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Aggregation behavior of three kinds of benzindocarbocyanine dyes in aqueous methanol solution was studied by
UV-Vis absorption spectrum. The results indicated that the three dyes all existed monomer-dimer equilibrium in
aqueous methanol solution (concentration range 107 to 10~° M) at 25.0~41.0 °C for Dye 1, 28.0~49.0 °C for Dye 2
and 26.0~47.0 °C for Dye 3. The fundamental property of the three dyes as the dimeric association constant Kp, the
dimeric free energy AGp, the dimeric entropy ASp, and the dimeric enthalpy AHp were determined. The AH)p of
three dyes: Dye 1, Dye 2 and Dye 3 was -42.5, -15.1 and -18.9 kJ/mol, respectively. The experimental observations
were the subject of a theoretical study including the ground-state geometries which were fully optimized using DFT
at B3LYP/6-31G level. The effect of dye molecule structure on AHp was discussed by theoretical calculations.
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Introduction

Cyanine dyes have been frequently used as optical probes
in the study of solvents, surfactants and micellar systems,
membranes, proteins and amyloid fibrils. Molecules of many
cyanine dyes associate in aqueous media to form either
H-aggregates (dimers, trimers, etc.) or J-aggregates. Many
photophysical processes and photochemical reactions of
cyanine dyes involve associated molecules, and the asso-
ciation phenomenon plays an important role in biological
processes. Benzindocarbocyanine dyes are one of the impor-
tant branches of cyanine dyes. Intense research activity has
been devoted to benzindocarbocyanine dyes, due to their
relative stability, high molar extinction coefficient, high fluo-
rescent intensity etc. They have been found a wide application
in various fields, such as photosensitize for photography,
optical recording and storage media, biological fluorescent
stains and probes,z'3 nonlinear optical materials*®and so on.
Our previous efforts have been devoted to developing the
synthesis and applications of cyanine dyes.7'10 There are many
literatures on the synthesis and applications of benzindo-
carbocyanine dyes.“’12 However, the aggregation behavior of
benzindocarbocyanine dyes in aqueous media and its ther-
modynamic characteristics have seldom been reported.

Spectroscopic methods are in general highly sensitive and
suitable for studying chemical equilibria in solution. When
the components involved in the chemical equilibrium have

distinct spectral responses, their concentrations can be mea-
sured directly, and the determination of the equilibrium con-
stants is trivial."” The absorption UV-Vis spectroscopy is one
of the most suitable methods for quantitative studying the
aggregation phenomena of cyanine dyes as function of con-
centration, because J-aggregation is characterized by an
abrupt shift of the absorption maximum to longer wavelength,
while a gradual shift to shorter wavelength with increasing
aggregate size is typical of H-aggregation. We ourselves and
several researchers have used the spectral changes of the
cyanine dyes aggregation to determine the association num-
bers for aggregates, as well as the thermodynamic quantities
for aggregation, such as association constants, free energies,
and enthalpies of aggregation.”’15 In this work, we inves-
tigated the aggregation behavior of three benzindocar-
bocyanine dyes (Scheme 1) by means of UV-Vis spectro-
scopy methods, and determined their association numbers,
association constants, free energies, entropies and enthalpies
of aggregation in 50% (volume ratio) aqueous methanol
solution (concentration range 10~ to 10™° M) at 25.0~41.0 °C
for Dye 1, 28.0~49.0 °C for Dye 2 and 26.0~47.0 °C for Dye
3. The effect of dye molecule structure on AHp was discussed.

Experimental

Materials, instrumentation and methods. Absorption spe-
ctra were recorded on a UV-1700 UV-spectrophotometer
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Table 1 Absorbency of Dye 1 at Amax

Concentration Temperature / °C

x 10% mol/L 25.0 30.5 35.5 41.0
2.04 02971 02941 02877 0.2813
4.08 0.5707  0.5645  0.5592  0.5530
5.75 0.7906  0.7814  0.7745  0.7673
7.68 1.0302  1.0404  1.0297  1.0222
9.67 12705 12982  1.2836  1.2729

(SHIMADZU CORPORATION), in which the specimen chamber
temperature was controlled by a Superther-mostat-501 (SHA-
NGHAI ANALYTICAL INSTRUMENT FACTORY).

