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The S1 excited state properties as well as the associated absorption and resonance Raman (RR) spectra
of trans-porphycene are investigated by means of time dependent density functional theory calcula-
tions. The relative magnitude of the Franck-Condon (FC) contribution and of the Herzberg-Teller (HT)
effects is evaluated for both the absorption and RR intensities. The accuracy of the calculated spectra
is assessed by employing different theoretical approximations and by comparing with experimental
data. The obtained results show that Duschinsky effects lead to noticeable modifications in the absorp-
tion intensities but are nearly negligible in the RR spectrum. By contrast, the HT effects are stronger
for the RR intensities compared to the absorption intensities, and these effects significantly improve
the agreement with the experimental RR spectrum. Moreover, the HT effects produce different values
of the RR depolarization ratios, which can be used to quantify the relative importance of the FC and
HT contributions. Generally, it is found that the HT effects have a significant role on the RR spectrum
of trans-porphycene and that their inclusion in the computational scheme is mandatory to accurately
predict the RR intensities. Published by AIP Publishing. https://doi.org/10.1063/1.5023653

I. INTRODUCTION

The spectroscopy of resonance Raman (RR) scattering is a
widely used technique, which has proven to be an excellent tool
for studying the dynamics and structure of molecular excited
states.1–3 Indeed, the RR intensities, which are associated with
the ground state vibrational frequencies, carry specific infor-
mation about the electronic excited states in resonance. In par-
ticular, the enhancement of the RR intensities is directly con-
nected to the geometrical modifications between the ground
state and the excited state4–8 (i.e., displacements). Moreover,
the RR intensities are also determined by the changes of vibra-
tional frequencies and of vibrational modes going from the
ground to the excited state9 (i.e., Duschinsky rotation), by the
vibronic structure arising from the Franck-Condon (FC) fac-
tors10,11 as well as by the relative magnitudes of the electronic
transition dipole moments12,13 and of their derivatives. To
investigate the influence of these parameters, different compu-
tational methodologies were proposed in the literature, which
can be classified into two families. The first type of method is
based on an explicit evaluation of the sum-over-state expres-
sion for the Raman polarizability tensor (see, e.g., Refs. 14–
17), while the second type of method corresponds to a time
dependent approach, which is based on wave packet dynamics
(see, e.g., Refs. 18–23). Within this framework, several stud-
ies have focused recently on the inclusion of Herzberg-Teller
(HT) effects17,22–25 both for the calculation of RR spectra
and for the related spectroscopy of absorption. While the FC
contribution of the scattering is dominant for strongly dipole-
allowed electronic transitions, HT effects are expected to play
a major role for dipole-forbidden or weakly dipole-allowed
transitions.

Porphyrin-related systems form an important class of
compounds, which find applications, e.g., in photodynamic
therapy, photocatalysis, or molecular electronics. Information
on the excited states and about the photophysics of these
compounds can be obtained using absorption and RR spec-
troscopy. Therefore, the interpretation of experimental data
can strongly benefit from accurate calculations of the RR
properties, helping in identifying the origin of the observed
spectroscopic patterns. In particular, the absorption and RR
spectra of porphyrin-based compounds are known to be signif-
icantly influenced by HT effects. For example, Minaev et al.26

and Santoro et al.27 have calculated the absorption spectrum
of the S1 state of free-base porphyrin and have found that HT
effects largely dominate, while the FC contribution is signif-
icantly weaker due to the small transition dipole moment of
the S1 state. Additionally, Ma et al.22 have reported calcu-
lated RR spectra of free-base porphyrin. Similar to absorp-
tion, they found that the RR intensities—assuming resonance
with the S1 state—almost entirely originate from the HT con-
tribution. Moreover, Yang et al.25 investigated theoretically
the absorption spectra of three porphyrin-based compounds
including two metalloporphyrins and an important constitu-
tional isomer of porphyrin, i.e., trans-porphycene28 (Fig. 1).
For this latter compound, they found that the absorption spec-
trum of the S1 state consists of a superposition of FC and
HT contributions. Despite the fact that the properties of trans-
porphycene have been extensively studied experimentally (see,
e.g., Refs. 29 and 30)—especially using absorption or fluores-
cence spectroscopy31,32 as well as RR or surface-enhanced
RR scattering33—the RR properties of this compound were
not yet investigated by theoretical calculations. Therefore, it
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FIG. 1. Structure of the trans-porphycene molecule.

is the aim of this work to give a detailed study of the absorp-
tion and RR spectra and to analyze the role of HT effects. In
particular, trans-porphycene is an excellent system to inves-
tigate a situation in which both FC and HT contributions
have a comparable magnitude. Additionally, this study pro-
vides an assessment of the computational methods to simulate
RR spectra.

The paper is organized as follows: Sec. II presents the
main theory, approximations, and computational methods used
to calculate the absorption and RR spectra. Section III A
describes the excited state properties of the S1 and S2 states.
Section III B reports and discusses the simulation of the
absorption spectrum for the S1 state. Section III C provides an
analysis of the RR intensities. Finally, conclusions are given
in Sec. IV.

