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The ground and excited state behaviors of a biologically important mitochondria selective dye, 5,5,6,6'-
tetrachloro-1,1’,3,3'-tetraethyl-benzimidazolo carbocyanine (TTBC), were investigated in order to give
useful information related to the enhancement of its electronic and optical properties. DFT and TDDFT
levels of theory with different functionals and basis sets were used. The results obtained by using
PBEPBE/6-31+G(d,p)/C-PCM are in good agreement with the experiments. The potential energy surface

- sections of TTBC were explored and the geometry optimized in the first excited state, S;, to analyze
;fg)]')WFOTrdS' the fluorescence spectrum of the dye. There are two distinct minima on the S; surface, one located near
DET the ground state geometry and an energetically favorable twisted geometry, having a charge transfer
Excited state character. The observation of similar ground and excited state dipoles as well as solvent-independent
Cyanine dye fluorescence and absorption wavelengths reveals that there is no competition between the two minima;
TTBC the emission is dominantly coming from the more planar configuration.
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1. Introduction

Cyanine dyes are synthetic dyes with the general formula,
R,N[CH=CH],,CH=N'R,, They consist of two nitrogen centers
bonded to each other by a conjugated chain of the odd number
of carbon atoms with one of the centers being positively charged
[1,2]. The first cyanine was synthesized in the 1800s [3]. They
are widely used as sensitizers for photographic films [4], laser dyes
[5,6], anti-tumor agents [7], non-linear optics [8], optical disk
recording media [9] and as fluorescence probes for biological mol-
ecules [10]. They are ideal fluorescent reagents, because of their
high extinction coefficient and good quantum yield. In addition,
they exhibit absorbance and emission wavelength maxima in the
range of 400 nm to 900 nm [11].

A well known cyanine dye, which has a delocalized positive
charge is 1,1’,3,3'-tetraethyl-5,5,6,6'-tetrachlorobenzimidazolo-
carbocyanine (TTBC or JC-1). Its chemical structure is shown in
Fig. 1. It is used as a molecular probe especially for monitoring
mitochondrial membrane potential (A¥). A high AY indicates
that the dye is in the J-aggregate [12,13] form, emitting at
590 nm and that the cell is alive, whereas a low AY is a sign of
apoptosis and TTBC exists in the monomer form, emitting at
527 nm [14-16]. The advantage of TTBC rather than the other
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carbocyanines is that the status of mitochondria can be monitored
with both low and high membrane potentials [17].

The purpose of this study is to investigate the ground and ex-
cited state behaviors of the well known mitochondria selective
cyanine dye, TTBC by the use of quantum chemical methods.
The simulated absorption and fluorescence spectrum of TTBC will
be compared with the experimental spectra reported by Ozcelik
[18]. This versatile organic dye is an important biological molec-
ular probe; it is envisioned that the knowledge gained from our
work here may benefit the use and development of the optical
and spectroscopic properties of this and similar dyes. The
theoretical investigation of the ground and excited state molecu-
lar and electronic structures of the TTBC dyes would shed light
on what may be required to enhance their functions and
applications.

Time-Dependent Density Functional Theory [19-21] (TDDFT)
has been widely used for the excited state energies of organic mol-
ecules recently [22-30]. It is a powerful tool with low computa-
tional cost. Jacquemin, Preat, Perpéte and Adamo have published
a series of works on various organic dyes concerning the weakness
and strength of TDDFT as well as the efficiency, and reliability of
DFT functionals for spectroscopic calculations [31-40]. The calcu-
lated transition energies of many organic dyes including cyanines
with TDDFT are in good agreement with experiment although
some limitations of TDDFT such as extended m systems [41,42],
Rydberg states [43,44], double excitations [45-47], and charge
transfer [48-50] are reported.
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Fig. 1. Cationic structure of TTBC.

