of the spectra.
The vibronic simulations of the present study produce the hump of
the second absorption band, while those produce the third absorp-
tion band without hump. On the other hand, the present vibronic
simulations also produce one hump in the fourth absorption band
of DHP.

It is expected that the good agreement of the present vibronic
simulations with the experimental observations of the absorption
band of DHP occurs due to the consideration of the non-adiabatic
effects in the present study. In order to confirm our hypothesis, we
simulate the absorption spectra of DHP, including only the totally
symmetric vibrational modes, which are included in the coupled
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state calculation, and the result of this calculation is represented
in panel (b) of Fig. 8, indicated by a red dashed line. The super-
imposition of these two spectra, adiabatic (red dashed line) and
coupled (black solid line), indicates that the non-adiabatic effects
play a very minor role in the simulation of the absorption spectra
of DHP. The present findings are also in accordance with our previ-
ous findings of FC_Class’® simulations, especially for 1'Ag — 2'A,
electronic transition.

In contrast to the DHP, the dynamics of CPD is likely to be
more affected by non-adiabatic coupling. The interstate couplings
between the 1'B, and 1'B; and 2'B; states (cf. Table V) and the
intrastate couplings of the 1'B, (cf. Table 1V) state of CPD are
quite high. Therefore, we have seen that the topology of the bright
1'B, state is highly affected by the presence of the energetically
close optically dark 1'B, and 2'B, states (cf. Fig. 4 and Fig. S3
of the supplementary material). We first consider the absorption

00
Timeé (fs)

(e)

spectra obtained from the nuclear dynamics without oscillator-
strength weighting both on the coupled and on the uncoupled states
of CPD in Fig. S10 of the supplementary material, indicated by
the black solid line and red dashed line, respectively. The elec-
tronic population flow between states is shown in panels (d) and
(e) of Fig. 8 when the initial WP is put on the 1'B, and 2'B, state,
respectively. The absorption spectra shown in Fig. S10 of the supple-
mentary material indicate a spectral broadening of the first coupled
absorption band (specially at the 280-320 nm and near 400 nm)
as compared to the spectrum obtained from uncoupled formalism.
This might occur due to the non-adiabatic decay of the electronic
population of the 1' B, state toward its adjacent optically dark states
[cf. panel (d) of Fig. 8]. The spectral broadening of the second cou-
pled absorption band of CPD, specially the 2'B, band, occurs due
to the electronic population transfer from the 2! B, state to the 1' A,
state, as shown in panel (e) of Fig. 8. The quasi-degeneracy of the
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1'4A,-2'B, CI and the minimum of the 2'B, state of CPD initi-
ates vibronic energy flow from the 2'B, state to 1'A, state, while
the existence of low interstate couplings between 1'A, and 2'B,
states (cf. Table V) and quite low energetic location of the mini-
mum of the 1'A, state as compared to the energetic location of the
1'4,-2'B, CI (~0.1 V) inhibits the perturbation of the vibronic
levels near the energy minimum of 1'A, state. As a result, an imme-
diate reverse population flow to the 2!B,, state from the 1'4, state
cannot be observed (see Fig. S11 of the supplementary material).
The oscillator-strength weighted calculated absorption spectra of
CPD from the nuclear dynamics on both the uncoupled and cou-
pled surfaces are shown in panel (c) of Fig. 8 with the red and black
line, respectively. The band shape of these spectra is quite differ-
ent from the spectra without including oscillator-strength weighting
presented in Fig. S10 of the supplementary material. The relative
intensity of the first absorption band of CPD at ~350 nm region pre-
sented in panel (c) of Fig. 8 is quite suppressed as compared to the
one presented in Fig. S10 of the supplementary material due to the
approximately 20 time lower oscillator strength (cf. Table I1) of 1' B,
as compared to the oscillator strength of the 21B,, state. As a result,
the difference between the uncoupled and coupled spectra of CPD
represented in panel (c) of Fig. 8 is not prominent. Moreover, the
intensity of the absorption band obtained from 1'A, is totally sup-
pressed by the oscillator-strength weighting due to its very low value
(cf. Table IT). Hence, the contribution to the overall intensity comes
from the 2' B, state for the second band of CPD represented in panel
(c) of Fig. 8.

