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Abstract

The ground-state geometries, the lowest energy transitions and the electronic spectra for a series of styryl dyes with quinoline nucleus have
been studied with TD-DFT including SCRF approach. TD-DFT calculations provide a correct description of the UV—Vis spectra of these dye
molecules. Moreover, the T — 7* type absorption bands of unsubstituted or substituted styrylquinolines are all reasonably well reproduced by
TD-DFT at the B3LYP/6-311G** level. Compared with our previously reported experimental data, the average relative deviation of A,y is

—2.56% in gas phase and —2.48% in methanol solvent.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Styryl dyes with quinoline nucleus; TD-DFT; SCRF; Transition energy; UV—Vis spectrum

1. Introduction

The styryl dyes with quinoline nucleus are among the most
widely used class of organic functional dyes. They were syn-
thesized and applied to various sensitive materials such as sen-
sitizers or desensitizers formerly [1]. With the development of
relative technology, people developed the application of styrylqui-
noline dyes to electroluminescence and photochromism [2—4],
as well as the field of medication [5—8]. Our previous efforts
have been devoted to develop the synthesis and applications
of cyanine and styryl dyes [9—13]. There are many literatures
on the synthesis and applications of styryl dyes with quinoline.
However, few structures and absorption properties of styrylqui-
noline dyes have been calculated as test cases so far.

Density functional theory (DFT), as an approximation
method for ab initio calculation of electronic structures of
many-particle systems, is one of the most successful and widely
used methods in the computational quantum chemistry, which
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can be a powerful theoretical tool in the design of dyes and has
already played an important role. In recent years, DFT has also
been extended to excited states, and time-dependent density
functional theory (TD-DFT) calculations of excited states of
large organic molecules [14,15] and the chromophoric proper-
ties of organic dyes [16,17] have been made accessible for
practical applications.

In this paper, we set out to explore the electronic structures
of styryl dyes with quinoline nucleus using TD-DFT methods,
and gave a comprehensive analysis of the effects of
p-substituting groups (Cl, CH;, OH, OCH3, N(CH3),) and
m-substituting group (NO,) on the ground-state geometries,
energies of frontier molecular orbitals and absorption wave-
lengths, and also paid attention to the influence of solvent
effects [18] on the electronic spectra by means of the self-
consistent reaction field (SCRF) method [19,20]. The goal of
this theoretical study is to elucidate the modifications in the
electronic structure and to predict the changes of A, in the
ultraviolet and visible regions of styryl dyes with quinoline
nucleus. This could be helpful in the devise and syntheses of
new dye molecules.
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2. Details of calculation

DFT calculations were carried out using Becke’s three-
parameter exchange function (B3) [21] and the Lee—
Yang—Parr correlation function (LYP) [22]. Initial searching
of steady ground-state (Sy) structures of seven different styryl
dyes with quinoline nucleus was carried out by geometry
optimization with the 6-31G basis set without any symmetry
constraint. The obtained structures were adapted with suit-
able symmetry constraint and then used for the final optimi-
zation using 6-31G, 6-31G* and 6-311G** basis sets.
Analytic frequency calculations were done to confirm that
the optimized structures were of minimum energy. Calcula-
tions of the vertical excitation energies and oscillator
strengths in low-lying singlet excited states were carried out
at the three equilibrium geometries using TD-DFT method.
Typically, according to the Franck—Condon principle, the maximum
absorption peak (An,ax) in an UV—Vis spectrum correspond to
vertical excitation.

In addition, we have also investigated solvent effects on the
dye molecules. The molecular volume was calculated to esti-
mate the cavity radius a, for the Onsager SCRF model at
the B3LYP /6-311G** level, the SCRF geometry optimization
began at the optimized gas phase structure, and the SCRF fre-
quencies were calculated at the SCRF optimized structure. All
calculations reported in this work were carried out with the
Gaussian 98 program [23] and the experimental data from
our previous work are listed in order to determine the most
appropriate quantum chemical approach for this dye system.

3. Results and discussion
3.1. Geometric structures and symmetries

To obtain the most stable ground-state (Sy) geometries, the
three different basis sets, 6-31G, 6-31G* and 6-311G**, were
used for the calculations of seven styryl dyes with quinoline
nucleus. The structures obtained from B3LYP/6-311G**
calculations are given in Fig. 1. From Fig. 1, we can see
that the molecular frameworks of these dyes are mostly
constrained to be planar and the respective substitution by
m-NO,, p-Cl, p-OH, p-CH;, p-OCHj; or p-N(CH3), does not
distort the carbon skeleton which remains essentially planar.
Remark that we preferred to carry out electronic structure cal-
culations of substituted dye molecules under C; to make com-
parison easier with respect to unsubstituted one.

