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Aggregations of 1,1 -diethyl-2,2'-carbocyanine iodide (DCI) and l,l'-diethyl-2,2'-dicarbocyanine iodide (DDI) 
in aqueous solution have been investigated by the steady-state absorption spectroscopy. The equilibrium con
stants for dimerization of DCI and DDI are found to be (9.8±0.5)x 104 and (1.6±0.5)x 105 M-1, respectively, 
at 293 K. The enthalpy changes for the dimerization of DCI and DDI are -6.7±0.7 and -7.7±0.8 kcal/moL 
respectively. The results 가low that the dispersion force plays an important role in the aggregation of DCI and 
DDI in aqueous solution. The absorption bandwidth of DCI/ethanol system has been measured as a function of 
temperature, providing the evidence for no strong interaction between DCI and solvent molecules. The par
ticipation of hydrophobic force in driving the aggregation is suggested. For the first time, DCI in aqueous solu
tion is found to form a new aggregate which has both J- and H- bands.

Introduction

The cyanine dyes are a remarkable class of strong light 
absorbers, widely used in sensitizing the silver halide mi
crocrystals in photographic films. The formation of aggregat
ed dye molecules in the liquid state is important in pho
tographic technology, tunable lasers, and photomedicines.1 
Since the formation of aggregates modifies the absorption 
spectrum and photophysical properties of a dye, it affects 
the ability of dye to emit at a certain wavelength and to act 
as a photosensitizer. The strength of aggregation between 
two or more dye molecules usually depends on the structure 
of the dye, the type of solvent, the temperature, and the 
presence of electrolytes. For the mechanism of aggregation, 
several driving forces such as additive van der Waals force, 
intermolecular hydrogen bonding, hydrogen bonding with 
the solvent, and coordination with metal ions, have been 
suggested.2-4 Each of these driving forces can be only appli
ed to the corresponding specific dye/solvent sy아em. As an 
instance, in the dimerization of fluorescein and its halo
genated derivatives, the nature of driving force changes 
with the extent of halogenation and the solvent.3 For the 
symmetric thiacyanines in aqueous solution, it is suggested 
that the dispersion force is the main driving force in dim
erization.5

In this paper, we have investigated the nature of driving 
force for the aggregation of symmetric carbocyanine dyes 
such as 1,1 '-diethyl-2,2'-carbocyanine iodide (DCI) and 1,1'- 
diethyl-2,2'-dicarbocyanine iodide (DDI) in aqueous solu
tion. Analysis of the changes in the steady-state absorption 
spectrum with dye concentration and temperature was 
adopted to obtain the equilibrium constant as well as ther
modynamic data for the aggregation process. The molecular 
exciton theory simply offers a theoretical description of the 
aggregation by considering the interactions between the tran

sition dipole moments of the molecule.6 In this work, this 
exciton model is employed to explain the spectral shift of 
the cyanine aggregates and predict the geometries of 나le ag
gregates.

Experimental

DCI (Aldrich, 98%) and DDI (Exciton, 98%) were used 
as received without further purification. All solvents used in 
this experiment are the spectrophotometric grades. Ab
sorption spectra were collected by a multichannel spec
trophotometer coupled with the optical fiber, using a 100 W 
Xenon arc lamp as a light source. The concentration ranges 
of DCI and DDI solutions were 1.5x 10~6-7.0x 10'5 M 
and 6.0 x 10~7-2.4x 10 5 M, respectively.

Temperature dependent spectra were collected by using a 
cell (3.4 mm path length) which was vacuum-tightly sealed 
by a Viton O-ring. The cell was mounted on the cold finger 
(Janis C-210) of a cryostat (Leybold-Heraeus) whose tem
perature was controlled within 0.2 K by a autotuning tem
perature controller (Lakeshore 330). The temperature range 
used in aqueous solutions is 275-330 K. For 1:1 water:ethy- 
lene glyc이 (EG) s이ution, the temperature range is 250-300 
K. The fluorescence spectrum was measured by an Aminco 
SLM-8000 spectrofluorometer.

