
This journal is© the Owner Societies 2017 Phys. Chem. Chem. Phys., 2017, 19, 29461--29471 | 29461

Cite this:Phys.Chem.Chem.Phys.,

2017, 19, 29461

Interplay of twist angle and solvents with two-
photon optical channel interference in aryl-
substituted BODIPY dyes†

Md. Mehboob Alam, *a Ramprasad Misra ‡b and Kenneth Ruud a

Channel interference plays a crucial role in understanding the physics behind multiphoton absorption

processes. In this work, we study the role of channel interference and solvent effects on the two-photon

absorption in aryl-substituted boron dipyrromethene (BODIPY) dyes, a class of intramolecular charge-transfer

(ICT) molecules. For this purpose, we consider fourteen dyes of this class with various donor/acceptor

substitutions at the para position of the phenyl ring and with or without methyl (–CH3) substitution on the

BODIPY moiety. The presence of a methyl group on the BODIPY moiety affects the dihedral angle signifi-

cantly, which in turn affects the one- (OPA) and two-photon absorption (TPA) properties of the molecules.

Among the molecules studied, the one having the strong electron-donating dimethylamino group and no

methyl substitution at the BODIPY moiety is found to have the highest TPA cross section. Our few-state

model analysis shows that the large TPA activity of this molecule is due to the all positive contributions

from different channel interference terms. Change in dielectric constant of the medium is found to have a

profound impact on both the magnitude and sign of the channel interference terms. The magnitude of

destructive channel interference gradually decreases with decreasing solvent polarity and becomes construc-

tive in a low-polarity solvent. We also study the effect of rotating the phenyl ring with respect to the BODIPY

moiety on the TPA activity. In the gas phase and in different solvents, we found that channel interference

is changed from destructive to constructive on twisting the molecule. These results are explained by

considering different dipole-, energy- and angle-terms appearing in the expression of a two-state model.

1 Introduction

Of late, studies of two-photon absorption (TPA) properties
of intramolecular charge-transfer (ICT) based molecules have
increased because of their numerous technological applica-
tions, such as in optical switching, optical data storage and
as probes for two-photon microscopy, to name a few.1–6 Several
strategies have been adopted to optimize the TPA in charge-
transfer based molecules, such as altering the strength of donor
and/or acceptor groups and introducing additional donor/
acceptor groups to perturb the charge separation and extend
the conjugation network.7–11 One of the important aspects
of studying TPA is to find molecules with large TPA cross
sections, whereas another is the study of structure–property

relationships to rationalize the physics behind the TPA activity,
enabling one to design novel molecules with desired TPA cross
sections. Boron dipyrromethene (BODIPY) dyes are well known
for their strong absorption and relatively sharp fluorescence
emission with high quantum yields.12,13 It has also been
reported that the absorption and emission properties of BODIPY
dyes can be conveniently tuned by altering the substitution
pattern in the BODIPY framework, which in turn can push their
fluorescence into the near-infrared region. Excellent thermal and
photochemical stability and negligible triplet-state formation are
other advantages of these dyes when designing materials for
technological applications. The molecules investigated here
(Fig. 1) belong to the class of aryl-substituted BODIPY dyes.
Tang and coworkers14 have reported experimental studies of
the ICT processes in this class of dyes. They have also reported
that substitution of the phenyl ring attached to the BODIPY
ring decreases the quantum yield of fluorescence compared
to BODIPY alone. On the other hand, substitution of methyl
groups in the BODIPY moiety of phenyl-substituted BODIPY
restricts the rotation of the phenyl group, leading to an
enhancement of the quantum yield of fluorescence of these
molecules. Although several studies have been devoted to the
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study of charge-transfer properties of BODIPY dyes,14,15 studies of
their TPA activity are scarce. Some experimental and theoretical
studies of TPA in BODIPY and related molecules were recently
reported by Belfield et al.16 and Feng et al.17 The nonlinear optical
(NLO) response properties of aryl-substituted BODIPY dyes were
recently reported18 and it was shown that the charge-transfer
processes in these molecules are mostly unidirectional. From the
molecular orbital pictures of these molecules, it was inferred that
the charge transfer occurs from the donor-substituted aryl ring to
the BODIPY moiety. Substitution of acceptor group either alone or
in conjunction with methyl group substitution in the BODIPY
moiety could alter the charge-transfer pathway. It was also found
that the strength of the donor/acceptor substitution as well as
rotation of the phenyl ring relative to the BODIPY moiety affect
the NLO response properties of these molecules. Apart from
altering the substitution pattern and the solvent, an important
principle when designing molecules with large TPA cross section
lies in a phenomenon called ‘channel interference’. This refers to
the constructive or destructive interference between two optical
pathways for the two-photon transition in a given molecule. The
energies of the involved electronic states and the angle between
two transition dipole moment vectors involved in the process
determine the constructive or destructive nature of the alter-
native pathways. This analysis was first proposed by Ågren and
co-workers19 for two-dimensional systems wherein only two
components of the transition moment vectors are involved.
Alam et al.20–22 proposed a general model that can be used for
any molecule, irrespectively of its dimensionality.