The three benzindocarbocyanine dyes were synthesized
according to the literatures.' The methanol used was of analy-
tical reagent grade. Three stock solutions (1x 10 mol/L) were
prepared by dissolving these solid dyes in methanol. Imme-
diately before use, the solutions were diluted with water
and/or methanol to a 50 volume % aqueous methanol solutions.

Results and Discussion

Thermodynamics of three kinds of benzindocarbocyanine
dyes. The formation of molecular aggregation state is influ-
enced and controlled by many factors, among which the
structure of dye molecule, temperature and concentration are
important. There are several different types of aggregates in
solution of cyanine dye, and there is a dynamic reversible
equilibrium between aggregate and monomer.

Table 1 lists the absorbency of Dye 1 at Amax of different
temperatures and concentrations. It can be found that the
absorption of Dye 1 at the same concentration is decreased
with an increase of temperature, but the range of change is not
great. The results show that Dye 1 has better thermal stability.

Fig. 1 shows the absorption spectra of Dye 1 solutions of
five different concentrations in 50 volume % aqueous meth-
anol solutions at 25 °C. From Fig. 1, we can see that there are
two absorption peaks in visible range for Dye 1 in 50 volume
% aqueous methanol solutions. The peaks at 587 and 550 nm
can be assigned to monomer (M) band and aggregation (H)
band, respectively. The absorption intensity of aggregation
(H) relative to the monomer band enhances with increasing
dye concentration. It can be also found that the absorption
wavelength of Dye 1 with the same concentration at different
temperatures is the same (Fig. 2). The results show that Dye 1

(a) Dye 1 at 25 °C

(b) Dye 2 at 28 °C
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Figure 1. Absorption spectra of Dye 1 in 50 volume % aqueous
methanol solutlons at 25 °C a: 2 04x10°mol/L , b: 4 08x10° mol/L
c: 5.75x10° mol/L d: 7.68x10° rnol/L e: 967X10 *mol/L
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Figure 2. Absorption spectra of Dye 1 (concentration: 9. 67x10°
mol/L) in 50 volume % aqueous methanol solutions. a: 25.0 °C, b:
30.5°C,¢:3557C,d:41.0°C

may exist an equilibrium between monomer and dimer in 50
volume % aqueous methanol solutions between 25.0 °C to
41.0 °C." That is, the main peak at 587 nm is ascribed to
monomer (M) band and the shoulder peak at 550 nm is dimer
band (D). The aggregation behavior of Dye 2 and Dye 3 is
similar with Dye 1, existing the equilibrium between mono-
mer and dimer in 50 volume % aqueous methanol solutions
between 28.0 °C to 44.0 °C and between 26.0 °C to 47.0 °C,
respectively.

To determine the dimeric aggregation constant Kp and the
molar absorption coefficient &) of the monomer simul-

(c) Dye 3 at 26 °C
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Figure 3. Correlation of 4 with ¢/4 for three dyes
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(a) Dye 1at25 °C
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(b) Dye 2 at 28 °C
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(c)Dye 3 at26 °C
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Figure 5. Correlation of InKp with 1/T for three dyes
22
taneously from the dependence of monomer band absorbance A= (em "/ 2Kp) (c/ A) — emd / 2Kp (1)

A on total dye concentration ¢, according to the Harris and

14,18
Hobbs, we have

where / represents solution thickness and ¢, the total dye

Table 2. Thermodynamic parameters of dimerization of Dye 1 in 50 volume % aqueous methanol solutions