II. THEORETICAL AND COMPUTATIONAL METHODS

The theory and methods employed to calculate the absorp-
tion and RR spectra were reported in details in a previ-
ous publication.17 Therefore, only the main expressions and
approximations are summarized in this section.

A. Calculation of resonance Raman cross sections

The differential (for the commonly employed 90◦ scatter-
ing geometry) Raman cross section for a transition between
the initial |i〉 and final |f 〉 vibronic states is given by1,2

dσi→f

dΩ
=

ωLω
3
S

16π2ε2
0c4

1
45

(45a2 + 5δ2 + 7γ2), (1)

where ωL is the frequency of the incident light, ωS is the fre-
quency of the scattered light, and a2, δ2, and γ2 are the three
Raman invariants for randomly oriented molecules, which
depend on the Raman polarizability tensor (αρσ)i→f .

The following approximations are introduced (see
Ref. 17):

(i) The excitation frequency ωL is in close resonance
with a single electronic excited state (e) and only the
“resonant” term in (αρσ)i→f is kept.

(ii) The Born-Oppenheimer and harmonic oscillator
approximations are employed.

(iii) The electronic transition dipole moment is expanded
in a Taylor series at the ground state geometry. The
expansion is truncated after the linear term.

Under approximations (i)-(iii), the RR polarizability ten-
sor for a fundamental transition from the electronic and vibra-
tional ground state |g0〉 to the vibronic state |g1n〉 can be
written in the form(
αρσ

)
g0→g1n

=
1

~
√

2

{
(FC)RR

e + (FC/HT )RR
e + (HT )RR

e

}
,

(2)

where (FC)RR
e , (FC/HT )RR

e , and (HT )RR
e are the FC, the

FC/HT, and the HT contributions of the excited state (e) to
the RR polarizability tensor, respectively. The FC contribution
involves a product between the components of the transition
dipole moment µρ evaluated at the ground state geometry,
the FC/HT contribution involves products between µρ and its
derivatives (µρ)′l with respect to the normal coordinates ql, and
the HT contribution involves products of the type (µρ)′l (µρ)′l′
(see Ref. 17).

This formulation requires the calculation of FC overlap
integrals between the ground state (g) and the excited state
(e) in the harmonic approximation. In the general case, in
which the ground and excited states have different equilib-
rium geometries, different vibrational frequencies, and differ-
ent normal coordinates (i.e., inclusion of Duschinsky rotation
effects), the FC overlap integrals can be computed using recur-
sive relations.34 This approach was applied to both absorption
and RR spectra including or neglecting HT effects (see, e.g.,
Refs. 35, 27, and 16). However, the simplest approximation
to describe the potential energy surfaces (PESs) of the ground
and excited states is to assume that both PESs share the same
normal coordinates (neglecting Duschinsky rotation) and the
same vibrational frequencies. This model is known as the inde-
pendent mode displaced harmonic oscillator (IMDHO) model
and, for several molecular systems, it was shown to provide a
sufficiently accurate reproduction of the RR intensities (see,
e.g., Refs. 36, 10, and 12). In this case, the difference between
the ground and excited state PESs is only determined by the
dimensionless displacements ∆l along the normal coordinates
(l). Within the IMDHO model, the required FC overlap inte-
grals can be computed efficiently using simple recursive rela-
tions.37 Thus, the FC and FC/HT contributions can be written
as

(FC)RR
e = µρµσ∆n {Φe (ωL) − Φe(ωL − ωn)} , (3.1)

(FC/HT )RR
e = µρ (µσ)′n Φe (ωL − ωn) +

(
µρ

) ′
n
µσΦe (ωL)

+
∑

l

{
µρ(µσ)′l +

(
µρ

) ′
l
µσ

} ∆n∆l

2

× {Φe (ωL) − Φe (ωL − ωn) − Φe(ωL − ωl)

+Φe(ωL − ωn − ωl)} , (3.2)
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and the expression for the HT contribution is given in Ref. 17.
ωl is the vibrational frequency of mode (l) and the function
Φe(ωL) is defined as36,38

Φe (ωL) ≡
∑

v

〈θg0��θev〉
2

ωeg + ωv0 − ωL − iΓ
, (4)

where the summation is taken over all the vibrational states of
the electronic excited state (e), 〈θg0��θev〉

2 is a FC factor, and
ωeg and ωv0 describe the electronic and vibrational transition
frequencies, respectively. The damping factor Γ describes a
homogeneous broadening.

