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The vibronic profiles of one-photon absorption spectra of dioxaborine heterocycles in gas phase and
solution have been calculated at the Hartree-Fock and density-functional-theory levels. The
polarizable continuum model has been applied to simulate the solvent effect, while the linear
coupling model is used to compute the Franck-Condon and Herzberg-Teller contributions. It is
found that a good agreement between theory and experiment can be achieved when the solvent
effect and electron correlation are taken into account simultaneously. For the first excited
charge-transfer state, the maximum of its Herzberg-Teller profile is blueshifted from that of the
Franck-Condon profile. The shifted energy is found to be around 0.2 eV, which agrees well with the
measured energy difference between two- and one-photon absorptions of the first excited state.
© 2005 American Institute of Physics. �DOI: 10.1063/1.2121590�
I. INTRODUCTION

Charge-transfer organic molecules have attracted consid-
erable attention owing to their excellent characteristics, such
as large third-order nonlinearities, instantaneous response
times, high damage thresholds, ease of processing and struc-
tural modification, and their applicability over a wide range
of wavelengths. Recently, it was found that symmetric
charge transfer from the ends to the middle of the conjugated
systems with donor-acceptor-donor or acceptor-donor-
acceptor arrangements can give rise to large two-photon ab-
sorption cross sections.1–4 Two-photon technology has be-
come increasingly important for many applications. Design
and characterization of new chromophores with even larger
two-photon absorption cross section have been the main
theme of recent theoretical and experimental studies.5,6 How-
ever, among many techniques, one-photon absorption has al-
ways been used as the primary tool to characterize the com-
pounds.

There are two important aspects that should be consid-
ered in the modeling of the one-photon absorption spectra of
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molecules. One is the influence of the solvent on the elec-
tronic and geometrical structures of the charge-transfer com-
plexes since almost all experimental measurements for
charge-transfer organic molecules are carried out in the liq-
uid phase or in solutions. Over the years, many
experimental7–9 and theoretical10–12 studies have been de-
voted to understand these effects. Another issue is related to
the spectral profile of the one-photon absorption spectrum.
The experimental absorption spectra are often vibrationally
resolved and the inclusion of vibronic coupling in the mod-
eling of the spectra becomes essential. A relatively simple
linear coupling model �LCM� has been shown to be very
useful for many cases.13–16 Recently, Dierksen and Grimme15

have calculated the vibronic structures in the electronic spec-
tra of a series of organic molecules based on density-
functional-theory �DFT� methods. In this work, we have
combined several computational approaches to take into ac-
count the solvent effects and vibronic coupling simulta-
neously. We have used Hartree-Fock �HF� and DFT methods
for the electronic and geometrical structures, time-dependent
�TD� HF and TDDFT for the optical excitations, LCM for
the vibronic couplings, and polarizable continuum model

�PCM� for the solvent effects.

© 2005 American Institute of Physics11-1
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The molecular systems used in the calculations are diox-
aborine heterocycles which are 1:1 chelate complexes
formed from enolizable 1,3-diketones and boronic acid de-
rivatives or halogens. The boron atom fixes a negative charge
so the � system of the dicarbonyl ligands is positively
charged, making the group a strong acceptor as evidenced by
a high electron affinity.17 In addition the chromophore con-
taining this acceptor tends to have strong absorption bands,18

high thermal stability, and, in contrast to complexes with
heavy metal ions, a strong fluorescence in solution and in the
solid state.19 In this study we examine the synthesis of com-
pound 1 �as given in Fig. 1� according to the procedures
described previously.20 The compound was obtained in 40%
yield and UV/visible �VIS� had a �max in CH2Cl2 at 431 nm
with a molar absorptivity �=57.500 l mol−1 cm−1.