Temperature Kpx10” enx 107 Association AGp AHp ASp
/T /L-mol” / L-mol™-em™! number n /kJ-mol’! /kJ-mol’! /Jmol "K'
25.0 8.55 1.50 2.1 —224 —425 —673
30.5 6.05 1.47 1.9 —22.0 —42.5 —67.6
35.5 4.80 1.43 2.1 —-21.7 —425 —67.2
41.0 3.52 1.40 2.0 —213 —425 —674
Table 3. Thermodynamic parameters of dimerization of Dye 2 in 50 volume % aqueous methanol solutions
Temperature Kpx10° enx107 Association AGp AH)p ASp
/C /L-mol’! /L-mol-cm™! number n /kJ-mol’! /kJ-mol” /Jmol "K'
28.0 393 1.40 2.1 —20.7 —15.1 18.5
325 3.40 1.38 2.1 —20.7 —15.1 18.1
38.0 3.17 1.36 2.1 —20.8 —15.1 18.4
44.0 2.79 1.35 2.1 —20.9 —15.1 18.2
49.0 2.62 1.34 2.0 —-21.1 —15.1 18.5
Table 4. Thermodynamic parameters of dimerization of Dye 3 in 50 volume % aqueous methanol solutions
Temperature /C iD;lcﬁj / Liﬁ:ll‘gsm‘l Mambar /kﬁrigl'l /kﬁggr‘ /J~m?)§?-K'l
26.0 3.82 1.33 1.9 —-20.5 —18.9 5.4
31.0 3.46 1.32 1.9 —20.6 —18.9 5.6
36.0 2.83 1.31 2.0 —204 —18.9 4.9
41.0 2.56 1.29 1.9 —-20.5 —18.9 5.1
47.0 2.39 1.27 1.9 —20.7 —18.9 5.6
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concentration. As is shown in Fig. 3, the dependence of 4 on
c/A shows a straight line relationship. Both the slope e’ P12Kp
and intercept — eud/2Kp are used to determine Kp and &y,
which are 8.55x10° L-mol” and 1.50x10° L-mol"-cm™ for Dye
1at25°C,3.93x10° L'mol™ and 1.40x10° L'mol™-cm™ for Dye
2at 28 °C, 3.82x10° L-mol” and 1.33x10° L'mol"-cm™ for Dye
3 at 26 °C in 50 volume % aqueous methanol solution,
respectively.

Concentrations of monomers cyrand of dimers cp = (c-car)/2
are calculated using either & and 4 or Kp and c¢. A con-
ventional plot of log cp versus log cu gives a straight line of
slope approximately 2.0, as shown in Fig. 4, confirming that
there is all an equilibrium between monomers and dimers in
the three dyes solution, which can be described as

XM < D (2)
Therefore

Table 5. Selected bond lengths(A), bond angles ( ° ) and dihedral
angles ( °) of dyes

Dye 1 Dye 2 Dye 3
Bond lengths
1, 2 1.477 1.477 1.435
2, 4 1.365 1.365 1.364
3, 4 1.550 1.545 1.544
4, 5 1.399 1.399 1.398
5 6 1.399 1.400 1.401
6, 7 1.401 1.400 1.398
7, 8 1.400 1.400 1.400
8 9 1.365 1.364 1.364
9, 10 1.477 1.477 1.477
8, 11 1.545 1.545 1.547
Bond angles
2, 4,3 108.3 108.5 108.4
2, 4,5 123.1 122.5 121.9
4, 5 6 127.4 127.2 127.1
5 6, 7 122.6 122.7 122.7
7, 8 9 122.5 122.5 123.1
Dihedral angles
1, 2, 4, 3 178.8 179.6 179.7
1, 2, 4 5 1.1 0.2 0.4
3, 4 5 6 1.0 0.8 0.6
2, 4 5 6 178.8 179.3 179.6
6, 7, 8 9 179.5 179.0 178.7
6, 7, 8, 11 0.1 0.8 1.2
7, 8 9, 10 0.1 0.4 179.9