2. Computational details

All the computations have been carried out with the Gaussian09
program suite [51]. We have performed computations for the
geometry optimizations and potential energy surface sections of
TTBC in both gas phase and solvent at the ground and excited
states. The frequency calculations have also been done to check
imaginary eigenvalues for the confirmation of minimum structure.
The iodide ion (counter ion) of the TTBC has been ignored in all cal-
culations. Semi-empirical methods AM1 and PM3, ab initio method
HF (Hartree-Fock), and DFT (Density Functional Theory) have been
chosen in the optimization part with different functionals and ba-
sis sets. The DFT functionals used in the calculations are the gradi-
ent-corrected exchange-correlation functional of Perdew, Burke
and Ernzerhof, PBEPBE [52], and hybrid functionals (25% exchange
and 75% correlation). PBE1PBE [53,54] and Becke Three Parameter
Lee, Yang, and Parr, B3LYP [55], The Coulomb-attenuated hybrid
exchange-correlation functional, CAM-B3LYP [56]. Time-Depen-
dent Density Functional Theory (TDDFT) has been used for the
excited state calculations. The solvation effects have been investi-
gated using the Integral Equation Formalism Polarizable Contin-
uum Model [57-60] (IEF-PCM) and Conductor-like Polarizable
Continuum Model [61,62] (C-PCM).

3. Results and discussion
3.1. Ground state calculations

Various levels of theory have been used for the ground state, S,
structure determination. The calculated geometrical parameters
have been compared with X-ray data [63] by performing linear
regression analysis without hydrogen atoms (Table 1). The orienta-
tion of the ethyl groups on the calculated TTBC geometry are differ-
ent from the X-ray data may be reflected as a decrease in the

Table 1
Correlation coefficients of bond distances and bond angles for various methods used
in geometry optimization of TTBC.

Methods R? with bond distances R? with bond angles
AM1 0.9395 0.9505
PM3 0.9265 0.9756
STO-3G 0.9822 0.9852
HF/6-31G** 0.9853 0.9794
B3LYP/6-31G*" 0.9894 0.9813
CAM-B3LYP/6-31G** 0.9887 0.9831
PBEPBE/6-31G** 0.9858 0.9822
PBE1PBE/6-31G** 0.9856 0.9832

correlation coefficients. The geometry optimizations were per-
formed starting with different orientations of alkyl groups but it
has been observed that the direction of ethyl groups does not affect
the stability, but rather have free rotation. When the bond dis-
tances were used in the regression analysis, the three largest cor-
relation coefficients, R?, have been found for the calculations at
B3LYP, CAM-B3LYP, and PBEPBE level of theory. However, the order
becomes HF/STO-3G, PBE1PBE, and CAM-B3LYP according to the
bond angles. The PM3 result is in best agreement with the X-ray
dihedral angle for the dihedral angle (0; =N8—C13—C14—15),
which shows deviation from planarity as shown in Table 2. On
the other hand, DFT values for this torsional angle differ from the
experimental value by about 15°, which might be explained by
the packing effect in crystals. It should be noted that the geometry
optimization results obtained for TTBC with the B3LYP/6-31G(d,p)
method have been reported in our previous work, which is related
to the substituent effects on the UV-Vis absorption wavelength of
that dye [64].

These findings state that any of the given DFT methods with the
given functionals can be used to describe the TTBC ground state
properties since there is no significant difference in the correlation
coefficients.

3.2. Absorption calculations

We have used both TDDFT and CIS methods to investigate the
excited state behavior of TTBC; however, the .« (330 nm) value
obtained by CIS is much lower than experimental results (514-
522 nm). We concluded that the CIS method is not reliable for
the excited state calculations of TTBC.

The effects of split valence, polarized basis sets, diffuse func-
tions, and DFT functionals on the excited state calculations of TTBC
have been examined to propose a valid computational level. The
B3LYP/6-31G(d,p) ground state equilibrium structure is used in
these calculations. The .. values and corresponding oscillator
strengths obtained by these calculations are listed in Table 3. All
the oscillator strengths are about two arbitrary units.

The B3LYP functional has been used with different basis sets in
the excited state calculations. The calculated /..x increased by
6 nm when diffusion functions were added to the heavy atoms.
Use of the triple-split valence basis set (6-311) red-shifted /ax
by 5 nm when compared to the double-split basis set, (6-31) where
there is no diffusion function. However, when a diffusion function
is used with the double-split basis set, there is only a 1-2 nm dif-
ference in Anax values. Both diffusion- and split-valence effects red-
shifted Amax by 8 nm (Table 3). Addition of polarization effects on
the heavy atoms modified /,.x by 4 nm. In contrast there is almost



162 S. Karaca, N. Elmaci/Computational and Theoretical Chemistry 964 (2011) 160-168

Table 2

Dihedral angle of TTBC obtained by different methods.
Dihedral angle (0;) AM1 PM3 HF/STO-3G HF/6-31G** B3LYP/6-31G™* CAM-B3LYP/6-31G** PBEPBE/6-31G™* PBE1PBE/6-31G** X-ray[63]
N8—C13—C14—C15 25 6 13 25 20 21 19 20 4

Table 3
Diffuse function, split valence, polarization and DFT functional effects on /Zmax (in nm)
and oscillator strengths (f) of TTBC.

