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Herein we report the experimental and theoretical study of the temperature dependence of a
thiacarbocyanine dye in its monomer, H- and J-aggregates states. We demonstrate the ability to
control the ratio of monomer, H- and/or J-aggregates with heat. We link such a control to the
conformation dependence of the molecule. An alternative way to gain access to the dominating
species without changing the concentration as a complete switching mechanism between all the
present species is proposed. The results presented in this work lead to a better understanding of
thiacarbocyanine dye’s behavior. © 2010 American Institute of Physics. [doi:10.1063/1.3483896]

I. INTRODUCTION

Molecular aggregation such as the one observed in cya-
nine dyes has been known for more than 50 years.1 Aggre-
gates are defined in function of their stacking geometries that
typically result in a blue (H-aggregates) or red (J-aggregates)
spectral shift with respect to the monomer absorption band.
The observed spectral shift depends on the aggregate prefer-
ential arrangement and is typically used to identify the type
of aggregate present in the solution under certain conditions.
During the past decades, an abundant number of fundamental
and applied studies have demonstrated the potential applica-
tions of these entities to the field of photography,3 sensors,”
photoconductors,s’6 biology,7 medicine,® and nanotechnology
through the formation of self-assembled materials.” The ver-
satility of cyanine dyes relates to their ability to interact as
liquid or solid state devices.'*"2

After Franck and Teller'> demonstrated the exciton
theory on the basis of Frenkel’s work,14 experiments were
decisive in understanding the effect that plressure,15
substituents,'® and concentration'” have on the aggregation
mechanism of this family of molecules. Other studies, which
performed to elucidate the channels of formation and orga-
nization of molecular aggregates in the solution, have con-
centrated on the impact of adding proteins18 and
surfactants'*° to the mixtures. Additionally, Van der Auw-
eraer and co-workers?' have reported the relevance of con-
sidering the influence of molecular structure in the aggrega-
tion properties of cyanine dyes in Langmuir films. Interesting
to highlight is the fact that most of the studies reported so far
focus on the typical narrow band located at approximately
600 nm, corresponding to the well known J-aggregate (end-
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to-end aggregation of monomer units), for which a mecha-
nism of growth from monomers and dimers has been
proposed.22

During the past 2 decades, the J-aggregates have found
very interesting applications in nonlinear optics,Bf26 mainly
because of the substantial enhancement effect of these prop-
erties due to the excitonic coupling present in these
structures.”’ Although much is already known about the ag-
gregates, there is still a great need for understanding more in
depth the reduction of photobleaching28 and the mechanisms
of stabilization of big aggregates in the solutions along with
the minimization of scattering due to inhomogeneities in the
medium at high concentration.”” In order to answer these
questions, the scientific community needs a better knowledge
of the effect that the physicochemical properties of the sur-
roundings and the temperature has onto the aggregation
mechanism. Particularly, temperature is perhaps the least un-
derstood parameter, mainly because most of the studies have
been performed at temperatures below 100 K.,»! since the
number of monomer units required for aggregation increases
inversely proportional to the temperature.27 Nevertheless,
Alfimov et al.*? revealed the arrangement of J-aggregates
and dimer formation with different structures and in amor-
phous dispersions upon photoexcitation and temperature
changes. Shapiro and co-workers® have demonstrated tem-
perature dependence results in a mixture of monomer,
dimers, and J-aggregates at body temperature, showing dif-
ferent J-aggregate bands linked to the cis- or trans-
conformation. Additionally, Kaiser et al® reported a tem-
perature dependence study on the aggregation behavior of a
perylene derivative associating their observations to the ar-
rangement angle. In order to expand the modest existent un-
derstanding of high temperature effects in molecular aggre-
gates, we have recently initiated studies of this effect in a
cyanine derivative.

© 2010 American Institute of Physics
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Herein, we report the ability to control the ratio of
H-aggregates versus monomer and/or J-aggregates with heat
in a cyanine derivative. A complete experimental tempera-
ture study between 23 and 90 °C, on thiacarbocyanine dye
(THIATS) molecule (3,37-disulfopropyl-5,5-dichloro-9-
ethylthiacarbocyanine), was performed to investigate its ef-
fect on conformational dynamics of THIATS species. We
present the theoretical modeling revealing the molecular
stacking features that evidence changes in intermolecular
conformation with temperature. We discuss the evolution of
aggregation in different mixtures containing H-aggregates,
J-aggregates, and/or monomer depending on THIATS con-
centration and conformations.

