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Abstract The electronic excitation transitions of carba-
zole-based oligomers, (Cz-co-Cz)y, (Cz-co-Fl)y and
(Cz-co-Th)y (N = 2-4) were investigated using density
functional theory (DFT) and time-dependent (TD) DFT
methods. Our results show that the calculated ground state
geometries favor a more aromatic, planer structure, while
the electronically excited geometries favor a quinoidic type
structure. Absorption and fluorescence energies have been
obtained from TD-B3LYP/SVP calculations performed on
the S| optimized geometries and are in excellent agreement
with experimental data. The experimental fluorescence
excitation energies for (Cz-co-Cz);, (Cz-co-Fl); «and
(Cz-co-Th)4 (2.76, 2.63, and 2.25 eV, respectively) corre-
spond closely with the predicted S, transitions (2.84, 3.91
and 2.43 eV, respectively). We also report the predicted
radiative lifetimes 0.52, 0.47, and 0.99 ns for (Cz-co-Cz)y,
(Cz-co-Fl)y and (Cz-co-Th)y, discuss the origin of the
small stoke shift of the carbazole based oligomers and the
magnitude of bathochromic shifts. We conclude by dis-
cussing the benefits of theoretical calculations, which can
provide critical structural and electronic understanding of
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excitation-relaxation phenomena that can be exploited in
design of novel optical materials.

Keywords Carbazole-based - Density functional theory -
TDDFT - Radiative lifetimes

1 Introduction

Conducting polymers as light-emitting diodes, field effect
transistors, charge storage devices, photodiodes, sensors,
etc. [1, 2] are currently of interest. In the last year, novel
well-defined 2,7-carbazole-based (Cz) polymers were
synthesized by Leclerc et al. [2-7]. 2,7-Carbazole-based
polymers and derivatives with thiophene, pyrrole, pheny-
lene, and fluorene subunits have been synthesised [8-10],
are currently of both industrial and academic interest
because of their wide-ranging potential in electronic
devices. These novel polymeric materials are stable in air
and soluble in many usual organic solvents. Interestingly,
the absorption and fluorescence spectra of these materials
exhibit significant differences [11-13]. It is found that the
existence of multi-components in the fluorescence decay
profiles of such polymers in the solid state is caused by
several distinct intermolecular n—n* interactions. However,
these interactions are not strong enough to provoke the
appearance of distinct fluorescence bands or even to
increase the bandwidths of the emission bands in solution.
Fundamental understanding on structural and energetic
properties of this kind of copolymers could lead to bene-
ficial knowledge for the design of novel copolymers.
Therefore, it is of interest to compare the absorption and
fluorescence transitions of 2,7-carbazole-based polymers
and its dependence on the structural and the electronic
properties. We are also interested in exploring the
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Fig. 1 Structures and
numbering schemes of a (Cz-
c0-Cz)y and (Cz-co-Fl), and b
(Cz-co-Th)y oligomers
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excitation mechanism since this will affect the pattern of
the emission bands.

In previous studies of carbazole-based molecules [11-
13], calculations were performed using DFT as well as (TD-
DFT) with the B3LYP functional and three basis sets: 6-31G,
6-31G(d) and 6-311G(d,p). However, only ground state
conformational analysis and calculations of the vertical
excitation energies were carried out. From these calcula-
tions, it was reported that the optimized ground state
geometries of oligomers with six-membered heterocyclic
rings copolymers are nonplanar, whereas planar copolymer
structures were found for with five-membered heterocyclic
ring a results of the subtle balance between minimizing steric
repulsion and maximizing electronic conjugation [14].

To increase our understanding of this important polymer
class, we have performed calculations on the excited state
properties of carbazole-based homopolymers and copoly-
mers with fluorene and thiophene substituents (formulas
are given in Fig. 1). In this study, we put particular
‘emphasis on understanding the ground and low-lying
excited states of the carbazole-homopolymer (Cz-co-Cz)y,
carbazole-co-fluorene (Cz-co-Fl)y and carbazole-co-thio-
phene (Cz-co-Th)y oligomers, which are explored by theo-
retical studies. The transitions associated with the
absorption and fluorescence spectra of carbazole-based
oligomers are explored. The fluorescence energies and
radiative lifetimes are also analyzed in an attempt to gain
better, more general understanding of the behavior of such
systems.

2 Computational details
All QM calculations were performed using TURBOMOLE
version 5.7 [15]. All geometry optimizations were per-

formed using TURBOMOLE’s JOBEX program with
generalized internal coordinates and the corresponding
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STATPT module [16]. The ground state and the lowest
singlet excited-state geometries of the carbazole-based
oligomers were optimized by DFT and TDDFT, respec-
tively, using the B3LYP [17-21] functional for the carba-
zole homopolymer (Cz-co-Cz)y, the carbazole-co-fluorene
(Cz-co-Fl)y and the carbazole-co-thiophene (Cz-co-Th)y
oligomers (Fig. 1). The default m’ numerical quadrature
grid [22] was employed in all DFT calculations. The
geometries of carbazole-based analogs were optimized
without symmetry constraints using redundant internal
coordinates and were considered converged if the gradient
was less than 10™% au. In all optimizations, the criterion for
convergence was set to 102 for the energy and 1077 for
the density. To calculate excitation energies and analytic
excited-state gradients, the TD-DFT method was used.
Modules DSCF [22], GRAD, and ESCF [23] have been
used. Sufficiently converged results were obtained with the
valence-double-zeta quality with polarization functions
SVP basis sets in close agreement with many previous
studies; the conclusions are thus not expected to vary upon
further basis set extensions [11-13]. In order to consider
solvent effects on excitation energies, we adopted the
conductor-like screening model (COSMO) [24] with a
dielectric constant of ¢ = 4.8 to simulate the chloroform
solvent and optimized atomic radii (C, 2.00 A N, 1.83 ;\;
0O, 1.72 ;\; H, 1.30 1&) for the construction of the molecular
cavity were used for the calculations of all molecules.
For each oligomer in Fig. 1, the chain lengths studied
varied from dimers to tetramers (N = 1, 2, 3 and 4). The
first five singlet—singlet electronic transitions (Sy — S,)
were calculated for (Cz-co-Cz)y, (Cz-co-Fl)y, and (Cz-co-
Th)y oligomers using the B3LYP/SVP and TD-B3LYP/
SVP methods, respectively. Based on the optimized
geometries of the oligomers, the electronic absorption and
fluorescence spectra were calculated at the DFT and TD-
DFT levels. The absorption and fluorescence excitation
energies were obtained from the ground state and the
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Table 1 Bond torsional angles of oligomers in ground (Sp) and lowest excited state (S;) (in brackets) for the (Cz-co-Cz)y, (Cz-co-Fl), and (Cz-
co-Th)y molecules optimized using B3LYP/SVP and TD-B3LYP/SVP (in parenthesis) methods

o X 9 1 n
N=1 N=2 N=3 N=4
Oligomers Bond torsional angles (°)
o B X 0 ¢ b n
(Cz-co-Cz)n
N=1 140.51
(170.24)
N=2 141.54 141.15 141.56
(155.15) (163.88) (155.03)
N=3 141.94 142.79 142.80 142.76 142.00
(147.13) (155.54) (160.24) (155.39) (146.68)
N=4 141.99 141.58 142.25 143.44 141.88 141.77 141.91
(146.06) (152.82) (159.91) (154.50) (155.69) (148.60) (143.88)
(Cz-co-Fl)n
N=1 142.14
(170.71)
N=2 142.20 142.19 142.30
(156.46) (167.58) (155.39)
N=3 142.53 143.38 142.40 143.21 142.42
(146.86) (157.03) (164.52) (157.34) (148.24)
N=4 142.69 142.60 142.44 141.78 142.66 142.59 143.04
(156.46) (167.58) (155.39) (167.58) (156.46) (167.58) (155.39)
(Cz-co-Th)y
N=1 21.06
(0.01)
N=2 2723 27.41 27.00
(0.02) (0.00) (0.00)
N=3 24.19 24.52 25.67 24.72 25.61
' (0.02) (0.04) (0.02) (0.00) (0.03)
N=4 26.82 25.78 27.81 26.14 27.53 25.49 26.04
(0.00) (0.01) (0.01) (0.00) (0.01) (0.00) (0.02)

All torsional angles are given in degrees. N represents the number of the oligomer units

lowest singlet excited-state optimized geometries. The
fluorescence electronic transitions were calculated as the
vertical de-excitation based on the optimized geometry of
the lowest excited state.

3 Results and discussion

3.1 Ground and excited states structural properties

The chain length dependence on the oligomer torsional
angles (), both at ground and excited state has been

investigated for the carbazole-based oligomers using our
ground state optimized geometries. The torsion angles of
the oligomers are given in Table 1 for the ground (Sp) and
the lowest excited state (S;) for the (Cz-co-Cz)y, (Cz-co-
Fl), and (Cz-co-Th)y molecules.

The optimized structures of carbazole-based oligomers
in the ground states are generally more distorted than the
structures in excited states. We found twisted conforma-
tions with torsional angles (o, f8, ¥, 0, ¢, y and n) around
140° for both Cz-co-Cz-co-Cz and Cz-co-Fl-co-Cz. For Cz-
co-Th-co-Cz, the torsional angles are around 30°, which
means that the syn or cis structure of the copolymerized
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Fig. 2 Computed bond lengths 1.48
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heterocycles ring (thiophene) is energetically more favor-
able than the “trans” conformations [11, 12].

These ground state torsional angles appear independent
the number of oligmer subunits used in the calculations.
Only in the case of (Cz-co-Th)y is the monomer more
planar than the oligomers. On the contrary, the excited
state-torsion angles are more planar than the ground state
geometries with torsional angles around 180° or 0°,
respectively. The differences in the bond torsional angles
between the ground and lowest singlet excited state can be
explained by considering the bond length changes. The
structures of the ground state and the lowest singlet exci-
ted-state optimized oligomers geometries are given in
Figs. 2 and 3, where the changes bond lengths for
copolymer derivatives and carbazole-based oligomer can
be compared. The bond numbering schemes of (Cz-co-
Cz)y, (Cz-co-Fl)y and (Cz-co-Th)y oligomers are depicted
in Fig. 1. In Fig. 2, the conjugated carbon—carbon bonds
are illustrated for the ground state (Sp) and singlet excita-
tions (S;) for (Cz-co-Cz)y oligomers, dimer to octamer.

