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The dynamics of the formation of 1;#liethyl-2,2-cyanine iodide (PIC) J-aggregates in water solutions have
been studied using UV/vis spectroscopy. The appearance and growth of the J-aggregates’ band at 573 nm
took place simultaneously with the decrease of the absorption of the sample at 525 and 485 nm. The
experimental dependence of the intensity of the absorption at 573 nm versus time has the shape of a reverse
exponential curveJszs = Jo(1 — exp(—kt)). Two possible explanations of the experimental data are given.

The first one is that if J-aggregates are simple chains of molecules, then only three PIC molecules in aggregate
may be enough to produce a J-band in the absorption spectrum of the solution. The second one is that
J-aggregates are not simple chains of molecules but consist of “unit cells” of nonlinear structure. At a high
concentration of PIC the full width at half-maximum of the J-band increased with time, but the position of

its maximum did not change. Possible explanations of this phenomenon are discussed.

Introduction implies that the effective size of J-aggregates may be different
) ] ) in different conditions. If this were indeed the case, it would
J-aggregates have been the subject of keen interest in théye interesting to determine the minimum number of PIC
scientific Communlty for many years. This interest is based on molecules in aggregate needed to produce a J-band.
the_ foIIowin_g: (2) their gpplications in photograp_hy; (2) their This question may be answered by studying the process of
unique optical properties; (3) they are considered t0 be tqmation of J-aggregates. It is well-known that the formation
intermediates between single molecules and bulk phases, makingy¢ j.aggregates in solution depends on both the concentration
them ideal models to investigate the change of physical 3nq temperature. At low concentrations and high temperatures,
properties between these two extremes. PIC in solution exists in monomer form. At relatively high
J-aggregates are formed by some cyanine dyes in aqueougoncentrations and low temperatures, the process of aggregation
solution and several matrixes. Since their discovery by Scheibe takes place. The first step of aggregation is considered to be
and Jelley? J-aggregates have been studied using different the dimerizatior?® or coupling, of two molecules. The dimeri-
methods, including simple absorption spectroscopy, time- zation causes a change of the absorption spectrum of the
resolved fluorescence; the accumulated photon-echo tech- solution, and can thus be detected. The next steps of aggregation
nique/~® Raman spectroscopy, femtosecond pumpprobe are the couplings of three, four, and more molecules. When the
spectroscopy? electromodulation spectroscop’,near-field number of monomers in the aggregate reaches a critical number
scanning optical microscopy,and atomic force microscopy. N required to form a new excitonic transition, the J-band in the
The formation of J-aggregates can be detected by the intensé?0SOrption spectrum appears. An estimate of the critical number
narrow absorption band (J-band) red-shifted with respect to the N can be obtained by analyzing the absorption kinetics of the
absorption spectrum of the monomer. The appearance of thisSolution.
band was explained by the formation of an excitonic state In this paper | report on the kinetics of formation of
through the electronic coupling of the tightly packed dye J-aggregates of PIC_: in Water.solutions that demonstrate that if
moleculests A model of N identical molecules aligned one- J-adgregates are simple chains of molecules, then three mol-

dimensionally was proposed to explain the absorption spectrumecules of PIC in aggregate may be enough to form a J-band in
of the J-aggregaté&'” and their other optical propertié%.22 the absorption spectrum of the solution. This means that the

It was discussed that J-aggregates form a helical strugtare, ~ €ffective size of PIC J-aggregates, in some cases, may be three
herringbonelike arrangement that is described by a centered,Molecules. Another possible explanation of the data obtained
rectangular unit cell containing two identical molect#¢%and is that J-aggregates are not simple chains of molecules, but

a helix-like, cylindrical chiral structur® Still, the linear chain ~ €onsist of “unit cells™. In this case the number of molecules
model is most often applied to J-aggregdie. required to produce a J-band is equal to the number of PIC