Within the so-called simplified Φe function approach,17

the function Φe is approximated by

Φe (ωL) �
1

Ωeg − ωL − iΓ
, (5)

where Ωeg is the vertical transition frequency.
Within the IMDHO model, the displacements can be cal-

culated from the excited state energy gradients evaluated at the
ground state geometry according to

∆l = −
1
ωl

(
∂Ωeg

∂ql

)
0
. (6)

The importance of HT effects can also be quantified by the
depolarization ratio. For an incident linear polarized radia-
tion in the commonly employed 90◦ scattering geometry, the
depolarization ratio is obtained from the Raman invariants
by1

ρl =
3γ2 + 5δ2

45a2 + 4γ2
. (7)

B. Calculation of absorption cross sections

The absorption cross section for transitions from an
initial state |i〉 to an ensemble of final states |f 〉 is given
by

σA (ωL) =
4π2

3c~
ωL

∑
f

∑
ρ={x,y,z }

���
〈
i ���µρ

��� f
〉���

2 Γ

π

1(
ωfi − ωL

)2
+ Γ2

.

(8)

In Eq. (8), ωL is the frequency of the incident light,〈
i��µρ�� f

〉
is a component of the transition dipole moment, and

ωfi ≡
(
Ef − Ei

)
/~ is the Bohr frequency between the initial (i)

and final (f ) states. A homogeneous broadening is described
by a Lorentzian function with a damping factor Γ.

Using the approximations (ii) and (iii) of Sec. II A,
the absorption cross section for a single electronic excited
state can be written as the sum of the FC, FC/HT, and HT
contributions,

σA (ωL) =
4π
3c~

ωL

{
(FC)A

e + (FC/HT )A
e + (HT )A

e

}
. (9)

The explicit expressions for (FC)A
e , (FC/HT )A

e , and (HT )A
e are

provided in Ref. 17.

C. Computational methods

Quantum chemical calculations were performed with the
GAUSSIAN 09 program,39 which provides the structural and
electronic data necessary for the simulation of the absorption
and RR spectra of trans-porphycene. All the calculations were
performed in a vacuum by means of density functional theory
(DFT) and time dependent DFT (TDDFT) using the B3LYP
exchange-correlation functional with the 6-311G(d,p) basis
set. The C2h symmetry of trans-porphycene was maintained
in these calculations. The geometry, harmonic vibrational fre-
quencies, and normal coordinates of the ground state S0 were
obtained by DFT, whereas the vertical excitation energies and
transition dipole moments of the S1 and S2 excited states were
obtained by TDDFT. The geometries and harmonic vibrations
of the excited states were also computed with TDDFT in order
to estimate the adiabatic energies and to investigate Duschin-
sky rotation effects. The calculated frequencies were positive,
confirming that the obtained structures for the S0, S1, and S2

states correspond to minima of the PESs. To correct for the
lack of anharmonicity and the approximate treatment of elec-
tron correlation, the harmonic frequencies were scaled by the
factor 0.97.

A program developed locally is employed to calculate the
RR cross sections and absorption spectra. In particular, this
demands the computation of the geometrical displacements
∆l, derivatives of the transition dipole moment (µρ)′l , and FC
overlap integrals 〈θg0|θev〉. Within the IMDHO model, the dis-
placements were calculated from the gradients [Eq. (6)] as
well as by projecting the difference between the S1 and S0

geometries on the ground state normal coordinates. The lat-
ter displacements were also employed to compute absorption
and RR spectra in association with Duschinsky effects. The
FC overlap integrals were computed from the displacements,
vibrational frequencies, and normal coordinates using recur-
sive relations.34 In each case, a nearly complete convergence
of the FC factor summation was obtained, with a value of∑
v
〈θg0��θev〉

2
> 0.99. The derivatives (∂Ωeg/∂ql)0 and (µρ)′l

were obtained by a two-point numerical differentiation proce-
dure from the vertical excitation energies and transition dipole
moments, which were computed with TDDFT for distorted
structures resulting from the addition or subtraction of a finite
displacement along the normal coordinates to the ground state
geometry. The accuracy of the numerical derivatives was eval-
uated with a Romberg procedure and by comparing numerical
and analytical energy derivatives. The errors arising from the
finite differentiation are estimated to be less than 1%. In the
simulation of the absorption and RR spectra, a value of Γ
equal to 20 cm�1 was assumed to reproduce the experimen-
tal broadening of the absorption spectrum.31 The transition
frequency (i.e., ωeg in the IMDHO model and Ωeg using the
simplified Φe method) was set to the value of 16 012 cm�1,
which corresponds to the experimental origin transition in
the nitrogen matrix.31 The RR spectra were simulated for
an excitation frequency ωL of 16 012 cm�1 in exact reso-
nance with the origin transition and maximum of absorption.
Finally, a Lorentzian function with a full width at half maxi-
mum (FWHM) of 5 cm�1 was employed to broaden the Raman
intensities.
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III. RESULTS
A. Excited states