II. COMPUTATIONAL METHOD

For one-photon absorption, the transition probability can
be evaluated by the oscillator strength which is calculated
from

Wif =
2

3
�if�if

2 , �1�

where �if is the transition energy and �if = �i���f� is the tran-
sition electric dipole moment from the initial state i to the
final state f . If one takes into account both electronic and
vibrational states, the transition electric dipole moment can
be expressed explicitly as

�g�eu = �g����eu� , �2�

where �, u represent the vibrational states of the electronic
states g and e, respectively. Applying the Born-Oppenheimer
adiabatic approximation to the above formula, one has

�g�eu = ����ge
e �Q��u� , �3�

where �ge
e �Q� is the electronic part of the transition dipole

moment, which can be expanded in the normal modes:

�ge�Q� = �ge
e �Q�0 + �

a

��ge
e

�Qa
Qa + . . . . �4�

If taking only the first two terms of the expansion into ac-

FIG. 1. Structure of compound 1 in DCM solution optimized with the
B3LYP/PCM method.
count and submitting them into Eq. �3�, one will get
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�g�eu = �ge
e �Q�0���u� + �

a

��ge
e

�Qa
���Qa�u� . �5�

Here the first and second terms give the Franck-Condon �FC�
and Herzberg-Teller �HT� contributions, respectively, to the
one-photon absorption.

In this work, the linear coupling model is applied which
assumes that both excited and ground electronic states have
the same harmonic potential-energy surface curvatures but
are mutually displaced. The displacement da of a normal
mode a in the excited-state potential-energy surface is pos-
sible to be obtained from the gradient Ga of the excited-state
energy ES1,16

da =
Ga

�a
2 , Ga =

�ES1

�Qa
, �6�

where �a is the vibrational frequency of normal mode a.
For a normal mode a, a general expression for the over-

lap between two displaced vibronic states with occupation
numbers ma�na can be written as

�ma�na� = �− 1�na−mae−x/2x�na−ma�/2	ma!

na!
Lma

na−ma�x� , �7�

where x is a dimensionless parameter depending on the dis-
placement da and the vibrational frequency �a as x
=�ada

2 /2�. Lna

ma−na�x� is the associated Laguerre polynomial,

Lma

na−ma�x� = �
r=0

ma na!�− x�r

�ma − r�!�na − ma + r�!r!
. �8�

For ma	na, we have �ma �na�= �−1�ma−na�na �ma�.
The element �ma�Qa�na� can be easily connected with the

element �ma �na� by using the raising and lowering operators
of the initial harmonic oscillator,16

Qa =	 �

2�a
�a† + a� , �9�

�ma�Qa�na� =	 �

2�a
�	ma + 1�ma + 1�na�

+ 	ma�ma − 1�na�� . �10�

For a multimode situation, we need to evaluate the prod-
uct of the single displaced harmonic-oscillator overlap inte-
grals,

���u� = 

a

�ma
��na

u� , �11�

���Qa�u� = �ma
��Qa�na

u�

b�a

�mb
��nb

u� . �12�
The transition dipole moment has finally the form,
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�g�eu = �ge
e �Q�0


a

�ma
��na

u� + �
a

��ge
e

�Qa
�ma

��Qa�na
u�


b�a

�mb
��nb

u� .

�13�

In this work, the vibronic profiles of the one-photon absorp-
tion spectrum of compound 1 in dichloromethane �DCM�
solvent are calculated using the HF and DFT methods to-
gether with the integral equation formalism polarizable con-
tinuum model �IEF-PCM�.21

It should be noted that the excited-state geometries can
be optimized with various computational methods, for in-
stance, the configuration interaction singles �CIS� �Ref. 22�
approach. With the knowledge of both ground- and excited-
state geometries, the displacement da of normal mode a can
be computed analytically23

da = �xf − xi�M1/2La,f, �14�

where xi and xf are the 3N-dimensional vectors of the equi-
librium Cartesian coordinates in states i and f and M is the
3N
3N diagonal matrix of the atomic masses. La,f is the 3N
vector of the normal coordinates of the vibrational mode a in
terms of mass-weighted Cartesian coordinates.