. . . . ._molecules in the unit cell.
Despite various spectroscopic experiments and theories

regarding J-aggregates, some questions still remain. One of these . .
concerns the effective size of J-aggregates or the number ofEXpe”memal Details and Results
monomersN interacting with each other and producing anew  samples were prepared by dissolving PIC in a 0.2 mol/L
sizes for PIC J-aggregates range from 4 to 100 molecules. Thisysed as received. Concentrations of PIC in the solutions studied
were 103, 5 x 104, 3 x 104 2 x 104, and 10* mol/L.
T E-mail: struganova@mail.barry.edu. The optical spectra and kinetics were recorded with a Perkin-
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Figure 1. Temporal evolution of the absorption spectra ok2.0#
mol/L (a) and 3x 10~ mol/L (b) solutions of PIC in water with NaCl
during cooling.

observed, with a simultaneous decrease of absorption at 525
and 485 nm. The position of the absorption maximum at 523
nm did not change. The absorption peak at 485 nm shifted to

Elmer Lambda 12 UV/vis spectrophotometer. At room temper- 492 nm in the process of growth of the J-band.
ature, the absorption spectra of the solutions of concentrations Figure 2 shows the absorption kinetics in solutions of
1073,5 x 1074, and 3x 1074 mol/L had three maxima: at525 concentrations & 10~* (Figure 2a) and 3« 10~ (Figure 2b)
nm, which corresponds to the PIC monomer, at 490 nm, and atmol/L. At 2 x 10~* mol/L, the absorption at 525 nm monotoni-
573 nm, which is the well-known absorption maximum of PIC cally decreased with time and the rate of the decrease continu-
J-aggregates. The absorption spectra of the solutions of con-ously slowed. In the meantime, the absorption at 485 nm
centrations 2« 104 and 104 mol/L at room temperature had  monotonically increased with time. The rate of its increase
only two maxima: at 525 and 485 nm. continuously slowed as well. A similar picture was observed
The solutions were placed in a small 1 mm thick cell and in the solution of concentration 1 mol/L, but the range of
heated to approximately 8C. As the solutions cooled to room  change of absorption at 485 and 523 nm was smaller.
temperature, the absorption spectra and kinetics at different At 3 x 104 mol/L the absorption at 525 nm continuously
wavelengths were measured. The solutions in the cell reacheddecreased with time. Initially the rate of its decrease behaved
room temperature in less than 10 min. the same way as in the solution of concentration 204 mol/
Figure 1 shows the absorption spectra of the solutions of L: it slowed. Approximately 5 min after the decrease started,
concentrations X 104 (Figure 1a) and 3« 10~* (Figure 1b) the rate of the decrease of absorption at 525 nm became faster.
mol/L measured continuously for 20 min while the solutions The absorption at 485 nm initially increased with time, but then
cooled. The recording time of each spectrum was 30 s. decreased. The decrease started approximately at the same time,
Immediately after heating, the absorption spectra of both when the rate of the decrease of absorption at 525 nm changed.
solutions looked similar: they both had only two maxima, at Finally, both processes, the change of the rate of the decrease
523 and 490 nm. As the temperature decreased, initially in both of absorption at 525 nm and the beginning of the decrease of
solutions the absorption at 525 nm decreased and the absorptio@bsorption at 485 nm, coincided in time with the appearance of
in the region of 490 nm increased with a shift to 485 nm. a J-band at 573 nm.
Approximately 5 min later in both solutions this process slowed  Figure 3 shows the time correlation among the rates of
significantly. No other changes were observed in the solution absorption kinetics at 485, 523, and 573 nm in the solution of
of concentration 2 10~4 mol/L during 20 min of measurement. ~ concentration 3x 104 mol/L.
In the solution of concentration 8 10~4 mol/L approximately Similar absorption kinetics have been observed for the
5 min after the beginning of the measurements, the appearancesolutions of concentrations & 1074 and 102 mol/L. In the
and very fast growth of the absorption band at 573 nm were solution of concentration % 104 mol/L, the J-band at 573
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Figure 3. Time dependence of the rates of the absorption kinetics in
water solutions of PIC at % 10~* mol/L.
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Figure 4. Dynamics of the formation of the J-band in ax510~*
mol/L solution of PIC in water with NaCl. The time interval between
each spectrum is 15 s.
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nm appeared approximately 4 min after the beginning of the
measurements and, in the solution of concentration3 10
mol/L, 3%, min after the beginning of the measurements.