Results and Discussions

Figure 1(A) shows the absorption spectrum as a function 
of DCI concentration in aqueous solution, at 293 K. Over 
the range of DCI concentrations, the increase of aggregation 
fomation is shown by the growth of a new absorption band 
at 18,400 cm which can be attributed to the dimer. As 
the dye ion is farther increased, a new additional band at 
19,200 cm1 appears. The band at 19200 cm 1 must be at
tributed to the higher aggregate (trimer or tetramer) than the 
dimer. The same procedure was done for DDI in aqueous 
solution. The absorption peaks of DDI monomer, dimer, 
and trimer or tetramer were found to be at 14,300 cm'1,7
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Figure 1. (A) The absorption spectrum of aqueous DCI as a 
function of concentration at 293 K. The 2-mm length cell is used. 
(B) The absorption spectrum of aqueous 5.0x10” m DCI, 
resolved into the monomer, dimer, and trimer or tetramer bands.
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16,200 cm1,8 and 17,100 cm \ respectively.
According to the 1-dimensional exciton model,6 the ab

sorption peak shift of the aggregate relative to the monomer 
is given by

小,= * 一号 三쩌스 (1FS2 0), (1)

where N is the degree of polymerization of the aggregate, 
Av is the spectral shift from monomer peak, h is the 
Planck's constant, r is the separation of molecular centers, 
and 0 is the tilt angle between the line of centers and molec
ular long axes. The <w2> is the transition dipole moment of 
monomer, 9.185 x 10 39 j"印以/尢),where ( is the molar ex

tinction coefficient in X is the wavelength, and M
and 入2 are the limits of well-defined absorption band. By
perforniing the integral on monomer spectrum, we obtained 
the values of 13,800 M^cm"1 and 20,700

M2respectively, for J £0 人/人)of DCI and DDI, which agree 
with the values in ethanol.7

From Eq. (1), the spectral shift from the monomer peak 
is used to calculate the intermolecular separations in dimer. 
Assuming the a增le 6 as 90°, the distances are calculated to 
be 7.2 A and 7.9 A, respectively, for DCI and DDI, which 
are longer than the typical intermolecular distance ~3 A ob
served in the solid phase of other photographic sensitizing 
dyes.9 It is notewoYthy that the 1-dimensional exciton model 
which ignores the molecular structure and is originally deriv
ed for explaining the aggregation behavior in solid phase 
may not provide correct intermolecular distances in aqueous 

solution. If the molecules aggregate with the same angle 
and distance, the peaks at 19,200 cm* 1 in the DCI spectrum 
and 17,100 cm-1 in the DDI spectrum can be each at
tributed to their tetramer, not trimer. This possibility will be 
dismissed later.

Figure 1(B) shows the resolved absorption bands of the 
monomer and the aggregates for 5.0x 10-5 M DCI spec
trum. The absorption band of DCI monomer can be ob
tained at low concentration limit IO-7 M, where the band 
shape becomes independent on the concentration. From the 
measured spectrum at the concentration range, 1.5x 10~6- 
8.0x IO-6 M, showing only monomer and dimer peaks, 
some multiple of the monomer spectrum was subtracted to 
obtain the dimer spectrum. By same procedure, the ab
sorption band of higher aggregate has been obtained from 
the spectra of more concentrated solutions (IO-5 M~7x IO-5 
M), as shown in Figure 1(B).

The absorption coefficient of the dimer was determined 
by the following procedure. The equilibrium for the dimer 
formation can be represented by 2 M<—»D, where M and D 
represent the monomer and dimer, respectively. We in
troduced the .parameters Co as the concentration of dye, em 
and as the integrated absorption coefficients of the 
monomer and the dimer, respectively, and Alot as the total in
tegrated absorbance. And AM is the integrated absorbance of 
monomer at a given concentration where only monomer ex
ists, a is the degree of dimerization, y is the absorption coef
ficient ratio of dimer to monomer, and I is the cell length. 
At equilibrium, the concentrations of monomer and dimer 
are (l-a)C0 and (oc/2)Co, respectively.

Atot =&」(l-a)C0+£dl (a/2)C0

Since 喝그惟m and EmlC()=AM,

Atot = Wa)Co+W (a/2)C0 
Atot/AM = l-m-(a/2)y 
Atot/AM = l-(1^2)a (2)

From the plot of AtoJAM a, the absorption coefficient^ ra
tio of dimer to monomer (y) can be obtained. At the con
centration of 3.7 X 10 邓 m where the formation of higher ag
gregates is negligible, the ethanol was added into the aque
ous solution up to 10% by mole fraction. At 10% ethanol 
solution, no dimerization is observed so that AM can be ob
tained. The spectrum as a function of ethanol mole fraction 
was resolved into monomer and dimer bands, AtJAM is plott
ed as a function of a, which gives y^l.6±0.05 from a 
linear slope. The result that the ratio doesn't follow the addi
tive rule indicates a strong interaction between the monom
ers. For DDI, with the same procedure, the absorption coef
ficient ratio was measured to be the same as that of DCI.

