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We developed a model to mimic the exciton dynamics in J-aggregates of cyanine dyes on the basis of Monte
Carlo simulations. We consider the aggregates to be linear one-dimensional chains, where the in-phase
combination of molecular excitons leads to a stabilization. A random distribution of segment lengths limits
the effective coherence length and induces an inhomogeneous band broadening. The model takes into account
the incoherent energy hopping between aggregates following the excitation. The results of the simulation
could be fitted to the experimentally obtained absorption and fluorescence spectra and to the fluorescence
decays of the J-aggregates of '&8ulfopropyl-5,5-dichloro-thiacarbocyanine (THIATS).

I. Introduction chemical bonds, as polymers are. Such an aggregate structure
. . . . produces a narrow peak in the absorption spectrum. Conven-
During recent years there has been considerable interest ino a1y these aggregates that reveal red-shifted absorption peaks
studies of quasi-one-dimensional structures manifesting featuresg|ative to the monomer position are called J-aggregates or
quite different from those in bulk of matenal;. In particular, bathochromic, while aggregates that exhibit the blue-shifted
J-aggregates of cyanine dyes as well as conjugated polymersghqorption peak are called H-aggregates or hypsochromic.
which can be approximately modeled by linear Frenkel chains, Though this model was widely used recerifly’5 no attempt
display extraordinary peculiarities in their photorespohe, ;a5 made to obtain more than the simulated absorption
caused mainly by the collective (excitonic) character of the gnectrym. In this paper we make an attempt to construct a self-
excitations. A major problem in the J-aggregates is the complete ;o sistent model of the 3;8isulfopropyl-5,5dichloro-thiacar-
assignment of the different bands and their relation to molecular bocyanine (THIATS) J-aggregate by simultaneous simulation
packing. This relation can be elucidated to some extent by aut poth the absorption and emission spectra, as well as the
detailed investigation of their macroscopic properties, such as| ;minescence decay profiles.
absorption and emission spectra and their fluorescence decay.
Among typical J-aggregate properties are the narrow absorp-II The Model
tion and emission peaks, produced by delocalized excitonic

states of the aggregate created by the electronic coupling of = A Analytical Result for One-dimensional Chain.We treat
neighboring dye molecules, the numerous effects of the the molecular aggregate within the frame of the J-aggregate
polarization of the luminescence, and unusual exciton transportmodel and assume that each molecule of the monomer has two
properties. Though the spectral properties of these systems havetates, a ground state and an excited state, and thus in the site

been under intensive investigations for more than fifty years representation the Hamiltonian of the system can be written
since the discovery of Jelly and Schefé the key structural ads17

and energetic transport properties remain unclear so far. There
exist several different kinds of molecular aggregate models. In _
the simplest model J-aggregdte’s are described as one- H= Zlnﬂfnml + z ;ﬂ'nw”mmm (1)
dimensional molecular arrays with nearest neighbor interactions.
Despite its simplicity, this model accounts for most spectral
properties of the aggregates with one molecule per unit cell.
Other models reported in the literatfré? are usually variations o . !

the molecular excitation energW,m is the intermolecular

or extensions of this model. . . .
Th di . 1] f del treats th | | interaction between moleculesand m, which is assumed to
€ one-dimensional J-aggregate model treats the moleculal,q ¢ o|actrostatic origin and is often approached by a point

aggregate as if it were a linear chain made of a Iarge.nu.rnl:?erdipOle interactiorf:”9.10.16n the general cas&, andVam vary

of the aggregated coupled molecu!es (monomers). Thisis Slrnllarfrom site to site due to diagonal and off-diagonal disorder

:ﬁofgf Ilclar;e:rre %(Z:yrr?derb mo;jr(]al d(\;\;lt\rllvégles %ffég?gfh;??:];:eb expressing a variation in the intermolecular interactions. Because
u u yv yeq 1 in general form is rather intractable, simplifying assump-

- — tions are usually made. Following the basic work of Schreiber

lsa.“ of t{]e ‘}Hﬁzvey SICh.i.r Festschrift” special issue. and Toyozaw® we consider the transfer energfm to be

niversity o essalonikl. . .
s Lebedev Physical Institute and Lebedev Research Center in Physics.CONStanty being nonzero only between the adjacent molecules.
K. U. Leuven. In the simplest case when the system is not subject to any kind
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n