In all three solutions where the formation of a J-band was
observed, the position of its maximum did not change in the
process of growth. The full width at half-maximum (fwhm) of
the J-band of the solution of concentratiorx3L0~4 mol/L did
not change significantly as well and was approximately 4 nm.
In the solution of concentration & 10~4 mol/L, the fwhm of
the J-band increased from 4 to 6 nm (Figure 4). In the solution
of concentration 1@ mol/L, the fwhm of the J-band increased
from 4 to 14 nm.

Discussion

Struganova

ature. In the first case, it is very difficult to control the
concentration of dissolved PIC and the kinetic model cannot
be used. Therefore, the second method was chosen. The
concentration of PIC in solution was constant during the
experiment, but the temperature was not. The changing tem-
perature complicates the interpretation of experimental data, but
some conclusions can be made without hesitation.

(1) The formation of J-aggregates is very sensitive to the
concentration of PIC in the solution. Indeed, at 30—* mol/L
an intense J-band was formed while atx210~* mol/L the
formation of a J-band was not observed.

(2) J-aggregates in the solutions studied are formed from
monomers of PIC and intermediates with absorption at 485 nm.
This conclusion can be made from analysis of the data presented
in Figures 2 and 3. Indeed, the formation and the growth of the
J-band are accompanied by a decrease of the absorption at both
523 and 485 nm. Moreover, there is a very good correlation
among the time dependencies of the absorption values at 485,
523, and 573 nm.

(3) It looks like the absorption spectrum of PIC J-aggregates
in the solution studied consists not only of a narrow J-band at
573 nm, but also a band in the region of 490 nm. Indeed, in the
process of formation of J-aggregates, the short wavelength
maximum in the absorption spectrum moved from 485 to 492
nm and its shape slightly changed. Such a change was not
observed in the solution of concentrationk2L0~* mol/L. The
fact that the absorption spectrum of PIC J-aggregates shows a
band in the region of 490 nm has been discussed in several
papers':230

(4) The position of the maximum of the J-band at 573 nm
probably does not depend on the number of PIC molecules in
the J-aggregate. In all solutions studied the position of the
maximum of the J-band did not change with time, while it is
reasonable to assume that the number of PIC molecules in the
J-aggregate has to increase in the process of growth and has to
be greater in solutions of higher concentration.

An estimate of the number of PIC molecules in the aggregate
required to produce a J-band can be obtained from an analysis
of the absorption kinetics shown in Figure 2.

The first step is to try to determine which intermediates have
absorption at 485 nm. Kaiser and others proposed eArifeat
absorption at 485 nm corresponds to the dimer of PIC and that
the dimerization is the first step of formation of J-aggregates.
Such a suggestion is reasonable. Hence, the decrease in
absorption at 523 nm and the increase in absorption at 485 nm
observed in the solutions studied is attributed to formation of
dimers of PIC.

If we make the assumption that absorption in the region of
485 nm is caused by dimers, then J-aggregates are formed from
dimers and monomers of PIC. The aggregates must form from
a combination of monomers and dimers. Otherwise it is difficult
to explain the difference between the absorption kinetics in
solutions of concentrations 2 10~* and 3 x 10~* mol/L.

