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ABSTRACT

The sum-over-state expressions are derived to calculate the second-order Herzberg-Teller (HT) effects in absorption and resonance Raman
spectroscopies. These effects depend on the second derivatives of the transition dipole moment with respect to the vibrational coordinates.
The method is applied to the molecule of 1,3-butadiene using density functional theory calculations. It is found that the second-order HT
effects are significant for both absorption and resonance Raman intensities, and that the calculated spectra are in good agreement with the
experimental data. The second-order HT effects originate from diagonal elements of the second derivatives matrix, whereas non-diagonal

elements have a negligible impact on the intensities of 1,3-butadiene.
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I. INTRODUCTION

The spectroscopies of absorption and resonance Raman (RR)
scattering are popular and efficient techniques to investigate the
structure, vibrations, and the early dynamics of molecular excited
states. The details and applications of these methods were reviewed
in several papers and textbooks (see, e.g., Refs. 1-4). From the
theoretical point of view, several approaches were developed
to calculate absorption and RR intensities. Some methods are
based on an explicit evaluation of the sum-over-state expression
for the Raman polarizability tensor,”!! whereas other methods
rely on a time dependent approach based on the wave packet
dynamics.'>" '8

In the recent years, different studies have investigated the
impact of the Herzberg-Teller (HT) effects on the intensi-
ties.!1101719-23 The HT effects are not only predominant for
dipole-forbidden transitions, but they can also provide a significant
contribution to the absorption and RR cross sections for dipole-
allowed transitions. For example, the author of this paper investi-
gated the first-order HT effects in trans-porphycene,”* which arise

from the first derivatives of the transition dipole moment. The inclu-
sion of such effects, along with the Franck-Condon (FC) contribu-
tion, is essential to accurately predict the RR intensities of trans-
porphycene. Similarly, the large first-order HT effects were also
observed for other compounds.'®??>?> The HT effects are intro-
duced in the theory by a Taylor expansion of the transition dipole
moment with respect to the vibrational coordinates. Therefore, a
typical issue is whether the first-order term (depending on the first
derivatives of the transition dipole moment) is sufficient to describe
the HT effects or if higher-order terms (depending on the sec-
ond and the higher derivatives) are necessary.”® The present study
addresses this question by extending a previous formalism'! in order
to include the second-order HT effects. The theory is derived within
the frame of the independent mode displaced harmonic oscillator
model, which assumes similar vibrational frequencies and modes
in the ground and excited states. The sum-over-state expressions
of the HT contributions are provided for the cross sections of
absorption and fundamental RR transitions. Finally, the approach
is applied to the molecule of 1,3-butadiene in order to illustrate the
method.
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Il. THEORY

The formalism presented in this section provides expressions
for the calculation of absorption and RR cross sections. It includes
the FC contribution as well as the HT contributions arising from the
first and second derivatives of the transition dipole moment. First,
the main definitions and approximations are summarized. Addi-
tional details concerning these definitions can be found in previous
reports,”!! in which first-order HT contributions were considered.
Then, the final expressions of the different contributions are given
for both the absorption and the RR processes.

A. Main definitions and approximations

The absorption cross section (in SI units) for transitions from
the initial state |i) to an ensemble of the final states |f) is given by

1
o X il s )

f p={xy.z} (wf,-wa) +1I?

UAbs(wL)

where wy. is the frequency of the incident light, {ilu,|f) is a compo-
nent of the transition dipole moment, and wg is the Bohr frequency
between the initial (/) and final (f) states. A homogeneous broad-
ening is described by a Lorentzian function with a damping factor
T.

The Raman differential cross section (for the commonly
employed 90° scattering geometry) for a transition between the
initial |i) and final | f) vibronic states is given by~

doi.; WL}
dQ 167‘[282C4 45
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where wy is the frequency of the incident light, ws is the frequency
of the scattered light, and a?, 8%, and y* are the three Raman invari-
ants for randomly oriented molecules, which depend on the Raman
polarizability tensor (eps), I

(o) = hz{<flup|k><k|ya|>

Wy — wr, — il

il

wkf+wL+zF

where the index k indicates a summation over all the vibronic states
of the molecule.
The following approximations are introduced:*"!

(i) The Born-Oppenheimer and harmonic oscillator approxima-
tions are employed.