IV. SUMMARY AND OUTLOOK

The present theoretical study is primarily devoted to the
description of the absorption band structure of the photochromic
DHP/CPD couple employing vibronic coupling theory. This study
is based on the construction of two separate molecular Hamiltoni-
ans for DHP and CPD, including the first four and first five excited
electronic states, respectively. The expansion of the Hamiltonian’s
elements is determined by fits of the analytic form of the potential
to the TD-DFT energy points. The detailed topology of the one-
dimensional adiabatic potential energy curves along totally sym-
metric and non-totally symmetric vibrational modes is examined.
Later, the topological change of the coupled potential energy sur-
faces due to the dual activity of tuning of energy separation between
two electronic states and interstate coupling between those states are
also examined considering the simultaneous presence of totally and
non-totally symmetric vibrational modes. Following the analyses
of the electronic structures, we first calculate the Poisson intensity
distribution of the individual vibrational modes in the individual
electronic states. The main finding of this study is that the Pois-
son intensity is highly distributed among the vibrational levels for
CPD. Later, time-independent calculations on the uncoupled PES,
including the active totally symmetric vibrational modes, indicate
the possibility of vibrational energy flow from the 2'B, state to
the 1'A, state of CPD through 1'A,-2'B, CI. We find that the
results of both the adiabatic and non-adiabatic simulations using
the time-dependent approach are consistent with the four absorp-
tion bands of DHP observed experimentally. In contrast, the present
study shows that the non-adiabatic transitions play a more impor-
tant role for CPD. The coupling between the bright 1'B, state and
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the optically dark 1' By and 2' B, excited electronic states plays a cru-
cial role in the generation of the first band of CPD. On the other
side, the significant population transfer between the 2' B, state and
the 1' A, state occurring via an easily accessible low-lying CI between
these states plays a pivotal role in the formation of the second band
of CPD.

The present study shows that TD-DFT provides a reason-
able electronic structure method for the computation of the excited
states relevant to the absorption properties of the DHP/CPD pho-
tochromic couple, and the simulated absorption bands obtained
from these electronic structures are in good agreement with the
experimental findings. On the other hand, the influence of close-
lying singlet excited states (2'A; and 1'B; for DHP and 2'A, and
24, for CPD) of double electronic excitations in nature is miss-
ing in the present study as standard TD-DFT is not suitable for the
electronic structure calculations of doubly excited states. Moreover,
the influence of pure electronic couplings due to the presence of the
same symmetry states (for example, 1'A,-2'A, and 1'B,-2'B,, cou-
pling for DHP and 1'B,-2'B, and 1'B,-2'B, coupling for CPD) is
also missing from the present calculations. Inclusion of the above-
mentioned effects would require using more sophisticated electronic
structure methods and an extension of the vibronic coupling Hamil-
tonians. Future exciting work could also involve the extension of
such a vibronic coupling Hamiltonian model to study larger ampli-
tude motions of the nuclei involved in the early steps of the DHP to
CPD photoisomerization.

SUPPLEMENTARY MATERIAL

See the supplementary material for the PECs generated from
the simultaneous effects of totally symmetric and non-totally sym-
metric vibrational modes of CPD, a complete set of data regarding
parameters of Hamiltonians of DHP and CPD, the primitive and
SPF basis of dynamical calculations, vibrational quantum numbers,
displacement vectors for normal modes included in the dynamics
of DHP and CPD, assignments for vibronic energy levels, trans-
fer of diabatic electronic population, and absorption bands of CPD
without considering oscillator strengths.
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