In this contribution, we use the aforesaid analysis tools to study
the one- and two-photon absorption properties of charge-transfer
based dyes (shown in Fig. 1) belonging to the aryl-substituted
BODIPY family. The results are analyzed in terms of a two-state
model. The effect of changing the dielectric constant of the
medium on the one-photon absorption (OPA) and TPA properties
of the most two-photon active aryl-substituted BODIPY molecule
(molecule 3 in Fig. 1) is studied. We have also examined how
changes in the dihedral angle between the aryl and BODIPY
moieties affect the TPA cross section of this molecule.

2 Computational details

The Cartesian coordinates for the gas-phase, ground-state
optimized geometry of all the fourteen molecules are taken
from a recent work by one of the authors18 and correspond to

geometry optimizations at the CAM-B3LYP/6-31+G(d,p) level of
theory. The corresponding solvent phase (CH3CN, CH2Cl2 and
C6H12) ground-state geometries of the most TPA active mole-
cule (molecule 3 in Fig. 1) have been optimized at the same
level of theory using the Gaussian program package.23 The
static (and optical) dielectric constants of the three solvents
CH3CN, CH2Cl2 and C6H12 are, respectively, 36.640 (1.806), 8.93
(2.020) and 2.02 (2.028). We have also performed a harmonic
vibrational frequency analysis of the optimized structures to
verify that all are minima on their respective potential energy
surfaces. The optimized Cartesian coordinates in the solvents
are reported in Tables S1–S3 in the ESI.† 24 The solvent effects
are taken into account using the polarizable continuum model
(PCM) of Tomasi and co-workers.25,26 After geometry optimiza-
tions and frequency analyses, the OPA and TPA properties of all
the molecules are calculated using time-dependent density
functional linear and quadratic response theories using the
CAM-B3LYP functional27 and the aug-cc-pVDZ basis set, as
implemented in the DALTON program package.28,29 Recently,
Leonardo et al.30 reported the TPA cross section of some
disubstituted BODIPY dyes using their theoretical–experimental
studies that revealed that the time-dependent density functional
theory (TD-DFT) results are consistent with the experimental
values. For both the OPA and TPA calculations in the gas phase,
the five lowest singlet-excited states have been considered.
However, for the specific study of molecule 3, the excited state
having the largest TPA cross section is considered. For studying
the effects of rotation of the two parts of molecule 3 on its TPA
cross section, we changed the dihedral angle (y, as shown in
Fig. 1) between the phenyl and BODIPY moieties from 01 to 901
at an interval of 101 and calculated the OPA and TPA properties
for each dihedral angle at the same level of theory. The
geometries of the rotated systems have not been re-optimized.
For the solvent calculations, the non-equilibrium formulation of
the PCM quadratic response theory is used.31,32 In all solvent
calculations, we used atom-centered cavities with the same
radius as that used in the Gaussian program package. The radii
of the cavities on each of the H, B, C, N and F atoms are 1.4430 Å,
2.0415 Å, 1.9255 Å, 1.8300 Å, and 1.6820 Å respectively. Note that
at 401 dihedral angle in the CH2Cl2 solvent, we faced a numerical
problem with the convergence of the quadratic response func-
tion. We circumvented this situation by using a 411 dihedral
angle in place of 401. To study the contributions of different
optical channels to the TPA of molecule 3, we performed
two- and three-state model calculations using the generalized
few-state model expression of Alam et al.20,22 The transition
dipole moment between two excited states, required for few-
state model calculations, is calculated using the double residue
of the quadratic response function,33,34 at the same level of
theory using the DALTON program package.28,29

3 Results and discussion

All the fourteen molecules considered in this work are shown
in Fig. 1. H and –CH3 are used as R-groups, whereas for the

Fig. 1 All fourteen molecules considered in this work. The dihedral angle
used for studying the effect of rotation is shown by the red colored bonds.
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X-group, H, –NH2, –N(CH3)2, –NO2, –CN, –CH3 and –CHO are
used. The presence of a methyl group in the BODIPY moiety
increases the dihedral angle (y) in all these molecules, as is
evident from the data given in Table 1. The value of y is between
501–601 for molecules with R = –H, whereas for those having
R = –CH3, y is around 901. We notice that for the molecules
having R = –CH3, y does not vary on changing the X-group.
However, for those having R = –H, the dihedral angle gradually
decreases with increasing electron-donating power of the
X-group and increases with increasing electron-withdrawing
power of the X-group, as given in Table 1.