Knowing the absorption coefficients of the monomer and 
the dimer, one can obtain the concentrations of each species 
from the spectra measured at various temperatures and con
centrations. For the dimer formation of DCI and DDI, the 
equilibrium constants at 293 K are (9.8±0.5)x 104 M-1 and 
(1.6±0.5)X 105 M-1, respectively.

Thermodynamic data are obtained from the equilibrium 
constants at various temperatures. Table 1 lists the AT/0 and 
AS0 values for the dimerization, obtained from the van*t  
Hoff equation, d lnK/8(l/T)= - A77°/R. Figure 2 shows the
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A AC*1
Dye aggregate Solvent K (293 K)(心/冋(cal/molK)

DCI

DDI

DCI

Table 1. Equilibrium constants and thermocjynamic parameters 
for the aggregation of DCI and DDI

dimer water (9.8±0.5)xl04 -6.7±0.7 -0.1±0.1
tetramer water (5.2±0.3)xl04 — -

dimer water (1.6±0.5)xl05 * * * * -7.7±0.8 -2.5±0.5
tetramer water (6.0±0.5)x 104 - 9.8±1.0 - 12± 1

dimer water:EG 
1:1 mixture

(1.5±0.1)xl03 -14±1 -33±2

in
Figure 2. Van't Hoff plots for aggregation of DCI and DDI in 
aqueous solution. Assuming the higher aggregate of DDI as the 
trimer and the tetramer (see text), the data points are shown as 
the symbols ◊ and O, respectively. The fitted line for the tetram
er data points (O) is drawn to obtain the thermodynamic data.

van't Hoff plot for the dimerization of DCI and DDI, giving 
A/7°=-6.7±0.7 kcal/m이 for DCI and A/T=-7.7±0.8 kcal/ 
mol for DDI. The equilibrium constant of dimerization (293
K) in the 1:1 mole ratio mixture of water and ethylene 
glycol is measured to be (1.5±0.1)x 103. The value of AH° 
is - 14± 1 kcal/mol.

When the 19,200 cm-1 band is assumed to be the trimer 
band, we found that the equilibrium constant for its for
mation increases with the concentration. However, if this 
band is the tetramer band, the equilibrium constant for the 
tetramer formation gives a reliably constant value through
out the whole concentration range. Assuming this band as 
the tetramer band, the absorption spectra at the 8x 10-6~7x
10-5 M at 293 K were analyzed to obtain the equilibrium 
constant for the tetramer formation as (5.2±0.3)x 104 M-1. 
The absorption coefficient of the DCI tetramer is calculated 
to be 2.8 times of that of monomer.

In the case DDI, when the band at 17,100 cm1 is as
signed to the trimer, its formation constant also increases 
with concentration. However, assuming that this band is the 
tetramer band, its formation constant is obtained as a con
stant values and its van't Hoff plot is better linearly fitted to 
give more accurate AW° value, as shown in Figure 2. Figure 
2 also 아lows the van't Hoff plot for the possible trim- 
erization. For the tetramer formation, the values of AW° and 
△S° are obtained as* -9.8±1.0 kcal/mol and - 12±1 cal/ 
mol K, respectively. The equilibrium constant at 293 K is 
(6.0±0.5)xl04 M \

The 一사7° value increases with the polymethine chain
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length and the number of monomer in the aggregate, in
dicating that the dispersion force plays an important role in 
the aggregation of DCI and DDI dyes in aqueous solution. 
West and Pearce reported that the equilibrium constants for 
the dimer formation of 3,3'-diethylthiacarbocyanine iodide 
and 3,3'-diethylthiadicarbocyanine iodide are 2.9x 104 M-1 
and 6.7x 104 M-1, respectively, at 295 K.5 Graves and 
Rose reported its value as ~1 x 103 M^1 by using a Fourier 
transform proton magnetic resonance technique.10 Kai옹er 
and his coworkers reported the concentration dependence of 
dimerization constant of pseudoisocyanine chloride, and its 
value is in the order of 103 M"1 at 293 K.11 Our results are 
consistent with those reported results; due to dispersion 
force the increase in the size of heterocyclic ring and the po
lymethine chain length of cyanine dye induces the equili
brium constant increase.