Aggregation has to be a consecutive process. Initially two
molecules, and then three, four and more molecules (or two,

The purpose of the experiment was to observe the dynamicsthree, four, and more dimers), become connected together. When

of formation of J-aggregates with the hope of obtaining some

the number of PIC molecules in the aggregate reaches a critical

information about how many molecules of PIC in aggregates numberN, the J-band appears.

are required to produce a J-band in the absorption spectrum of The question is how each step of aggregation influences the
the solution. The process can be observed in one of two differentabsorption characteristics of the solution. Two possibilities exist.
ways: (1) by changing the concentration of the dye, because The first is that the formation of each intermediate aggregate
PIC forms J-aggregates only at high concentrations or (2) by causes a change in the absorption spectrum of the PIC molecules
keeping the concentration constant and changing the temperain it. The second is that the formation of each intermediate
ture, because PIC does not form J-aggregates at high temperaggregate does not change the absorption spectrum of the
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solution and only when a certain number of PIC molecules are 2.5
incorporated does the absorption spectrum of the aggregate J=Jo(lexpihxgy ST nm
suddenly change. kmd 381075
If J-aggregates are simple chains of PIC molecules, it is
reasonable to assume that in the beginning the addition of each
monomer into the chain changes the absorption spectrum of

I . § 15 523 nm
the aggregate. Otherwise it is difficult to explain why, for g
. . Agyy= Agxexp(-kxt)
example, when the aggregate consists of 19 PIC molecules its k=3.54x1075"
absorption spectrum is like that of a monomer, and when another 3 1.0
PIC molecule is attached a J-band suddenly appears.
Sudden changes in the absorption spectra of the aggregate 08

with the addition of a monomer are possible if J-aggregates are
not simply chains of molecules but consist of unit cells and
each cell is a nonlinear geometrical structure. In this case until . o .

a unit cell is formed absorption characteristics of molecules in 200 400 TISI?E?S 800 1000 1200
aggregate_may be “k.e those of monomers and dimers. ThenFigure 5. Theoretical (solid lines) and experimental absorption kinetics
the formation of a unit cell changes the character of the bond i, \yater solutions of PIC at % 104 mol/L.

between molecules and the spectral characteristics of the

aggregate. _ _ _ solution. Unfortunately in the region of 488190 nm there is

The absorption spectra of the solution studied (Figure 1b) eyigently significant overlap of the absorption spectra of
do not show the appearance of any intermediates before themonomers, dimers, and J-aggregates, and it does not appear
formation of the J-band other than those with absorption in the possible to separate them.
region of 485 nm. Likewise, no shift in the position of the A few different equations have been used to fit the experi-
maximum of the J-band with time is observed. If we assume mental absorption kinetics at 523 and 573 nm. Amazingly the

that the absorption in the region of 485 nm belongs to dimers pegt fit was obtained with simple exponential dependencies
and J-aggregates are linear chains of PIC molecules, then the

formation of the smallest J-aggregate can be written as Jers = Jo(1 — exp(=kyt)) (5)

N;M + N,D —J (1)
for the absorption at 573 nm and
whereN; is the number of monomers M amd is the number
of dimers D required to produce a J-band in the absorption Asys = Ag eXp(—kyt) (6)
spectrum of J-aggregate J. To simplify the problem in the first
approximation, continuous formation of dimers from monomers for the absorption at 523 nm. The agreement between the
theoretical curves in eqs 5 and 6 and the experimental kinetics
M+M—D ) is shown in Figure 5. Moreover, rate constadntandk, obtained
fs a result of fitting the experimental kinetics with these
guations are relatively closdg = 4.38 x 103 s~ andk, =
.54 x 1073 s71. The fact thak; is slightly less thark; can be
explained by the possible slight overlap of the absorption spectra
of monomers, dimers, and J-aggregates in the region of 523

can be neglected. Indeed, as can be seen from Figure 2b, whe
a J-band appears, the rate of decay of absorption at 523 an
485 nm changes. Such changes are not observed in solution
of lower concentration (Figure 2a). Thus, likely they are caused
by formation of J-aggregates and not by possible temperature
effects. The formation of J-aggregates must therefore be faste
than the continuous formation of dimers.
If we neglect the backward reaction