It is known from experimental data31,40 that, contrary to
porphyrin, the two first singlet excited states, S1 and S2, of
trans-porphycene lie close in energy. Therefore, before inves-
tigating the absorption and RR properties of the S1 state, the
calculated energy positions of the S1 and S2 states are dis-
cussed. The calculated vertical energies, the adiabatic energies,
and the adiabatic energies including the zero-point vibrational
energy (ZPVE) correction are given in Table I, whereas the
associated orbitals and the excited state properties obtained
with different basis sets are reported in the supplementary
material (see Fig. S1 and Table S1). Increasing the basis set
size from a 6-311G(d,p) basis set to a 6-311++G(2df,pd) basis
set has a negligible impact on the excited state properties. For
example, the vertical excitation energies are decreased by at
the most 0.01 eV. Therefore, the 6-311G(d,p) basis set was
employed in the further calculations. In the case of the S1

state, a decrease of 0.14 eV is obtained between the vertical
energy and the adiabatic energy including the ZPVE correc-
tion, whereas a smaller decrease of 0.06 eV is predicted for
the S2 state (see Table I). This difference can be associated
with the larger geometrical variations calculated between the
S0 geometry and the S1 geometry, compared to the variations
obtained between the S0 and S2 geometries (see Fig. S2 of
the supplementary material). The comparison with the exper-
imental adiabatic values measured in the nitrogen matrix31

shows that the theoretical adiabatic energies including the
ZPVE correction are overestimated by 0.11 eV and 0.20 eV
for the S1 and S2 states, respectively. This is a typical accu-
racy for TDDFT energy calculations (see, e.g., Ref. 41), which
is in accordance with the previously reported theoretical ver-
tical energies of trans-porphycene.25 The comparison with
experimental data recorded in the xenon matrix31 or in the 2-
methyltetrahydrofuran solvent40 presents a similar agreement.
Hence, even if slightly overestimated, the predicted energy
separations of 0.11 eV and 0.19 eV between the S1 and S2

states using vertical and adiabatic energies, respectively, are
in agreement with the experimental energy gap of about 0.1
eV. Moreover, the calculated oscillator strengths of 0.128 and
0.196 for the S1 and S2 states, respectively, are in good agree-
ment with the experimental values of 0.12 and 0.16 measured
in the 2-methyltetrahydrofuran solvent.40 Additionally, due to
the C2h symmetry of trans-porphycene, the electronic transi-
tion dipole moments of the S1 and S2 states lie in the molecular

TABLE I. Excited state excitation energies (eV) and oscillator strengths of
trans-porphycene.a

Adiabatic
Vertical Adiabatic + ZPVE

State (eV) (eV) correction (eV) f Expt. (eV)

S1 2.24 2.19 2.10 0.128 1.99b, 1.96c, 1.96d

S2 2.35 2.33 2.29 0.196 2.09b, 2.07c, 2.07d

aCalculations performed in a vacuum [TDDFT/B3LYP/6-311G(d,p)].
bMeasured in the nitrogen matrix at 15K.31

cMeasured in the xenon matrix at 15K.31

dMeasured in the 2-methyltetrahydrofuran solvent.40

plane (see Fig. S3 of the supplementary material). Similar to
porphyrin, in which the transition dipole moments are orthog-
onal due to the D2h symmetry,31 the transition dipole moments
of trans-porphycene are known to be nearly orthogonal.42,43

Indeed, the transition dipole moment of the S1 state is oriented
along the NH–HN direction, whereas the transition dipole
moment of S2 is perpendicular to that direction. In the present
calculations, an angle of 90.09◦ is obtained between both tran-
sition dipole moments. In particular, these results indicate that
the direction and the norm of the S1 state electronic transition
dipole moment are accurately predicted by the theory. This
quantity is important in the determination of the FC and FC/HT
contributions of the absorption and RR spectra, whereas its
derivatives enter the FC/HT and HT contributions.

B. Absorption spectrum for the S0 → S1 transition

In this section, the absorption spectrum for the first singlet
excited state (S1) is simulated. As mentioned in Sec. II C, a
value of Γ equal to 20 cm�1 was employed to reproduce
the experimental broadening, and the adiabatic transition fre-
quency (ωeg) was set to the value of 16 012 cm�1, which
corresponds to the experimental origin transition in the nitro-
gen matrix.31 This is performed to facilitate the comparison
with experimental data. The vibronic structure of the absorp-
tion spectrum was simulated according to Eq. (9). The results
obtained in the FC approximation are presented at the top
of Fig. 2 and made use of three different methods. Within
the IMDHO model, the displacements were calculated from
the energy gradients [Eq. (6)] as well as from the difference
between the S1 and S0 geometries. Additionally, the spectrum
including Duschinsky effects was simulated. The top of Fig. 2
shows that, for all the methods, the spectrum is dominated
by the origin transition. Indeed, the calculated FC factors of
the origin transition have values of 0.618, 0.582, and 0.573
using the energy gradients, the difference between the S1 and
S0 geometries, and by including Duschinsky effects, respec-
tively. This indicates that the changes in geometry between
the S0 and S1 states (i.e., displacements) remain rather moder-
ate. Nevertheless, a complicated vibronic structure, showing
several overlapping bands, is obtained from the origin transi-
tion to about 18 000 cm�1. As can be seen in the top inset
of Fig. 2, the three methods provide rather similar results
in the 16 000-16 500 cm�1 region, whereas larger differ-
ences are obtained between 16 500 and 18 000 cm�1. The
main difference in the 16 000-16 500 cm�1 region concerns a
decrease of the intensities when using displacements obtained
from the difference between the S1 and S0 geometries in
comparison to displacements obtained from the energy gra-
dients. However, in the 16 500-18 000 cm�1 region, this
trend is reversed and, additionally, the Duschinsky effects
are stronger. In particular, more intense bands are found near
17 000 cm�1.