(ii) The initial state is the electronic and vibrational ground state,
ie., |¢g)\9go>-

(iii) For the absorption process, the final states are the vibronic
states of an electronic excited state (e), i.e., |¢,)|0ev), where
the index v indicates the associated vibrational quantum num-
bers. For the RR process, fundamental transitions (g0 — g1,)
are considered, i.e., the final state is |¢; ) |01, ), where the index
n indicates the mode number with a vibrational quantum
number equal to 1.

(iv) InEq. (3), the first “resonant” term in the right-hand side will
dominate for an excitation frequency w; in close resonance
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with a set of vibronic states |k) (i.e., wr ~ wy;), while the second
“non-resonant” term is neglected.

(v) The potential energy surfaces (PESs) of the ground and
excited electronic states are described within the so-called
independent mode displaced harmonic oscillator (IMDHO)
model. In this case, the difference between the ground and
excited state PESs is only determined by the dimensionless
displacements A; along the normal coordinates (g,).

The absorption and RR cross sections depend on the transi-
tion dipole moments between the vibronic states. For example, the
transition dipole moment (il [k) can be written as

(ilplk) = (Bol(Pgluaplde) Bev) = (B0l (4p) g |ev)s 4)

where ()
ge

moment between the electronic ground state and the electronic

excited state. (y, )ge depends on the nuclear coordinates and can be

is a component of the electronic transition dipole

developed as a Taylor series,

i I(p)
() = () + ;(a;g)eqql

(Hp)ge
2k RN 5
%:( da0ar Qg (5)

(0)/0a1), » and (az(mge/aqlaqzr)eq
respectively, the electronic transition dipole moment, the first
derivative, and the second derivative of the electronic transition
dipole moment evaluated at the ground state equilibrium geome-
try (denoted by eq). The expansion is performed with respect to the
ground state (g) dimensionless normal coordinates g,. In the present
work, Eq. (5) is truncated after the quadratic term with respect to the
normal coordinates.

In the following, simplified notations are employed for the
electronic transition dipole moment and its derivatives,

where (y, );Z,

bp = (;“p);» (6.1)
3 8(#P)ge
(Mp);:(iaql )eq, (6.2)
” 32(yp)ge
(o) = ( a0 ) . (6.3)

Additionally, the dimensionless displacements for the excited state
(e) are denoted as A; = A,.

The three terms on the right-hand side of Eq. (5) are reported
in Eq. (1) for the absorption and in Eq. (3) for the RR. This leads
in each case to six contributions, which are denoted [pu], [‘uy'],
(6], [ ], [0'6" ], and [ "] The terms [uu], [’ ], and [4'u/']
correspond to the FC, FC/HT, and HT contributions derived in
Ref. 11, respectively. The terms [pp” |, [4'p"' ], and [y ] describe
the contributions arising from the second derivatives of the elec-
tronic transition dipole moment.
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The dependency of the six contributions with respect to the fre-
quency of the incident light w;, is described by the function ®.(wz)
and by the functions A.(wr), Be(wr), and C.(wr). The functions
Ae, Be, and C, are expressed as the linear combinations of the @,
function evaluated at different frequencies (see Sec. I1 D).

The function ®,(w;) is defined as”*’

g0|96v>2
~ Weg + Wyo — wp — il

(De(wL) Z (7)

where the summation is taken over all the vibrational states of the
electronic excited state (e), (9g0|63v)2 is a FC factor, and we; and
wy,o are the Bohr frequencies associated with the electronic and
vibrational energies, respectively.

B. Sum-over-state expressions for the absorption
cross section

By making use of the previous definitions and approximations,
the absorption cross section can be written as

> S{ s + [ 1L

={xy.z}e*g
LT [

The expressions for the different contributions are listed below.
Moreover, the terms are separated with respect to the different
orders for the displacements A;, which are indicated by an additional

UAbS(wL) 380Ch

[#"M"]Abs}. (8)

+[u'p ]p,e e

. s 7 17Abs .
superscript. For example, the contribution [[A U ] . s the sum of the

terms [y'[,t']:tl;s'o (order 0) and [y' ] Abs2 (order 2).
The FC contribution is
Abs
(], = toppIm{@e(wr)}. ©)
The FC/HT contribution is
[’ ] Z#p(#p)zAzIm{Aez(wL)} (10)