The simple exponential dependencies in eqs 5 and 6 arise if
only one monomer and one dimer are required to produce a
J-band and the concentration of monomers is much greater than
J—N,M + N,D () the concentration of dimers or if the concentration of dimers is

approximately constant. That means that under the assumptions

then the rate of formation of J-aggregates should be proportionalmade above (and if we treat J-aggregates as simple chains of
to the concentration of monomers to the powdrand the molecules) one of the possible explanations of the absorption

concentration of dimers to the powisg: kinetics shown in Figure 2b is that only one dimer and one
monomer are required to produce a J-band in the absorption
d[J)/dt = k[M] D] ) spectrum of the solution.

It should be emphasized that three is the number of PIC

Depending onN; and N, eq 4 leads to different types of molecules participating in initial J-aggregate formation. Ag-
dependence of the concentration of J-aggregates [J] on*time. gregation, evidently, does not stop at this number. The equi-

The J-band at 573 nm does not overlap significantly with librium number of monomers in the J-aggregate should depend
the rest of the absorption spectrum of the solution. The on the concentration of the solution, temperature, solvent, and
absorption at 573 nm may then be assumed proportional to theother factors and can be very large.
concentration of J-aggregates in the solution. The fact that there Three is the number of PIC molecules required to produce a
was no change observed in the shape of the absorption spectrund-band in the absorption spectrum of the solution. The number
of the solution in the region of 523 nm indicates that overlap of PIC molecules in the aggregate required to cause its
among the absorption spectra of monomers, dimers, andsuperradiant emission or high second-order nonlinear optical
J-aggregates in the region of 523 nm is minor. As a first susceptibility could be different.
approximation the absorption at 523 nm may be assumed Finally, the conclusion about three molecules was obtained
proportional to the concentration of PIC monomers in the under the assumption that J-aggregates are simple chains of
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molecules and intermediates with absorption in the region of in the aggregate. The dependence of the position of the
485 nm formed prior to J-aggregates are dimers of PIC. If they maximum of the J-band on the number of molecules in the
are not dimers, but other types of aggregates, the number mayaggregate is expected for helix-like aggregates as #ell.
be different. According to experimental data, this is not always the case.

It is important to mention that there are other mechanisms Apparently, in the solutions studied, the position of the
that will lead to the absorption kinetics given by eqs 5 and 6. maximum of the J-band does not reflect the size of J-aggregates.
One of them is a chain reaction where T is a trimer and | is the

Conclusion
M+M-D Data gathered here allow several conclusions to be made.
D+M->T ) .
.............. First, J-aggregates are formed from monomers of PIC and an
[+M—>] intermediate with absorption in the region of 485 nm. Second,

if these intermediates are dimers of PIC and J-aggregates are
last intermediate before the J-aggregate is formed. Intermediatesimple chains of PIC molecules, then three molecules of PIC is
steps between B- M — T and I+ M — Jin reaction 7 are  the minimal number required to produce a J-band in the
omitted. Reaction 7 will lead to egs 5 and 6 if all but the last absorption spectrum of the solution. Third, the position of the
step of the reaction go very fast or only the last step of the maximum of the J-band does not depend on the number of PIC
reaction changes the spectral characteristics of the aggregatesnolecules in the aggregate.
In this case, the number of molecules of PIC required to produce  |f J-aggregates are not simple chains of PIC molecules, but
a J-band can be relatively large. But as was discussed above, itonsist of unit cells of nonlinear structure, then it is possible
we assume that J-aggregates are chains of PIC molecules, it ishat more than three PIC molecules are required to produce a
difficult to explain why the last step affects the spectral J-band. Further research is required for a deeper understanding
characteristics of aggregates and the others do not. of the evolution of optical properties of J-aggregates in the
If we assume that J-aggregates are not simply chains of PICprocess of growth. Such research is now under way.
molecules, but consist of unit cells and the last step in reaction
7 reflects the formation of a unit cell, then it is possible that References and Notes
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