From Fig. 2, it is found that the carbon—carbon bonds
which lie parallel to the polymer chain (i.e. bond num-
bering R2, R4, R6, RS, R10, R12 and R14) become shorter
while those that lie at angles other than 180° become
longer. The carbon—carbon bonds are found to alternate in
length between a single and double bond. In the lowest
excited states, the double bond lengths increase, whereas
the single bond length decreases with the changes being
localized toward the centre of the oligomers. For example,
the geometric changes in (Cz-co-Cz); (Cz-co-Cz),,
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(Cz-co-Cz); and (Cz-co-Cz), due to excitation affect the
central units only. It should be noted that the spatial extent
of the geometry deformations is not constant; the defor-
mations continue to extend over the entire chain when the
length increases, at least up to (Cz-co-Cz)y-4 and this can
be understood in terms of the degree of charge delocal-
ization. For longer chains, the amount of charge per
monomer unit is lower and thus the geometry change is
smaller. The geometry change, as obtained from DFT
calculations, are found in all the (Cz-co-Cz)y oligomer
chains. This suggests that the center rings in the larger
carbazole-based oligomers have more quinoidic character
than the terminal rings [12, 13]. Therefore, the central rings
in the larger oligomers were selected to confirm the trends
of the C—C bond alternation along the backbone of the (Cz-
c0-Cz)3, (Cz-co-Fl); and (Cz-co-Th); as shown in Fig. 3.
We monitor the changes in bond length of these aromatic
systems using the bond length alternation (BLA) [25]. The
BLA values for selected molecular fragment can be defined
as the differences in lengths between single bonds (dgingic)
and double bonds (dyoupie) Of carbon—carbon atoms (Eq. 1).
A positive BLA value indicates that the molecular unit has
an aromatic (quinoidic) character [26-28].

(dsingle — daoublc)
BLA = —— 1
e (1)

The BLA associated with the carbon—carbon conjugated
bond for the ground and singlet excitations states for the
central rings of (Cz-co-Cz)s, (Cz-co-Fl); and (Cz-co-Th)s
oligomer was estimated. We find that the BLA changes
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Fig. 3 The bond length alternating (BLA) of the central rings of the
oligomers of (a) (Cz-co-Cz)s, (b) (Cz-co-Fl); and (c) (Cz-co-Th)s as
shown. The open square denote electronic ground state and the open
circle indicate the first excited state. Calculated using TD-DFT at the
B3LYP/SVP level of theory

significantly in the excited states compared to the ground
states, in the case of (Cz-co-Cz); and (Cz-co-Fl)s,
decreasing from 0.147, 0.139A in S, to —0.129,
—0.125 A in S, respectively. In both, the ground and
singlet states, the BLA differences are between 0.014 and
0.019 A, whereas in the case of (Cz-co-Th);, the BLA
decreases from 0.150 A in So to —0.088 A in S;. These

results indicate that the thiophene unit leads to a decrease
in the BLA value by 0.063 A with respect to the (Cz-co-Cz)s
and (Cz-co-Fl); oligomers. In addition, the center of the
quinoidic structures is located at the linking bonds between
the copolymer units such as RS, as seen clearly in Fig. 1.
Chidthong et al. [29] and Wichanee et al. [ 13] suggest that the
elongation of the molecular chain leads to minor changes in
the inter-ring distances of oligomers, the largest change
localized at the terminal ring. In addition to, it was found that
the inter-ring bond distances do not display appreciable
variations with the oligomer size. Moreover, the bond-
changing pattern is varied systematically when the molecular
chain is elongated. These behaviors have been also found in
the case of carbazole-based homopolymer and copolymer
oligomers.

3.2 Absorption and fluorescence transitions

The absorption and fluorescence excitation energies cal-
culated by the TD-B3LYP/SVP method are reported in
Table 2. The excitations energies with highest oscillator
strength (n—n* transition) of each polymer calculated by
TD-B3LYP/SVP method and were extrapolated by linear
regression. There is a good linear relation (¥’ = 0.99)
between the lowest excitations and the inverse chain
length. A comparison the extrapolated energy of the
absorption and fluorescence excitation with the experi-
mental results and other computed values is shown in
Table 2. From these results, it was found that the excitation
energies of these materials are lower than the experimental
data, 0.34, 0.31, and 0.18 eV (absorption) and 0.33, 0.51,
and 0.69 eV (fluorescence) for its carbazole-based, (Cz-co-
Cz)y, (Cz-co-Fl)y and (Cz-co-Th)y, respectively. Cornil
et al. [30, 31] have shown that this can result from the
overestimation of long-range electron correlation effects in
the TD-DFT methods. Previous works [30-33] have shown
that the high accuracy of DFT functionals such as TPSS
functional is more suitable for calculation of conjugated
oligomers. However, for small molecules, the impact of
inductive and/or mesomeric effects induced by substituents
appears to be well reproduced; however, the agreement
with the correspondingly experimental values deteriorates
when the chain size is increased. Our results confirm pre-
vious reports that a proper extrapolation procedure rec-
ommends the use of a rather large number of oligomers to
improve the accuracy of the fit, and an accurate fitting
function [30, 31, 34-37]. In fact, in order to obtain more
accurate excitation energy for an infinite oligomer, one
needs to use higher order polynomials. Jansson et al.
studied the chain length dependence of singlet and triplet
excited states of oligofluorene and used an empirical rela-
tionship proposed by Meier et al. [35, 36). They discussed
in detail the concept of “effective conjugation length”
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Table 2 The calculation absorption (E,), fluorescence energies
(Ep,) and fluorescence lifetimes of carbazole-based polymers

Oligomers Absorption Fluorescence
E.1s (€V) Eq, (V) Lifetime (ns)

(Cz-co-Cz)n

N=1.0 3.84 3.28 (1.484) 1.44
N=1.5 3.51 2.91 (2.482) 1.10
N=20 3.36 2:834(3.222) 0.89
N=12:5 3.26 2.77:43:933) 0.76
N=30 3.21 2.76 (4.561) 0.66
N=40 3.17 2.76 (5.814) 0.52
N= & 2.91 2.51

Expt. 3.25" 2.84"
(Cz-co-Fl)n

N=10 3.80 3.283 (1:517) 1.46
N=20 332 2.77 (3.242) 0.93
N'= 310 3.18 2.68 (4.537) 0.71
N=14.0 3.14 2.63 (7.076) 0.47
N'= 5 2.89 2.40

Expt. 3.20° 2.91*
(Cz-co-Th)y

N=10 3.87 3.59 (0.862) 2.07
N=20 3.14 2.57 (2.318) 1.50
N=23.0 2.87 2.34 (3.517) 1.20
N=40 2.81 2.25 (4.598) 0.99
N=cx 2.42 1.74

Expt. 2.60° 243"
Values in parentheses are oscillator strengths
* Ref. [6]
" Ref. [7]

(ECL), defined as the conjugation length at which the
wavelength of the absorption maximum in the series of
oligomers is not more than 1 nm above the lower limit,
which is given by the infinitely long polymer chain [30,
35-37]. From this definition, the ECL largely differs for the
various oligomer series. Given these issues, we focus on
ECL for estimate the excitation energies of these systems
in the following section.

We estimate the ECL for all selected oligomers based on
the convergence of the calculated excited energies of the
first dipole-allowed excited states with the increasing chain
length (Fig. 4). The ECL was estimated by the conver-
gence of excitation energies with the chain length within a
threshold of 0.05 eV, based on the obtained linearity
between the excitation energy and reciprocal chain length.
Apart from the selected carbazole-based oligomers, well-
studied oligomers, such as (Cz-co-Cz)y, (Cz-co-Fl)y and
(Cz-co-Th)y oligomers are also reexamined with TDDFT
for further validating the theory and for comparison. These
results will be discussed only briefly.
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Fig. 4 First singlet excitation energies as calculated by TDDFT for
absorption and fluorescence energies in poly(2,7-carbazole) oligo-
mers, as a function of 1/N

We present their absorption and fluorescence energies in
Table 2 by applying the ECLs for the absorption and
fluorescence energies for compounds (Cz-co-Cz)y, (Cz-co-
Fl) and (Cz-co-Th)y oligomers. The ECL value at which a
convergence of the optical properties, absorption and
emission properties is reached corresponds to N = 4 for
(Cz-co-Cz)y, (Cz-co-Fl)y and (Cz-co-Th)y oligomers.
Comparison of the results between experiment and
absorption spectrum calculations of are shown in Fig. 5
and indicate that the estimated excitation energies, at ECLs
N = 4, are in good agreement with the optical properties.
We therefore conclude that this procedure can be used to
reliably estimate the excitation energies of such polymers.

‘We next look at the details of the electronic transitions
of each carbazole-based tetramer (N = 4) at TD-B3LYP/
SVP level (Table 3) which can be used to describe the
possible excitations of all carbazole-based molecules. From
the absorption transitions, it was found that for (Cz-co-
Cz)4, (Cz-co-Fl)4 and (Cz-co-Th), molecules, the Sy — S,
excitation primarily corresponds to the promotion of an
electron from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital
(LUMO) (H — L) (in Fig. 6) as indicated by large oscil-
lator strengths (f) of : 6.112, 6.169 and 4.277, respectively.
The isosurface plot of the HOMO and LUMO (Fig. 6)
indicate an exchange of the double and single bonds as is
typical foram — 7* transition in conjugated polymers. On
the other hand, the S,, S5 and S, electronic transitions of
each compound possess very small oscillator strengths. The
fluorescence energies and the radiative lifetimes of (Cz-co-
Cz)4, (Cz-co-Fl),4 and (Cz-co-Th), computed with the TD-
B3LYP/SVP method using S; state optimized geometries
are collected in Table 3. The fluorescence energies were
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Fig. 5 Absorption spectra [6, 7] and TD-B3LYP/SVP calculations of
(Cz-c0-Cz)4, (Cz-co-Fl), and (Cz-co-Th), oligomers

also investigated. From Table 2, it is clear that the
fluorescence energies of (Cz-co-Th)y and (Cz-co-Fl)y
molecules are red-shifted from the excitation energies of
(Cz-co-Cz)y with values of 2.76, 2.63 and 2.25 eV for
(Cz-c0-Cz)y, (Cz-co-Fl)y and (Cz-co-Th)y, respectively.
These energies are in good agreement with experimental
values [6, 7].

The differences in absorption and fluorescence energies
should also lead to different Stokes shifts. We therefore
evaluate the Stokes-shift as the differences AE = E,,, —
Eq.. The TD-B3LYP/SVP values exhibit Stokes shift of
about 0.3 eV for (Cz-co-Fl)y and are lower than those for
(Cz-co-Cz)y and (Cz-co-Th)y by about 0.6 eV. This result
demonstrates that the (Cz-co-Fl)y structure is more relaxed
than those of (Cz-co-Cz)y and (Cz-co-Th)y upon excita-
tion. These results also show that the electronic excitation
leads to the formation of a quinoide-type structure.

Using the computed structures, we can also relate the
differences in the bond lengths between the ground (GS)
and lowest singlet excited state (ES) to the molecular
orbital nodal patterns. Because the lowest singlet state
corresponds to an excitation from the HOMO to the LUMO
in all of the oligomers considered here (Fig. 5), the bond-
length variations were explored further in terms of the
changes to the HOMO and LUMO. By comparing Fig. 5,
we can see that the HOMO has nodes across the R/, R3,
R5, R7, R9, R11 and R13 bonds in all molecules, but the
LUMO is bonding in these regions. Therefore, one would
expect a contraction of these bonds. The data reported in
Fig. 2 and Fig. 3 do in fact show this given the bonds are in
fact considerably shorter in the excited state. However, the
bond length will increase when the bonding changes to
antibonding. The dihedral angle (Table 1) between the two
adjacent units shortened from 140° to 170° in (Cz-co-Cz)y
and (Cz-co-Fl)y molecules. Whereas the dihedral angle of
(Cz-co-Th)y shortened from 28° to nearly 0°. It is obvious
that the excited structure has a strong coplanar tendency in
all molecules. It is indicated that is, the conjugation is
better in the excited structure. In this result, it can see that
geometry of excited state is more planar than ground state.