The bottom of Fig. 2 presents the absorption spectra
calculated within the IMDHO model using energy gradi-
ents for the displacements. It is seen that the inclusion of
the FC/HT contribution has a small effect on the spectrum.
This can be related to the fact that the non-zero deriva-
tives of the transition dipole moment ~µ′l are nearly orthog-
onal to the transition dipole moment ~µ (see the Cartesian
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FIG. 2. Top: Comparison between absorption spectra calculated in the FC
approximation. ∆’s obtained from the gradients within the IMDHO model
(gray line),∆’s obtained from the difference between the S1 and S0 geometries
within the IMDHO model (dashed line), and including Duschinsky rota-
tion effects (dotted line). Bottom: Absorption spectra calculated within the
IMDHO model with ∆’s obtained from the gradients. In the FC approxima-
tion (gray line), including FC and FC/HT terms (dashed line), and including
FC, FC/HT, and HT terms (dotted line). The insets show a zoom on the low
intensity bands.

components in Table S2 of the supplementary material).
Because the FC/HT term involves the scalar products ~µ′l .~µ
(see Ref. 17), the effect of this contribution remains small.
However, the HT contribution leads to a strong enhance-
ment of the intensities between 17 000 and 18 000 cm�1.
This enhancement is directly related to the large ~µ′l values
of the modes with vibrational frequencies between 900 and
1600 cm�1 (see Table S2 of the supplementary material).
Indeed, the HT term depends on the scalar products ~µ′l .~µ

′
l′

between the transition dipole moment derivatives (see Ref. 17).
Comparing the top and bottom of Fig. 2 clearly shows that the
HT effects have a much stronger impact on the absorption spec-
trum than Duschinsky effects and effects of different methods
to calculate the displacements. This provides a justification of
the use of the IMDHO model to investigate HT effects.

Figure 3 provides a comparison between the calculated
spectrum of the S1 state and the experimental spectrum
recorded in the nitrogen matrix. The theoretical spectrum
is obtained within the IMDHO model using displacements

FIG. 3. Comparison between the calculated absorption spectrum including
HT effects (green line) and the experimental spectrum31 (black line) measured
in the nitrogen matrix at 15K. The origin transitions (0-0) of the S1 and S2 states
are indicated for the experimental spectrum. The main vibronic transitions are
given for the calculated spectrum of the S1 state.

calculated from the energy gradients and including FC,
FC/HT, and HT contributions, while the experimental spec-
trum reported in Ref. 31 was digitized and plotted on Fig. 3.
The measured spectrum consists of an overlap of the S1

and S2 states with origin transitions at 16 012 cm�1 and
16 894 cm�1, respectively. The calculated spectrum is in
good agreement with the experimental spectrum in the
16 000-16 750 cm�1 region. Indeed, the experimental vibronic
structure is well reproduced and according to the calculations
it originates mainly from the seven totally symmetric modes
υ6, υ7, υ15, υ16, υ20, υ23, and υ29 (see modes in Table S3 of
the supplementary material). In particular, the measured fre-
quencies at 141, 178, 341, 362, 478, 592, and 638 cm�1 can
be assigned to the seven associated fundamental transitions,
whereas the measured frequency at 521 cm�1 is assigned to a
combination of the modes υ7 and υ15. It can also be mentioned
that all the methods, either including or not HT and Duschin-
sky effects, provide a good reproduction of the spectrum in
this wavenumber range (see Fig. 2). Next, the experimen-
tal bands at 16 894 cm�1 and 17 049 cm�1 (i.e., 16 894
+ 155 cm�1) were assigned to the S2 state31 and are, therefore,
not reproduced by the calculations. Nevertheless, the spectrum
including Duschinsky effects (see Fig. 2) indicates that the S1

bands near 17 000 cm�1 are enhanced. Similarly, the theoreti-
cal results reported by Yang et al.25 for the S1 state show that
the inclusion of both Duschinsky and HT effects leads to an
enhancement of the bands near 17 000 cm�1. Therefore, these
results suggest that some contributions of the S1 state might
overlap with the S2 state to produce the experimental bands at
16 894 cm�1 and 17 049 cm�1. Furthermore, the experimen-
tal bands in the 17 200-17 750 cm�1 region were assigned to
a superposition of transitions to the S1 or S2 states.31 In this
respect, the calculations show that the S1 contribution involves
mainly nine fundamental transitions to the totally symmet-
ric modes υ72, υ75, υ78, υ80, υ81, υ83, υ90, υ91, and υ94 (see
modes in Table S3 of the supplementary material) and that
these transitions are strongly enhanced due to HT effects (see
Fig. 2).
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C. Resonance Raman spectra

