336 Bull Korean Chem. Soc. 2009, Vol. 30. No. 3

IWei Huang et al

Study on Thermodynamics of Three Kinds of Benzindocarbocyanine Dyes
in Aqueous Methanol Solution

Wei Huang, Lan-Ying Wang," Yi-Le Fu, Ji-Quan Liu, You-Ni Tao, Fang-Li Fan, Gao-Hong Zhai, and Zhen-Yi Wen'

Kev Laboratory of Svnthetic and Natural Functional Afolecule Chemistrv (Ministry of Education),
College of Chemistrv and Materials Science, and lnstitute of M odern Physics,
Northwest Universitv, Xian 710069, P. R. China. "E-mail: wanglami@nwu.edu.cn
Received june 13, 2008, Accepred Decenber 12. 2008

Aggregation behavior of three kinds of benzindocarbocyanine dyes in aqueous methanol solution was studied by
UV-Vis absorption spectrum. The results indicated Ehat the three dves 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 Dve 2
and 26.0~47.0 °C for Dve 3. The fundamental property of the three dves as the dimeric association constant Kp, the
dimeric free energy AGp, the dimeric entropy ASp, and the dimeric enthalpy AHp were determined. The AHp of
three dyes: Dye 1, Dye 2 and Dye 3 was -42.5, -13.] and -18.9 kl/mol. respectively. The experimental observations
were the subject of a theoretical study including the ground-state geometries which were fully optimized using DFT
at BILYP/6-31G level. The effect of dye molecule structure on AHpwas discussed by theoretical calculations,
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Introduction

Cvanine dves have been frequently used as optical probes
in the study of solvents. surfactants and micellar systems.
membranes, proteins and amyloid fibrils. Molecules of many
cvanine dyes associate in aqueous media to form either
H-aggregates (dimers. trimers. etc.) or J-aggregates. Many
photophysical processes and photochemical reactions of
cvanine dves involve associated molecules. and the asso-
ciation phenomenon plays an important role in biological
processes. Benzindocarbocyanine dyves are one of the impor-
tant branches of cvanine dves. Intense research activity has
been devoted to benzindocarbocvanine dves, 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,” nonlinear optical materials™and so on.
Our previous efforts have been devoted to developing the
syvnthesis and applications of cvanine d_x-'es.T"(' There are many
literatures on the synthesis and applications of benzindo-
carbocyvarnine dves. i However, the aggregation behavior of
benzindocarbocyanine dves 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

Dye 2

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 ¢yanine dves 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
cvanine 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.'*"” In this work. we inves-
tigated the aggregation behavior of three benzindocar-
bocyanine dves (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 30% (volume ratio) aqueous methanol
solution (concentration range 107 to 10™° M) at 25.0~41.0 °C
for Dye 1. 28.0~49.0 °C for Dve 2 and 26.0~47.0 °C for Dye
3. The effect of dve molecule structure on AHT was discussed.

Expetimental

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

Concentration Temperature /°C
x 10% mol/L 250 30.5 355 41.0
2.04 02971 0.2941 0.2877 0.2813
4.08 (1.5707 (1L.3643 03392 (.5330
5.73 (1.7906 (1.7814 0.7745 0.7673
7.68 1.0302 1.0404 1.0297 1.0222
967 1.2703 1.2982 1.2836 1.2729

(SHIMADZU CORPORATION). in which the specimen chamber
temperature was controlled by a Superther-mostat-301 (SHA-
NGHAI ANALYTICAL INSTRUMENT FACTORY).

The three benzindocarbocvanine dves were synthesized
according to the literatures.' The methanol used was of analy-
tical reagent grade. Three stock solutions (1x 107 mol/L) were
prepared by dissolving these solid dves in methanol. Imime-
diately before use. the solutions were diluted with water
and/or methanol to a 30 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 dyve molecule. temperature and concentration are
important. There are several different types of aggregates in
solution of cvanine dye. and there is a dynamic reversible
equilibrium between aggregate and monomer.

Table | lists the absorbency of Dve 1 at qa 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. | shows the absorption spectra of Dye 1 solutions of
five different concentrations in 30 volume % aqueous meth-
anol solutions at 25 °C. From Fig. 1. we can see that there are
two absorption peaks in visible range for Dve 1 in 30 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
dve 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
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Figure 1. Absorption spectra of Dve 1 in 30 volume % aqueous
methanol solutlons at 25 °C a; 2 (4% 10" *mol/L . b: 408><10 moUL
¢ 5.75x107 mol/L d: 76810 mol/L e 96710 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:
30.37C,¢:33.3C, 4 41.0°C

may exist an equilibrium between monomer and dimer in 30
volume % aqueous methanol solutions between 25.0 °C to
41.0 °C."" That is. the main peak at 587 nm is ascribed to
mononer (M) band and the shoulder peak at 330 nm is dimer
band (D). The aggregation behavior of Dye 2 and Dye 3 is
similar with Dve 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 A and the
molar absorption coefficient &y of the monomer simul-
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Figure 5. Correlation of In&p with 1/7 tor three dyes

taneously from the dependence of monomer band absorbance

IWei Huang et al

(c)Dye 3 at26 °C

4 on total dve concentration ¢. according to the Harris and
Hobbs.'*'* we have
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where / represents solution thickness and ¢, the total dye