;vmax f

Diffuse functions & B3LYP /6-31G(d,p) 433 1.8928
split valences B3LYP /6-31+G(d,p) 439 1.8670
B3LYP /6-31++G(d,p) 440 1.8644

B3LYP /6-311G(d,p) 438 1.8857

B3LYP /6-311+G(d,p) 441 1.8641

B3LYP /6-311++G(d,p) 441 1.8626

Polarization functions B3LYP/6-31G 428 1.9286
B3LYP/6-31G(d) 432 1.9015

B3LYP/6-31G(d,p) 433 1.8928

B3LYP/6-31G(2d,2p) 435 1.8973

B3LYP/6-31G(df,pd) 433 1.8881

B3LYP/6-31G(2df,2pd) 435 1.8900

B3LYP/6-31G(3d,3p) 439 1.8801

Functionals CAM-B3LYP/6-31G(d,p) 409 1.9341
MPW1PW91/6-31G(d,p) 424 1.9336

PBE1PBE/6-31G(d,p) 424 1.9346

B3PW91/6-31G(d,p) 432 1.9053

B3LYP/6-31G(d,p) 433 1.8928

HCTH/6-31G(d,p) 466 1.7441

PBEPBE/6-31G(d,p) 470 1.7379

no effect of the polarization and diffusion functions on the hydro-
gen atoms. It has been observed that the largest change is found
around 11 nm when the basis set is extended with higher-order
polarizations (2d,2p; dfpd; 2df2pd; 3d,dp); however, to make
computational times more reasonable, the 6-31G(d,p) basis set
was chosen for our calculations.

After choosing the basis set, the DFT functional effect was stud-
ied by changing exchange and hybrid functionals in excited state
computations. According to Table 3, the change of the functionals
significantly affected the /max much more than the diffusion and
polarization extensions without additional computational demand.
The highest wavelength (470 nm) was obtained with PBEPBE func-
tional. It differs by about 40 nm from B3LYP result.

To potentially improve on this, different functionals for both the
ground and the excited state computations were employed after
considering the observation of the functional effect on the excited
state. Table 4 shows the A,.x values calculated with various func-
tionals in the ground state structure optimization and excited state
calculations. When the PBEPBE functional was used in both the
ground and excited state, ip,.x Was found to be 477 nm. Although
the /max value remained almost the same by the extension of the
basis set with diffuse functions in the ground state optimization,

Table 4
Effect of DFT functionals used in the geometry optimization in So and absorption Amax
(in nm) and oscillator strengths (f) calculations of TTBC.

Ground state Excited state Jmax f

B3LYP/6-31G(d,p) B3LYP/6-31G(d,p) 433 1.8928
PBE1PBE/6-31G(d,p) B3LYP/6-31G(d,p) 430 1.8840
PBEPBE/6-31G(d,p) B3LYP/6-31G(d,p) 440 1.8862
B3LYP/6-31G(d,p) PBEPBE/6-31G(d,p) 470 1.7379
PBEPBE/6-31G(d,p) PBEPBE/6-31G(d,p) 477 1.7320
PBEPBE/6-31+G(d,p) PBEPBE/6-31G(d,p) 478 1.7330
PBEPBE/6-31G(d,p) PBEPBE/6-31+G(d,p) 485 1.7044
PBEPBE/6-31+G(d,p) PBEPBE/6-31+G(d,p) 486 1.7042

the PBEPBE/6-31+g(d,p) computation in the excited state shifted
Jmax Dy +8 nm.

The experimental Zy,.x value was simulated best by the use of
PBEPBE/6-31G+(d,p) for both the ground state equilibrium geome-
try and the excited state calculations. However, PBEPBE/6-31G(d,p)
is a more suitable method for the excited state calculations due to
its having lesser computational time constraints .