The HT contribution is

Abs Abs,0 Abs,2
[#/”/]Pe :[ ’ /]p!e [ ’ /]p)e (1L.1)
with
7 17Abs,0
[W'u ] *Z(MP) (4p)Im{ D, (w1 — @)}, (11.2)
7 17Abs2
[ ]pe ’Z(!‘p)z(ﬂp)z'AzAI'Im{Aelzf(wL)}. (11.3)
The first second-order HT contribution is
Abs Abs,0 Abs,2
("), = L], + ("], (12.1)
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with
Ab:O
[d"],, Zﬂp(#p)lz Im{®c(wr)}, (12.2)
Abs2 1 "
[wd"],. = ZZMP(Hp)ll’AlAl’Im{Ae,l,l’(wL)}- (12.3)
Ly
The second second-order HT contribution is
Abs Abs,1 Abs,3
[HI‘L{’,] _ [‘u’/,l”] +[ 4 /I]p‘e (13.1)
with
7 117Abs,1
[ ] *Z(I"p)l(!"p)ll’Al’Im{Be,l;l’(“)L)}
LA A(e)}, (132)
Ly
Ab53
[‘u'//’] st Z (‘up)l(‘up)lllllAlAllAlr!Im{Ae’Z,lr,lH(wL)}. (13.3)
l l/ Z//
The third second-order HT contribution is
1o Abs 1o prAbs,0 11 117Abs,2 1 117Abs 4
(W] o=l )+ W+ W) e
with
"o AbSO 7"
[u'u ] Z(Hp)zlf(ﬂp)llflm{‘be(m —w - wy)}
(14.2)

+ EZ(ﬂp)fz'(#p)z'f'zflm{@(wL)},
L

|: " //]Abs ,2

pe Z ()i (ptp )it Dy Sy I { By (w1 ) }

l N4

Z () (pp) i A IM{ Ay (1)}, (14.3)
1 Z/ l//

[ Y74 //]Abs,4_ 1

" "
=— : NI\ IANANG
pe o4 l,l’,lz;l”’(yp)ll (#p) v iy A A

X Im{Ae,u,)lu,lm(wL)}. (144)
C. Sum-over-state expressions for the resonance
Raman cross section

By making use of the previous definitions and approximations,
the RR polarizability tensor for fundamental transitions (g0 — g1,)
can be written as

(“Pﬁ)g0—>g1 Z{ [AM po,n.e [M#,]jﬁn,e
e;tg
[ﬂ ZAMES (78 MRS T8
4 [[4”[4”];}2",6}- (15)
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The expressions for the different contributions are listed below.

The FC contribution is

(4] pg e = HptioDrnAcn (L),

The FC/HT contribution is

7171RR,2

,0
28 177 R 177
with

[T e = b (o) @ (01 = @) + (st )t el(@r),

[ Yo =

The HT contribution is

/ /]RR,I

(W e = [0

[ ’ /]RR,S

po,n.e po,n.e

with

[T, =

fzw) (4o) [ A1A e (L)
+ Ezl:(#p)z,(ﬂv);AlBe,n;l(wL)
+ %;(HP);(“U);AYIBe,I;n(wL),

|: / /]RR,3
po,n,e

1
= Z Z (Mp)ll(,ua);/ AnAZAZ’Ae,n,l,Z’ (wL ) .
L

The first second-order HT contribution is

[ypl ]Pane [#Hu]jf’ie + [ //]RR,3

po,n,e

with

1
5 2t (o)1 + (o) o AnA A ().
1

(16)

(17.1)

(17.2)

(17.3)

(18.1)

(18.2)

(18.3)

(19.1)

RR,1
[ ] = fzyp(ya),,,A,Ben,(wL) s zwp) toiAei(w1)

+ ZZ{.”;J(.”U){II + (yp);l'y,,}A,,Ae,n(wL),
1

(19.2)
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RR3 1
[ o = & ot )l + oo Y B A (). (193)
L

The second second-order HT contribution is

|: / //]RR>2 [ / //]RR,4 (201)

(Wi T = [l o+ T T+ (W]
with
W T = lZ(ﬂp)’(ﬂa);'zq)e(wL ~ Wy~ @)
+ Z(Hp)n,(ﬂa)lq’ (wr - wp)
i o o)

1 " !
+ ZZI:(M)” (4o) e(wr — wa),  (202)