3.1 One-photon absorption

The one-photon absorption (OPA) strength of a molecular system
is measured by the dimensionless oscillator strength (d1P), which
is proportional to the square of the transition dipole moment
between the two states involved and proportional to the corres-
ponding excitation energy. Here, we studied the OPA cross
section for a transition from the ground state |S0i to the lowest
five singlet-excited states (|Sii, i = 1, 2, . . ., 5). For a S0 - Si

transition, d1P is given as

d1P ¼ 2

3
o0im20i; (1)

where o0i and m0i are the excitation energy and magnitude of the
corresponding transition dipole moment vector, respectively.

A comparison of the OPA strength of all the fourteen
molecules in gas phase is shown in Fig. 2, while the absorption
energies, the corresponding oscillator strengths and the orbi-
tals involved in the OPA process along with their contributions
are shown in Tables S4 and S5 in the ESI.† 24 The first excited
state of all these molecules has the largest oscillator strength
and in most of the cases is the only one-photon active state
among the five excited states considered. However, in some of
the molecules, there exists a second large one-photon active
state; for instance, the fourth excited state in molecules 2 and 9,
the second excited state in molecules 3 and 7, the third excited
state in molecule 11 and the fifth excited state in molecule 13.
We note that the value of y has a significant impact on the OPA
of these molecules, which in turn is controlled by the size of the
R-group on the BODIPY moiety. For instance, for molecules
having R = –CH3, y is close to 901 and such molecules have a
single dominating one-photon active state. On the other hand,
for molecules with R = –H, the dihedral angle is around 501–601
and for these molecules, there exists a second large one-photon

active state. Furthermore, the molecules with R = –CH3 have
larger d1P values than the molecules with R = –H. An examina-
tion of the S0 - Si excitation energies and the corresponding
transition dipole moments (Fig. 2) indicate that the variation of
the oscillator strength follows the corresponding variation in
transition dipole moments rather than the excitation energies.
There are no significant variations in the excitation energies of
a particular excited state among the molecules considered here.
The orbitals involved in the dominant transitions in all these
molecules are given in the ESI† (Tables S4 and S5).24 We note
that the dominant transitions (i.e., S0 - S1) in all the molecules
with R = –H are short-range local transitions, mainly a rearran-
gement of electron density in the BODIPY moiety. In contrast,
for molecules having R = –CH3, the dominant transitions are a
mixture of both long- and short-range orbital transitions. This
is also consistent with the orbital pictures in ref. 18 and the L
parameter35 provided in the ESI.†

Table 1 Dihedral angle (y) in the gas-phase optimized geometries of all
fourteen molecules studied

R X y (1) R X y (1)

–H –N(CH3)2 �50.50 –CH3 –N(CH3)2 �89.88
–H –NH2 �51.69 –CH3 –NH2 �89.68
–H –CH3 �55.52 –CH3 –CH3 �89.92
–H –H �56.94 –CH3 –H �89.81
–H –CHO �58.33 –CH3 –CHO �90.01
–H –CN �58.47 –CH3 –CN �90.00
–H –NO2 �59.02 –CH3 –NO2 �90.11

Fig. 2 Oscillator strengths, transition dipole moments and excitation
energies for S0 - Si, (i = 1, 2,. . .,5) transitions in all the fourteen molecules
in gas phase.
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3.2 Two-photon absorption

The TPA activity is measured in terms of the TP transition
probability (d2P), which depends on not only the molecular
system, but also the polarization of the incident light. Here, we
studied TPA caused by linearly polarized light. The expression
for d2P in a molecular system when a single beam of linearly
polarized monochromatic light is used is given as36

d2P ¼ 1

15

X
a;b

SaaSbb þ 2S2
ab

� �
; (2)

where the indices a, b represent the Cartesian coordinates
{x,y,z} and Sab is the ab’th component of the two-photon
transition moment S. For S0 - Sf transitions, Sab can be written
as a sum-over-states expression

Sab ¼
X
i

ma0im
b
if þ mb0im

a
if

o0i � o0f =2
; (3)

where maij represents the a’th component of the mij transition
dipole moment vector. Other terms have their usual meanings.
In this work, we will use three different methods to calculate
the value of d2P, viz. quadratic response theory, a two-state and
a three-state model, and we will use d2P

Resp, d2P
2SM and d2P

3SM to
denote which model has been used to calculate d2P.

A comparison of the TPA activity of the first five singlet-excited
states of all the fourteen molecules in the gas phase is shown in
Fig. 3. The vacuum phase TPA data of molecules (1–14) obtained
from the quadratic response theory as well as through two- and
three-state model calculations are reported in Tables S6 and S7 in
the ESI.† 24 To the best of our knowledge, except for molecule 2,
none of the other molecules considered for the present study has
been studied experimentally for two-photon absorption. The
reported experimental37 TPA cross section of molecule 2 is 4 GM,
which is very small and is consistent with our theoretically calculated
value. It is interesting to note that unlike the OPA plot (Fig. 2), the
TPA plot is much less crowded as only a few molecules are found to
have significant TPA cross sections. The TPA cross section of
molecule 3 dominates over all the other 13 molecules. Molecule 7
has the second largest TPA cross section and molecules 11 and 9 are

the third and fourth most TPA-active molecules. The ratios of d2P
Resp

of these four molecules are 1 : 0.50 : 0.19 : 0.13. Molecules 3 and 7 are
structurally similar – molecule 3 has –N(CH3)2 as the X-group,
whereas molecule 7 has –NH2 (Fig. 1). It is interesting to note that
unlike the trend observed for the OPA cross section, the molecules
with R = –H have significantly larger TPA cross sections than those
with R = –CH3. This can be correlated with the synergistic effect of y
and the nature of the X- and R-groups.