Previous studies13,14,24 have shown that CIS combining
with TDHF often gives reasonable results. We have em-
ployed RCIS/6–31G* method to optimize the first excited
state of the molecule under investigation. Unfortunately, the
results for compound 1 are found to be in complete disagree-
ment with the experimental spectrum. As we will discuss
later, the electronic structures of compound 1 are very sensi-
tive to the computational methods applied.

The molecular geometries at the ground state are opti-
mized with the semiempirical method Austin Model 1
�AM1� �Ref. 25� and the HF and DFT methods, respectively.
The gradient-corrected DFT methods with BP86 �Refs. 26
and 27� and BLYP �Refs. 26 and 28� functionals, as well as
the hybrid functional B3LYP,28,29 are applied. The excitation
energies of the lowest singlet excited states are calculated

TABLE I. The electronic states of compound 1 calcu
�Eeg in eV�, the corresponding wavelength ��eg in nm
�� in ns�. Different optimized geometries have been
solution is used in the PCM calculations.

Excited

TD Method Geometry Eeg �eg

HF AM1 4.29 288.87
HF HF 4.44 279.45
HF B3LYP 4.28 289.75
B3LYP AM1 3.12 396.89
B3LYP HF 3.02 409.97
B3LYP B3LYP 3.02 409.96
B3LYP B3LYP/PCM 2.68 462.82
BP86 BP86 1.73 717.01
BLYP BLYP 1.74 711.44
HF/PCM HF/PCM 4.16 298.01
HF/PCM B3LYP/PCM 3.99 310.48
B3LYP/PCM HF/PCM 3.14 395.03
B3LYP/PCM B3LYP/PCM 3.04 407.74
using the TDHF and TDDFT methods at the optimized ge-

ownloaded 10 Apr 2013 to 130.207.50.154. This article is copyrighted as indicated in the abstract. 
ometries of different theoretical levels. A summary of differ-
ent combinations examined in this work can be found in
Table I. The gradient Ga of the excitation energy ES1 is cal-
culated numerically. The basis set 6–31G* �Ref. 30� is used
for all the quantum-chemical calculations, which are per-
formed with the GAUSSIAN 03 program.31

III. RESULTS AND DISCUSSION

The molecular structure optimized by the DFT/3LYP-
PCM method in DCM solvent is shown in Fig. 1. The
lengths of the single C–C bond R1 and the double CvC
bond R2 are 1.458 and 1.396 Å, respectively, with a bond
length alternation �BLA� of 0.062 Å. The BLA calculated
with BP86, BLYP, and B3LYP without considering the sol-
vent effect are found to be 0.064, 0.066, and 0.068 Å, re-
spectively, while the HF and HF-PCM give values of 0.078
and 0.074 Å, respectively. It is noted that the inclusion of
DCM solvent and electron correlation reduces the BLA
value. In general, the difference in BLA values obtained
from different DFT methods is quite small.

The excitation energies, oscillator strengths, and radia-
tive lifetimes of the first two excited states calculated with
different geometries are listed in Table I. Within the HF, the
first excited state �S1� is a strong one-photon absorption state,
i.e., a typical charge-transfer state, while the second state
�S2� has a much smaller oscillator strength. The excitation
energy to S1 state is found to be around 4.4 eV for all geom-
etries. It is much larger than the experimental absorption
maximum of the first band, around 2.90 eV.

It is expected that the inclusion of electron correlation
should improve the calculated excitation energies. Indeed,
the TD-B3LYP calculations at geometries optimized at AM1,
HF, and B3LYP levels give a value of 3.12–3.02 eV for the
S1 state, very close to the experimental result. However, the
character of the S1 state from the B3LYP is different from the
HF; its oscillator strength is found to be zero. The second

at different theoretical levels: the excitation energy
e oscillator strength �osc�, and the radiative lifetime
d for different time-dependent methods. The DCM