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

Temperature Kpx10™ 107 Association Al AH ASp
/C /L-mol™ /L-mol™-em™ number n /KJ-mol™ /KI-mol™ /Tmol’ K
250 8.5 1.50 2.1 —22.4 —423 —67.3
303 6.05 1.47 1.9 =220 —-42.35 -67.6
335 4.80 1.43 2.1 —-21.7 —423 —-67.2
410 3.52 1.40 20 —21.3 —423 —674
Table 3. Thermodynamic parameters of dimerization of Dve 2 in 50 volume % aqueous methanol solutions
Temperature Kpx10™ g 107 Association AGy, AHY, ASp
/C /L-mol"! /L-mol"-cm’! number n /KJ-mol™ /kI-mol™ /Tmol’ K
280 3.93 1.40 2.1 —-20.7 —15.1 18.5
325 340 1.38 2.1 —-20.7 —15.1 18.1
38.0 317 1.36 2.1 -20.8 -131 18.4
44.0 2.79 1.35 2.1 =209 -131 18.2
49.0 2.62 1.34 2.0 -21.1 - 151 18.5
Table 4. Thermodynamic parameters of dimerization of Dve 3 in 50 volume % aqueous methanol solutions
Tenperature /C ?L?;L[;'-‘ / Lf::;ll'P-c-m'l Aombar 1 /kJA-ﬁigl" ;’kfgil'] 1.1-111?)%- K
26.0 3.2 1.33 1.9 —205 — 189 54
31.0 3.46 1.32 1.9 -206 -189 30
36.0 383 1.31 2.0 -204 =189 4.9
41.0 3 56 1.29 1.9 -203 -189 il
47.0 2.39 127 1.9 —207 — 189 5.6
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concentration. As is shown in Fig. 3. the dependence of .t on
¢/4 shows a straight linc relationship. Both the slope &7 7/2K7
and intercept — &//2A;; are used to determine A and &y,
whichare 8.55~10° L'mol” and 1.50%10” L-mol " -cm’ tor Dye
1at25°C.3.93x10° L-mol” and 1.40x10° L-mol-cni’" for Dye
2a128°C.3.82>10" L-mol" and 1.33x10° L-mol -em™ for Dye
3 al 26 °C in 30 volume % aqueous methanol solution.
respectively.

Concentrations of monomers ¢y and of dimers ¢ = (c-¢a)/2
arc calculated using cither &y and 4 or Ap and ¢. A con-
ventional plot of log ¢rversus log cargives a straight ling 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

M < D )

Therelore

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

vel Dye2 Dye3d
Bond lengths
1. 2 1.477 1.477 1435
2, 4 1.363 1.365 1.364
34 1.350 1.545 1.344
4.5 1.399 1.399 1.398
3.0 1.399 14400 1.401
6. 7 1.401 1.400 1.398
7. 8 1400 1.400 1.400
8 9 1.363 1.364 1.364
9. 10 1.477 1.477 1.477
8. 11 1.5343 1.543 1.547
Bond angles
2. 4,3 108.3 108.5 108.4
2, 403 1231 122.5 1219
4, 5.6 127.4 127.2 127.1
3.6, 7 122.¢ 1227 122.7
7.8, 9 122.5 122.5 1231
Dihedral angles
1. 2, 4, 3 178.8 179.6 179.7
1.2, 4.3 1.1 0.2 04
3405006 1.0 0.8 0.6
2.4, 5 06 178.8 179.3 179.6
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 1799

Dvel

Dve 2
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The A values at different temperatures allow us to
calculate AHp. according to the Van't Holf cquation:

dInKp /1Ty = —AHL/ R 4

where R =831 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 Af/ is
calculated to be —42.5 kl/mol for Dye 1 at 25.0~41.0 °C. —
15.1 kJ/mol forDve 2 at 28.0~49.0°C and —18.9 kJ/mol for Dyve
3al26.0 ~ 47.0°C in 30 volume % aqucous methanol solutions,

The AGp and ASp values were obtained according to
thermody namic equations Al = — RTInk;, and AS,, = (AH),)
— AGn)/T. These data were listed in Table 2 for Dyc 1, Table
3 for Dyc 2 and Tablc 4 for Dyc 3.

Computational

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

Tablc 3 lists some sclected bond Iengihs. bond angles and
selected dihedral angles for the three kinds of dyve melecules.
[t can be found that the carbon-carbon bond lengths on the dye
molccular skeleton are basically inicrmediate 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 tvpical single (1.47 A ) and C=N double (1.27 A) bonds.
All C-C-C. C-N-C and C—C-N bond anglcs arc close to
120° Tt indicates that the wt ¢lectrons in the dyc molecule are
delocalized. The dihedral angles on the dve molecular
skeleton are closc to 180° or 0°. It indicates that the main
atoms are kept in the same planc. The structure of geometrical
monomer optimization according to the BALYP/6-31G level
show in Fig. 6.

The effect of dyve molecule structure on aggregation hehavior:
From Table 2. Table 3 and Table 4. it can be found that the
dimeric enthalpy A//5 values of three dyes are all negative,
and the scquence of Af/fy in the ncarly samgc temperature and
concentration range is Dve 1 < Dve 3. Dve 2. That is, the

Figure 6. The structure of gcometrical monomer optimization according to the B3LYP/6-31G level
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dimeric association of Dve 1 is easier than Dve 3 and Dye 2.
The reason suggested here is that Dyve 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 n-
electrons stack with zipper structure."” Dve 3 has also a planar
structure. and the methy] attached to N or N is in this plane
but the propy| attached to N or N” is not, although it can form
a face-to-face and head-to-tail w-electrons stack. the stack is
not zipper structure. Dye 2 has also a planar structure. but the
propv] and buty] 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 dves: Dyve
1. Dve 2 and Dye 3 in 50 volume % aqueous methanol solu-
tion is reported. The dimeric association constant Ap. the
dimeric free energy AGp. the dimeric entropy ASp. and the
dimeric enthalpy AHp were obtained. The effect of dve
molecule structure on Afp is also discussed by theoretical
calculations.
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