3.2.1 Few-state models. To rationalize the large TPA cross
section of molecule 3, we used few-state models,20,22 more
specifically, the two- and three-state models. The few-state model
calculations are based on the generalized few-state model expres-
sion initially developed for TPA by Alam, Chattopadhyaya and
Chakrabarti,20 and then further generalized by Alam, Beerepoot
and Ruud.22 The main feature of the latter22 is that the transition
probabilities can be calculated for any multiphoton absorption
process including any number of intermediate states. One of the
main advantages of the generalized few-state model is that it can
identify which excited states contribute most significantly to the
overall TPA activity of a given system. Furthermore, it describes
the TPA process as a sum of contributions from the interference
of different optical channels. Depending on the transition dipole
moment vectors involved and their relative orientations, these
interferences can contribute constructively or destructively to the
overall TPA activity and hence the model provides a deeper
understanding of the physical process. Nevertheless, one must
keep in mind that few-state models may give misleading results if
the most-contributing states are not included in the calculation.
For this reason it is instructive always to use few-state model
results with reference to some standard methods, such as quad-
ratic response theory. The few-state model expression for the two-
photon transition probability, d2P

FSM, is given as22

d2PFSM ¼ 4

15

X
ij

d2Pij ;

d2Pij ¼
m0imif m0jmjf

o0i � o0f =2
� �

o0j � o0f =2
� �

� cos yif0i cos y
jf
0j þ cos y0j0i cos y

jf
if þ cos y jf

0i cos y
if
0j

� �
;

(4)

where d2P
ij represents the value of d2P due to the interference

between the optical channels S0 - Si - Sf and S0 - Sj - Sf, and
ycd

ab represents the angle between the transition dipole moment
vectors mab and mcd. Note that maa represents the dipole moment of
the ath state. Other terms have their usual meaning. The channel
interference terms involved in the 2SM expressions are given as

Fig. 3 TPA strength of the first five excited states of all the fourteen
molecules in gas phase.

d2P00 ¼
16m200m

2
0f

15o2
0f

2 cos2 y0f00 þ 1
� �

d2P0f ¼ d2Pf 0 ¼ �
16m00m

2
0f mff

15o2
0f

2 cos y0f00 cos y
ff
0f þ cos y ff

00

� �

d2Pff ¼
16m20f m

2
ff

15o2
0f

2 cos2 y ff
0f þ 1

� �
:

(5)
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These four terms also appear in the expression for the 3SM.
There are three additional terms of the same form as d2P

0i , d2P
ii

and d2P
if , with the first and the last ones appearing twice in the

3SM. ‘i’ is here an intermediate state. The quadratic response
and the 2SM results for the first five excited states in all the
fourteen molecules in the gas phase are presented in Table 2.
Note that unlike the 2SM, the 3SM is not unique in the sense
that the latter involves an intermediate state. For example, if we
construct a 3SM for the third excited state and if we have data for
five excited states, a total of four 3SM will be possible with the
first, second, fourth and fifth excited states as intermediates.
Furthermore, each 3SM contains a total of six unique channel
interference terms (i.e., d terms). All these considerations
complicate the analysis and are part of the reason why we do
not present the 3SM results in Table 2. In addition, the 3SM
provides only very minor improvements in the d2P

FSM values
when going from the 2SM to the 3SM. In all these molecules,

the magnitudes of the additional 3SM terms (i.e., d2P
0i , d2P

ii and
d2P

if ) are very small compared to those of the 2SM terms (i.e., d2P
00,

d2P
ff and d2P

0f ). The full few-state model output data can be found
in the ESI.† 24 The results in Table 2 show that the d2P

00 and
d2P

ff terms in many cases have large positive values that are
almost completely compensated by the destructive contribution
from d2P

0f . Let us, for instance, consider the 2SM result for the
first excited state in molecule 5. This molecule contains the
strongest electron-donating group (–N(CH3)2), as is also
the case for the molecule with the largest TPA, molecule 3,
but it shows a very low TPA cross section. For molecule 5, the
contributions from the d2P

00 and d2P
ff terms are 5.440 � 103 a.u.

and 6.600 � 103 a.u., respectively. The total contribution from
these two terms is therefore 12.040� 103 a.u., which is very close
to the highest TPA cross section (d2P

2SM = 15.300� 103 a.u.) among
the fourteen molecules. However, this is largely compensated
by the negative contribution from d2P

0f (�11.984 � 103 a.u.),

Table 2 Quadratic response theory and 2SM results for TPA of the first five excited states in all the fourteen molecules in gas phase. All the d2P values are
reported in orders of 103 a.u.