1 Excited state 2

c. � Eeg �eg osc. �

16 1.08 4.81 257.51 0.00 ¯

20 0.98 5.36 231.38 0.00 ¯

21 1.04 5.12 241.95 0.00 ¯

00 ¯ 3.28 378.31 0.95 2.26
00 ¯ 3.39 365.27 1.01 1.98
00 ¯ 3.30 376.05 1.02 2.08
00 ¯ 3.24 382.40 1.01 2.17
00 ¯ 2.64 468.92 0.02 164.83
00 ¯ 2.65 468.26 0.03 109.58
39 0.96 5.34 232.16 0.28 2.89
40 1.03 5.22 237.46 0.29 2.92
20 1.95 3.82 324.49 0.18 8.77
22 2.04 3.74 331.49 0.19 8.67
lated
�, th
use

state

os

1.
1.
1.
0.
0.
0.
0.
0.
0.
1.
1.
1.
1.
state becomes a charge-transfer state with a large oscillator
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strength. Apparently the B3LYP method has altered the order
of the electronic states of compound 1. To understand this
finding, we have also carried out the calculations using the
gradient-corrected functionals, BP86 and BLYP. The excita-
tion energies of S1 and S2 states become even smaller, around
1.73 and 2.64 eV, respectively, both without oscillator
strength. With these two functionals, the third excited state
becomes the charge-transfer state, whose oscillator strength
is found to be 0.8. These DFT methods seem to fail to
describe the electronic structures of compound 1 in the
gas phase.
ownloaded 10 Apr 2013 to 130.207.50.154. This article is copyrighted as indicated in the abstract. 
We have plotted out the highest occupied molecular or-
bital �HOMO�, HOMO-1, and the lowest unoccupied mo-
lecular orbital �LUMO� obtained from HF, BLYP, and
B3LYP at the corresponding optimized geometries, shown in
Fig. 2 with symmetry assignment. Compound 1 has a sym-
metry close to the C2 group. It is noted that all methods give
the same description for the LUMO �with A symmetry�,
while the character of the HOMO is different between HF
�with B symmetry� and DFT �with A symmetry� methods.
The HOMO from DFT calculations is strongly localized out-
side of the back bond of the molecule, resulting in the zero

FIG. 2. Molecular orbitals, HOMO-1,
HOMO, and LUMO, of compound 1
calculated with different methods on
the corresponding optimized geom-
etries: �a� HF, �b� BLYP, �c� B3LYP,
and �d� B3LYP/PCM. The digit above
each figure is the corresponding or-
bital energy and the character after the
digit is the symmetry of the orbital.

FIG. 3. One-photon absorption spectra of compound 1
in the DCM solution calculated with the TD-B3LYP/
PCM method at the B3LYP/PCM geometry. The
Franck-Condon contribution �A1, B1�, the Herzberg-
Teller contribution �A2, B2�, and the total spectra �A3,
B3� are presented with lifetime broadenings of 0.10 and
0.01 eV, respectively. The experimental spectrum is
shown by the dashed lines.
Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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transition probability going from HOMO to LUMO. The
HOMO-1 from DFT calculations is of symmetry B. Further-
more, the BLYP gives very low orbital energies for the
HOMO and HOMO-1; consequently, very low excitation en-
ergies for S1 and S2 states. The charge-transfer state is attrib-
uted to the transition between orbitals with symmetry A and
symmetry B and possesses very large oscillator strengths.

It is clear that the calculated results for the gas-phase
molecule cannot describe properly the experimental absorp-
tion spectrum of compound 1 in DCM solution. The study of
the solvent effects has thus become relevant. We have opti-
mized the geometry of compound 1 in DCM using the PCM
method at both HF and B3LYP levels. The orbital characters
obtained from HF/PCM are very similar to those in the gas
phase. However, solvent effects have a strong impact on the
molecular orbitals obtained at the B3LYP level. As shown in
Fig. 2�d�, the HOMO from the B3LYP/PCM calculation be-
comes a delocalized orbital, similar to what HF has given.