Il. EXPERIMENTAL METHODS

THIATS was purchased from Hayashibara Biomedical
Laboratories and used without any further purification. All
the measurements were carried out in aqueous solution using
ultrapure deionized water (the influence from the cell and
solvent were previously subtracted). In order to make the
monomeric and the H- and J-aggregates in the solution, four
different mixtures of THIATS were prepared at diverse con-
centrations according to Refs. 16 and 35. It is well known
that by increasing the concentration of cyanine dyes in the
solution one can gain control on the aggregation process.3
Therefore, we prepared a solution of the monomer at a con-
centration of 0.5 mM (1), H-aggregates at | mM (2), a mix-
ture of H-aggregates and J-aggregates at 2 mM (3), and
J-aggregates at a concentration of 10 mM (4).

(a) The absorbance measurements were carried out with a
single-beam spectrophotometer (Agilent 8453 Diode
Array UV-VIS) in quartz cells of different widths de-
pending on the THIATS concentration: 1 cm thickness
for monomer, 1 mm for H-aggregates, 0.2 mm for H/J-
aggregates mixtures and, 0.0l mm for J-aggregates.
This system has an operational spectral range of 190-
1100 nm with a resolution of better than 2 nm and less
than 0.03% stray light. The instrument was computer
controlled with Agilent ChemStation software.

(b) The steady-state fluorescence spectrum in water and
the excitation anisotropy analogous in poly-THF were
measured under the right angle geometry in a 1 cm
quartz cell using a PTI Quanta Master and steady state
spectrofluorimeter (model QM-3/2005) equipped with
a 75 W xenon lamp and two QuadraScopic™ mono-
chromators (excitation and emission), tunable in a
wavelength range from 180 to 2000 nm. This instru-
ment has a continuously adjustable spectral bandwidth
from 0 to 25 nm via micrometer slits and stray light
<0.02%.

(¢c) Temperature dependence experiments were performed
using a Peltier system to warm up the different
samples. In order to avoid the saturation of the absorp-
tion, quartz cells of different widths were used depend-
ing on the THIATS concentration. Samples were first
heated up to a stable temperature from room tempera-
ture (23-90 °C). For each temperature, the absorption
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spectrum was measured after the thermal equilibrium
was achieved in all the solutions (after approximately
20 min).

lll. THEORETICAL APPROACH

In order to model our system in its monomeric and ag-
gregated forms, GAUSSIAN 03 and GAUSSIAN 09 software were
employed.36 Because the size of the aggregates to be studied
precluded the use of more sophisticated approaches such as
density functional theory, a semiempirical model was used to
optimize the energy of THIATS. For this dye molecule, dis-
persion interactions were included with the semiempirical
model AM1 (Ref. 37) and TOP (3/124=1) option (denoted
AM1 +D hereafter), through the use of a simple ad hoc pa-
rameterized r~® function, which is an option available in
GAUSSIAN. Although the fragment used in the computation
lacked the ions, solvent molecules, and surrounding environ-
ment of the crystal, the agreement was still acceptable.

With the aim of computing the electronic excitations of
THIATS using the energy optimized structures obtained as
described above, the ZINDO-S method® was chosen. Be-
cause this approach has not been thoroughly tested for chlo-
rine, this halogen was simply substituted by fluorine in the
optimized structures before performing the ZINDO-S calcu-
lations.

For the optimization of the geometry of several putative
ar-stack structures, we used optimization (Cartesian, loose)
that yielded acceptable structures in reasonable amounts of
time. Through the employment of this particular approach a
significant reduction of the presence of several low-
frequency modes characteristic of weak complexes in which
one entire molecule slips or moves with respect to another is
possible, thus reducing computing costs.

IV. RESULTS AND DISCUSSION
A. EXPERIMENT

In Fig. 1, we show the THIATS molecular structure as an
inset and the UV-VIS (visible) absorption, fluorescence, and
excitation anisotropy spectra of this dye. The absorption
spectrum of THIATS at low concentration (10™* M) exhibits
the typical monomer band centered at 554 nm corresponding
to the allowed Sy— S, transition. This transition is confirmed
by the remarkable plateau in the excitation anisotropy spec-
trum between 520 and 560 nm. The evident decrease in the
values of excitation anisotropy at shorter wavelengths indi-
cates the formation of H-aggregates. According to Chibisov
and co-workers”® and Takahashi et al.,16 the shoulder ob-
served at 514 nm in the absorption spectrum is attributed to
the presence of H-aggregates. However, our theoretical cal-
culations revealed that this band is more in agreement with
the presence of and H-tetramer (H-4) as explained later in
Sec. IV B. The fluorescence spectrum shown in Fig. 1 sug-
gests, through the presence of an only narrow band with
maximum at approximately 570 nm that the radiative decay
is only produced by the monomer.