# d2P
Resp

2SM

# d2P
Resp

2SM

d2P
00 2d2P

0f d2P
ff d2P

2SM d2P
00 2d2P

0f d2P
ff d2P

2SM

1 0.155 2.339 �5.347 3.056 0.048 8 0.168 4.444 �9.819 5.427 0.052
0.198 0.090 �0.190 0.100 0.000 0.002 0.000 0.001 0.001 0.002
0.000 0.201 �0.452 0.254 0.003 0.207 0.167 �0.353 0.186 0.001
0.003 0.000 0.000 0.000 0.000 0.000 0.357 �0.783 0.431 0.004
0.001 0.000 �0.001 0.002 0.001 0.009 0.049 �0.078 0.031 0.002

2 0.217 2.553 �6.013 3.540 0.080 9 0.271 0.015 �0.123 0.244 0.137
0.068 0.195 �0.473 0.287 0.009 0.041 0.001 �0.011 0.027 0.017
0.659 0.049 �0.078 0.031 0.002 0.248 0.001 �0.006 0.016 0.010
1.140 1.642 0.003 0.000 1.645 1.940 0.013 0.499 4.886 5.398
0.089 0.009 0.014 0.006 0.029 2.060 0.000 �0.011 0.162 0.151

3 0.452 6.408 �14.684 8.412 0.136 10 0.163 0.029 �0.059 0.081 0.052
15.300 14.093 6.551 0.762 21.406 0.192 0.001 �0.002 0.002 0.001

0.058 0.434 �1.034 0.615 0.016 0.002 0.000 �0.000 0.001 0.001
0.143 0.846 �2.073 1.271 0.043 0.001 0.001 �0.002 0.005 0.004
0.006 0.103 �0.100 0.024 0.027 0.499 0.000 �0.001 0.901 0.901

4 0.307 0.008 �0.098 0.305 0.215 11 0.254 3.185 �7.456 4.364 0.093
0.004 0.001 �0.009 0.038 0.029 0.068 0.239 �0.577 0.348 0.010
0.000 0.000 0.000 0.000 0.000 2.900 2.081 1.754 0.369 4.204
0.198 0.000 �0.007 0.025 0.018 0.207 0.676 �1.636 0.991 0.030
1.630 0.000 �0.028 0.763 0.735 0.071 0.010 0.012 0.004 0.026

5 0.179 5.440 �11.984 6.600 0.056 12 0.164 2.915 �6.600 3.736 0.051
0.001 0.000 0.000 0.000 0.000 0.202 0.111 �0.235 0.124 0.000
0.215 0.200 �0.420 0.221 0.001 0.000 0.252 �0.564 0.315 0.003
0.001 0.446 �0.979 0.537 0.004 0.002 0.000 0.000 0.000 0.000
0.007 0.095 �0.116 0.035 0.015 0.001 0.000 �0.001 0.002 0.001

6 0.160 0.042 0.008 0.000 0.050 13 0.293 0.839 �2.225 1.550 0.164
0.004 0.000 0.000 0.003 0.003 0.000 0.000 �0.000 0.000 0.000
0.190 0.002 �0.001 0.000 0.001 0.033 0.062 �0.176 0.132 0.018
0.001 0.003 0.000 0.000 0.004 0.242 0.016 �0.052 0.043 0.007
0.484 0.002 0.078 0.792 0.873 1.210 0.508 1.718 2.108 4.335

7 0.351 4.998 �11.480 6.595 0.113 14 0.164 0.552 �1.318 0.818 0.051
7.890 7.016 3.803 0.545 11.365 0.195 0.022 �0.047 0.026 0.001
0.058 0.355 �0.848 0.506 0.013 0.013 0.000 �0.002 0.017 0.016
0.155 0.651 �1.604 0.987 0.035 0.000 0.028 �0.072 0.048 0.004
0.006 0.028 �0.016 0.002 0.015 0.475 0.014 �0.196 0.952 0.769

# represents the molecule’s numbering.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
2:

13
:0

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7cp05679f


29466 | Phys. Chem. Chem. Phys., 2017, 19, 29461--29471 This journal is© the Owner Societies 2017

reducing the overall TPA cross section of the first excited state
in molecule 5 to only 0.056 � 103 a.u. A close inspection of the
transition moments involved and their relative orientations
reveals that for this molecule, all the transition dipole moment
terms involved have relatively large values, m00 = 2.923 a.u., m01 =
2.674 a.u., and m11 = 3.221 a.u., respectively, due to the strong
electron-donating group, and these vectors orient themselves in
such a way that all the cosine terms are positive (cos y11