/ mRR2 1 , ” p ,
[H “ ]pa,n,e = ZZ{(FP)I(.”‘T)ZI’ + (ﬂp)zy (HU)Z}AHAI’Be,l;n,I'((UL)
L
1
+ gg{w;(yo i+ 2(p) (o Y DD Ay (1)
1
+ g%;{z(‘up);(#”):lll’ + (MP)],II'(.uﬂ):,}AlAl’Be,n;l,l’(a)L)

1
*3 DA )i (o) + (o) (o) My A (L),
L

(20.3)
RR,4 1
(66 e = 16 2 {0 ()i + (a1 (o)}
L

X AnAlAl’Al”Ae,n,l,l’,l"(wl)- (204)

The third second-order HT contribution is

11 11 RR 1 1 RR1 11 111RR3 11 11 RR5
[,Ll v ]pdne = [ ]pzf,n,e + |: ]pa,n,e + [ ]pa,n,e (21'1)
with

RR,1 1 1
[ " ”]pane = 72(‘“‘0 l(,ua)l,r,erlAe,l(wL) + E%;(‘Hp)lll,(,ua);/,[/AnAe,n(CUL) + — Z(Mp) Z(Ha)l,l,/Aere,l;l’(a)L) + g%;(Hp)llll([la);/,nAl'Be’n;l’((UL)
1

+ ZZ(H;:)II{/ (4o )y Ceopnpr (@) + gZ(VP)zy(!"H)zlzlfAﬂ et (@L), (212)

[ [

RR,3
[u” ”]p”e = Z (Up) (o )y iy A A o (L) + — 32, Z { o)y o) i + () oy (o )y Y An N AP Ay (1)

Z (#0) (o )y DDy A B (1) + — 16, Z (#0) (o ) By Ay Ay By (1), (21.3)
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X AnAlAlr Al” Al"’Ae,n,l,l’,l”,l”’ (wL). (214)

D. Definition of the functions A, B, and C

This section defines the functions A., Be, and C. appearing
in the contributions reported in Secs. II A-II C. First, simplified
notations are introduced for the function ®,,

O = O, (wr), (22.1)

o, , =00 - Y @), (22.2)

where I,...,Iy are N mode numbers and @, ; is invariant for
any permutation of the indices Ii, . . ., In.
Using these notations, the A, functions are defined as

Ae,n(wL) =0-,, (23.1)

Agnj(wp) =0 -, — D+ Dy, (23.2)

Ae,n,l,l’ (wL) =0 - (Dn — (Dl - (Dl’ + (Dn,l + ch,l’ + (Dl,l’ — CDn,l,l’:

(23.3)
Ae,,,,l,,,,lu(wL) =0 - (Dn - (D] - (Dl’ — (Dlu + q)n,l + (Dn,l’
+ d)n,l” + ch,l’ + @l,ln + ch/,lH — (Dn,l,l’
=Dy = Qg = Quprr + Qs (23.4)

Aenip iy (w) =@ = Oy = Oy = Op = Opr = Opr + Dy + Dy
+ q)n,l” + CDn,lm + (Dl,l’ + CDZJH + (Dl,l”’ + (Dl’,l”
+ @y + g = @y = Qg = Oy — Dy e
= Dy = Qo = Dy pr = Dy = Do o
= Dp g+ Dy + Qe prr + Py prr

+ (Dn,l',l”,l’” + q)l,l',l”,l’” - q)n,l,l’,l”,l”“ (235)

The A,j,,... 1, (wr) function is invariant for any permutation of the
indices I,. .., In.
The B, functions are defined as

Be)m,(wL) = q)” - (Dn,b (241)

Bepip(wr) = ©@p = @y — Oy + Oy, (24.2)
Be,n;l)l,)lu(a)L) = q)n - (Dn,l - d)n!p — G),,Jn + (Dn,l,l’ + d)n,l,lu

+ O = Oy (24.3)

The B, ,,.. 1, (wr) function is invariant for any permutation of the
indices [;, . . ., In.
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The C. function is defined as

Ce,n,l;l’(wL) = (Dn,l - (I)n,l,l’- (25)