To understand the temperature effect on the formation of
different aggregate species in THIATS, we first prepared four
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FIG. 1. Absorption (solid), fluorescence (dash), and excitation anisotropy
spectra (dots) of a THIATS/water solution at a concentration of 0.5 mM. The
inset displays the molecular structure of THIATS.

solutions of this dye at different concentrations according to
the literature'®* to corroborate the presence of all the differ-
ent species subject to our study. The experimental absorption
spectra profile of these solutions is then compared with the
different theoretical stacking geometries predicted by our
modeling. This allowed us to propose a thermal switching
mechanism in this specific system. Figure 2 displays the dif-
ferent absorption spectra of all four solutions. The observed
characteristic bands exhibited by the different spectra are in
good agreement with results reported in Ref. 35: monomer
band at 554 nm, H-4 at 514 nm, and J-aggregates at 624 nm.
The shoulder on the blue side of the spectra in the solution
(3) is attributed as explained before to a higher degree of
aggregation, i.e., an H-4.>%

Figure 3 portrays the temperature effect on the confor-
mational dynamics of the different aggregate solutions stud-
ied. Particularly, Fig. 3(a) shows the results obtained for so-
lution (2) (H-aggregate/monomer mixture). At 23 °C, the
absorbance band of the H-4, centered at 514 nm, is twofolds
more intense than that of the monomer band with maximum
at 554 nm. As the temperature is augmented (curves 1 to 8)
the H-4 band vanishes and the monomer band increases.
These results are in perfect agreement with those reported by
Scheblykin and co-workers® and are attributed to an en-
tropic factor. In accordance to Ref. 40, the heating process
induces a dissociation of the H-aggregates into a monomer
unpacking the monomer units. The linear relationship be-
tween the H-4 and the monomer and, the absence of other
species in this solution at different temperatures, is con-
firmed by the existence of only the two bands described
above and the presence of an isosbestic point around 533 nm.
In fact, this point is observed in all solutions where the
monomer and H-4 coexist. At 50 °C, one can notice that the
two bands, corresponding to the two different species in the
solution, present virtually the same absorbance. Raising the
temperature even further, the identified trend between the
two bands persists. In fact, at 90 °C, nearly all THIATS is in
the form of monomer. Interesting to highlight is the fact that

J. Chem. Phys. 133, 134508 (2010)
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FIG. 2. Absorbance spectra of THIATS aqueous solutions taken at four
different concentrations: (1) monomer [0.5 mM], (2) H-aggregate and
monomer [1 mM], (3) H-aggregate, monomer, and J-aggregate [2 mM], and
(4) J-aggregate [10 mM].

up to a maximum temperature of 80 °C the process is totally
reversible by decreasing the temperature within a relative
short period of time (approximately 5 min).

Subsequently, the temperature dependence study of so-
lution (3) was performed with the aim to understand the
behavior of a mixture of monomer, H- and J-aggregates [Fig.
3(b)]. According to our theoretical calculations, these two
bands correspond to H- and J-tetramers, H-4 and J-4, respec-
tively (see Sec. IV B). In this solution, we observed an in-
crease in the monomer band at expenses of a fast and total
depletion of the J-aggregates band, between 40 and 50 °C.
Moreover, another isosbestic point at 569 nm was detected
between these two species in the solution. At temperatures as
high as 80 °C, the absorption spectrum of the THIATS so-
lution resembles that at a concentration of 1 mM presented in
Fig. 3(a) containing monomer and H-aggregates (room tem-
perature). This indicates that J-aggregates break apart leaving
room for the formation of only H-aggregates and monomer.
At 90 °C, the H-aggregate spectrum shows a little decrease
while the monomer band increases. This result is in agree-
ment with those presented at lower concentration [solution
(2)]. Indeed, the monomer absorbance is twice the initial one
(see Fig. 1). To recover the room temperature spectrum, with
a preponderance of J-aggregates one should wait approxi-
mately 15 min. The slow recovery process is an indication of
the memory effect present in the mixture of H- and
J-aggregates, as well as monomer in the solution. Therefore,
controlling the dominant species in the solution as a function
of temperature as well as time is a possibility.