00 = 1.00,
cos y01

00 = 0.03 and cos y11
01 = 0.03). From eqn (5), it then follows

that d2P
0f becomes negative. This is the case for most of the

molecules considered in this work. Exceptions do exist, such as
the first four excited states in molecule 6, second excited state
in molecule 5, all five excited states in molecules 9 and 10 etc.,
where the low TPA cross section is mainly due to very low values
of the dipole moment vectors. This illustrates that a small TPA
cross section does not necessarily result from the small magni-
tude of the transition dipole moment vectors involved, but also
the relative orientations of these vectors. Optimization of TPA
cross sections thus cannot only focus on maximizing the con-
tributing transition dipole vectors. For the second excited states
in molecules 3 and 7 (the two largest TPA-active systems), all the
d2P terms have positive values and are larger than in any of the
other molecules in the gas phase. The angle terms (the terms
in parenthesis in eqn (5)) are also positive and close to the
maximum value of +3. Furthermore, in molecule 3, the presence
of a strong electron-donating group (–N(CH3)2) makes the dipole
moments involved very large, making the second excited state in
molecule 3 the state with the largest TPA. A pictorial representa-
tion of the different transition moment and dipole moment
vectors in molecule 3 is provided in Fig. S4 of the ESI.†

3.2.2 Solvent effect on TPA process. In the gas phase, the
second excited state in molecule 3 has the strongest TPA cross
section among the five singlet-excited states of the fourteen
molecules studied. The aforesaid result probably arises from a
combination of a strong electron-donating group –N(CH3)2 and
the relative orientations of the involved transition dipole
moment vectors. Therefore, it would be interesting to study
the TPA process in molecule 3 in more detail. In particular, we
will focus on the solvent effect on the TPA process of this
particular state. To do this, we performed quadratic response as
well as few-state model analysis of the TPA process in molecule
3 in three different solvents, viz., C6H12, CH2Cl2 and CH3CN.
The results are presented in Table 3. The highest TPA-active
state of molecule 3 in the gas phase and in C6H12 is the second
excited state, whereas it is the first excited state in the other two
solvents. However, in all the cases, we deal with the same

excited state, confirmed by the nature of the orbitals involved
(Fig. S3 in ESI†).

From the results, it is apparent that there is a significant
increase in the TPA activity of molecule 3 when going from gas
phase to a solvent. However, a small decrease in the TPA cross
section is observed when the solvent is changed from the
moderately polar CH2Cl2 to the highly polar CH3CN solvent
or to the less polar C6H12. This is consistent with the general
observations that the donor–p–acceptor systems show larger
TPA activity in moderately polar solvents as compared with that
in very high or very low-polarity solvents.38–40 The trend of d2P

obtained from the 2SM and 3SM calculations is consistent with
the response theory results. However, the former overestimates the
latter. We notice that the ratio d2P

2SM :d2P
Resp gradually decreases with

increasing solvent polarity. The corresponding ratios in gas phase,
C6H12, CH2Cl2 and CH3CN solvents are 1.399 : 1.373 : 1.309 : 1.292.
When going from 2SM to 3SM, the agreement with the response
theory results improves slightly in gas phase and in C6H12 and
CH3CN. However, the difference between the 2SM and 3SM results
is small, indicating that the terms d2P

0i , d2P
ii and d2P

if (i.e., those
appearing only in the 3SM) contribute little to the overall TPA
activity. For brevity, only the contributions of the terms involved
in the 2SM are shown in Table 3. The full 2SM and 3SM results
are provided in the ESI.† 24 The larger TPA cross section of
molecule 3 in CH2Cl2 than in either gas phase or the other two
solvents can be explained by considering the terms contributing
to the 2SM. It is interesting to note that in both gas phase and in
the three solvents, d2P

00 is the largest contributing term, whereas
d2P

ff has the smallest contribution (Table 3). In all cases, the angle
terms, i.e., the term in parenthesis in eqn (5) are close to the
maximum value of +3. Furthermore, as is evident from Table 3,
m00 in the gas phase is much smaller than in the three solvents
and hence d2P

00 in the gas phase is much smaller than in solvent.
The most interesting result is d2P

0f : in gas phase and in C6H12, d2P
0f

contributes constructively, but in the other two solvents it has
destructive contributions. Interestingly, with the decrease in
polarity of the solvent, the magnitude of destructive contribution
of d2P

0f gradually decreases and becomes constructive in a solvent
with very low polarity. Similar results were reported by Alam
et al.41 for two through-space charge-transfer systems. Molecule
3 is the first through-bond charge-transfer system where a
change in the nature of channel interference is observed with
a change in solvent polarity. As is evident from eqn (5), the
expression for d2P

0f already has a negative sign, and all the terms
except the cosine of the angles are inherently positive quantities.
This clearly reflects that the orientations of the three dipole