In EG/water solution, -MF and -AS° values of DCI 
dimerization are much larger than those of water solution, 
and the formation constant become less. It is noticed that al
most zero entropy change in DCI/water dimerization results 
in large formation constant. It is well known that hy
drophobic interactions are entropy-driven.3 Therefore, one 
possible explanation is that in aqueous solution the hy
drophobic force is dominant to drive the dimerization, while 
in mixed EG/ water solution the hydrophobic force is di
minished so that the dimer formation is less favora비e. The 
dimerization in mixed polar solvent must be investigated 
more carefully in future.

The hydrophobic interaction in DCI aqueous solution was 
checked by measuring the solute-solvent interaction in the 
DCI/ethan이 system, which solvates DCI more strongly than 
water. Absorption spectrum of DCI in ethanol solution was 
measured as a function of temperature, showing that as the 
temperature was decreased from 315 K to 150 K, a sig
nificant line narrowing was observed without any ap
pearance of new absorption bands. Figure 3 shows that the 
square of absorption line width o2 as a function of tem
perature. The absorption line is usually broadened by two 
processes; the phonon relaxation and the structural re
laxation. As the phase is changed from liquid to glass, the
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Figure 3. The square of the full width at half maximum, o2, of 
the absorption band of DCI in ethanol as a function of tem
perature (■). The solid line is a linearly fitted line to the data 
points.
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structural broadening is expected to remain aim。아 the same, 
while the phonon width is decreased. The structural broaden
ing is directly related to the statistical distribution of sol
vated molecules, while the phonon broadening is due to the 
very fast lattice-like vibrational motion which is intrinsic in 
all condensed phases. Yu and Berg expanded the theory of 
phonon modulated interactions with electronic transition in 
solid,12 to the phonon-like broadening in the glassy and li
quid solution systems.13 They showed that the phonon 
width (oF2) can be given by Eq. 3 as follows:

여=씋己빼釦, ⑶

where 耳 represents the Stokes shift due to the phonon 
broadening, and v represents the average value of the lattice 
phonon frequencies in the amorphous phase. At high tem
perature limit, a2 is approximately to be linearly dependent 
on the temperature,

야 =kT& (4)

It is found that the square of line width of DCI in ethanol 
as a function temperature fits to 아raight line and the a2 is 
extrapolated to zero as the temperature is decreased to 0 K, 
as shown in Figure 3. This result indicates that the phonon 
broadening contributes dominantly to the absorption vddth 
of DCI/ethanol solution. It is reasonable that the phonon 
broadening due to intrinsic vibrational process should be 
more dominant for the aqueous system where the solubility 
of cyanine is much smaller than the ethanol system. This in
terpretation is consistent with the fact that there is no strong 
interaction such as hydrogen bonding between DCI monom
er and water. The water molecules ar이md DCI molecule ac
tually become more ordered during the s이v건ion. If two 
DCI molecules cluster together, the disruptive effect on the 
solvent network will be less than the dispersive interaction 
of two separated DCI. This hydrophobic interaction could 
be important in the dimerization of DCI. We suggest that 
the aggregation of DCI can be driven by the hydrophobic 
force and the DCI molecules hold together exclusively by 
dispersion force.

The formation of higher order molecular aggregates can 
be observed in various environment such as the addition of 
salt or colloidal particles or the freezing process.14 In this 
work, the spectrum showing two unreported bands is ob
tained by adding 0.2 M NaCl into 10*  M DCI aqueous 
solution. The spectrum of aqueous DCI 10-3 M/NaCl 0.2 
M is shown in Figure 4. The observed spectrum, (a), was 
subtracted by the monomer and tetramer bands, giving the 
spectrum of new aggregate, (b). The spectrum (b) consists 
mainly of a red-shifted peak at 15,600 cm 1 and a blue 
shifted at 21,200 cm \ These bands are separated by an 
equal wave number, 2800 cm1, from the dimer peak and 

, the full widths at half maximum of both two peaks are ap
proximately same as 1000 cm1. In general, the band of the 
red-shifted J-aggregate is known to exhibit an intense nar
row fluorescence, while the blue shifted H-aggregate shows 
almost no fluorescence. However, for the new aggregate of 
DCI, no fluorescence has been detected either from the 
15,600 cm-1 and 21,200 cm-1 excitation. According to the 
1-dimensional exciton theory, the excited 마ate of the chro-

Figure 4. The observed absorption spectrum of 10'3 M DCI/0.2 
M NaCl in aqueous solution at room temperature is shown as (a). 
The spectrum of a new aggregate (b) is obtained by subtracting 
the monomer band and the trimer or tetramer band from the ob
served spectrum (a).

mophore will be split into two upon aggregation. In the ag
gregates having intermediate geometries between the Pami
ri and head-to-tail orientations, the transitions to both of 
two state will be allowed to yie너 the blue and red sides of 
the absorption peak of the constituent chromophore. There
fore, we suggest that the new aggregate is formed by the 
aggregation of dimers and this aggregate would be in a in
termediate geometry between the parallel and head-to-tail 
orientations.