Finally, to investigate the effects of the structural
relaxation upon excitation, radiative lifetimes were inves-
tigated. Based on the fluorescence energy and oscillator
strength, the radiative lifetimes have been computed for
spontaneous emission using the Einstein transition proba-
bilities according to the formula (in au) [29, 38, 39].

3

T 2(Em)Y

In Eq. 2, c is the velocity of light, Ep, is the transition
energy and f is the oscillator strength. The computed
lifetimes, 7, for the carbazole-based oligomers are depicted

(2)
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Table 3 Excitation energies
(Eex(eV)), oscillator strengths
(f), and wave function
compositions for the lowest
singlet electronic states of (Cz-
c0-Cz)4, (Cz-co-Fl), and (Cz-
co-Th)s molecules computed by
TD-B3LYP/SVP

Fig. 6 HOMO and LUMO of
(Cz-c0-Cz)y, (Cz-co-Fl), and
(Cz-co-Th)4 oligomers.
Depicted are two isosurfaces of
equal values but opposite sign

@ Springer

Electronic transitions Eex f Wave function composition
(Cz-co-Cz),
Absorption
So = S 317 6.112 H - L(61.8%), H-1 - L+1(25.1%)
So— S> 3.34 0.002 H-1 - L(45.8%), H —» L+1(45.8%)
So = S3 3,51 0.773 H-1 - L+1(46.5%), H - L+2(31.8%)
Sy — S4 3.54 0.008 H-1 - L+1(47.4%), H —» L+1(46.8%)
Fluorescence
Sy = So 2.76 5.814 H — L(65.3%), H-1 - L+1(17.8%)
(Cz-co-Fl),
Absorption
So = S, 3.14 6.169 H — L(61.4%), H-1 — L+1(25.8%)
So— S 331 0.011 H-1 - L(46.4%), H —» L+1(45.4%)
So — S;5 3.50 0.039 H — L+1(46.9%), H-1 — L(46.3%)
So = S4 351 0.731 H - L+147.1%), H-2 - L(30.6%)
Fluorescence
S; =Sy 2.63 7.076 H — L(59.9%), H + 1-L + 1(28.7%)
(Cz-co-Th),
Absorption
Sp = S, 2.81 4.277 H — L(65.0%), H-1 —» L+1(18.4%)
So — S 3.10 0.000 H - L+1(47.9%), H-1 - L (45.3%)
So — S3 3.18 0.012 H-1 - L+1(50.0%), H - L+1(47.0%)
S = S, 335 0.886 H-1 - L+1(63.3%), H — L (19.1%)
Fluorescence
Sy = Sy 225 4.598 H — L(65.7%), H-1 —» L+1(13.3%)
(Cr-co-Lz)y

#

4?3;33 23395 g
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in Table 2. The lifetime of carbazole-based oligomers at
N = 4 amounts to 0.52, 0.47, and 0.99 ns for (Cz-co-Cz)y,
(Cz-co-Fl)y and (Cz-co-Th)y, respectively. Among the
carbazole-based molecules, the (Cz-co-Fl)y shows the
lowest lifetime, which is close to that of (Cz-co-Cz)y.
For the purpose of comparison, the results of a chemically
similar system were used. The radiative lifetimes of
poly(N-octyl-2,7-carbazole) and poly(N-octyl-2,7-
carbazole-alt-9,9-dioctyl-2,7-fluorene) in THF solution
are 0.51 and 0.45 ns [28] which is in good agreement
with the predicted lifetimes of (Cz-co-Cz)y (0.52 ns) and
(Cz-co-Fl)y (0.47 ns), respectively. Similar results have
been reported for several other polymers (thin films) [40-
4417 and it can be concluded that their low radiative lifetime
can produce useful fluorescent emission [40-44].

4 Conclusions

Absorption and fluorescence properties of (Cz-co-Cz)y,
(Cz-co-Fl)y and (Cz-co-Th)y, are presented herein. The
optimized ground state and the first singlet excited elec-
tronic state have been obtained using B3LYP and TD-
B3LYP, methods, respectively, in conjunction with the SVP
basis set. A chloroform solvent effect on excitation has been
assessed using the COSMO implicit solvent model.

The estimated excitation energies of the absorption and
fluorescence excitation based on ECLs N = 4 are in good
agreement with the optical properties of (Cz-co-Cz)y, (Cz-
co-Fl)y and (Cz-co-Th)y polymers, 3.17, 3.14 and 2.81 eV
(absorption) and 2.76, 2.63 and 2.25 eV (fluorescence),
respectively. Compared to experimental fluorescence
excitation energies available for (Cz-co-Cz)y, (Cz-co-Fl)y
and (Cz-co-Th)y, it can be seen that TD-B3LYP/SVP
calculations give good predictions of the excitation ener-
gies for the S; transition (2.84, 2.91 and 2.43 eV, respec-
tively). This suggests that the procedure used herein is
reliable method for the estimation of excitation energies of
such polymers.

Moreover, we find that the geometry of excited states is
more planar than that of the ground states. The excitation to
the S, state causes significant changes in the predicted
geometry which is in agreement with the small Stokes
shifts observed experimentally. Furthermore, the radiative
lifetime of carbazole-based oligomers at N = 4 amounts to
0.52, 0.47 and 0.99 ns for (Cz-co-Cz)y, (Cz-co-Fl)y and
(Cz-co-Th)y, respectively, which is in agreement with the
experiment lifetimes of (Cz-co-Cz)y (0.51 ns) and (Cz-co-
Fl)n (0.45 ns), respectively. It is shown that the existence
of multi-components in the fluorescence decay profiles of
polymers is caused by several distinct intermolecular 7—m*
interactions. We therefore conclude that homopolymers
and copolymers derived from N-substituted-2,7-carbazoles

appear to be very promising materials for the future
development of light-emitting diodes, electrochromic
windows, photovoltaic cells, photorefractive materials.
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ARTICGLE IsNF O ABSTRACT

A systematic study on the structural and photo-physical properties of model bifluorenevinylene com-
pounds based on the density functional theory (DFT) and its time-dependent (TD-DFT) version is pre-
sented. The main aim of this work is to investigate the influence of substitution on bifluorenevinylene
using strong electron acceptor CN or electron donor NH, groups on: (a) the optimal geometry, (b) tor-
sional potentials and (¢) photo-physical properties. Our results indicate that the substitution on the vinyl-
ene bridge, leads to the twisting of molecular fragment on the side of added group and are in good overall
agreement with experiment. In the case of the amino mono-substituted bifluorenevinylene, the amino
group leads to non-planarity at the non-substituted portion of the molecule. The chemical modification
also have a pronounced impact on the electronic properties. The shape of the potential energy curves
evaluated for the lowest vertically excited states is heavily dependent on the molecular conformation.
Finally, we discuss how the structural and electronic information presented here can be useful in design-
ing of novel optical materials as well as understanding of excitation-relaxation phenomena which may
occur in various time-dependent optical experiments.
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1. Introduction

Polyfluorenes, with their excellent photoluminescence quan-
tum characteristics, excellent solubility in common organic sol-
vents, can be used as blue-shift emitters [1,2]. Additionally, their
thermal and chemical stability can be modified and improved by
adding of different alkyl substiuents at the 9-th position of the flu-
orene ring [3]. However, the polyfluorenes systems containing sim-
ple connected fluorene units tend to aggregate in the condensed
phase and provide less effective performance. Fortunately, these
problems can be limited with the modification of their molecular
structure, such as the polyfluorene-2,7-vinylenes (PFVs) [4]. More-
over, the various electron-donating or electron-accepting groups
can be added to the vinylene bridge located within the aromatic
molecular chain which subtly alters the intermolecular steric inter-
actions which can be used to effectively tune the optical spectra
from blue to the infrared region without the necessity to perturb
the planarity of aromatic units [5,6].

Theoretical quantum studies of m-conjugated oligomers or poly-
mers can provide a fundamental understanding of the physical
process occurring, and make a considerable contribution to the
design of novel optoelectronic materials. These include theoretical

* Corresponding author. Tel.: +66 2 5625555x2140; fax: +66 2 5793955.
E-mail address: fscisph@ku.ac.th (S. Hannongbua).

0166-1280/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.theochem.2009.09.043

studies done using semiempirical, ab initio and density functional
theory (DFT) methods, focusing on the electronic properties based
on the ground-state equilibrium geometries [7-10]. Among them,
the DFT approach and its time-dependent (TD) extension [11] for
the excited states have been successfully demonstrated in investi-
gations of optical and electronic properties of moderate to large or-
ganic conjugated oligomers [12]. These results are often used in
cooperation with the experimental data to characterize the struc-
tural, electronic and optical properties of conjugated polymers
and represent primary information to aid in our understanding of
phenomena connected with conformation relaxation processes
occurring during the electronic excitation and/or de-excitation
[13]. Bifluorenevinylene derivatives are the focus of this research
investigation, being shortest computationally efficient representa-
tion of oligo- and poly-vinylfluorenes which are of significant sci-
entific interest.

The main aim of this work is the investigation of the direct
influence of substitution using strong electron acceptor CN or elec-
tron donor NH, groups on the optimal geometry, torsional poten-
tials and photo-physical properties. We do this by modifying the
electronic structure of these model systems by the symmetric or
asymimetric addition of the representative electron-accepting cya-
no and electron-donating amino groups on vinyl positions (see
Fig. 1). We focus on the all-trans conformations and the electronic
ground-state torsional potential curves in this investigation. The
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Malecule R, R,
kv H H
F2VA(CNYs CN CN
FiVA(NH:)» NH» NH,
F:V-CN CN H
FaV-NIL NH, H
FaV-CN-NH» CN NH-

Fig. 1. Schematic structure, bond and dihedral angle numbering of studied
systems in all-trans conformation.

corresponding vertical excitation characteristics of these mole-
cules are calculated using (TD-)DFT method. Finally, the physical
origin of the lowest electronic transitions will be explained using
molecular orbital analysis.

2. Methodology

The geometries and torsion potential of studied dimers F,V,
~(CN),, F,V=(NH,),, F,V-CN, F,V-NH,; and F,V-CN-NH, (for-
mula and abbreviations are given in Fig. 1) are optimized by the
DFT method using the Becke three parameter hybrid (B3LYP)[14]
functional in conjunction with the 6-31G(d) basis set [15]. The
torsion potentials were calculated for the fixed angles from the

Table 1
The B3LYP/b-31G(d) optimal dihedral angles (in deg) and BLA parameters (in A) for
all-trans conformations.