Dye 1

s

Dye 2
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KD = CD/CM2 (3)

The Kp values at different temperatures allow us to
calculate AHp, according to the Van’t Hoff equation:

dnKp/ d(1/T) = — AHp /R 4)

where R =8.31 Jmol ' K™' the universal gas constant, and T
the Kelvin temperature. The plot of InKp versus 1/7, as shown
in Fig. 5, shows a straight line. From its slope the AH)p is
calculated to be —42.5 kJ/mol for Dye 1 at 25.0 ~41.0 °C, —
15.1 kJ/mol for Dye 2 at 28.0~49.0 °C and —18.9 kJ/mol for Dye
3at26.0 ~47.0 °C in 50 volume % aqueous methanol solutions.

The AGp and ASp values were obtained according to
thermodynamic equations AGp = — RTInKp and ASp = (AHp
— AGp)/T. These data were listed in Table 2 for Dye 1, Table
3 for Dye 2 and Table 4 for Dye 3.

Computational

Geometric structures. In this work, the ground-state geo-
metries were fully optimized using DFT at B3LYP/6-31G
level. Analytic frequency calculations were done and the
frequency possessed no imaginary frequency. It confirmed
the optimized structures to be an energy minimum. All calcul-
ations reported in this work were carried out with the Gaussian
03 program. The geometries and atomic numbering of three
kinds of benzindocarbocyanine dyes show in Scheme 1.

Table 5 lists some selected bond lengths, bond angles and
selected dihedral angles for the three kinds of dye molecules.
It can be found that the carbon-carbon bond lengths on the dye
molecular skeleton are basically intermediate between typical
C—C single (1.54 A) and C=C double (1.34 A) bonds, and
carbon-nitrogen bond lengths are also intermediate between C
—N typical single (1.47 A ) and C=N double (1.27 A) bonds.
All C-C-C, C-N-C and C-C-N bond angles are close to
120°. It indicates that the 7 electrons in the dye molecule are
delocalized. The dihedral angles on the dye molecular
skeleton are close to 180° or 0°. It indicates that the main
atoms are kept in the same plane. The structure of geometrical
monomer optimization according to the B3LYP/6-31G level
show in Fig. 6.

The effect of dye molecule structure on aggregation behavior.
From Table 2, Table 3 and Table 4, it can be found that the
dimeric enthalpy AHp values of three dyes are all negative,
and the sequence of AH)p in the nearly same temperature and
concentration range is Dye 1 < Dye 3, Dye 2. That is, the

Figure 6. The structure of geometrical monomer optimization according to the B3LYP/6-31G level
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dimeric association of Dye 1 is easier than Dye 3 and Dye 2.
The reason suggested here is that Dye 1 has a planar structure,
and the two propyls attached to N or N' are on the opposite
sides of the plane (Fig. 6), which is fit for molecular ordered
arrangement and forming a face-to-face and head-to-tail -
electrons stack with zipper structure.'’ Dye 3 has also a planar
structure, and the methyl attached to N or N is in this plane
but the propyl attached to N or N is not, although it can form
a face-to-face and head-to-tail m-electrons stack, the stack is
not zipper structure. Dye 2 has also a planar structure, but the
propyl and butyl attached to N or N are on the same side of
the plane, so the activity of forming a face-to-face and
head-to-tail m-electrons stack is decreased due to steric
hindrance.

Conclusion

The spectrophotometric determination of thermodynamic
parameters of three kinds of benzindocarbocyanine dyes: Dye
1, Dye 2 and Dye 3 in 50 volume % aqueous methanol solu-
tion is reported. The dimeric association constant Kp, the
dimeric free energy AGp, the dimeric entropy ASp, and the
dimeric enthalpy AHp were obtained. The effect of dye
molecule structure on AHp is also discussed by theoretical
calculations.
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