Table 3 TPA data for molecule 3 in gas phase and in three solvents, viz. C6H12,CH2Cl2 and CH3CN. All the d2P values are given in the order of 103 a.u. The
m-terms are in atomic units

Solvent d2P
Resp

2SM

d2P
3SM m00 m0f mffd2P

00 2d2P
0f d2P

ff d2P
2SM

Gas phase 15.300 14.093 6.551 0.762 21.406 20.400 3.716 2.090 0.864
C6H12 31.100 30.238 11.399 1.074 42.711 40.282 4.288 2.473 0.808
CH2Cl2 37.000 52.728 �4.367 0.090 48.452 51.900 4.993 2.648 0.207
CH3CN 35.500 60.036 �15.115 0.951 45.872 43.505 5.218 2.670 0.657
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moment vectors (m00, m0f and mff) are such that the corresponding
angle term (the term in parenthesis) is negative in the gas phase
and in C6H12, but is positive in the other two solvents. This is
supported by the calculated values of the cosine of the angle
between dipoles involved. The values of cos yff

00 and cos y0f
00 are

�1.0 in the gas phase and in C6H12 but +1.0 in the other two
solvents. The largest TPA cross section in CH2Cl2 is a result of

the large magnitude of d2P
00 and the small value of the destructive

d2P
0f . Interestingly, the reasons for the decrease in d2P

2SM when
moving from CH2Cl2 to CH3CN and to C6H12 are different. When
moving from CH2Cl2 to the polar CH3CN solvent, the compensa-
tion of d2P

00 by the destructive d2P
0f increases and hence d2P

2SM

decreases. On the other hand, when moving from CH2Cl2 to the
low-polar C6H12 solvent, the magnitudes of the corresponding
dipole moment vectors decrease and hence the corresponding
d2P

2SM is also decreased.
3.2.3 Variation of TPA activity with dihedral angle. Alam,

Chattopadhyaya and Chakrabarti42 studied the effect of
rotating two rings in o-betaine on the relative orientations of
the transition dipole moments, channel interference and hence
the TPA process in the molecule. They42 reported that for a
particular dihedral angle, the TPA activity is maximized. The
present system also has such a dihedral angle, viz. C1–C2–C3–C4
between the phenyl ring and the BODIPY moiety (shown in Fig. 1
as y). In Table 3, we have already seen that there is a change in
the nature of the channel interference when going from gas
phase to a solvent or on decreasing polarity of solvents. These
results make it interesting to study the effect of rotation about y
on the nature and magnitude of channel interference in mole-
cule 3. Fig. 4 shows the variation of d2P

Resp and d2P
2SM with y in gas

phase and in the three solvents. The variation of OPA and TPA
properties of molecule 3 with varying C1–C2–C3–C4 dihedral
angle in the gas phase and in the three solvents is shown in
Tables S8–S11, in the ESI,† 24 respectively. It is interesting to

Fig. 4 Variation of TPA strength of highest TP active excited state in
molecule-3 against the dihedral angle. Solid lines represent ‘‘quadratic
response theory results,’’ whereas dashed lines represent the 2SM results.
The ‘‘+’’ point type represents the gas phase results, whereas *, & and
K point types represent the results in C6H12, CH2Cl2 and CH3CN solvents,
respectively.

Fig. 5 Contribution of different optical channels on TP activity of molecule 3 in gas phase (top left), in C6H12 (top right), CH2Cl2 (bottom left) and in
CH3CN (bottom right).
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note that in gas phase and in C6H12, the variations of d2P are
very slow at the beginning, in particular from y = 01 to y = 501.
Thereafter, there is a rapid decrease in d2P until it reaches a
minimum at y = 901. On the other hand, in the other two
solvents, the variation of d2P is faster at the beginning, increas-
ing significantly when going from a y of 01 to 501. A further
increase in y causes a rapid decrease similar to that observed in
the gas phase and in C6H12. d2P attains a maximum value for y
around 401–501.

To investigate these results in more detail, we considered
the changes in different channel interference contributions and
also that of all the different terms in each of the d2P

ij appearing
in the 2SM expression. We divided the expression of d2P

ij ,
eqn (5), into four parts22

d2Pij ¼ Pij
Dij

Eij
Aij ; (6)

where Pij is the prefactor, which is the same
16

15

� �
for each d2P

ij ,

and Dij is the contribution from the magnitude of the (transi-
tion) dipole moments and hence is named the D-term. Eij and
Aij in eqn (6) are the contributions from the excitation energies
and angle between the transition dipole moments, respectively.