Molecule e, O, BLA
F,v 0 0 0.224
2V-(CN), 38 -38 0.218
F,V-(NH;), 45 -45 0.236
F,V-CN 28 -7 0212
F,V-NH, 36 -31 0.227
F,V-CN-NH, 52 —44 0.223
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Fig. 2. Computed B3LYP/6-31G(d) bond lengths of the molecules under study in
all-trans conformation. For notation see Fig. 1.

Table 2

The lowest excitation energies in eV and oscillator strengths (values in parentheses) for the optimal all-trans geometries. The values written in italics stand for the excitation contributions in percentage involved in each calculated

transition (H denotes HOMO and L is LUMO).

Sz

Se

Ss

Sq

Sy

Sy Sz

Molecule
EV

4.18 (0.000) 4.19 (0.006) 4.41 (0.00) 4.44 (0.019) 4.44 (0.000)

3.98 (0.000)

323 (1.870)

99%: H - L

50%;: H — L+3 68%: H — L+2 43%: H — L+2 33%:H-2-1L 60%: H-3 - L

60%: H-1 — L

38%: H - L+1
3.22 (0.000)

3.64 (0.009) 3.67 (0.000) 3.67 (0.000) 3.88 (0.000) 4.29 (0.336)

2.82 (0.907)

99%: H— L

FV=(CN);

72%: H-6 - L
4.41(0.713)

70%: H-2 - L 75%: H-3 - L 68%: H-4 — L 73%: H-5 - L
3.61 (0.000) 4.21 (0.016) 4.24 (0.000)

3.53(0.009)

97%: H-1 L
3.30.(0.000)

2.90 (0.586)

99%: H - L
. 3.08 (1.424)

FV-(NH2),

93%: H-2 — L+1
4.39 (0.063)

94%: H — L+2 92%: H — L+3 91%: H — L+4 90%: H— L+5
4.08 (0.016) 4.22 (0.007) 4.26 (0.006)

4.08 (0.002)

97%: H - L+1

3.72 (0.096)

FoV-CN

75%: H - L+1
4.58 (0.027)

98%: H-2 - L 62%: H-3 » L 42%: H-5->L 44%: H-4 - L
4.03 (0.013) 4.08 (0.021) 4.40 (0.079) 4.54 (0.023)

91%:H-1-1L

99%: H- L

3.86 (0.251)

3.29 (1.099)
99%: H - L

FV-NH,

41%: H — 1+5
4.63 (0.015)

67%: H— L+2 69%: H — L+3 83%: H-1-1L 39%: H — L+6
4.29 (0.085) 4.38 (0.010) 4.41 (0.131)

4.25 (0.006)

87%: H — L+1

3.53(0.824) 4.01 (0.165)

98%: H- L

F2V-CN-NH;

67%: H — L+1 61%: H — L+3 70%: H-2 — L 70%: H-4 - L

70%: H-1 - L

73%: H - L+1
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FzV:

H-L

F2V-(CN)z:

H-L

F,V-(NHy),:

H-L

F,V-CN:

H-L

F,V-NH;:

H-L

FzV-CN-NHz:

H-L

Fig. 3. Plots of the B3LYP/6-31G(d) molecular orbitals contributing significantly to the lowest energy transitions of studied molecules in all-trans conformation. H denotes

HOMO and L is LUMO.

interval 0° to 180° using a 10° step size. In the case of asymmetric
molecules, dihedral angles for both sides were investigated due to
the different steric effects. Singlet vertical excitation energies are
calculated from the optimized geometries using the TD-B3LYP
method. All calculations are performed using the Gaussian 03 pro-
gram package [16]. Due to the computational cost reduction, the
alkyl groups at 9-th position on fluorene ring were replaced by
hydrogen atoms. This is because reports suggest that substituents
at the 9-th position play an important role in the thermal stability
and solubility but do not affect the electronic structure and optical
property of fluorene-based polymer [17,18]. All minima were con-
firmed as such though normal mode analysis, displaying no imag-
inary vibration frequencies.

3. Results and discussion
Comparison of the optimized ground-state 1'A geometries in

terms of bond lengths and torsional angles can help us to under-
stand the structural and energetic differences observed between

the different systems. Schematic visualization of the molecular
structure of the bifluorenevinylene skeleton studied here are given
in Fig. 1. The data presented in Table 1 show the energy profile for
the dihedral angles @, (between the bond nos. 12, 14 and 15) and
O, (between the bond nos. 15, 16 and 17) between fluorene unit
and the vinylene bridge on the substitution. The B3LYP/6-31G(d)
calculation indicates the structure of F,V molecule is completely
planer. Substitution at the vinylene bridge leads to the perturba-
tion of planarity due to the steric hindrance and the effect of elec-
tronegativity from nitrogen atoms in the vicinity of the newly
added substituents. In the case of mono-substituted molecules,
the presence of CN substituents increases the angle ©, to the value
of 30° while the torsion for NH, group is higher, 35°. Interestingly,
the second angle @, is evidently non-planar only for molecule
F,V-NH,. The symmetric bi-substitution is responsible for a tor-
sion angle increase of ~10° with respect to the mono-substituted
systems. The most distorted structure is obtained for the asymmet-
ric F,V-CN-NH, molecule, where the torsion on the side of cyano
group results in a dihedral angle of 52°.
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The computed bond lengths for the molecules studied here are
presented in Fig. 2. In all cases the smallest C-C bond distances are
located in the central part of the fluorene rings (see bond nos. 3, 10,
19 and 27) and double bond on vinylene bridge (see bond no. 15).
The largest bond lengths are found for the inter-ring distances
(bond nos. 7 and 23) which have a larger single bond character
than the next bonds in the fluorene unit. The single bond nos. 14
and 16 on vinylene bridge exhibit also the largest distances. The
substitution of vinylene bridge affects only the bonds in the vicin-
ity of added group, especially the bonds of vinylene bridge. The
double bond no. 15 as well as the neighbouring single bond nos.
14 and 16 are elongated while the bonds on rigid fluorene rings
are very slightly shortened. Our calculations indicate that the dif-
ferences in bond length changes for CN and NH, substitutions
are significant only for bond no. 15. The CN substitution elongates
it at 0.03 A while the amino group changes it only 0.02 A with re-
spect to the F,V molecule. Similar changes in bond lengths are ob-
served for the mono-substituted NH, and CN compounds.
However, in this case the bonds on the side of the substituted part
are affected. The asymmetric substitution of F,V-CN-NH, mole-
cule leads to the formation of electronic system where NH2 acts
an electron donor to the aromatic system and the fluorene atoms
as electron acceptor. In comparison with previously discussed mol-
ecules the bonds on the side of CN group and located on fluorene
rings (bond nos. 17, 18, 24 and 26) are more influenced than in
the F,V-CN and F,V—(CN), molecules.

Bond length changes in aromatic systems can be efficiently de-
scribed using the bond length alternation (BLA) definition [19]. The
BLA values for a given molecular fragment is defined as the differ-
ence in length between single and double bonds between non-
hydrogen atoms. The positive sign of BLA for example indicates
that the molecular unit has an aromatic character. The BLA value
for central vinylene bridge may be evaluated using equation 1,

BLA = (d]4 + d]s) — 2dss

where d symbols denote the bond lengths determined in Fig. 1.

Brédas et al. [20] studied the relationship between band gap and
bond length alternation of conjugated polymers and their results
indicate that in aromatic-based conjugated polymers, the energy
gap decreases as a function of increasing quinoid character of poly-
mer backbone. As can be seen from data in Table 1, the mono-substi-
tution with electron-withdrawing CN group leads to decrease of the
BLAvalue by 0.006 A withrespect to the F,V molecule. The next pres-
ence of CN group has an additive influence on the BLA decrease. The
presence of CN groups leads to increasing quinoid character. Conse-
quently, the lowest excitation energies of F,V-CN and F,V-(CN), are
decreased when compared to the original compound. On the other
hand, a small increase of BLA value is obtained for amino derivatives
F,V-NH, and F,V-(NH,),. For the push-pull system of F,V-CN-NH,,
the resulting influence of both groups has a compensatory effect
since the BLA value is similar to the non-substituted F,V molecule.

The structural changes in the central part of the molecule, in-
duced by the strong electron-withdrawing cyano or donating ami-
no groups, are also reflected in the vertically excited electronic
states, reflecting the balance between the perturbation of conjuga-
tion due to the distortion of the planer scaffold and the electronic
effects of the substituents. The first seven vertical excitation ener-
gies with non-negligible oscillator strengths are summarized in
Table 2. The lowest excitation energy for non-substituted molecule
F,V is 3.23 eV, compared to 3.08 eV [21] for tetrahydrofuran, sug-
gesting the model systems employed and the level of theory em-
ployed is sufficiently accurate to gain useful insights.

The mono- or symmetric bi-substitutions lead to a bathochro-
mic energy shift. Only in the case of F,V-NH; molecule, the lowest
excitation is blue-shifted by 0.06 eV. The global hypsochromic shift
of excitation energies is indicated for the F,V-CN-NH, system. The

lowest excitation energy is higher about 0.20 eV with respect to
the F,V. It seems that the torsion of molecular chains has more
dominant influence of the photo-physical properties than the glo-
bal push-pull effects of used substituents. Finally, in all cases, the
substitution of vinylene bridge leads to a decrease in the oscillator
strength for the lowest singlet excitation transition (S;) and to the
increase of the oscillator strengths for the next optical transitions.

In order to understand the physical origin of optical transitions
for the selected excitation energies, it is useful to examine the (high-
est) occupied (HOMO) and lowest unoccupied molecular orbitals
(LUMO). As reported in Table 2, the lowest energy electronic excita-
tion is from the HOMO to the LUMO for all molecules and displays
nn* character. However, the electronic distribution observed for
the next transitions, as different as given by the molecular orbitals,
are very different for the different substitutions. As presented in
Fig. 3, the HOMO orbital of F,V molecule is located mostly on the
double bond of vinylene bridge (bond no. 15) and neighbouring
bonds on fluorene units perpendicular oriented with respect to the
chain (see bond nos. 12, 13, and 17, 18). The LUMO orbital is spread
over the single bonds of vinylene bridge (bond nos. 14 and 16) and
bonds on the fluorene units which are parallel with the molecular
chain (see bond nos. 10, 11 and 19, 20). The presence of electron-
withdrawing cyano group in F,V-CN and F,V-(CN), molecules in-
creases the electron delocalization in HOMO over the fluorene units.
On the other hand, the electron-donating amino groups in F,V-NH,
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Fig. 4. One-dimensional dependence of the electronic ground-state and vertically
excited energies of studied symmetric systems on the torsion calculated at the
B3LYP/6-31G(d) theoretical level. The ground-state energy minimum is taken as
energy reference (see also Table 3). The open square denote electronic ground-state
and the next symbols indicate the first six excited states (S;, O; Sz, A; S3, V; S4, +: Ss,
x; Se, —)-
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and F,V-(NH,), molecules is responsible for the electron delocaliza-
tion over the vinylene bond no. 15.