TABLE II. Frequency, displacement, and Franck-C
calculated with the B3LYP/PCM method.

Mode �a �cm−1� d �a.u.� �E

29 417 −4
36 588 −5
40 643 −3
43 706 2
52 821 −3
57 905 2
60 966 2
67 1051 3
69 1059 5
70 1123 −5
73 1157 1
79 1218 1
82 1309 2
90 1418 −3
91 1463 2
99 1536 12

105 1660 3

FIG. 4. Franck-Condon �solid line� and Herzberg-Teller �dash-dot-dash line�
profiles of the OPA of compound 1 in the DCM solution calculated with the
TD-B3LYP/PCM method at the B3LYP/PCM geometry.
ownloaded 10 Apr 2013 to 130.207.50.154. This article is copyrighted as indicated in the abstract. 
The S1 state becomes a one-photon absorption allowed state.
The TD-B3LYP/PCM calculation gives a value of 3.04 eV
for the excitation energy of the S1 state and 3.74 eV for the
S2 state. Both values fit the maxima of the experimental ab-
sorption bands. The calculated radiative lifetime is 2.04 ns
for S1 and 8.67 ns for S2, respectively.

It is obvious that one needs to model the vibronic pro-
files for the one-photon absorption �OPA� of compound 1 in
order to reproduce the experimental spectrum. We have
simulated the vibronic profiles for the OPA of compound 1 at
different theoretical levels. We start with the B3LYP/PCM
calculations and the results are shown in Fig. 3 with two
different lifetime broadenings, 0.1 and 0.01 eV, respectively.
The calculated total spectrum is found to be in good agree-
ment with the experiment. Due to the vibrational contribu-
tion, the maximum of the spectral profile of the first band
shifted by −0.14 eV from the calculated vertical transition
�from 3.04 to 2.90 eV�. The Franck-Condon and Herzberg-
Teller contributions to the total spectrum are also presented.
It is clear that in the spectral region discussed here, the
Franck-Condon contribution plays a dominant role. Never-
theless, it is interesting to see that the maximum of the
Herzberg-Teller profile is blueshifted by 0.2 eV, with respect
to the maximum of the Franck-Condon profile, as shown in
Fig. 4. Such an observation is relevant to the discussion of
the two-photon absorption spectral profile. For compound 1,
the S1 state is a strong one-photon absorption state, but a
very weak two-photon absorption state. In the case of two-
photon absorption �TPA�, the Franck-Condon contribution is
thus diminished, and the Herzberg-Teller contribution be-
comes important or even dominate. One can thus anticipate
that the maximum of OPA can be different from that of TPA,
which is indeed what the experimental OPA and TPA spectra
have shown. More studies on the vibronic profiles of TPA of
compound 1 are in progress.

In Table II, information about the vibration modes of
compound 1 in DCM with noticeable displacements is given.

n factors of the most important vibrational modes

−1� ��0 �0��2 ��0 �1��2 ��0 �2��2

0.98 0.02 0.00
0.97 0.03 0.00
0.99 0.01 0.00
0.99 0.01 0.00
0.98 0.02 0.00
0.99 0.01 0.00
0.99 0.01 0.00
0.98 0.02 0.00
0.94 0.06 0.00
0.95 0.05 0.00
0.99 0.01 0.00
0.99 0.01 0.00
0.99 0.01 0.00
0.96 0.04 0.00
0.99 0.01 0.00
0.62 0.29 0.07
0.98 0.02 0.00
ondo

�cm

−7
−19
−7
−5

−13
−9

−13
−26
−66
−62
−6
−7

−17
−52
−19

−727
−40
Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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Out of the 123 vibrational modes of compound 1, only less
than 20 modes show considerable energy shifting. One can
find that the 0-0 integral is always close to the value 1, ex-
cept for mode 99 which has the largest energy shift with
respect to the vertical transition. The vibration levels higher
than 2 can be safely neglected. Most of the modes listed in
Table II are related to the C–C stretching in the molecular
back bond. Mode 69 is an exception which involves two
O–B bonds connecting to the molecular back bond.