In summary, the aggregations of l,l'-diethyl-2,2'-carbocy- 
anine iodide (DCI) and l,r-diethyl-22-dicaTbQcyanine 
iodide (DDI) in aq were investigated by the steady■어ate ab
sorption spectroscopy. The equilibrium constants for DCI 
and DDI are found to be (9.8±0.5)x 104 and (1.6±0.5)x 
105 M-1, respectively, at 293 K. The enthalpy changes for 
the dimerization of DCI and DDI are measured to be 
-6.7±0.7 and -7.7±0.8 kcal/mol, respectively. Assum
ing that the higher aggregate is the tetramer, the 
equilibrium constant for DCI tetramer formation is measur
ed to be (5.2土0.3)x I。at 293 K. With the same as
sumption in DDI solution, the equilibrium constant at 293 
K and enthalpy change for DDI tetramer formation are 
(6.0±0.5)x 104 and 一 9.8土 1.0 kcal/mol, respectively. As 
the length of polymethine chain and the number of monom
er in aggregate are increased, the aggregation is enhanced, 
showing that the dispersion force of DCI and DDI molec
ules is important in the aggregation. Almost zero entropy 
change in DCI/water dimerization indicates the participation 
of hydrophobic force. Temperature dependence of DCI ab
sorption bandwidth in ethanol solution provides the evi
dence for no strong interaction between DCI and solvent 
molecules. We suggest that the aggregation of DCI can be 
driven by hydrophobic force. For the fRst time, DCI in 
aqueous solution is found to form the aggregate which has 
both J- and H- bands, showing little fluorescence activity.
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피BPLMP(OAc)2](BPh4)2 (1), a new model for the reduced form of the purple acid phosphatases, has 
been synthesized by using a dinucleating ligand, 2,6-bis[((2-pyridylmethyl)(6-methyl-2-pyridylmethyl)amino)  
methyl]-4-methylphenol (HBPLMP). Complex 1 has been 아laracterized by X-ray diffraction method as having 
(g-phenoxo)bis(acetato)diiron core. Complex 1 was crystallized in the monoclinic space group C2/c with the 
Allowing cell parameters: a=41.620(6) A, b=14.020(3) A, c=27.007(4) A, 6=90.60(2)°, and Z=8. The iron cent- 
ers in the complex 1 are ordered as indicated by the difference in the Fe-0 bond lengths which match well 
with typical Feni-0 and Fen-0 bond lengths. Complex 1 has been studied by electronic spectral, NMR, EPR, 
SQUID, and elect。아lemical methods. Complex 1 exhibits strong bands at 592 nm, 1380 nm in CH3CN (e= 
l.Ox 10,3.0x 102). These are assigned to phenolate-to-Fem and intervalence charge-transfer transitions, respec- 
tively. Its NMR spectrum exhibits sharp isotropically shifted resonances, which number half of those expected 
for a valence-trapped species, indicating that electron transfer between Fen and Fe111 centers is faster than NMR 
time scale. This complex undergoes quasireversible one-electron redox processes. The Fe111^^111 and FenFein/ 
Fe% redox couples are at 0.655 and - 0.085 V vs SCE, respectively. It has ^^=3.3 x 1012 representing that 
BPLMP/bis(acetate) ligand combination stabilizes a mixed-valence FenFeni complex in the air. Complex 1 ex- 
hibits a broad EPR sign시 centered near g느 1.55 which is a characteristic feature of the antiferromagnetically 
coupled high-spin FenFeni system (Stotal=l/2). This is consistent with the magnetic susceptibility study showing 
the weak antiferromagnetic coupling (7=-4.6 cm1, H=-27SfS2) between Fe11 and Fem center.

Introduction

The purple acid phosphatases (PAP) constitute to a novel 

class of non-heme metalloenzymes which catalyze the hy- 
dr이ysis of certain phosphate esters under weak acidic con
dition.1 Although they have been isolated from a variety of