The opposite situation is observed in the LUMOs for both types
of derivatives. With respect to this fact, we can deduce that the
optical transition for cyano derivatives is oriented from the fluo-
rene units to the CN chromophore while for the amino derivatives
it is spread from the central part to the fluorene units. This charac-
ter is also reflected for the higher vertical excitations. The transi-
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tions from lower occupied orbitals to the LUMO orbital play
important role for the CN derivatives. The transitions from HOMO
to the next unoccupied orbitals occur for the amino derivatives. In
the case of the F,V-CN-NH, molecule, the presence of the strong
push-pull systems leads to the combined effect with strongly
determined direction of optical transition. This electron transition
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The electronic ground-state torsional potentials of the fluorene
unit around the common single bond were also investigated using
the B3LYP/6-31G(d) method with the results being depicted in
Figs. 4 and 5 and the geometrical and energetic values in Table 3.
As can be seen in Fig. 4, the non-substituted molecule F,V has
two planar minima and the barrier for perpendicular arrangement
(AE =0.245 eV or 5.65 kcal mol '). We note that the similar shape
of potential and barrier location with AE =0.22 eV (5.0 kcal mol ')
were obtained for the torsion of phenylene ring around the vinyl-
ene single bond at the B3LYP/cc-pVDZ theoretical level [22]. The
presence of cyano or amino groups on the vinylene bridge leads
to structures that are more stable to a non-planer conformation.
The obtained potential curves exhibit two non-planar minima cor-
responding to the most stable trans or cis conformations and two
first-order saddle points. The most stable conformation of F,V-
(NH,), molecule is at 45° while the F,V-(CN), molecule prefers
trans conformation (144°). The mutual comparison of the energy
barriers with respect to the F,V molecule shows that the vinylene
bridge substitution decreases the barrier at perpendicular arrange-
ment. The cyano substitution decreases the barrier relative to
F,V by 0.092 eV (for F,V-CN) and by 0.128 eV (for F,V-(CN),).
Although the amino substitution leads to the higher decrease of
the perpendicular barrier relative to F,V (0.108 eV for F,V-NH,
and 0.169 eV for F,V—(NH,),), the torsion at the planar arrange-
ments is more restricted. The electronic ground-state potential
curves for mono-substituted molecules around the second dihedral

Table 3

Relative energies AE and dihedral angles @, and @, of external points for torsional
dependencies with respect to the most stable structure. The angles are in degrees and
energies in eV or kcal mol ' (values in parentheses). See also Figs. 4 and 5.

Molecule (oM [OF3 AE
F,Vv 0 0 0.000 (0.00)
90 0 0,245 (5.65)
180 0 0.003 (0.07)
F,V-(CN), 0 —46 0.099 (2.28)
38 -38 0.000 (0.00)
90 -29 0.117 (2.70)
144 -37 0.001 (0.02)
180 -45 0.069 (1.59)
F,V-(NH>), 0 -57 0.224 (5.17)
45 —45 0.000 (0.00)
90 -39 0.076 (1.75)
128 -37 0.038 (0.88)
180 —45 0.298 (6.88)
F,V-CN 0 0 0.029 (0.67)
28 -7 0.001 (0.02)
90 0 0.153 (3.53)
148 -7 0.000 (0.00)
180 -1 0.024 (0.55)
25 -90 0.293 (6.76)
29 —-180 0.049 (1.13)
F,V-NH; 0 -31 0.102 (2.35)
36 -31 0.000 (0.00)
90 —-28 0.137 (3.16)
146 -24 0.002 (0.05)
180 -38 0,134 (3.09)
36 - 0 0.070 (1.61)
35 -90 0.132 (3.04)
35 -148 0.013 (0.30)
39 -180 0.085 (1.96)
F,V-CN-NH; 0 -31 0.205 (4.73)
52 —44 0.021 (0.50)
90 -28 0.056 (1.29)
132 -43 0.000 (0.00)
180 -38 0.124 (2.65)
57 0 0.184 (4.24)
42 -90 0.091 (2.10)
43 -133 0.024 (0.57)
58 -180 0.198 (4.57)

angle @, have different shape. For the F,V-CN molecule, the shape
is similar to the potential curve of non-substituted F,V molecule. A
different situation occurs for the F,V-NH, molecule in that the sec-
ond evaluated curve copies the shape of the dependence around
the first dihedral angle. It seems that the strong electron donor
amino group is able directly to affect through the double bond
no. 15 the torsional motion on the opposite molecular side. The
modification of the torsional potential with the amino or cyano
groups is also observed for mixed F,V-CN-NH, molecule. As can
be seen in Fig. 5, the torsional potential profile for the @, and
©, dihedral angles are two-times lower in energy for the perpen-
dicular arrangement compared to the planar arrangement. In addi-
tion, the potential curve for the torsion around the angle @, (at the
side of CN substitution) exhibits more stable conformation at 132°.
The energy difference with respect to the second minimum at 52°
is 0.021eV. This is a different situation to that presented for
F,V-CN and F,V-NH,. It appeals that these features have a differ-
ent impact on the excitation-relaxation phenomena which occur
in various time-dependent optical experiments.

The excited-state potential energy curves calculated at the TD-
B3LYP/6-31G(d) level based on ground-state optimized geometries
are also shown in Figs. 4 and 5. The curve for the lowest excited
state of S, with dominant oscillator strengths for F,V exhibits the
energy minimum for a planar geometry and a maximum for the
perpendicular one. The energy difference between these points is
ca 1.06 eV. In the case of F,V-CN and F,V-NH,, the S; state practi-
cally reflects the curve for the F,V molecule, but the energy differ-
ences between the perpendicular and planar arrangements are
approximately two-times lower. The symmetric bi-substitution
decreases very effective the sensitivity of the evaluated potential
curves on the torsion. Moreover, in all investigated molecules,
the lowest S, state does not cross the next higher states. The poten-
tial energy curves for the next higher excited states of F,V molecule
are quite closely spaced to each other and show multiple intersec-
tions (around 70-120°). On the other hand, the substitution can
cause the small separation of crossing region of potential curves
between the next lowest excited states.

4. Conclusions

The (TD)-B3LYP method has been used for the systematic theo-
retical investigation of the photo-physical properties of substituted
model bifluorenevinylene compounds. The substitutions of the
vinylene unit by strong electron-acceptoring CN and/or electron-
donating NH, groups were considered. Our calculations indicate
that the non-substituted F,V compound is planar and that substi-
tution leads to the twisting of the molecular fragment on the side
of substitution. In the case of the F,V-NH, molecule, the amino
group is also responsible for the non-planarity on the non-substi-
tute side. Additionally, the chemical modification of vinylene
bridge affects the electronic ground-state torsional potentials of
the fluorene unit around the single bond. The non-substituted mol-
ecule F,V has two planar minima and the barrier for perpendicular
arrangement. The presence of cyano or amino groups on vinylene
bridge is responsible for the restriction of the torsional motion at
the barriers located for planar and perpendicular arrangements.
The energy barrier highs are also dependent on the substitution.

The TD-DFT torsional potential energy curves in the vertically
excited states were also investigated in this work. From our calcu-
lations, we do not find any indication of state crossings of the S,
state with higher ones for all investigated systems. The symmetric
bi-substitution markedly decreases the potential curves on the tor-
sion. The potential energy curves for the next higher excited states
of F,V molecule are quite closely spaced to each other and show
multiple intersections (around 70-120°). On the other hand, the
substitution can modulate the separation of crossing region of
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potential curves between the next lowest excited states. The ab-
sence of the intersections of excited states around the stable struc-
tures and relative well separation of the lowest excited state
around the minima enable us to perform the molecular dynamics
studies of investigated molecules based on an adiabatic approach.
These results show that theoretical studies can help us to under-
stand the relationship between the torsional broadening of absorp-
tion spectra, chemical structure and time-dependent optical
phenomena, having implications for the design and synthesis of
novel optical materials.
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The absorption and emission spectra of ultraviolet B (UVB) blocking cinnamate derivatives with
five different substituted positions were investigated using the symmetry-adapted cluster
configuration interaction (SAC-CT) method. This series included cis- and trans-isomers of ortho-,
meta-, and para-monomethoxy substituted compounds and 2,4.5-(ortho-, meta-, para-) and
2.4,6-(ortho-, para-) trimethoxy substituted compounds. The ground and excited state geometrics
were obtained at the B3LYP/6-311G(d) and CIS/D95(d) levels of theory. All the compounds were
stable as cis- and trans-isomers in the planar structure in both the Sy and S, states, except the
2.4,6-trimethoxy substituted compound. The SAC-CI/D95(d) calculations reproduced the recently
observed absorption and emission spectra satisfactorily. Three low-lying excited states were found
to be relevant for the absorption in the UV blocking energy region. The calculated oscillator
strengths of the frans-isomers were larger than the respective cis-isomers, which is in good
agrecment with the experimental data. In the ortho- and mera-monomethoxy compounds, the most
intense peak was assigned as the transition from next highest occupied molecular orbital (next
HOMO) to lowest unoccupied molecular orbital (LUMO), whereas in the para-monomethoxy
compound, it was assigned to the HOMO to LUMO transition. This feature was interpreted as being
from the variation of the molecular orbitals (MOs) due to the different substituted positions, and was
used to explain the behavior of the excited states of the trimethoxy compounds. The emission from
the local minimum in the planar structure was calculated for the cis- and trans-isomers of the five
compounds. The relaxation paths which lead to the nonradiative decay were also investigated
briefly. Our SAC-CI calculations provide reliable results and a useful insight into the optical
properties of these molecules, and therefore, provide a useful tool for developing UVB blocking
compounds with regard to the tuning of the photoabsorption. © 2009 American Institute of Physics.
[doi:10.1063/1.3264569]

I. INTRODUCTION

Cinnamates have rececived much attention, as they are
the most widely used ultraviolet B (UVB) blocking com-
pounds among the various cosmetic sunscreen agents. Re-
cently, 2-cthylhexyl-para-methoxy cinnamate, as well as
other cinnamate derivatives, has been developed as a com-
mercial product."? Cinnamates achieve UVB blocking from
a 7 absorption followed by a cis-frans isomerization at the
propeny! double bond in the S; state and a re]axation to the
ground state involving nonradiative dec,av 4 As a UVB
blocking compound, the optical properties, in particular, the
photoabsorption efficiency in the UVB energy region (290-
320 nm) is an important factor. In order to achieve the favor-
able optical propertics, molecular design using the variation

“Authors to whom correspondence should be addressed. Electronic
addresses: ehara@ims.ac.jp and fscisph@ku.ac.th.