With the lifetime broadening of 0.01 eV, more vibronic
fine structures can be resolved. As shown in Fig. 3 �A2�, the
highest peak at 2.90 eV is mainly from the 0-0 transition,
while the second highest peak at 3.09 eV comes mainly from
the 0-1 transition of mode 99, which is a C–C stretching
mode in the molecular main axis with a frequency of
1536 cm−1 �0.19 eV�. A small contribution from mode 90
with a frequency of 1418 cm−1 �0.17 eV� is also presented.
The smaller peak at about 3.04 eV is mainly due to the 0-1
transition of mode 70 with a vibrational frequency of
1123 cm−1 �0.14 eV� and mode 69 with a vibrational fre-
quency of 1059cm−1 �0.13 eV�. The 0-2 transition of mode
99 results in another small peak at about 3.28 eV.

The solvent effect on the vibronic profile is clearly dem-
ownloaded 10 Apr 2013 to 130.207.50.154. This article is copyrighted as indicated in the abstract. 
onstrated in Fig. 5, in which the B3LYP results with and
without solvent effects for the strong OPA state of compound
1 are presented. It should be reminded that the strong OPA
state obtained from B3LYP for the gas phase is the S2 state.
Its spectral maximum is located at around 3.25 eV, which is
0.35 eV higher than the experimental result. Furthermore,
the calculated vibronic profile from B3LYP for the gas phase
shows no obvious structures.

It is interesting to examine the performance of HF for
the vibronic profiles. The calculated results for compound 1
in the gas phase and in the DCM solution are shown in Fig.
6. The solvent effect on the vibronic profile is noticeable. It
reduced the relative contribution of the second peak. Al-
though the obtained absolute energy is about 1.3 eV too
high, the overall spectral profile obtained at the HF level
with the inclusion of solvent effect fits the experiment rea-
sonably well.

IV. SUMMARY

It is, to the best of our knowledge, the first time that the
solvent-induced vibronic profile of the one-photon absorp-
tion spectrum of a polyatomic organic molecule has been

FIG. 5. Franck-Condon vibronic OPA spectrum of com-
pound 1 in the DCM solution calculated with TD-
B3LYP/PCM and B3LYP/PCM geometries �A1, A2�
and with TD-B3LYP at B3LYP geometries �B1, B2�.
The lifetime broadenings of 0.1 and 0.01 eV are
assumed.

FIG. 6. Franck-Condon vibronic OPA spectra of com-
pound 1 in DCM solution calculated with the TD-HF/
PCM method at the HF/PCM geometry �A1, A2� and
with the TD-HF method at the HF geometry �B1, B2�.
The lifetime broadenings are assumed to be 0.10 and
0.01 eV, respectively.
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studied using the first-principles methods. We have also pre-
sented a useful computational scheme that can be easily
adopted for similar studies.

We have calculated the vibronic profiles of the one-
photon absorption spectra of compound 1 in the gas phase
and in the DCM solution. Both the Franck-Condon and
Herzberg-Teller contributions to the spectra are analyzed. It
is found that several typical DFT methods fail to provide the
correct description for the HOMO of compound 1 in the gas
phase. With the inclusion of the solvent effect, the B3LYP
method reproduces the spectral profile of the experimental
OPA spectrum for compound 1 in the DCM solution. These
phenomena might be useful for researchers who are inter-
ested in the performance of the DFT functionals. The vi-
bronic profile of the OPA is dominated by the Franck-
Condon contribution. The maximum of the Herzberg-Teller
profile of the first excited state shows an interesting blueshift
with respect to that of the Franck-Condon profile, which
seems to explain the experimentally observed difference be-
tween spectral profiles of one- and two-photon absorptions
of compound 1 in the DCM solution. The vibrational analy-
sis reveals that the C–C stretching modes contribute the most
to the vibronic profile.
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