The variations of each of the d2P
ij and that of the total d2P

2SM

with y are shown in Fig. 5. Similarly, the variations of all the D-,
A- and E-terms are shown in Fig. 6–8 respectively. The variations
of different transition dipole moments (m00, m0f and mff) and the

cosine of the angle between them are presented in the ESI†
(Fig. S1 and S2).24 The contributions from different optical
channels involved in 2SM calculations on the two-photon
activity of molecule 3 with varying y are shown in Tables S12
and S13 in the ESI.† 24 Fig. 8 shows that the variations of the
E-terms are the same in gas phase and in the three solvents.
Thus, the variation of d2P

ij is mainly controlled by the D and A
terms. Furthermore, Fig. 7 shows that all the angle terms are
either +3 or �3. Only some of the A0f terms have negative
values. The other two A terms are always positive, as expected
from eqn (5). For 01 r y r 301, in the gas phase and in C6H12,
A0f is positive and for the rest, it is negative. In the other two
solvents CH2Cl2 and CH3CN, A0f is positive only for the ranges
01–401 and 01–501, respectively. The variations of A0f (which is
the only term controlling the sign of channel interference)
indicate a change in nature of the corresponding d2P

0f term
when the molecule is twisted. This is visible in Fig. 5.

After discussing the constructive/destructive nature of
different d terms, let us now discuss their magnitudes. The
variations of different d terms in Fig. 5 show that in both the
gas phase and the three solvents, d2P

00 and d2P
ff are respectively

the largest and the smallest contributing terms. The former
gradually decreases when twisting the molecule, whereas d2P

ff

oscillates. These variations can be explained by considering the
variation of the corresponding transition moments (see Fig. S1
and S2 in ESI†).24 We note that with increase in y, m00 does not
vary much, as compared to m0f. Thus, the large values of d2P

00 are

Fig. 6 Variation of different D-terms involved in 2SM in gas phase (top left), in C6H12 (top right), CH2Cl2 (bottom left) and in CH3CN (bottom right) in
molecule 3. D00 = m2

00m
2
0f, D0f = m00m

2
0fmff and Dff = m2

0fm
2
ff.
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Fig. 7 Variation of different A terms involved in 2SM in gas phase (top left), in C6H12 (top right), CH2Cl2 (bottom left) and in CH3CN (bottom right) in
molecule 3. A00 = 2 cos2 y0f

00 + 1, A0f = 2 cos y0f
00 cos yff

0f + cos yff
00 and Aff = 2 cos2 yff

0f + 1.

Fig. 8 Variation of different E-terms involved in 2SM in gas phase (top left), in C6H12 (top right), CH2Cl2 (bottom left) and in CH3CN (bottom right) in
molecule 3. E00 = DE2

01, E0f = DE01DEf1 and Eff = DE2
f1, where DE01 ¼ �

o0f

2
and DEf 1 ¼

o0f

2
.
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due to the larger values of both m00 and m0f, but its decrease with
increasing y is really due to the drastic decrease in m0f. The
second-most contributing channel interference term is d2P

0f , which
also decreases when the molecule is twisted until it reaches a very
small value at y = 401–501. When increasing y further, first it
slightly increases and then again falls to a very small value. This is
true in both the gas phase and the three solvents. As shown in the
ESI,† 24 mff also shows a similar variation, which indicates that the
oscillation of d2P

0f is due to this dipole moment. For y = 401–501,
all the d terms have moderate, but positive values (or a small
negative value) and hence in this range for the dihedral angle, the
overall d2P

2SM acquires the maximum value.

4 Conclusions

We have studied the channel interference in the two-photon
absorption (TPA) processes in fourteen aryl-substituted BODIPY
dyes using quadratic response theory and generalized few-state
model analysis. We have also studied the effect of twisting of the
aryl ring with respect to the BODIPY moiety, and the polarity of
the medium on the TPA process and channel interference in the
BODIPY dye with the largest TPA activity. The twist angle has been
found to depend on the substituent on the BODIPY moiety as well
as on the nature of the substituent on the phenyl ring. The TPA
activity is found to be strongly affected by the change in the twist
angle. All molecules having a methyl substituent on the BODIPY
moiety have twist angles close to 901 and show very low TPA cross
sections. Only molecule 3 in Fig. 1, having no substituent on the
BODIPY moiety and a strong electron-donating group in the para
position on the phenyl group, shows a large TPA activity, with the
largest TPA cross section obtained for the moderately polar
solvent CH2Cl2. With decreasing solvent polarity, the magnitude
of the only destructive channel interference term (d2P

0f ) gradually
decreases, even changing to a constructive term in solvents of very
low polarity. This is due only to the relative orientations of the
involved transition moment vectors. The channel interference
also changes when the molecule is twisted. Irrespective of
the nature of the solvent, d2P

0f is destructive for small twist angles
(y = 01–501) and constructive for y = 601–901. For small twist
angles, the large and constructive contribution of d2P

00 is largely
compensated by the destructive contribution from d2P

0f . On the
other hand, for large dihedral angles, all terms become very small.
However, for y = 401–501, all the constructive channel interference
terms have moderate values, whereas the destructive one (if any)
has a very small value. The TPA cross section thus achieves its
maximum value in this range of the twist angle.
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