0021-9606/2009/131(22)/224306/10/$25.00

131, 224306-1

of the substituents has been extensively performed. The pho-
tochemistry of the process has also been studied, and the
involvement of a intramolecular charge transfer (ICT) state
resulting from a rotation at the C=C double bond is well
recognized.5 b

Several experimental and theoretical studics have been
conducted to elucidate the optical properties and photochem-
istry of cinnamates. Time-dependent density functional
theory (TD-DFT) has been utilized to investigate the photo-
chemistry of trans-ethyl-para-(dimethylamino) cinnamate by
examining the twist coordinates, corroborating the experi-
mental observation that the formation of an ICT state is fea-
sible in the excited state.’ Recently, the photophysical prop-
erties of methoxy substituted cinnamates, i.c., ortho-, meta-.
and para-monomethoxy cinnamates and 2,4,5- and 2,4,6-
trimethoxy 2-ethylhexyl-cinnamates, have been investigated
experimentally to develop better UVB filter compounds.7
The excited states and spectroscopic properties of para-

© 2009 American Institute of Physics
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hvdroxy cinnamate were investigated using TD-DFT and
complete active space self-consistent field (CASSCF)
methods. 1t was also observed that the UV absorption and
fluorescence are affected by the solvent, with a shift to
fonger wavelengths in polar solvents.”'” These studies have
provided some useful insights inte the optical properties of
these molecules. However, reliable theoretical work 1s still
neeessary to understand the details of the optical properties
of these molecules, such as the difference in the absorption
and emission of the trons- and cis-isomers and the effect of
the solvent.

The symmetry-adapted cluster configuration interaction
{SAC-CI) method was developed by I\Iakalsuji”"2 to obtain
a detailed interpretation and prediction of the molecular
spectroscopy  and  photochemistry of the molecules. The
SAC-CI method has been established as a reliable and useful
method for investigating a wide variety of chemical phenom-
cna through many successful applications.l‘l‘14 The method
has been utilized for the accurate theoretical spectroscopy of
many m-conjugated systcms's"” and has also been applied to
the  photochemistry of  biological systems, such as
porphyrins, photosynthetic reaction centers, retinal, and
luciferin.'™ " Recently, the photophysical properties and ex-
cited state dynamics of fluorescent molecules, such as
{luorine-thiophene olig,omers22 and poly(para-
phenylenevinylene) and poly(paru—phenylenc)23 that are use-
ful for organic light-emitting diodes were investigated and
the absorption/emission spectra of these molecules were elu-
cidated. These works confirm that the SAC-CI method is
useful for investigating the electronic excitations and excited
state dynamics of large m-conjugated systems.

In this work, the absorption and emission spectra of the
cis- and rrans-isomers of methoxy substituted cinnamates
have been theoretically investigated using the SAC-CI
method. The target molecules were ortho-(1), mera-(2), and
para-(3) monomethoxy substituted cinnamates, and 2,4,5-(4)
and 2,4,6-(5) trimethoxy cinnamates, as shown in Fig. 1,
whose experimental spectra were reported recent.ly.7 The ver-
tical absorption and emission spectra were calculated at the
theoretically optimized molecular geometries. The difference
in electronic transitions among these molecules and the ef-
fect of methoxy substitution at the ortho-, meta-, and para-
positions were analyzed. The change in geometry in the first
excited state was qualitatively interpreted using electrostatic
force (ESF) theory‘m’zs The relaxation pathways that lead to
the nonradiative decay were also briefly addressed.

II. COMPUTATIONAL DETAILS

The molecular structure of the cis- and trans-isomers of
methoxy substituted 2-cthylhexyl-ortho-(1), meta-(2), and
para-(3) monomethoxy cinnamates and 2,4,5-(4) and 2,4,6-
(5) wimethoxy cinnamates is shown in Fig. 1(a). In this
work, the photophysical properties of the model compounds
shown in Fig. 1(b) were investigated to reduce the computa-
tional requirements without sacrificing the essence of the ex-
citation, as the electronic structure relevant to the photo-
physical properties can be described using this model. The
torsion angle (w) along the C3—-Cyg=C,y—C,; chain was de-
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FIG. 1. Chemical structures of (a) 2-ethylhexyl-cinnamate derivatives and
(b) the calculated model compounds and atom numbering of trans-isomers.

fined as
w=0° for the cis-isomer and w= 1807 for the trans-isomer.

The ground state (S,) geometries were fully optimized
without restricting the symmetry using the BILYP*>%
/6-311G(d)* method. The vertical excitation energies were
calculated for the optimized geometries of the §; state using
the SAC-CI method with the double-zeta basis set of the
Huzinaga and Dunning plus polarization function [D95(d)].>
To calculate the emission energy, the geometry optimization
was performed for the first singlet excited (S) states using
the CIS/D95(d) method with restricting the planar structure,
except for the cis-5 compound. The emission from this local
minimum was observed in previous experimental work, al-
though the global minimum exists in the nonplanar structure
where the torsion angle () of the C3—Cy=C,—C,, chain is
around 90°. The emission energics were calculated using the
SAC-CI method with the D95(d) basis sets. The SAC-CI
calculations based on the CIS optimized structure have been
validated in many applications for photofunctional molecules
and biological Compounds.l“ﬂ‘z(y23 In addition, to investigate
the energy barrier for the rotation of the methoxy group that
affects the optical properties, the ground state potential en-
ergy curves along the rotation (6) of the methoxy group with
respect to the phenyl ring (C;—C,—-03-Cy) were calcu-
lated using the B3LYP/6-311G(d) method.

In the SAC/SAC-CI calculations, the singles- and
doubles-(SD)-R method with the direct calculation of the
o-vector, i.e., the direct SAC-CI approachm was used. The
perturbation selection Lcchnique3 ! was used to reduce the
computational cost and a LevelTwo accuracy was adopted.
The threshold of the linked terms for the ground state was set
0 Ag=5.0x107%. All the product terms generated by the
doubles were included in the SAC calculations. For the ex-
cited states, the threshold of the linked doubles was set to
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FIG. 2. A comparison of the changes in C—C and C-0O bond lengths along the conjugation between the ground state and the first singlet excited state (in
parentheses) of (a) rrans-1, (b) rrans-2, (¢) trans-3, {d) trans-4, and (¢} 1rans-5 calculated using the B3LYP/6-311G(d) and CIS/D95(d) methods, respectively.

X.=5.0X 107", All the product terms generated by the RS,
and R,S, operators were included in the SAC-CI calcula-
tions. The SAC/SAC-CI calculations were performed using
the GAUSSIANO3 suite of programs32 with modifications for
executing the direct SAC-CI method.™

The results of LevelTwo are usually reliable for the di-
rect SAC-CI calculations: In the present case, the deviations
to those of LevelThree were within 0.05 eV for three excited
states of para-(3) methoxy substitution.

Ill. RESULTS AND DISCUSSION
A. Ground state and excited state geometries

The ground and first excited state geometries of the cis-
and rrans-isomers of ortho-(1), meta-(2), para-(3) and the
2.4.5-(4) and 2,4.6-(5) methoxy substituted compounds were
investigated. The results of the frans-isomers are shown in
Fig. 2. and those of the cis-isomers are given in Fig. 3. All
the compounds, except for the c¢is-5 compound, had local
minima 1n the coplanar structure of the cis- and trans-
isomers in both the Sy and S, states due to m-conjugation. As
shown later, in the Sy state, the rotational energy barrier of
the methoxy group is very low, although the planar structure
is the most stable structure. In the S, state, the global minima
are in the form of a nonplanar structure, but local minima
exist in the planar structure. The emission was observed from
this local minimum in the planar structure and, in particular,
a strong emission was observed for compound 2. The life-

time was also measured for all the compounds with regard to
this emission.” A characteristic molecule is the cis-5 com-
pound, which has a stable nonplanar structure with the tor-
sion angle of w=7.6 in the S, state because of steric effects.
A local minimum of the cis-5 compound in the S state could
not be obtained.

A comparison of the C—C and C-O bond lengths along
the conjugation between the S and S; state geometries of the
trans-isomers of the methoxy substituted compounds is
shown in Fig. 2. It was found that the C,-C,, C;-Cq.
Ci1p—Cis, C1,—0y4, and O,4—Cysbond lengths decrease and
the length of the other bonds increases. In the S, state, the
carbon-carbon bond alternation exists for both the single and
double bonds, but this bond alternation relaxes in the §,
state. Since the excitation is relatively localized in the central
unit, the prominent changes occur in the vinylene unit. For
example, in the trans-1 compound, the changes in bond
length are Ar=+0.048, —0.060, and +0.057 A for C,=C,,
C,—Cy, and Cg=C),. respectively, while the other changes in
bond length are within 0.022 A

The geometry change in the excited state could be quali-
tatively interpreted using ESF theory. We analyzed the ge-
ometry relaxation in the S, state of the trans-3 molecule.
Based on ESF theory, the geometry change in the excited
state is caused by the force acting on the nuclei due to the
change in electron distribution. The molecular geometry is
determined by balancing the atomic dipole, exchange (EC),
and gross charge forces.*** The difference in the SAC/
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FIG. 3. A comparison of the changes in C~C and C-0O bond lengths along the conjugation between the ground state and the first singlet excited state (in
parentheses) of (a) cis-1. (b) ¢is-2, (c) ¢is-3. (d) cis-4, and {e) cis-5 calculated using the B3LYP/6-311G(d) and CIS/D95(d) methods, respectively.

SAC-CI electron density between the Sy and §; states in the
ground state geometry is shown in Fig. 4. The EC force of
the C=C bond decreases because of the decrease in electron
density, while the EC force enhances the C-C bond. For
example, the C;-C,, C;-Cq4, C1y—Cjp C5-0,4, and
0,3-Cy; bonds shrink where the electron density increases
(blue) and the C,=C; and Cg=C,, bonds become longer
where the electron density decreases (yellow). Geometry re-
laxation ol other molecules can also be explained in the same
manncr.

The rotation of the methoxy group relative to the plane
of the phenyl ring was investigated. The ortho-(rrans-1),
meta-(trans-2), and the para-(1rans-3) monomethoxy substi-

FIG. 4. Density difference maps of the trans-3 of methoxy substituted mol-
ccules with a positive ditfuse (blue) and a negative diffuse (yellow).

tuted compound were examined for the C,—C,~0-C\y
angle () from 0° to 90° in steps of 15°. We calculated the
potential energy curves with freezing other coordinates and
estimated the energy barrier. The potential energy curves for
this rotation are shown in Fig. 5, and these indicate that the
most stable conformation was located at a angle of #=0° for
the rrans-1, trans-2, and trans-3 compounds. At the rotation
angle of 90°, the energy barriers to the perpendicular confor-
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FIG. 5. Ground state potential energy curves along the rotation of the meth-
oxy group (6 for the trans-1. trans-2, and trans-3 compounds calculated
using the B3LYP/6-311G(d) method.
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mation of the methoxy group for the fruns-1, trans-2, and
trans-3 compounds were 2.8, 3.2, and 3.6 kcal/mol, respec-
tively. This shows that the 7-conjugation of the trans-3 com-
pound is slightly more effective than that of the rrans-1 and
trans-2 compounds in the planar structure. The extent of
m-conjugation between the methoxy oxygen and the phenyl
ring could be reflected in the C-O bond length; when the
bond is shorter, the conjugation is more effective. In the
rrans compounds, the CO bond lengths are 1.360, 1.362, and
1.358 A, for trans-1, trans-2, and trans-3 compounds, re-
spectively. In 1rans-1. the intramolecular C—H--+O hydro-
gen bond interaction between the oxygen atom of the meth-
oxy group and the hydrogen atom in the vinylene group also
cxists, which causes a reverse effect on the energy barrier.
This low rotational energy barrier of about 1.0 kcal/mol from
(=07-30° indicates that a wide range of nonplanar confor-
mations is possible at room temperature. The effect of the
nonplanar structure on the absorption spectra will be dis-
cussed later.