3.3. Solvent effect

The solvent effect on the /.« value was evaluated using the C-
PCM and IEF-PCM methods with various solvents having dielectric
constant ranging from 9 to 78. The computed and experimental
Jmax Values are displayed in Table 5. This data shows that addition
of solvent in the excited state shifts the wavelength by 15-20 nm.
On the other hand, the ground state geometry optimization in sol-
vent shifts the wavelength by only 1-2 nm. The results of the C-
PCM and IEF-PCM methods were very similar, having differences
of only 2-3 nm. Any of these methods can be used for the calcula-
tions in solvent for this molecule. Table 5 shows that the A, val-
ues are almost independent of the polarity of the solvent, which is
consistent with the experiments. The calculations are in fairly good
agreement with experiment, with the computed wavelengths dif-
fering from the experimental value by approximately 10 nm.

The transition nature with their coefficients and the oscillator
strengths of TTBC in different solvents for the first excited states
are also given in Table 5. The S; excitation involves a dominant
HOMO — LUMO with a coefficient of 0.6 for all solvents. All these
transitions are intense with the oscillator strength values around
2. On the other hand, S, transitions observed around 400 nm have
dominant HOMO — LUMO + 1 character with almost zero oscilla-
tor strength. The six frontier molecular orbitals of TTBC are given
in Fig. 2. The electron densities are evenly distributed within the
molecular skeleton of the HOMO. There is no electron density on
the ethyl groups which are bonded to nitrogen atoms. The nitro-
gens have a nonbonding character in both the HOMO and LUMO.

Table 5
Experimental and calculated absorption Amax (in nm) and their transition natures,
oscillator strengths of TTBC in different solvents.

Solvents Sq Experimental [18]
Jabs f Transition character  Zaps

Dichloromethane 509 1.9694 H — L(0.6) -
H - L+2(0.1)

Acetone 506 1.9428 H - L1(0.6) -
H— L+2(0.1)

Ethanol 506 1.9428 H - L(0.6) 516
H - L+2(0.1)

Methanol 504 1.9275 H - 1(0.6) 514
H— L+2(0.1)

Acetonitrile 505 1.9361 H - L(0.6) 515
H - L+2(0.1)

DMSO 512 1.9833 H - L(0.6) 522
H - L+2(0.1)

Water 506 1.9265 H - L1(0.6) -
H— L+2(0.1)

Gas 486 17042 H - L(0.6) -
H-4 - 1(0.1) -

TDDFT/CPCM have been used with the PBEPBE /631+G** level of theory on the DFT/
PBEPBE/631+G** geometry.
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L 4

LUMO+2

Fig. 2. Six frontier molecular orbitals of TTBC.

The electron density on the polymethine chain increases while the
electron densities of chlorines decrease for the HOMO — LUMO
transition. In contrast, the electrons moved from the nitrogen,
chlorine atoms, and polymethine chain to the benzene rings for
the HOMO - LUMO +1. In HOMO-1 - LUMO and HOMO-2 —
LUMO transitions, the electron migration from chlorines and benz-
imidazole rings to the polymethine chain was observed. HOMO-2
has no electron density on the polymethine chain and it is degen-
erate with the HOMO-1 state.

3.4. Potential energy surface (PES) and fluorescence calculations

To explore the rotational behavior of the molecule and to
understand the fluorescence behavior of the dye, the ground state
(So), the excited singlet state (Sq, Sy, S3), and triplet state (Ty, Tp, T3)
potential energy surface sections of TTBC were obtained as a func-
tion of torsional angles as shown in Fig. 3.

The molecule has been rotated around the C13—C14(60,) or
C14—C15(0,) bond in increments of 15° in the ground state equi-
librium structure. The potential energy surface (PES) sections have

Qel

’@Q.. \.g?
b’ .

]

been obtained by performing geometry optimizations using a fro-
zen dihedral angle at each rotational point. All the energies have
been given relative to the ground state minimum structure.

The excited states potential energy surface sections were ex-
plored by computing vertical excitation energies using the
TDDFT//PBEPBE/6-31G(d,p) level of theory. The diffusion effects
were ignored in the PES calculations because of computational cost.