I1l. COMPUTATIONAL METHODS

Quantum chemical calculations were carried out for 1,3-
butadiene with the GAUSSIAN 16 program.”® All the calculations
were performed in a vacuum by means of density functional the-
ory (DFT) and time dependent DFT (TDDFT) using the B3LYP
exchange correlation functional with the 6-311++G(2d,2p) basis set.
The geometry, harmonic vibrational frequencies, and normal coor-
dinates of the ground state Sy were obtained by DFT. The Cy, sym-
metry of 1,3-butadiene was maintained in these calculations. The
obtained frequencies were all positive, confirming that the Sp geom-
etry corresponds to a minimum of the potential energy surface. To
correct the lack of anharmonicity and the approximate treatment of
electron correlation, the harmonic frequencies were scaled by the
factor 0.97. The vertical excitation energies and transition dipole
moments of the S; state were computed by TDDFT. The conver-
gence parameter (Conver = N) on the energy and wavefunction was
set at N = 9. This tight criterion is used for the numerical calcula-
tion of the transition dipole moment derivatives, which requires well
converged values of the transition dipole moments.

Equations (8) and (15) were implemented in a local program
to calculate the absorption and RR cross sections. This necessitates
the computation of the displacements A, derivatives of the tran-
sition dipole moments (,); and (4,);,, and FC overlap integrals
(0g0/0ev). Within the IMDHO model, the displacements were cal-
culated from the excited state energy gradients evaluated at the Sy

geometry according to
1 Qe
m=—4(a g), (26)
eq

w\ 9q

where Q. is the vertical transition frequency. The FC overlap inte-
grals were computed from the displacements using recursive rela-
tions.”” A nearly complete convergence of the FC factors summation
was obtained, with a value of 3,(0g0|0ev)> > 0.999. The first deriva-
tives (0Qe,/ aq,)eq and (), were calculated by a two-point numer-
ical differentiation from the TDDFT transition frequencies and the
transition dipole moments,

(aa@) _ Oq(a)" +2q) - O ()" ~ Aq) @71
81 2Al ’ .
a )., q

(q,"+ Aq) —up(q)" - Aqy)

Y
(.MP); =2 20q,

, (27.2)

where Ag, represents a finite displacement along the normal coordi-
nate g;, which is added or subtracted to the ground state geometry.
Similarly, the second derivatives of the transition dipole moment
were calculated with the finite difference expressions. The diagonal
terms were computed from

1
(up)y = AGidg: [#p(QZeq +Aqr) = 2 + (g, - A‘Zl)]’ (28)
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whereas the non-diagonal terms (i.e., [ # I') were obtained from

(o) = (o (" + A g + Agr)

1
2Aq/Aqy
— (" + Dar) — (g, + Dar) + 2,
~up(q;" - Aqr) = (" - Aqr)
+ yp(qleq - Aqy, qle,q - Aqlr)]. (29)

It can be noted that the numerical calculation of the derivatives
represents the main computational cost of the method, whereas the
evaluation of the expressions for the absorption [Eq. (8)] and the
RR [Eq. (15)] represents only a small fraction of the total computa-
tional cost. The accuracy of the calculated derivatives was checked
by using two different finite displacements (Tables S1-S4) as well
as by extrapolating the transition dipole moment between the So
and S; geometries and comparing the results with the direct TDDFT
calculation at the S; geometry (Table S7).

A value of T equals to 500 cm™"' was employed in the simula-
tion of the absorption and RR spectra. This value reproduces the
experimental broadening of the absorption spectrum.’’ The adia-
batic transition frequency w., was set to the value of 46 200 cm
which corresponds to the experimental 0-0 transition in the vapor
phase.’” The RR spectra were calculated for an excitation frequency
w;, of 46 200 cm™" in exact resonance with the 0-0 transition. Finally,
a Lorentzian function with a full width at half maximum of 5 cm™
was employed to broaden the Raman intensities.

IV. APPLICATION TO 1,3-BUTADIENE

As an example, the theory described in Sec. II is applied to
the molecule of 1,3-butadiene. The absorption and RR properties of
1,3-butadiene have been the subject of several experimental and the-
oretical studies.”>*"* This compound is considered here because
of its small size, which allows the numerical calculation of the sec-
ond derivatives of the transition dipole moment with a reasonable
computational cost. Additionally, experimental data are available in
the vapor phase, which facilitates the comparison between calculated
and measured intensities.