Similar type of experiments was performed in solution
(4) [see Fig. 3(c)]. One can confirm the presence of an over-
whelming amount of J-aggregates over the other two species
in the mixture. An increase in temperature up to 50 °C
changes slowly, but not dramatically, the ratios J-aggregates/
H-4 and J-aggregates/monomer. However, for a greater
change in temperature, the H-4 and monomer bands increase
whereas the J-aggregate band decreases. A total depletion of
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FIG. 3. 3D plots of the absorption spectra of THIATS as a function of temperature: (a) solution (2), (b) solution (3), and (c) solution (4).

the latter is achieved at 90 °C in which case an analog spec-
trum to that depicted for THIATS in solution (1) (see Fig. 1).
A full recovery of the J-aggregate spectrum, observed at
room temperature, is possible after 1 min. However, 95%
recovery of the initial J-aggregate spectrum happens with the
first 15 s.

Based on our experimental results, we propose a thermal
switching mechanism between the different species of THI-
ATS in a solution to summarize their conformational dynam-
ics (Fig. 4). In general, all the reactions proposed are revers-
ible or present a “memory effect,” that is, the monomer or
monomer/aggregate species obtained by increasing the tem-
perature (forward reaction) can be reinstated to their original
aggregation state [solutions (2)-(4)] by lowering the tem-
perature back to room temperature and storing them for dif-
ferent time periods (reverse reaction). Particularly, solution
(2) (Fig. 4, top), comprising of the H-4 and monomer, is
shifted toward the monomer, which, under these conditions,
exist at a concentration that is twofold higher than that of
solution (1). On the other hand, solution (3) (Fig. 4, middle),
consisting of a mixture of H-4, J-4, and monomer, is con-
verted upon heating to an H-4/monomer mixture, similar to
the case of solution (4) (Fig. 4, bottom) that contains J-4
aggregates. These different species that result from heating

can be taken back to their original state in 5, 15, and 1 min,
respectively. The fact that solution (3) takes the longest to
reach its original state implies a more complex dynamics
between the three species involved in the solution. In all
cases, higher concentrations of THIATS monomer compared
to the regular concentrations of this species can be obtained
with an increase in temperature. This might be of potential
benefit for applications in which a high concentration of
monomer is desired without the formation of the correspond-
ing aggregated species.

—)
Mecnomer
EEE——

T%-ﬂ»Smin
0

————
(3) H-4/J-4/Monomer (2 mM} — H-4/Monomer

T+ 15 min
v

——
—

T #* 1 min

FIG. 4. Synopsis of the proposed temperature switching mechanisms on
THIATS molecular aggregates at different concentrations: 1 mM (2), 2 mM
(3), and 10 mM (4).

{2) H-4/Monomer (1 mM}

{4) J-4 (10 mM) H-4/Monomer
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FIG. 5. Representation of THIATS stacking configurations in the energy
optimized geometries using AMD+1 model: monomer, J-2, J-4, H-2, and
H-4.

B. THEORY

In order to explain our experimental results, the theoret-
ical calculations on THIATS in its monomeric and aggre-
gated forms were systematically performed. As stereo chemi-
cal possibilities are not expected to have very different
electronic spectra,41 the single monomeric isomer shown in
Fig. 5 was selected as the repeat unit in aggregates. The
computed absorption of the AM1+D energy-optimized mo-
nomeric structure in water was found to be in acceptable
agreement with the experimental value (556 nm).* Figure 5
also illustrates the geometry adopted for the ion-counterion
association.

The modeling of aggregates was performed based on
McRae—Kasha rules™ that are derived to take into account
the interaction of transition dipoles associated with the main
single photon transition of a single unit, with those of other
units in the stack. Spectral blue- or redshifts resulted from
differences in the stacking geometry. In our case, the stack-
ing configuration was characterized by a single variable, «,
the angle between the long axis of the cyanine monomer
rings and the translational vector that carries one asymmetric
unit to the next in the aggregate. Values of « larger than
approximately 55° were predicted to result in blueshifts (H
stacks), while redshifts (J stacks) result from lesser values.?

Because a considerable number of possible H and J
stacks can be constructed by inverting and then translating
the optimized monomer geometry, inversion was then used
to keep the ionic chains apart from one another on adjacent
molecules. Thus, every molecule was inverted with respect
to its nearest neighbor as one travels either horizontally or
along the translation vector of the stack. This approach hap-
pened to allow the 7—r interaction to determine the stack-
ing geometry.