It is unclear which method is better for determining the
ground-state structure at this stage, since there is no experi-
mental structure observed. Therefore, we have calculated the
maximum absorption peaks (An.x) at B3LYP geometries,
which can be compared with experimental data.

3.2. Transition energies

The frontier molecular orbitals of styrylquinoline dyes
are recorded in Table 1. We notice in Table 1 that except

HOMO — 2 having symmetry a’, all the frontier orbitals
listed have symmetry a”. Further investigation on the styryl-
quinoline derivatives with the effect of substitution indicates
that both the energies of HOMO and LUMO are increased
when the substituent is an electron donor group, and de-
creased when the substituent is an electron acceptor group.
The energy sequences of HOMO and LUMO are all
a<b<c<d<e<f<g The reason suggested here is
that electron-withdrawing substituents (Cl and NO,) on ter-
minal benzene ring decrease the electron density on the large
conjugated-system, and electron-donating substituents (CHs,
OH, OCHj;, N(CHj3),) on C-16 position increase the 7 elec-
tron density. The larger the electron-donating ability of the
substituent, the larger the electron density on the large con-
jugated-system (Table 2). However, both electron donor and
electron acceptor substituents are effective in reducing the
energy gap between HOMO and LUMO in the para-, or
meta-substituted styryl dyes with quinoline nucleus. Accord-
ing to the electronic structure analysis, the orbital energy of
LUMO decreases more than that of HOMO in the dyes a and
b, and the energy gap of HOMO — LUMO decreases in the
styrylquinoline dyes. In contrast, the orbital energy of
HOMO increases more than that of LUMO in the dyes d,
e, f and g, therefore the energy gap of HOMO — LUMO
also decreases in the styrylquinoline dyes. These results are
meaningful, because the energy gaps of frontier orbitals are
related to the electron excitation. The details of calculations
and analyses for absorption spectra are given in the next
section.

3.3. UV—Vis absorption spectra

Table 3 lists the data of the experimental and calculated
Amax (nm) for the lower-lying singlet excited states of seven
styrylquinoline dyes. In addition, we applied the Onsager
model of TD-DFT/SCRF at B3LYP/6-311G** level to these
dye molecules in order to explore the effects of solvent on
absorption spectra and to test the theoretical approach against
the available experimental results.

3.3.1. Comparison of the observed and calculated
absorption spectra

The 6-311G** results deviate in the range from 1 to
17 nm from the experimental values and the average relative
deviation is —2.56% in the gas phase and —2.48% in the
methanol solvent, that is, both TD-DFT and TD-DFT/SCRF
can reproduce experimental results in these dye molecules
reasonably well. The 6-311G**’s results are more close to
experimental data than the 6-31G’s except for dye g, but
the discrepancy is so little that we prefer to choose the
former to predict the electronic excitation spectra of these
dye molecules.

Furthermore, considering that the introduction of a solvent
reaction field has little effect on the UV—Vis spectra of styryl
dyes with quinoline nucleus, theoretical absorption wave-
lengths (not including SCRF effect) are plotted against the
experimental ones based on three basis levels in Fig. 2.
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Fig. 1. Selected bond lengths (nm) and bond angles (°) of dyes according to the B3LYP/6-311G** level.

The maximum of absolute deviation between experimental 3.3.2. The effect of substitution on absorption spectra

and calculated A, (highest oscillator strength) from linear From Table 3, it could also be found that the sequence
plot amounts for 7t — 7t* transitions is 17 nm at 6-311G** of Anax 1S a<c<b<d<e<f<g, which is basically
level and 21 nm at 6-31G level. Anyhow, overall the outcomes consistent with our previously reported experimental results

are quite satisfactory. [11]. The sequence of corresponding excitation energy is
Table 1
Orbital energies (eV) for the seven styrylquinoline dyes at B3LYP/6-311G** level