A. Absorption spectra

The first singlet excited state 'B, was calculated with a verti-
cal excitation energy of 5.63 eV. It can be noted that the basis set
dependence is significant for this state and that a large basis set, such
as 6-311++G(2d,2p), should be employed to obtain the converged
TDDFT results. For example, the vertical excitation energy is cal-
culated 0.3 eV higher with the smaller 6-311G(d,p) basis set, i.e., at
5.93 eV. The difference is mainly ascribed to the effects of diffuse
functions in the basis set as described in Hsu et al.’* As a result, the
calculated value with the larger basis set (5.63 eV) is underestimated
by about 0.3 eV in comparison to the experimental absorption max-
imum (5.92 eV) measured in the vapor phase.’"’ This is the typical
accuracy of TDDFT for linear polyene oligomers.*

Figure 1 presents the absorption spectra in the FC approxi-
mation ([¢u]), including the first-order HT effects ([pp] + (1)), the
first- and second-order HT effects ([uu] + (1) + (2)), and the exper-
imental spectrum in the vapor phase. The experimental spectrum
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1.2+
, [pp]
N - - -l + (1)
Ly ANA o el + (@)
B A Expt.

absorption cross section / 10°® cm?

0 T T T T T 1
44000 46000 48000 50000 52000 54000 56000

wavenumber / cm™

FIG. 1. Comparison between the experimental absorption spectrum®’ measured
in the vapor phase (black line) and the calculated spectra in the FC approximation
(gray line), including the first-order HT effects (dashed line) and the second-order
HT effects (blue dotted line). (1) stands for [up'] + [¢'y'] and (2) stands for
L]+ ('] + [ 0],

was digitized from the spectrum reported by Phillips et al.*’ To
correct the TDDFT inaccuracy of the excitation energy, the theo-
retical absorption spectra were calculated with the 0-0 transition
set to the experimental value of 46 200 cm ™. Moreover, the experi-
mental broadening was simulated using a ' equals to 500 cm ™. As
shown in Fig. 1, the inclusion of the first-order HT effects leads to
a small increase of the cross section for the two first bands at about
46 200 and 47 800 cm ™', whereas a small decrease is obtained above
50 000 cm™'. The second-order HT effects have a larger impact
on the spectrum than the first-order contributions, and they gen-
erate a global decrease of the absorption cross section. The vibronic
structure of the experimental spectrum is properly reproduced by
the calculations. Additionally, it is seen that the inclusion of the
second-order HT effects improves the agreement with the exper-
iment regarding the absolute cross section. However, the vibronic
band spacing is slightly overestimated by the theory. This disagree-
ment might originates from the neglect of frequency changes and
Duschinsky mixing between the ground state and excited state vibra-
tions,”"*! as well as from contributions arising from the out-of-plane
torsional motions.***’

Figure 2 describes the effects of different terms composing the
first- and second-order HT effects. The top of Fig. 2 shows that the
first-order HT effects arise from the term [yy'], whereas the [,u'//]
contribution has a negligible impact on the spectrum. Overall, this
difference originates from the large value of the transition dipole
moment in comparison to its first derivatives (4,); (Tables I and

S1-54). Similarly, the bottom of Fig. 2 shows that the term [W‘”]
dominates the second-order HT effects, whereas the [y'y"] and
[//'y"] contributions are nearly negligible in this case.

An investigation of the contributions composing the term
[;4;4"] [Eq. (12.1)] demonstrates that the second-order HT effects
arise almost entirely from the term [[m”]o of order 0 in the displace-

ments (Fig. 3). The term [[4[4”]0 [Eq. (12.2)] has a comparable form
as the FC term [pu] [Eq. (9)], in which the dependency with respect
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FIG. 2. Top: Comparison of absorption spectra calculated in the FC approximation
(gray line), including the first-order term [y’ ] (dashed line) and all the first-order
HT effects (blue dotted line). Bottom: Comparison of spectra for the second-
order HT effects, including the term [pu’"] (gray line), the terms [pu” ] + [p/u”’]
(dashed line), and all the second-order HT effects (blue dotted line). (1) stands for

[up'] + [p'p'] and (2) stands for [’ ] + [/ ] + [u"u"'].

TABLE |. Vibrational frequencies (cm~"), displacements A (dimensionless), first
derivatives (u,);. and diagonal second derivatives (u,), of the transition dipole
moment” (a.u.) for the A; modes below 3000 cm~".