In this section, the RR spectra obtained for an excitation
frequency ωL of 16 012 cm�1, in exact resonance with the
S1 state origin transition (i.e., maximum of absorption), are
described. A value of Γ equal to 20 cm�1 was used to be con-
sistent with the absorption data and a Lorentzian function with
a FWHM of 5 cm�1 was employed to broaden the calculated
Raman intensities.

The top of Fig. 4 considers the results calculated with
the IMDHO model including the FC contribution and using
displacements obtained either from the energy gradients or
from the difference between the S1 and S0 geometries. Both
methods provide comparable vibrational patterns. However,
the RR intensities calculated from the energy gradients are
larger in the 100–400 cm�1 range, whereas some modes (e.g.,
at 654.0 cm�1 and 1261.9 cm�1) have larger RR intensities
when using the displacements computed from the geometry
difference. The bottom of Fig. 4 presents the spectra calcu-
lated in the FC approximation using displacements computed
from the geometry difference within the IMDHO model and

FIG. 4. Comparison between RR spectra calculated in the FC approximation.
∆’s obtained from the gradients within the IMDHO model (top: gray line),
∆’s obtained from the difference between the S1 and S0 geometries within the
IMDHO model (top: dotted line, bottom: gray line), and including Duschinsky
rotation effects (bottom: dotted line).

including Duschinsky effects. It is seen that the Duschinsky
effects are very weak and that they mainly lead to a small
decrease of the RR intensities in comparison to the IMDHO
model. Therefore, the Duschinsky effect is almost negligible
in the RR spectrum, whereas it produces changes in intensities
and band positions in the absorption spectrum (see Fig. 2). This
behavior can be explained from the fact that the Raman fre-
quencies correspond to the ground state (S0) vibrational modes
(not the excited state modes) and from the fact that the exci-
tation frequency ωL is in resonance with the origin transition,
for which Duschinsky effects in the absorption spectrum are
small. Overall, these results indicate that the IMDHO model
is adequate to reproduce the RR spectrum in resonance with
the origin transition.

The top of Fig. 5 describes the effects of the FC/HT and HT
contributions on the RR spectrum within the IMDHO model
and using displacements computed from the energy gradients.
As Fig. 5 shows, the HT effects lead to a strong enhance-
ment of the RR intensities, in particular, for the vibrational
modes above 1000 cm�1. The enhancement due to HT effects
is larger for the RR intensities than the one obtained for the

FIG. 5. Comparison between RR spectra calculated in the FC approximation
(gray line) and including HT effects (dotted line) with ∆’s obtained from the
gradients. Top: IMDHO model. Bottom: Simplified Φe approximation.
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absorption spectrum. Such a stronger sensitivity of RR inten-
sities to HT effects was already noticed for others compounds
(see, e.g., Refs. 17, 13, and 9). The investigation of the relative
importance of the FC/HT and HT contributions (see Fig. S4 of
the supplementary material) demonstrates that the HT effects
almost entirely originate from the FC/HT contribution, while
the higher-order HT contribution is nearly negligible in the
present case. This is in contrast with the absorption spectrum,
in which the HT contribution is mainly responsible of the HT
effects. However, similar to absorption, the HT effects have a
much stronger impact on the RR intensities than the Duschin-
sky effects and the effects of different methods to calculate the
displacements.

The bottom of Fig. 5 presents the RR spectra obtained
using the simplified Φe approximation. Comparison with the
spectra on the top of Fig. 5 clearly shows that the simplified
Φe method provides very similar results as the IMDHO model.
This concerns both the FC and FC + FC/HT + HT approxima-
tions. In particular, the simplified Φe method perfectly repro-
duces the strong enhancement of the high frequency modes
occurring from HT effects. Therefore, it is seen that neglect-
ing the FC factors in theΦe function [Eq. (5)] has only a minor
effect on the relative RR intensities and that this approxima-
tion is adequate to reproduce the RR spectrum including both
FC and HT effects. It should be mentioned that the good per-
formance of the simplified Φe method relies here on the facts
that the absorption spectrum is dominated by the band at the
origin (i.e., small values of displacements) and that the exci-
tation frequency is in resonance with the origin transition (see
Ref. 17).