a b c d e f g
LUMO + 3 —0.72(15a") —0.43(15a") —0.22(13a") —0.18(14a") —0.07(14a") —0.03(15a") 0.12(16a")
LUMO + 2 —1.54(14a") —0.075(14a") —0.39(12a") —0.36(13a") —0.50(13a") —0.42(14a") —0.22(15a")
LUMO + 1 —2.35(13a") —1.40(13a") —-1.27(11a") —1.22(12a") —1.18(12a") —1.16(13a") —1.01(14a")
LUMO —2.60(12a") —2.17(12a") —2.00(10a") —1.94(11a") —1.87(11a") —1.85(12a") —1.67(13a")
HOMO —6.33(11a") —6.04(11a") —5.93(9a") —5.80(10a") —5.64(10a") —5.58(11a") —5.08(12a")
HOMO — 1 —6.81(10a") —6.68(10a") —6.58(8a") —6.53(9a") —6.49(9a") —6.46(10a") —6.25(11a")
HOMO -2 —7.33(61a") —7.21(58a’") —7.09(52a’) —7.04(55a’") —6.96(55a") —6.89(58a") —6.51(6la’)
HOMO -3 —7.64(9a") —7.2809a") —7.13(7a") —7.07(8a") —7.00(8a") —6.98(9a") —6.83(10a")
E* 3.73 3.87 3.93 3.86 3.77 3.73 3.41

% The HOMO — LUMO energy gap.
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Table 2
Net charge population of seven styrylquinoline dyes at B3LYP/6-311G** level

N, Cg Cn Cio Cia Cie N/Cl/C/Oy9 0O/Cy
a —0.3543 0.0916 —0.0730 —0.0598 —0.0467 —0.0397 0.1774 —0.2665
b —0.3584 0.0957 —0.0811 —0.0564 —0.0744 —0.2371 —0.0685 -
c —0.3588 0.0964 —0.0818 —0.0580 —0.0751 —0.0832 - -
d —0.3595 0.0967 —0.0846 —0.0570 —0.0739 —0.0970 —0.2561 -
e —0.3604 0.0974 —0.0890 —0.0542 —0.0739 0.1576 - —0.3557
f —0.3611 0.0977 —0.0895 —0.0533 —0.0719 0.1797 —0.3452 —0.1332
g —0.3625 0.0982 —0.0942 —0.0527 —0.0821 0.2661 —0.4657 —0.1648
Table 3

Computed A,,x (nm) with parenthesized oscillator strength (f) for the lower-lying singlet excited states of dyes

Dyes Calculated® Exptl. in MeOH*
Gas phase Solution”
6-31G geometry 6-31G* geometry 6-311G** geometry 6-311G** geometry
a 324.66 (0.9190) 327.28 (0.7009) 331.33 (0.8849) 331.53 (0.8711) 337.0
b 331.15 (1.0526) 336.62 (1.0993) 339.20 (1.1253) 338.99 (1.1080) 353.0
[ 330.60 (0.8022) 332.76 (0.8668) 334.76 (0.1055) 334.85 (0.8934) 352.0
d 337.24 (0.8768) 338.80 (0.9462) 341.08 (0.9644) 341.14 (0.9703) 355.0
e 345.05 (0.8282) 347.61 (0.8632) 349.62 (0.8732) 350.10 (0.8913) 355.5
f 351.00 (0.8752) 352.32 (0.9175) 354.96 (0.9299) 355.32 (0.9449) 356.0
g 391.45 (0.8517) 385.64 (0.9247) 389.42 (0.9367) 390.41 (0.9552) 396.0
% AR.D. -3.77 -3.33 -2.56 —2.48 -

% B3LYP function is used.

" Solvent (¢ = 32.63) is methanol.
¢ Ref. [11].

4" Average relative deviation.
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Fig. 2. Linear correlation between experimental and theoretical wavelength of
T — 7v* transition calculated by TD-DFT.

Table 4

g <f<e<d<b<c<a (Table 4). The reason for the ef-
fect of substitution on absorption spectra suggested here is that
the electron-donating substituents on C-16 position increase
the electron density on the large conjugated-system. Mean-
time, the chlorine, oxygen, nitrogen or c-bond of carbon—
hydrogen of CHj joins the conjugated-system, which makes
the conjugated-system become larger. Both effects of electron-
donating substituents on the contraposition of benzene ring
make band-gap of the conjugated-system lower, that is, the
energy from HOMO to LUMO becomes smaller. Electron-
withdrawing substituent on C-17 position makes band-gap
obviously increased, such as dye a. Therefore, electron-
donating substituent makes molecular A, longer. The electron-
donating ability of substituents is N(CH3), > OCH; > OH >
CH; > Cl > H, leading to the sequence of A.x g>f>
e>d>b>c>a

Main orbital compositions of the computed lower-lying singlet excited states of dyes at 6-311G** basis