Fig. 4 displays the PES section of TTBC as a function of 6, for the
singlet ground state, singlet excited states and triplet excited
states. The gas phase results are shown with dashed lines, the solid
lines are used for the results where methanol was used as solvent.
The general trend of the all singlet surfaces are very similar in both
methanol and gas phases. Solvent did not affect the S, state, but
has small effects on the S;, S, and Ss states. Solvent stabilized S,
and S3 but destabilized S; when 6;<90° At 6;=90° solvent
increased the energy of S; as shown in the inset of Fig. 4 and the
higher states became degenerate.

The potential surfaces of both Sg and S; are very shallow around
the ground state minimum (—50 < 0; <50). Another minimum
with a barrier of 0.09 eV, 2.1 kcal/mol (0.11 eV, 2.5 kcal/mol in

e
oyt
.‘\ a0
(

Fig. 3. Reaction coordinates (6; = N8—C13—C14—C15, 0, = C13—C14—C15—C18) used in PES calculations.
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relative energy (eV)

50 100
rotation angle (61)

150

200

Fig. 4. Potential energy surface sections of TTBC as a function of 0; for Sy, Sy, S, Ss, Ty, T2, T3 states. The dashed and solid lines are used for the calculations in gas phase and

methanol respectively.

methanol) was detected in the first excited state surface at 0; =90°
and there is a maximum at the same point in the ground state (in-
set, Fig. 4). The barrier is located at 0; = 75°. In methanol the exci-
tation energies from the ground state minimum structure and
perpendicular structures are 2.52eV (491 nm) and 2.04eV
(609 nm), respectively.

The triplet excited state surfaces in methanol are also given in
Fig. 4. T, and S; energies differ by about 0.26 eV (6 kcal/mol;
25 kJ/mol) around the equilibrium So. T, also has a minimum, T,
has a maximum, and S,, Sz and Ts are all degenerate for the twisted
structure. The energies of S; and T; are separated by 0.28 eV
(6.5 kcal/mol; 27 kJ/mol) for the orthogonal structure. T, and T3 be-
come degenerate at rotational angles of 45° and 135° where they
have a maximum and minimum, respectively. The nature of T;
and S; states is HOMO to LUMO transition at all rotational angles,
while the nature of S, is composed of HOMO to LUMO + 1(with
coefficient around 0.6) and HOMO-1 to LUMO (with coefficient
around 0.2-0.4) except 0; =90° and 105° where the nature be-
comes HOMO to LUMO + 2. On the other hand, T, has HOMO-1
to LUMO transition when 0° < 0; < 45° and 150° < 0; < 180° and
HOMO to LUMO + 1 when 45° < 0; < 135°. The character of Ss is
a mixture of of HOMO to LUMO + 2 (with coefficient around 0.5-
0.6) and HOMO-3 to LUMO (with coefficient around 0.2-0.4) ex-
cept 0, =90° and 105° where the character turns out to be HOMO

(a) rotation angle (61)
0 30 60 90 120 150 180
0_00 1 1 1 1 1 1 1 1 1 1 1 1 ]

0.10

_0-20 a —a—a—8—8—8—p—8—8-—8-—g—p—a

energy (eV)

0.30 { s - —

-0.40 -

—— 2 —4—H1 ——| ——h —a—h-1 —a—h-2

to LUMO + 1. For T3, HOMO to LUMO + 1 is the origin of the transi-
tion when 0° < 6; < 30° and 150° < 6; < 180°, HOMO-1 to LUMO
when 45° < 0; < 75° and 120°, 135°, HOMO to LUMO + 2 at 90°
and HOMO-2 to LUMO at 105°. Although T, and S; states have sim-
ilar shape in Fig. 4, they do not have the same nature.

These results suggest that, there might be two emission sources.
In other words, the molecule might have a dual emission. An
experimental fluorescence maximum appears at 528 nm with a
shoulder located at 560 nm in methanol; however, the bathochro-
mic shift with solvent polarity was not observed. The dual emis-
sion was suggested experimentally only in glycerol where a
double exponential decay was detected [18]. However there is no
experimental evidence of a charge transfer state for that dye. The
close energies of T, and S; may cause the delay of the fluorescence
signal from the second emission source. PES sections were also ob-
tained as a function of 0, However, the S; surface is almost flat, and
is not affected by this rotation.