Frequencies
Mode Cal” Expt. A (‘ux); (ﬂy)ll (yx);l' (‘uy)lll'
3 504 510 0.593 -0.013 -0.026 0.001 0.005
6 873 884 -0.025 0.016 0.028 0.001 0.004
12 1193 1203 -0.620 0.026  0.045 0.001 0.005
13 1280 1283 -0.825 0.004 0.019 0.002 0.004
16 1437 1440 0.360 -0.010 -0.034 0.000 0.003
18 1647 1643 -1.629 0.029 0.082 0.004 0.015

“The transition dipole moment has the components g, = —0.610 a.u. and p, = —2.064
a.u. at the Sy geometry.

®Calculated harmonic frequencies scaled by a factor of 0.97.

“Experimental vibrational frequencies measured in the vapor phase.”
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FIG. 3. Comparison of calculated absorption spectra for the second-order HT

effects, including the term [z’’] (gray line) and only the term [uu”’]° of order
0 in the displacements (dashed line).

to the excitation frequency wy, is given by Im{®.(wr)}. The dipole
strength 3 ,_. -y hpthp in the FC term [pu] has a value of 4.632 a.u.,

whereas the corresponding quantity ZP:{X,),,Z}%ZWP(M){{ in the

0 0
term [‘uy"] is equal to —0.763 a.u. As a result, the term [‘uy"] pro-
vides a negative correction to the absorption cross section. The main

contribution in the summation appearing in [yy"]o [Eq. (12.2)]
comes from the A, modes (Table S2). In particular, the A, mode
calculated at 522 cm™ gives a significant contribution because it
has the largest diagonal second derivatives of the transition dipole
moment, i.e., (4x); = 0.144 a.u. and (py); = 0.372 a.u. (Table S2,
Fig. S1).

B. RR spectra

Table I presents the properties of the six Ag vibrational modes
below 3000 cm ™!, while the results for the other modes are reported
in Tables S1-S5. The fundamental RR transitions associated with
these six A; modes are experimentally observed for excitation wave-
lengths in resonance with the 0-0 absorption band.”’ The calculated
vibrational frequencies are in good agreement with the experimental
values, as shown by the mean absolute deviation of 6.2 cm~L. The
displacements and the non-zero components of the first and sec-
ond derivatives of the transition dipole moment are also reported
in Table I. From these values, it is expected that the RR scattering of
the Ay modes is dominated by the FC contribution (i.e., term [pu])
because of the large value of the transition dipole moment in com-
parison to the values of the derivatives (Tables I and S5). Therefore,
the HT effects should appear as corrections to the RR intensities
obtained in the FC approximation.

Figure 4 presents RR spectra calculated for an excitation fre-
quency in resonance with the 0-0 transition. The relative RR inten-
sities in the FC approximation follow qualitatively the values of the
squared displacements as expected from Eq. (16). The inclusion of
the first-order HT effects leads to an increase of the RR intensi-
ties (Fig. 4, top), whereas the further inclusion of the second-order
HT contribution produces a decrease of the RR intensities (Fig. 4,
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FIG. 4. Comparison of RR spectra obtained for an excitation in resonance with
the 0-0 transition in the FC approximation (top: gray line), including the first-order
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(bottom: dotted line). (1) stands for [pu'] + [¢'p’] and (2) stands for [pp’'] +

1, 1

[Wu']+[p"u"].

bottom). This behavior correlates with the changes of intensity
obtained for the first absorption band (Fig. 1). Additionally, mode
18 presents the largest variation of absolute intensity arising from
the HT effects. This is due to the fact that this mode has the largest
displacement as well as the largest first and second derivatives of the
transition dipole moment of all Ag modes.

Figure 5 describes the impact of the different terms composing
the first-order HT effects. Figure 5 (top) shows that, similar to the
absorption, the first-order HT effects in the RR spectra arise from

the term [py']. Figure 5 (bottom) shows that both terms [yy']o and
[m/]z [Eq. (17.1)] contribute to the first-order HT effects.
Figure 6 presents the effects of the different terms composing

the second-order HT effects. In Fig. 6 (top-left), it is seen that the
second-order HT effects originate from the term [uu”]. Figure 6

(top-right) reveals that only the term [yy"]l [Eq. (19.1)] of order
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FIG. 5. Comparison of RR spectra obtained for an excitation in resonance with the
0-0transition, including all the first-order HT effects (top: dotted line), the first-order
term [uu] (gray line), and only the term [’ ]° of order 0 in the displacements
(bottom: dotted line). (1) stands for [pu’] + [u'u’].