Using the AM1+D energy-optimized structure, we were
able to construct the best J-dimers (J-2) and J-tetramer (J-4)
structures, as shown in Fig. 5. Furthermore, we calculated
their corresponding absorption spectra within the visible
(Fig. 6). While the absorption spectrum of J-2 showed a red-

J. Chem. Phys. 133, 134508 (2010)
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FIG. 6. Theoretical relative absorption spectra of monomer, H-2, H-4, J-2,
and J-4 calculated with ZINDO-S method.

shift band centered at \,,, =584 nm that of the J-4 aggregate
is centered at 659 nm. Through the comparison of these re-
sults with the experimental spectrum for the J-aggregates
(624 nm), we conclude that the J-4 is the preferred configu-
ration in an aqueous solution of THIATS. Other J-aggregates
with a different number of units and similar arrangement
were also tested but the absorption bands were not as close to
the experimental value as J-2 and J-4. Therefore they were
discarded from the analysis.

Next, the H stacks were examined according to the pack-
ing arrangement (see Fig. 5). Out of multiple possibilities, it
was found that while dimers have a single absorption peak at
Mmax=358 nm, i.e., in close proximity to the monomer band
(556 nm), the computed spectrum of H-4 exhibits two dis-
tinct maxima, an intense one at 500 nm and a weaker one at
632 nm (Fig. 6). The reproduced intense absorption band in
H-4 is in good agreement with the experimental results ob-
tained for the same aggregates (see Fig. 2).

Having established the preferential stacking arrangement
on THIATS and knowing that energy values can be used for
intercomparison of the various structures, the heat of forma-
tion at standard conditions was calculated through the pa-
rameterization of AM1 in order to gain some insight on the
temperature dependence effect reported herein.

Through a direct comparison of the calculated values for
the H and J stacks of the same number of monomeric units,
we found the former to always be lower in energy. This
indicates that this type of aggregates in THIATS is thermo-
dynamically favored. This result is in good accordance with
the role of dispersion interactions in the stabilization of these
structures as a result of the elevated number of close contacts
in the H structures, in contrast to the J. In addition, this
outcome is supported by the larger derived m-interaction en-
ergy of H aggregate structures. The observed irregularities,
although in this configuration, are perhaps, the result of pos-
sible steric interactions not very important in the J aggregate.
The difference in stability for the dimmers is in the range
between 4 and 17.6 kcal while for the tetramers is approxi-
mately 62.2 kcal. One possible explanation for such a large
difference is the apparent dissimilarity in the solvation
sphere around the different aggregates. As mentioned in the
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foregoing, the solvation effects on the various structures are
expected to be a significant factor in describing the formation
of the molecular stacks. Proof of this hypothesis is the fa-
vored packing in water but not in aprotic solvents such as
DMSO, DMF, and others similar liquids without a predomi-
nant admixture of H,O. As a further examination of our re-
sults, the energies of the tetramer stacks were computed us-
ing the SCRF (SMD) model in water as solvent. The
resulting energy difference between H-4 and J-4, equal to
48.6 kcal, is smaller than that previously reported but it is
still large enough to pose an essentially insurmountable bar-
rier for an H—1J transformation at room temperature. This
large difference between the tetramers is surprising in light
of the established formation of J aggregates. A possible
mechanism for the formation of the J stacks is that the ener-
getically favored H stacks are formed in a shorter time scale,
i.e., they are kinetically favored. Therefore, H aggregates
may or may not form beyond the tetramer configuration.
Nevertheless, slipping of the various levels could promote a
molecular rearrangement that could lead to J stacking. In
addition, reduction of the energy difference between H and J
motifs might occur upon the formation of two-dimensional
(2D) sheets in which the long axis of the cyanines are all
parallel. The energy difference between the two motifs under
discussion is expected then to be smaller than that between
one-dimensional stacks because there is a proportionately
less projected between the levels. Such overhang would be
produced in an H—1J transformation by a loss of close con-
tact between levels and concomitant reduction of the disper-
sion interactions. Another explanation is the fact that large
cation-anion interaction energies can alter the side-chain ge-
ometries, thus lowering the energy difference between the
two types of aggregates and permitting the facile H to J
conversions. Such a transformation would be most likely in a
2D sheet as mentioned before where differences in edge-
effects are minimized. Further studies are in progress.

V. CONCLUSION

We have experimentally demonstrated the possibility of
thermal switching of aggregates in a cyanine dye. This novel
approach provides control on the preferential species desired
in the solution at concentrations never attempted before. We
have demonstrated the possibility of preparing THIATS
monomers solutions at a concentration 100 times greater that
of the most likely for its presence at standard conditions. An
agreement between experiments and theory has made pos-
sible the identification of the actual size and type of aggre-
gate present in THIATS solution at different concentrations
and temperatures. Through the use of this tactic we envisage
new applications of this principle in biology and medicine,
where concentration and aggregation is a crucial factor to be
considered.
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