Fig. 5 includes the energy profiles of six frontier orbitals (three
virtual and three occupied) as a function of 0, in the gas phase and
methanol. The degeneracy in HOMO-2 and HOMO-1 are not dis-
turbed by the rotation. The highest two LUMO’s are close to each
other. The solvent causes to increase all the orbital energies.

The excited state geometry optimizations were performed to
evaluate the fluorescence behavior of the TTBC molecule. The

(b)

0.00

rotation angle (61)
0 30 60 90 120 150 180
1

-0.10 - oe—os-

-0.20 A

energy (eV)

-0.30 A

-0.40 -

—e— {2 —a— 41 —8—| —e—h —a—h-1 —8—h-2

Fig. 5. Energies of six frontier orbitals (three virtual and three occupied) as a function of 0, with (a) PBEPBE in gas phase (b) PBEPBE/IEF-PCM in methanol. (h and 1 refer to

HOMO and LUMO respectively).
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ground state equilibrium and some twisted structures were chosen
as the initial geometries for the geometry optimization at the
TDDFT/PBEPBE/6-31G(d,p) level of theory. The results provided
two different structures. Starting with the ground state geometry,
a structure very similar to the ground state was calculated. For this
minimum configuration, the dihedral angle (0,) in the excited state
is lowered with respect to the ground state by 5° and 9° in the gas
phase and methanol, respectively. This shows that the TTBC mole-
cule tends to become planar upon excitation.

The remaining initial structures with the twisted geometries
(01 =75°, 90°, 105°) converged into another twisted configuration
having 6; =117° (115° in methanol). The energy of this structure
in the gas phase is 0.92 eV (21.2 kcal/mol; 88.8 k]/mol) lower that
that of the more planar structure. Likewise, when methanol is pres-
ent, the energy difference in the structure becomes 0.25eV
(5.8 kcal/mol; 24.1 kJ/mol) lower than that of the more planar one.

Some selected geometric parameters in the Sy equilibrium
structure and corresponding relaxed structure in S; are given in Ta-
ble 6. When equilibrium ground state structure is compared to the
relaxed S, structure, some of the bonds are elongated while others
are shortened. Although there are no dramatic changes in the re-
laxed structure, there are some small changes in the imidazole ring
and polymethine chain for both gas phase and methanol cases.
These changes are observed as a decrease (0.01A) in N8—C2,
N9—C3, C13—C14 and as an increase (0.01 — 0.017A) in C2—C3,
C14—C15, N8—C13, N9—C13, bond lengths. The bond angles that
involve nitrogens and polymethine carbons are also effected
slightly (£1.2° in methanol). As a summary, upon excitation, the
most effected moieties of the dye are imidazole and polymethine
chain.

When both minimum configurations at the S; surface are com-
pared in the gas phase, C13—C14 and C14—C15 bonds become

The Mulliken charge analysis was evaluated to compare ground
and excited state charge distributions. For the first minimum, sim-
ilar to geometry comparison, although there are no considerable
changes of charges upon excitation, the charges of the polymethine
carbons are altered slightly as an alternating decrease and increase
(—-0.02;+0.035 au in gas phase, —0.04;+0.035, in methanol). The
charges on the chlorines are also increased by 0.02 units in the
gas phase. These results explain the solvent independency of
absorption and fluorescence spectrum on TTBC.

For the twisted configuration of the TTBC molecule, the charges
in the excited state were compared with the corresponding ground
state charges. The largest change was observed on the chlorines
and five atoms of the benzimidazole ring on one side of the mole-
cule and on two of the polymethine carbons. The charges of C1, C4,
N8, N9, C13 and Cl—11, Cl—12 decreased whereas the charges on
C14, C18, C1—31, Cl—32 increased. It should be noted that all the
decreases are observed on one side; however, all increases are ob-
served on the opposite side of the molecule. When all increases
and decreases are summed, the net result is +0.5 au. Similar results
were obtained from the same calculations in methanol. The emis-
sion from this state would have a charge transfer character.

The fluorescence wavelengths in different solvents are given in
Table 7. The fluorescence wavelength shifted by 66-68 nm via the
solvent effect while the polarity of the solvent did not affect the
fluorescence emission line (as similar to the experimental observa-
tion). The Stokes shift is about 30 nm in methanol compared to an
experimental value of 14 nm.