1 in the displacements plays a role. Moreover, Fig. 6 (bottom-left)
shows the RR spectrum obtained by including only the diagonal ele-

1

ments of the second derivatives in the term [[zy”] . It is found that
the non-diagonal elements have a negligible effect. This is because
only the non-diagonal elements between Ag modes contribute to the

term [‘uy"]l [i.e., in the two first terms of Eq. (19.2), the summation
runs only over the A; modes because only these modes have non-
zero displacements], and these non-diagonal elements have small
values (Table S5). However, the diagonal elements of all modes

contribute to the term [;4;4"]1 via the third term of Eq. (19.2). In
particular, similar to the absorption spectrum, it is found that the
diagonal second derivatives of the A, mode 4 at 522 cm™ pro-
vide a significant contribution to the RR intensities of the Ag modes
(Table S2 and Fig. S2). Figure 6 (bottom-right) presents a com-
parison between the calculated RR spectrum and the experimental
spectrum in the vapor phase reconstructed from the fundamental
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RR intensities reported in the work of Phillips et al.*’ The calculated
relative RR intensities are in good agreement with the experimental
spectrum. The main discrepancy concerns the relative intensities of
the modes 12 and 13 at 1193 and 1280 cm ™, respectively. Addition-
ally, the total RR cross section’ calculated at 3.3 x 107>’ ¢cm? for an
excitation wavelength of 215.0 nm (i.e., 46 510 cm™") is in general
agreement with the experimental value of 5.1 x 1072 cm?. It can
be noted that this quantity strongly depends on the excitation fre-
quency wr, for example, at an excitation frequency of 46 200 cm ™,
the total cross section is calculated at 4.3 x 107 c¢m?. Further-
more, it can be mentioned that only the fundamental transitions
for the Ag modes are observed in the experiment. This is in agree-
ment with the calculations, in which the Ay, Bg, and B, modes
(Tables S2-S4) have negligible RR cross sections. In particular, the
A, mode 4 at 522 cm ™! can only obtain the RR intensity from terms
involving non-diagonal elements of the second derivatives, which
are calculated to be small. However, the overtone transition of this
mode is observed in the experimental spectrum at 1044 cm™" (i.e., 2
x 522 cm_l), which indicates that the HT effects might contribute to
its intensity.

1”1

1.

V. CONCLUSIONS

In this paper, the sum-over-state expressions described in
Ref. 11 have been extended in order to include the second-order
HT effects. These expressions allow the calculation of the absorption
spectrum as well as the RR cross section for fundamental transitions
within the IMDHO model. The formulas are provided for differ-
ent terms [pu], [pu'), [W'¥'], [wp" ], [W'"], and ["u"], which
depend on the transition dipole moment and of its first and second
derivatives with respect to the normal coordinates. Various contri-
butions are also separated according to the different orders in the
geometrical displacements A;. A first application was presented for
1,3-butadiene. It was found that the calculated absorption and RR
cross sections are in good agreement with the experimental spectra.
Furthermore, the second-order HT effects are significant for both
the absorption cross section and the absolute RR intensities. The
detailed analysis of the different contributions has demonstrated

that the second-order HT effects originate from the term [/,ty"]o

1
in the case of absorption and from the term [Wz"] in the case of
RR intensities. It was also found that the A, modes (in particular
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mode 4) mainly contribute to these terms due to their significant
diagonal second derivatives. Moreover, because the HT effects are a
consequence of non-adiabatic couplings, the large second-order HT
effects of the Ay modes are consistent with the out-of-plane torsional
motions obtained in the excited state non-adiabatic dynamics of 1,3-
butadiene.”®*” However, the non-diagonal second derivatives have
a negligible effect in the case of 1,3-butadiene. If a finite difference
expression is employed to calculate the first derivatives numerically
[Eq. (27.2)], then the diagonal second derivatives can be obtained
with nearly no additional computational cost [Eq. (28)]. Therefore,
the inclusion of the second-order HT effects originating only from
the diagonal second derivatives can be used as a first approxima-
tion to estimate the convergence and importance of the HT effects.
This aspect can be of interest for investigating the HT effects in
larger molecules, for which the calculation of the complete matrix
of second derivatives might be too cumbersome.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional details about the
vibrational modes properties, derivatives of the transition dipole
moment, absorption spectrum, and RR spectrum.
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