Figure 6 provides a comparison between the calculated
RR spectra and the experimental spectrum33 that was recorded
in polycrystalline thin films at an excitation wavelength of
632.8 nm (i.e., 15 803 cm�1) in resonance with the S1

state. The theoretical RR spectra are obtained within the
IMDHO model employing displacements calculated from the

FIG. 6. Comparison between calculated RR spectra, in the FC approximation
(gray line), including HT effects (green line), and the experimental spectrum33

(black line) measured in polycrystalline thin film at an excitation wavelength
of 632.8 nm. In the calculated spectra, a Lorentzian function with a FWHM
of 20 cm�1 was employed to broaden the RR intensities. The thirty Ag modes
associated with the fundamental transitions are indicated for the calculated
spectrum.

energy gradients and using the FC and FC + FC/HT + HT
approximations, while the experimental RR spectrum reported
in Ref. 33 was digitized and plotted in Fig. 6. To allow an eas-
ier comparison of the relative RR intensities, all the spectra
were normalized with respect to the more intense band, and a
Lorentzian function with a FWHM of 20 cm�1 was employed
to reproduce the experimental broadening. The vibrational fre-
quencies, displacements, transition dipole moment derivatives,
and RR differential cross sections are reported in Table II. As
is clearly seen from Fig. 6, the inclusion of HT effects signif-
icantly improves the agreement with the experimental results.
Indeed, the RR intensities in the 900–1650 cm�1 range are
strongly underestimated when using the FC approximation,
whereas the incorporation of the HT contributions leads to
an enhancement of the bands, which is in better agreement
with the experimental spectrum. The remaining discrepan-
cies between the calculated and measured RR spectra can
be ascribed to environmental effects—which are not taken
into account in the present calculations—and to the intrinsic
accuracy of the computational methods.

The analysis of the data reveals that the calculated RR
spectra result from 30 fundamental transitions (Fig. 6). These
transitions are associated with the 30 lowest totally symmetric
(Ag) modes of trans-porphycene in the 100–1650 cm�1 range
(Table II and Table S3 of the supplementary material). Due to
the C2h symmetry of trans-porphycene, the vibrational modes
with Bg symmetry could have a non-zero Raman intensity
arising from the FC/HT contribution. However, the calculated
transition dipole moment derivatives along these modes are
very small (see Table S2 of the supplementary material), which
leads to negligible RR intensities. The calculated vibrational
frequencies of the Ag modes are compared to experimental
Raman frequencies measured in nitrogen or xenon matrices30

(Table II). A mean absolute deviation of 8.4 cm�1 is obtained
between the theoretical harmonic frequencies (scaled by a fac-
tor of 0.97) and the experimental frequencies, which is a typical
accuracy for B3LYP calculations.

From the comparison between the FC and the FC
+ FC/HT + HT approximations, it is seen that most of the RR
active modes have an intensity arising both from the FC and
FC/HT contributions, which indicates that an accurate predic-
tion of the transition dipole moment (i.e., the calculated norm
is 1.5280 a.u. for S1) together with its derivatives (Table II,
the largest value is obtained for mode υ75 at 0.0599 a.u.) is
required to appropriately reproduce the relative RR intensi-
ties. Nevertheless, several modes also gain RR intensity almost
exclusively from the HT effects (Table II). This is particularly
the case for the modes υ54, υ64, υ65, υ75, and υ94, which have
small values of the displacements and large values of the tran-
sition dipole moment derivatives. Because these modes are
observed in the experimental RR spectrum, it further high-
lights that the inclusion of HT effects is mandatory to properly
describe the RR spectrum of trans-porphycene.

The HT effects can also be quantified through the deter-
mination of the depolarization ratios ρl [Eq. (7)]. Indeed, in
the FC approximation, the depolarization ratios are exactly
equal to 1/3, while the inclusion of HT effects leads to an
increase of the values of ρl. On the one hand, the vibra-
tional modes that are dominated by the FC contribution or
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TABLE II. Vibrational frequencies (ν), displacements (∆), norm of the transition dipole moment derivatives (��~µ′��),
and RR differential cross sections (dσ/dΩ) of trans-porphycene.

ν (cm�1) dσ/dΩ (10�25 cm2)

Mode Cal.a Expt.b ∆ (dimensionless) ��~µ′�� (a.u.) FC FC + FC/HT + HTc

6 144.6 150 0.166 0.0014 19.9 19.6 (0.36)
7 182.0 182 0.527 0.0003 200.0 223.8 (0.33)
15 336.2 342 �0.432 0.0020 131.5 147.9 (0.34)
16 358.9 367 0.208 0.0040 30.3 36.3 (0.38)
20 474.5 482 0.063 0.0009 2.7 3.2 (0.36)
23 591.4 591 �0.144 0.0017 14.0 18.4 (0.34)
29 654.0 667 �0.241 0.0151 38.7 66.3 (0.56)
41 808.1 811 �0.076 0.0009 3.7 3.9 (0.34)
43 855.2 859 0.107 0.0047 7.4 9.5 (0.44)
54 956.5 966 �0.054 0.0198 1.8 24.4 (1.35)
56 961.6 972 0.091 0.0089 5.2 10.6 (0.68)
57 983.0 993 0.132 0.0027 10.9 17.7 (0.33)
60 1042.6 1054 �0.070 0.0014 3.0 4.0 (0.35)
62 1050.7 1062 0.136 0.0039 11.3 18.4 (0.35)
64 1100.1 1116 �0.007 0.0143 <0.1 8.6 (1.99)
65 1147.7 1159 �0.015 0.0236 1.4 22.9 (1.84)
68 1196.3 1200 �0.113 0.0179 7.6 22.1 (0.91)
71 1243.6 1251 �0.246 0.0147 36.0 63.5 (0.42)
72 1261.9 1264 0.214 0.0567 27.2 161.6 (1.17)
75 1315.2 1331