B. Absorption spectra

The absorption spectra of the cis- and trans-isomers of
the five methoxy substituted cinnamates were investigated.
The vertical excitation energies were calculated using the
SAC-CIYDY95(d) method in their ground state optimized
structure.  The calculated excitation energies, oscillator
strength, and dipole moments are summarized in Table I,
along with the experimental values observed in hexane and
methanol.” The A’ states were assigned to the 77" excited
states with a large oscillator strength. while the A” states
were due to the nar” transition. Three low-lying excited states
were found to be relevant in the energy region of the UV
absorption. The higher excited states were also examined. up
to around 7 €V, but as these states are located above 5 eV,
they do not contribute to the important energy region for
UVB absorption of 290-320 nm (4.28--3.87 ¢V). Compound
3 is the standard commercial product for UVB protection.

For the monomethoxy substituted compounds, the ex-
ciled states that contribute to the absorption have a different
character that depends on the methoxy substituted position.
In the case of the ortho-(cis-1 and trans-1) and meta-(cis-2
and frans-2) compounds, the Sy state has the highest transi-
tion probability and is characterized as being the transition
from the next highest occupied molecular orbital (next
HOMO) to lowest unoccupied molecular orbital (LUMO)
(nH-L) transition, whereas the highest transition possibility
of the para-{cis-3 and trans-3) compounds was calculated
for the S;— 8, transition, and the excitation character is a
HOMO-LUMO (H-L) transition. The agreement with the ex-
perimental values was satisfactory. The deviations from the
experimental values in peak position were within about
10 nm. For example, for the cis-2 compound, the calculated
values were 261 and 314 nm, compared to the experimental
values of 274 (271) and 313 nm, respcctivcly.7 For the tran-
sition probability, the observed absorption coefficients of the
trans-1 compound are 13 500 and 18 100 M~! em™! for the

J. Chem. Phys. 131, 224306 (2009)

lower and higher peaks, rcspectivcly,7 and the calculated os-
cillator strengths are 0.26 and 0.38 for these peaks, respec-
tively.

The deviation from the experimental data can be attrib-
uted to the solvent effect and/or our model neglecting the
side chain. The polar solvent effect is relatively small for
compounds 1 and 2, as the difference in the experimental
excitation energy between hexane and methanol solutions is
within 4 nm, while it is large for compound 3 at 7-19 nm.’
The dipole moments of the ground and excited states were
calculated to interpret the solvent effect qualitatively. The
calculated dipole moments of the excited state were larger
than that of the ground state, which causes a redshift of the
peaks in a polar solvent. We also calculated the absolute
values of the changes in the dipole moments from the ground
state o excited states, |A u|=|pes— pas|, which are shown in
Table I, to examine the solvent effect before the solvent re-
orientation due to the excitation of cinnamates. The cis-
isomers of compounds 1 and 2 showed changes in their di-
pole moments between the ground and excited states of
|Au|=0.27 and 2.89 D, respectively, whereas the change in
dipole moment of compound 3 was around |Au|=4.02 D,
which also explains the observed experimental trend. How-
ever, our calculations for compounds 4 and 5 could not ex-
plain the experimental data. The cis- and trans-isomers of
compound 4 show large changes in their dipole moments,
around |A u|=5.66 and 4.38 D, compared to the energy shifts
of only 4 and 1 nm, respectively. This may be explained by
the direct interaction between methanol and cinnamates.

The trimethoxy substituted compounds at the ortho-,
meta-. and para-positions (cis-4 and trans-4) show two sepa-
rate peaks, and the strong lowest absorption occurs around
350 nm. However, this lowest peak is below the UVB region
of interest. The frans-5 compound has the S, state at 307 nm
with a large oscillator strength of 0.64. However, this value
is lower than that of the rrans-3 compound of 0.76 (S, +S-).
Experimental data also show the same trend. The absorption
coefficients were 24 700 and 19 900 M~! em™! in methanol
for the rrans-3 and trans-5 compounds, respectively.” The
1A” and 2A’ states were characterized as being H-L and
nH-L transitions, respectively, for both compounds 4 and 5.
The para-methoxy substitution has an important effect in
achieving a large oscillator strength of H-L transition in cin-
namates. Methoxy substitution in the meta-position leads to a
decrease in the oscillator strength of the H-L transition, as
also seen in compound 2. A comparison with the absorption
spectrum of methyl hydroxyl cinnamate (pCA)* in the gas
phase shows that the substitution of methoxy for OH results
in changes in the oscillator strengths of the S, and S, transi-
tions. The oscillator strength of the H-nL transition increases
in methoxy substituted compound: The TD-DFT calculation
predicted that the S, state has smaller oscillator strength in
hydroxy cinammate.

Figure 6 shows the MOs relevant for the three low-lying
excited states for the frans-1, trans-2, and trans-3 com-
pounds which correspond to the cis-1, ¢is-2, and cis-3 com-
pounds, whereas compounds 4 and 5 are shown in Fig. 7.
The pattern of the MOs of the cis-forms is similar to that of
the trans-ones. The HOMO, next HOMO, and LUMO are
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TABLE L. Excitation energy (£,). absorption wavelength (X, ). oscillator strength (f), excitation character, and dipole moment change (JAu|) for the cis- and
frans-isomers of methoxy substituted cinnamates calculated using the SAC-CUD95(d) level of theory. Experimental values are cited from Ref. 7.

SAC-CI Experiment (nm)

Molecule State E., (eV) Nypan (M) i Excitation character |Apl (DY MeOH Hexane
cis-1 XA’ (2.44)

1A’ 3.83 323 0.25 0.77(H—1L1) 4.27 313

1A 4.49 276 0.00 0.78(H-3 L) 4.46

24"° 4.51 275 0.34 0.72(nH—1L) 0.27 271 274
trany-1 XA (2.78)

1A' 3.87 321 0.26 0.77(H — 1) 319 325

14" 4.23 293 0.00 0.82(H-3— 1) 5.96

2A° 4.064 267 0.38 0.71(nH -+ L) 0.25 276 272
2 XA’ (1.09)

1A’ 3.94 314 0.04 0.76(H -+ L) 5.56 313

1A” 4.26 291 0.00 0.82(H-3—1.) 435

24 4.74 261 0.53 0.73(nH -~ L) 2.89 274 271
frans-2 XA’ (0.50)

1A’ 4.06 306 0.12 0.69(H L) 4.89 313

1A” 4.49 76 0.00 0.80(H-3-»L) 591

24' 4.61 269 0.47 0.62(nH—1) 2.49 278 274
¢is-3 X4’ (0.80)

fA’ 4.13 300 0.59 0911 —1) 4.02 303 296

1A” 4.33 286 0.00 0.83(H-3—L) 4.26

24° 4.4} 281 0.04 0.71(H -»nL) 0.51
trans-3 XA (3.66)

1A’ 4.17 297 0.44 0.79(H - L) 2.18 309 290

24" 4.44 279 0.32 0.65(H—nL) 1.98

1A” 4.54 273 0.00 0.79(H-3—L) 5.95
cis-4 XA' (3.02)

1A’ 333 372 0.36 0.89(H—L) 5.66 345 349

14" 430 288 0.00 0.82(H-3 L) 4.52

2A' 4.34 286 0.24 0.77(nH—1L) 1.70
trany-4 XA’ (3.14)

1A’ 3.45 360 0.41 0.88(H—1L) 4.38 349 348

24’ 4.48 277 0.30 73(nH—L) 1.95

1A” 4.52 274 0.00 0.79(H-3—1.) 6.25
cis-§ XA’ (2.26)

1A 4.09 303 0.24 0.83(H--1.) 4.89 305 298

2A 4.35 285 0.01 0.71{(nH—L) 1.86

3A 4.56 272 0.11 0.70(H-4 L) 2.00
1rans-§ XA’ (5.04)

1A’ 4.04 307 0.64 0.88(H -~ L) 0.73 320 312

24’ 427 290 0.06 0.74(nH — 1) 1.99

1A” 4.57 271 0.00 0.79(H-3—L) 5.88

"Values show the changes in the dipole moments from the ground to excited states (|Au|=|pps—pgsl) and values in parentheses are ground state dipole

moment.

localized on the phenylene vinylene backbone. The methoxy
substitution on the phenyl ring also has a small contribution
to the 7r-conjugation. HOMO-3 contains the lone pairs of the
C=0 bond, and the n#" transition (1A” state) causes a
charge transfer trom the C=0O bond to the phenylene

vinylene. In the HOMO and next HOMO, the vinyl double
bonds form bonding orbitals, and the single bonds linking
the phenyl ring with the vinyl double bond are antibonding.
In the LUMO, the vinyl double bonds are antibonding and
the single bonds are bonding. On the other hand, the next
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FIG. 6. MOs relevant to the iow-lying excited states for (a) ortho-(trans-1},
(0} mera-(rrans-2). and (¢} para-(trans-3) monomethoxy  substituted
molecules.

HOMO and next LUMO of the rrans-3 compound are local-
ized on the benzene ring and the amplitude on vinyl double
bond diminishes. These characters of MOs also explain the
geometry changes in the excited states as mentioned above.
The HOMO of the truns-4 compound spreads over the oxy-
gen lone pairs, which is the origin of the low-lying S, state in
the rrans-4 compound.

The SAC-CI excitation spectra for the monomethoxy
substituted compounds are compared to the experimental ab-

HOMO-3

FIG. 7. MOs relevant to the low-lying excited states for (a) rrans-4 and (b)
trans-5 of the trimethoxy substituted molecules.
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FIG. 8. SAC-CI absorption spectra of the cis- and rrans-isomers of the
monomethoxy substituted compounds compared with the experimental spec-
tra in methanol (Ref. 7).

sorption spectra in Fig. 8. The experimental spectra were
observed in methanol, and the polar solvent effect in terms of
the energy shift was small for the ortho- and meta-
substitution (less than 4 nm), and non-negligible for para-
substitution (10-20 nm) from the experimental evidence.’
The SAC-CI absorption spectrum of the cis-3 substituted
compound consists of a single absorption band, and that of
the trans-3 compound consists of closely scparated two
peaks, which is in good agreement with the experimental
spectra. The absorption spectra of the ortho-(cis-1 and
trans-1) and meta-(cis-2 and trans-2) substituted compounds
consist of two distinct absorption bands. Compound 1 has
two peaks with a large oscillator strength. whereas the spec-
tra of compound 2 show a single strong peak in the higher
energy region, with a shoulder on the lower energy side.
These trends were well reproduced by the present SAC-CI
calculations.