Table 7
The calculated and experimental fluorescence wavelengths (in nm) in different
solvents.

longer by about 0.1 A at the twisted configuration. The N8—C13 Solvents IEFPCM /1o Experiment Juo

and N9—C13 bonds are also elongated by 0.02 A. The Sf;aigﬁse gg; ;30

C15—C14—C13 and C(14)—C(13)—N(8) angles are increased by Methanol 564 528

twisting approximately 8-14°. Similar behaviors are found in the Acetonitrile 564 529

methanol phase. DMSO 565 536

Table 6

Some selected structural parameters of TTBC in the Sp and S; states.
Atoms Gas Methanol

So Sq Sgtwisted) So Sq S(ltwisted)

C(1)—C(2) 1.396 1.396 1.397 1.396 1.401 1.400
C(2)—C(3) 1.410 1.421 1.420 1.412 1.421 1.423
C(3)—C(4) 1.396 1.398 1.398 1.397 1.403 1.401
C(4)y—C(5) 1.405 1.409 1.413 1.404 1.407 1.417
C(5)—C(6) 1.421 1.423 1.409 1.416 1.419 1.402
C(6y—C(1) 1.405 1.410 1.414 1.405 1.408 1.417
C(5)—Cl(11) 1.736 1.732 1.742 1.747 1.745 1.757
C(6)Y—Cl(12) 1.736 1.732 1.742 1.747 1.745 1.757
C(2)-N(8) 1.396 1.387 1.385 1.392 1.381 1.381
N(8)—C(13) 1.384 1.400 1.421 1.385 1.398 1.413
N(9)—C(13) 1.386 1.403 1.418 1.388 1.402 1.411
N(9)—C(3) 1.392 1.382 1.382 1.388 1.376 1.380
N(9)—C(33) 1.467 1.464 1.461 1.468 1.467 1.463
N(8)—C(40) 1.465 1.465 1.462 1.468 1.468 1.463
C(13)—C(14) 1.412 1.401 1.505 1.410 1.405 1.489
C(14)—C(15) 1.402 1.417 1.350 1.402 1.414 1.366
N(8)—C(2)—C(1) 131.4 131.1 131.3 131.2 131.1 131.4
N(9)—C(33)—C(34) 113.0 113.2 113.3 1129 1129 105.1
N(9)—C(13)—N(8) 106.9 106.2 104.7 107.0 106.2 105.1
N(9)—C(3)—C(4) 131.7 131.5 1313 131.6 1314 131.3
Cl(11)—C(5)—C(6) 120.8 120.7 121.1 120.8 120.7 121.1
CI(11)—C(5)—C(4) 118.2 118.2 117.8 118.0 117.9 117.4
C(15)—C(18)—C(19) 129.9 130.5 130.4 129.9 131.2 130.0
C(15)—C(14)—C(13) 129.9 130.5 122.4 129.9 131.2 122.1
C(14)—C(13)—N(8) 1303 130.2 116.3 130.5 130.7 119.7
N(8)—C(13)—C(14)—C(15) 19.1 13.8 117.3 17.5 8.8 114.5
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The experimental [18] and simulated absorption and fluores-
cence spectra in methanol are compared in Fig. 6. The computed
absorption spectrum was obtained by the TDDFT/PBEPBE/631+G
(d,p)/IEF-PCM level of theory while the diffusion function correc-
tion was not used for the simulation of the fluorescence spectrum.

Computational spectra were normalized at the wavelength
maximum of TTBC. The computed absorption spectrum shows
good agreement with its experimental /., value. The fluorescence
Jmax Was a bit different from the experimental value by about
30 nm which is also reasonable with the level of theory used in
the calculation since diffusion functions were not used. The shoul-
ders which appear in the experimental spectra at 480 nm (absorp-
tion) and 560 nm (emission) did not show up in the simulated
spectra.