∗

0.009 0.0599 0.1 122.1 (1.87)
76 1332.2 1342 0.229 0.0047 30.5 47.3 (0.33)
78 1357.1 1375 �0.092 0.0308 4.9 40.3 (1.27)
80 1387.1 1398 0.137 0.0349 10.8 41.9 (1.62)
81 1392.8 1408 �0.105 0.0230 6.4 23.5 (1.19)
83 1430.7 1428 0.091 0.0193 4.7 23.3 (0.75)
87 1473.9 1471

∗

0.102 0.0087 6.0 12.0 (0.46)
88 1501.1 1494

∗

0.112 0.0052 7.1 14.2 (0.34)
90 1531.6 1542 0.106 0.0421 6.3 69.6 (1.07)
91 1552.9 1563 0.128 0.0415 9.1 78.0 (0.87)
94 1601.1 1609 �0.048 0.0460 1.3 56.6 (1.90)

aCalculated harmonic frequencies scaled by a factor of 0.97.
bRaman vibrational frequencies30 measured in nitrogen or xenon (indicated by ∗) matrices at 10K.
cDepolarization ratio values are given in brackets.

that show a small HT enhancement have a depolarization ratio
close to 0.33 (Table II). This is particularly visible for the
frequency modes below 600 cm�1 and for several higher fre-
quency modes having small transition dipole moment deriva-
tives. On the other hand, the vibrational modes with larger
values of the transition dipole moment derivatives have much
larger depolarization ratios with values nearly as large as 2.00
for the modes having negligible FC intensity, e.g., modes
υ64, υ65, υ75, and υ94 (see the supplementary material for
an explanation of the boundary values of ρl). Therefore, the
HT effects occurring in trans-porphycene could in principle
be observed through the measurements of the depolarization
ratios.

IV. CONCLUSIONS

The geometries, the vibrational frequencies, the excited
state properties, the vibronic structure in the absorption spec-
trum of the S1 state, and the RR intensities in resonance with
the S1 state have been investigated for trans-porphycene using
different theoretical methods. A particular emphasis has been

put in the evaluation of the HT effects and on their role in the
absorption and RR spectra. An assessment of the theoretical
results was also performed through a comparison with experi-
mental data. It was found that (i) the energy separation between
the S1 and S2 states as well as the norm and direction of the S1

transition dipole moment are accurately predicted by the the-
ory, (ii) the changes in geometry between the S0 and S1 states
(i.e., displacements) remain rather moderate, which leads to a
strong intensity of the origin transition in the absorption spec-
trum, (iii) the HT effects are stronger for the RR intensities
than for the absorption intensities, (iv) the HT enhancement
originates from the FC/HT contribution in the RR spectrum,
whereas the HT effects are dominated by the pure HT contribu-
tion in the absorption spectrum, (v) the effects of Duschinsky
rotation and of different methods to calculate the displace-
ments have a much weaker impact on the absorption and RR
spectra than HT effects, (vi) Duschinsky effects lead to notice-
able modifications in the absorption intensities but are nearly
negligible in the RR spectrum, which provides a validation
of the IMDHO model, (vii) the simplified Φe approximation
gives an excellent reproduction of the RR spectra obtained
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with the IMDHO model, (viii) the simulated absorption spec-
trum is in good agreement with the experimental results in the
16 000-16 750 cm�1 region, and the inclusion of HT effects
significantly improves the agreement between the calculated
and experimental RR spectra, and (ix) the HT effects occur-
ring in the RR intensities of trans-porphycene lead to different
values of the depolarization ratio, which can be used to quan-
tify the relative importance of the FC and FC/HT contributions.
The values of ρl can be in principle obtained from experiment,
which provides an opportunity to measure the magnitude of
HT effects. Generally, it can be concluded that HT effects have
a significant role on the RR spectrum of trans-porphycene and
that their inclusion in the computational scheme is manda-
tory to accurately predict the RR intensities. Finally, com-
parable effects are to be expected for related porphycene-
based compounds, in which structural modifications can be
employed to tune the relative magnitude of the FC and FC/HT
contributions.

SUPPLEMENTARY MATERIAL

See supplementary material for additional details about
the geometries, vibrational modes, excited states properties,
orbitals, RR intensities, and depolarization ratio.
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