The SAC-CI and experimental spectra of the trimethoxy
substituted compounds are compared in Fig. 9. For the tri-
methoxy substituted compounds, the appearance of the
SAC-CI absorption spectra of the cis-4 and trans-4 (ortho-,
meta-, and para-substituted) compounds was similar to those
of the cis-1 and trans-1 (ortho-substituted) compounds,
showing two distinct bands but with the lower peak having a
higher intensity. This is in good agreement with the experi-
mental measurements. The absorption of compound 4 in the
lower energy region may be useful for blocking of the UVA
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FIG. 9. SAC-CI absorption spectra of the c¢is- and trans-isomers of the
irimethoxy substituted compounds compared to the experimental spectra in
methanol (Ref. 7).

light. In contrast. the absorption spectra of the c¢is-5 and
trans-5 (ortho- and para-substituted) compounds resemble
those of the ¢is-3 and trans-3 (para-substituted) compounds
that show a single band with a small shoulder in the higher
energy region. Our theory also reproduced these experimen-
tal data.

The experimental spectra show that the absorption inten-
sity of the trans-isomers is larger than that of the correspond-
ing cis-isomers in all the compounds.7 This indicates that the
trans-isomers have better absorption efficiencies than the cis-
isomers do. This trend was also reproduced by our SAC-CI
calculations. In general, the transition dipole moment is de-
termined by the transition dipole integrals and configuration
interaction. In the present case, although the oscillator
strength was distributed over two 1A’ and 24’ from the con-
figuration interaction, the difference between the cis- and
trans-isomers could be attributed to the transition dipole in-
tegrals. The HOMO and LUMO orbitals of the trans-isomer
are spread more broadly than those of the cis-isomer, which
leads to the difference in the oscillator strength.

The ground state potential energy curve is flat along the
rotation angle 0=0°-30°, where the energy difference is
less than 1.0 kcal/mol. and therefore, the nonplanar confor-
mation contributes to the absorption spectra at room tem-
perature. Therefore, we calculated the SAC-CI absorption
spectra of the trans-1 and trans-3 compounds in the nonpla-
nar structure. The calculated spectra with a rotation angles of
0=0°, 15° and 30° are shown in Fig. 10. For the rrans-1
compound, the lower energy peak shows a blueshift of about
10 nm from 6=0° to 30°, and this contributes to the shoulder
observed in the higher energy region. Since the HOMO of
the rrans-1 compound has an antiphase interaction between
the benzene ring and the methoxy group, the HOMO stabi-
lizes the nonplanar structure, and therefore, the blueshift oc-
curs in the S, state of the H-L transition. The oscillator
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FIG. 10. Absorption spectra of the rrans-1 (left) and trans-3 (right)
compounds at a rotation angles #=0°. 15°, and 30 calculated using the
SAC-CI/D95(d) method.

strength of the trans-1 compound in the S, and Sy states also
interchanges along the rotation. The S§; state is strong at
0=0°, while in the distorted structure, the oscillator strength
of the S, state increases. On the other hand, the oscillator
strength of the three excited states of the frans-3 compound
does not change much.

C. Emission spectra

The emission cnergies of these molecules have also been
calculated using the SAC-CI method. The stable gecometrics
of the §; state were located using CIS followed by the
SAC-CT calculations of the vertical emission energies. The
calculated emission energics, oscillator strength, and Stokes
shifts are compared to the experimental data in hexane and
methanol solutions in Table II. The dipole moment and ex-
citation character of cach excited state are also given in the
same table.

All the compounds, except for the cis-5 compound, were
calculated to have the local minima in the planar structure.
As discussed in Ref. 7, the global minimum of the excited
state is the conical intersection where the torsion angle of the
C3-C4=C,,—C;, chain is about 90°. Molecules excited to
the S, state with sufficient energy relax through this conical
intersection beyond an energy barrier to the ground state by
nonradiative decay. Nonetheless, a weak emission was ob-
served experimentally from this local minimum of the S,
state in the coplanar structure, in particular, for compound 2]
This emission from the local minimum of the S, state is
discussed in this work. The bond distances in the S, state of
these molecules are shown in Figs. 2 and 3.

In general, the SAC-CI calculations reproduced the ex-
perimental trends observed in hexane solution satisfactorily.
The emission energies of molecules were in the order
of compounds 2 and 3 (~350 nm)<compounds 1 and 5
(~360 nm)<compound 4 (~400 nm). The deviation from
the experimental values was within 10 nm, except for the
cis-4 compound. The transition was characterized as the
HOMO-LUMO transition, and the SAC-CI coefficients are
localized for this configuration. The calculated oscillator
strengths were in the range of 0.41-0.68 for all the mol-
ecules, except for compound 2. As shown in the absorption
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TABLE I Excitation energy (£,,). emission wavelength (X,,,,), oscillator strength (f), excitation character, and dipole moment for the ¢is- and trans-isomers

of methoxy substituted cinnamates calculated using the SAC-CI/D95(d) level of theory. Experimental values are cited from Ref. 7.

SAC-CI Experiment (nm)
Molecule State E., (eV) Nmae (M) f Stokes shift (eV) Excitation character Dipole moments (D}* MeOH Hexane
cis-1 14’ 3.43 361 0.41 0.40 0.83(H—L) 5.50(3.15) 409 361
trans-1 1A7 3.37 367 0.44 0.50 085(H—1L) 4.68(3.32) 405 359
cis-2 1A’ 3.53 351 0.10 0.41 0.76(H :L) 7.15(1.48) 410 351
rruns-2 147 3.62 343 0.29 0.44 0.84(H—L) 5.74(1.05) 409 350
cis-3 1A' 3.55 349 0.63 0.58 091(H—L) 2.81(1.63) 468 354
trans-3 147 3.52 352 0.61 0.65 090(H L) 4.89(4.37) 462 351
cis-4 147 292 424 0.44 0.41 0.90(H—1.) 7.48(3.48) 461 397
(rans-4 1A° 3.04 408 0.51 041 0.90(H—L) 7.19(4.11) 461 398
tians-3 147 3.43 362 0.68 0.61 0.90(H - L) 4.43(6.04) 463 358

“Values in parentheses show the dipole moment of the ground state (XA').

data, the S, state of compound 2 also had a low oscillator
strength in the ground state geometry, and the transition
probability is distributed to the S state. The calculated
Stokes shifts were 0.40-0.50 eV for compounds 1, 2, and 4,
and these were slightly larger, 0.58-0.65 ¢V for compounds
3 and 5 where the para-position is substituted by a methoxy
group. This means that the excited state geometry relaxations
in the S, state of compounds 3 and 5 are larger than those for
compounds 1, 2, and 4.

A redshift was observed in methanol for all the
compounds.7 To interpret this energy shift, the dipole mo-
ments of the Sy and S states calculated for the optimized
geometry of the S; state arc compared in Table 1. The cal-
culated dipole moments in the excited state are larger than
those in the ground state, which explains the experimental
redshift qualitatively. The redshift of the emission in metha-
nol was marked in compounds 3 and 5 (about 100 nm), for
which our calculations could not explain this effect.

The relaxation processes in the excited states are impor-
tant for the UVB blocking molecules. We examined the S,
potential cnergy surface of trans-2 and trans-3, which
mainly leads to decay by fluorescence and nonradiative de-
cay through conical intersection, respc:ctively‘7 Since the
SAC-CI method is based on the single-reference theory, it is
difficult to obtain the potential energy surface around the
conical intersection. The conical intersection should be ex-
amined by the multi-reference methods such as CASSCF or
multi-reference configuration interaction (MRCI), but we
failed the partial optimization using the state-averaged
CASSCF  (4.4), (4,6), and (4,8) calculations, although
CASSCEF is stable around conical intersection. Thercfore, we
performed the SAC-CT partial optimization of the S, state for
the torsion angles from 0° to 75° with all the other coordi-
nates being optimized. Because of the computational limita-
tion, the small basis sets double-zeta valence (DZV)
[3s2p/2s] and restricted active space (7 occupied and 33 un-
occupied MOs) were used and the perturbation selection of
the operator was not performed in the SAC-CI calculations.
The potential energy curves along the minimum energy path
of the S, state are shown for trans-2 and rrans-3 in Fig. 11.
In trans-2, the energy barrier to the conical intersection was
calculated to be about 5.5 kcal/mol (0.24 eV), while trans-3
has a low energy barrier about 0.6 kcal/mol (0.03 eV). These

calculations qualitatively explain the experimental fact that
the activation energies based on the nonradiative deactive
rate of trans-2 and trans-3 compounds were estimated (o be
1.4 and 0.4 kcal/mol. rcspectively.7 The ground state surface
of trans-3 was too steep along the torsion, for which we
think the errors come from the quasidegenerate character of
the states and the restricted active space.

IV. CONCLUDING REMARKS

The electronic structures and optical properties of cin-
namate derivatives at five different substituted positions were
investigated using the SAC-CI method. Both the c¢is- and
trans-isomers were examined for ortho-, meta-, and para-
monomethoxy substituted compounds and 2.4,5-(ortho-,
meta-, para-) and 2,4,6-(ortho-. para-) trimethoxy com-
pounds.

1 1 1
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FIG. 11. The SAC-CI potential energy curves of the §; and §; states along
the minimum energy path of the S, state are shown for trans-2 and rruns-3.
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All compounds have a local minimum in the c¢is- and
frans-isomers in the planar structure in both the S, and S,
states, except for the 2.4,6-trimethoxy compound. The SAC-
CI/D95(d) calculations reproduced the recently observed ab-
sorption and emission spectra satisfactorily, and allowed a
detailed assignment and interpretation of the spectra. Three
fow-lying excited states were found to be relevant for the
absorption in the UV blocking energy region. The calculated
oscillator strengths of the rrans-isomers were larger than all
the cis-isomers, which is in good agreement with experimen-
tal data. In the monomethoxy compounds at the ortho- and
meta-positions, the most intense peak was assigned to the
transition from the nH-L, whereas in the para-compound it
was assigned to the H-L transition. This feature was inter-
preted from the variation of the MOs due to the different
substituted positions, and was used to explain the behavior of
the excited states of the trimethoxy substituted compounds.

Our SAC-CI calculations have provided reliable results
and a useful insight into the optical properties of these mol-
ceules and, therefore provide a useful tool for developing
UVB blocking compounds with regard to the tuning of the
photoabsorption. High absorbance, broad absorption peak
with small fluorescence quantum vyield, and low radiative
rate are expected for superior UVB sunscreen. Nonradiative
decay back to the initial ground state is also relevant. Thus,
the theorcetical study of the relaxation process is important to
design the superior UVB blocking molecules. In the present
case, both trans- and cis-forms can be generated in the
course of the relaxation at around the conical intersection
and cis-form also has absorption in the UVB region.
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