The six molecular orbitals of TTBC for the twisted optimized
structure of the S; state in gas phase are displayed in Fig. 7. The
electrons are localized on one side of the molecule in occupied
orbitals whereas they are placed on the opposite side of the mole-
cule in unoccupied orbitals. There is a clear migration of electrons
from one side to the other side of the TTBC molecule. HOMO and
HOMO-2 have electron densities on the polymethine chain but
HOMO-1 does not. All the transitions for this configuration have al-
most zero oscillator strength. The emission from the twisted S;
state is observed at 5101 nm and 1291 nm in the gas phase and
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methanol, respectively, and is mainly HOMO to LUMO character
(0.7). The next transition is located at 801 nm and 478 nm in the
gas phase and methanol, respectively, being HOMO-1 to LUMO in
nature (0.7).

There is a noticeable dipole change in the S; state for the
twisted geometry as shown in Fig. 8. This is an indication of a
charge transfer. The HOMO-LUMO pictures also allow us to pro-
pose a charge transfer existing from one side of the molecule to
the other side (Fig. 7) for the twisted geometry. The dipoles in S;
and Sy are similar in magnitude to the ground state structure,
which is also supported by the experiment. On the other hand,
the dipoles of the optimized twisted structure in the excited state
are 15D and 19D in the gas phase and methanol, respectively,
while the corresponding ground state dipoles are about 9D.

Recently, measurements and simulations of the polarized
absorption spectra of TTBC aggregates dispersed in polymer thin
films have been performed to determine their structure-spectros-
copy function relationship [65]. It has been observed that, two
aggregate bands (H and ]) have opposite polarization dependence.
The H-band has a maximum intensity when the electric field vec-
tor and the macroscopic alignment axis are almost parallel to each
other and the H-band has a minimum intensity when these two
vectors are almost perpendicular to each other. However, the ]
band’s behavior was found to be just the opposite of this. The
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Fig. 6. Absorption and fluorescence spectra of TTBC: (a) experimental (b) computed.
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Fig. 7. The six frontier molecular orbitals of TTBC for the S; state twisted configuration.
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Fig. 8. Ground and excited state dipoles of TTBC.

unpublished fluorescence anisotropy measurements performed by
Ozcelik reveal that when the angle between the polarizer and the
fluorescence state is perpendicular, maximum fluorescence inten-
sity is obtained at 590 nm for the TTBC aggregates (J-aggregate)
which is important to monitor cell apoptosis. The second minimum
in the S; state might be important for understanding and improv-
ing all these aggregation behaviors of the TTBC dye.

4. Conclusions

In this work, the ground state and excited state behavior of
TTBC dye in the gas phase and solvents was examined by using
quantum chemical methods. The PBEPBE functional with 6-
31G(d,p) can be used reliably for both ground state and excited
state calculations for this dye. The TDDFT method gave results con-
sistent with experiment in the calculation of the absorption wave-
length. It was shown that this was also true for calculations of the
fluorescence wavelength for this dye.

There are two distinct minima on the S; surface located around
the ground state equilibrium geometry and twisted geometry, the
latter of which is the energetically favorable one. The twisted
geometry also has a charge transfer character and might be con-
nected to the ground state equilibrium geometry by a barrier. This
barrier is small according to the S; PES section obtained by vertical
excitations from the relaxed ground state optimized geometries.
However it is difficult to say whether these two minima are con-
nected with a low or high barrier; further work should be done
to find the pathways between these two minima. There is no
experimental evidence about the twisted state. This might be ex-
plained by either a high barrier or an intersystem crossing to the
second triplet excited state which is close in energy to S;, possibly
delaying the fluorescence signal emitted from this state. There
might also be an internal conversion, radiationless transition from
the S; to So states since their separation is about 5 kcal/mol and
20 kcal/mol in the gas phase and in methanol solvent, respectively.

The ground and excited state dipoles are almost same near the
equilibrium ground state geometry. This can be explained by there
being no drastic change of charges and geometrical parameters.
The TTBC molecule becomes more planar upon excitation around
the ground state. The fluorescence and absorption i,y values are
independent of the polarity of the solvents. All these observations
are supported by experimental results. This reveals that, there is al-
most no competition between the two minima in the S; state and
the fluorescence emission is predominantly coming from the more
planar configuration.

This work provides useful information for the new molecular
design and the modification of the electronic and optical properties
of TTBC-based versatile cyanine dyes. The twisted charge transfer

state might be made active by the modification of the TTBC mole-
cule with different functional groups.
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