State Main contribution Transition character® Excitation energy” Transition feature
a N 11a” — 12a” HOMO — LUMO (0.66318) 3.2551 (0.0222) T — T
A’ 11a” — 13a” HOMO — LUMO + 1 (0.59550) 3.7420 (0.8849) T — T
b A 11a" — 12a” HOMO — LUMO (0.62147) 3.6552 (1.1253) T — T
c A’ 9a" — 10a” HOMO — LUMO (0.56075) 3.7036 (0.1055) T — ¥
d N 10a” — 11a” HOMO — LUMO (0.61230) 3.6350 (0.9644) T — T
e A’ 10a” — 11a” HOMO — LUMO (0.61667) 3.5462 (0.8732) T — T
f A’ 11a" — 12a” HOMO — LUMO (0.62582) 3.4929 (0.9299) T — T
g A’ 12a" — 13a” HOMO — LUMO (0.64156) 3.1838 (0.9367) T — T

# Configuration coefficients are given in parenthesis.
P Oscillator strengths (f) are given in parenthesis.
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Fig. 3. Molecular orbitals of dye ¢ (upper half) and dye g (lower half).

3.3.3. Assignment of the calculated transition

Table 4 lists the main orbital compositions of the computed
lower-lying singlet excited states and transition feature of the
dye molecules obtained by TD-DFT calculations. It has been
found that the lowest energy absorption in dyes is due to the
electronic T — m* transition from HOMO to LUMO except
for dye a, so it is necessary to examine the frontier orbitals
of dye a and to interpret the influence of the substituted nitryl
group. The frontier orbitals of dyes b, d, e, f and g are very
similar to that of dye c. For instance, the molecular orbitals
of the HOMO and LUMO for dyes ¢ and g are depicted in
Fig. 3.

The first main transitions were observed by the coefficient
of HOMO — LUMO excitation when gradually replacing H
by Cl, OH, CH3, OCH;3 or N (CH3), to C-16 position. How-
ever, when the nitryl is attached to C-17 position of styrylqui-
noline dye molecule, the transition character is changed. In the
first transition, the main absorption corresponding to transition
from HOMO (11¢”) to LUMO (12a") in dye a is observed,
but the oscillator strength (f) is just 0.0222, and the excitation
energy corresponding to the absorption maximum is
3.2551 eV (381 nm), which is more than 44 nm of the value
found in the experimental data of dye a. The second transition
occurring at 3.7420 eV (331 nm) is an excitation from the
HOMO (11a”) to the LUMO + 1 (13a”), which is in good
agreement with experimental value, with the deviation from
the experimental data being 6 nm for TD-B3LYP (6-311G
basis) calculation. According to these calculations of dye a,
the orbitals involved in the two lowest energy transitions are
presented in Fig. 4.

Take the dyes ¢ and g, for example, the longest absorption
band is a transition mainly from HOMO to LUMO, which are
all localized in the whole carbon skeleton (Fig. 3). It has been
found that the electronic 7t — 7v* transitions in styrylquinoline
dye molecules are localized in the main molecular skeleton.
However, the HOMO of dye a (Fig. 4), is mainly distributed
at styrylquinoline fragment, the same as LUMO + 1, which

is obviously different from LUMO. That is why the longest ab-
sorption band of dye a is a charge transfer transition not from
HOMO to LUMO but from HOMO to LUMO + 1, and the as-
signed 7t — 7v* transition which is localized in the main mo-
lecular skeleton is also confirmed. The calculation outcomes
are in good agreement with experimental data, and accurately
explain the experimental results.

‘0

O..

LUMO+1 13a"

dogt’

LUMO 12a"

Pog>

HOMO 11a"

Fig. 4. Molecular orbitals of dye a.
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4. Conclusions

The TD-DFT approach, including using Onsager model has
been applied to the study of the UV—Vis spectrum of styryl
dyes with quinoline nucleus for the first time. The maximum
absorption wavelengths (A,.) are in very good agreement
with the reported absorption spectrum. These results suggest
that TD-DFT methods can be used for the prediction of the
excitation spectra, particularly the excitation energy for the
lowest energy transition corresponding to the A,,,. In addition,
the calculations show correctly that p-substituents (Cl, CHs,
OH, OCH3;, N(CH3),) and m-substituent (NO,) at the end ben-
zene ring result in red-shift and blue-shift for T — 7* type ab-
sorption band, respectively, confirming the intramolecular
nature of the absorption transition.

In summary, TD-DFT appears as a valuable general method
in the calculation of the excitation of styryl dyes with quino-
line nucleus, which will attract a lot of attention that would
help us to investigate and design the optical behaviors of the
planar-conjugated dye molecules, even nonplanar ones.
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