Here|nCdenotes the state in which moleculén =1, 2, ...,
N) is excited and all others are in the ground st&tgepresents
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random nature of the energy localizing disorder. Such a segment
IRNANANANAINANARN A AN ARNAN model corresponds to the transient absorption spectra of
J-aggregates in both lotfgand sho/=23 pulse limits. The

_ _ _ . ., segments themselves are considered to be perfectly straight
E'g?’re 1. ‘Schematic representation of the “broken rod” model for a ,oreqates without any defects. Excitations are completely
-dimensional aggregate. The defects split the chain in segments (in . e
this example into five segments), and each segment contains a different®C@lized on an individual segment.

numberN of monomers. Monomers in a segment, represented in this ~ 1he segment Ien.gth .iS an ipteger ra.ndom variab.le, which
figure as dipoles, form &\-like structure. obeys an exponential distribution function characterized by a

mean valud\y, i.e.

of disorder, the Hamiltonian can be diagonalized in a straight-

forward manner, leading to the eigenfunctions PN) =iex;(— ﬂ) (5)
NO I\IO
2 N[k
V= Al — ZSIH [nCJ 2 This corresponds to the randomly broken chain of the molecules.
N+1 & N+ 1

The excitation energies of the monomers are assumed to be
all equal inside each segment and correspond to the zero order
excitation energiegy of the segment. However, due to different
local environments, the energi&s are subject to a Gaussian

) k=1,2,..N 3) random shift, different for each segment, but the same within
the particular segment. The standard deviatier/Ny/v'N

The oscillator strengtfy of each transition is proportional to  represents the Gaussian diagonal disorder df-arer aggregate,
ﬁﬁz Where/jﬁz is the transition d|p0|e to th&th level in the where OE is the standard deviation for the monomer. This

with energies

B ke
E = E0+2VCOE(N+1

exciton band, and thus from eq 2 it is obvious that wkes parameter governs mostly the width of the red wing of the J-peak
even the oscillator strength is zero, while for small, ddd  in the absorption spectrufiThe exciton bandwidth, however,
numbers it is is always the same and equal t¥ #ecause no nondiagonal

disorder is considered here. The energies of each segment and
2~*onome2 kot the corresponding oscillator strengths are computed by use of
f ~u®= cotz( ) k=odd (4) equations 3 and 4 for segmentsfmonomers.

N+1 2(N+1) C. Excitation Transport Model and Algorithm. Since the
statek = 1 bears the largest part of the oscillator strength
(around 90%) and because of the rapid intrasegment relaxation,
we only take into account thie = 1 state. At timet = 0, an
excitation is placed in the central segment of the aggregate. After

where i nomer 1S the component of the transition dipole of a
monomer parallel to the aggregate axis. Ro» 1 andk = 1,
this can be approximated by

8(N + 1)i* 2 each time step the excitation moves to one of its 10 nearest
f~pt=—— (4a) neighbors (five to the left and five to the right) with probability
7 pi Ep = 1). For distances longer than 5 segments away, the

. . . ) transition probability, as calculated in our model, is extremely
Therefore, our basic equations are 3 and 4, which give the |ow. These probabilities are the product of two different factors
transition energies and intensities for a linear segmerl of  denoted byW,.
monomers in case of no disorder of any kind. We consider the segments to interact through Coulomb
We do not attempt to calculate the intramolecular coupling operators (Fwster transfer}?24-26 \We adopt the extended dipole

and corresponding spectral shifts using the extended dipoleapproximation and\; becomes proportional to the square of
model. Instead, we use the values\ef, determined from the  the couplingU; between the two segments

observed spectral shift. However, since we are simulating only

the J-band, we can take into account just the lower states, which W, ~ Ui2 (6)
are well reproduced by the simplest one-molecule-per-unit-cell
model. ThUS, and SinCémn is negative, this Simplification will On each N-mer Segment we assign a transition d|po|e
not influence the density of states distribution of the exciton
band in a quantitative way in the desired spectral region. 2/2(N+ 1)
. . - onomer

B. Disorder. The exciton energy states in J-aggregates are

largely delocalized, and in an ideal aggregate they extend over T

Fhe entire crys_tal. Because of the presence of the dlsord.erwhich is no longer a point dipole but has a length equal to half
induced by neighborhood effects and spontaneous packaglnqhe segment length, i.ea;N/2 wherea is the length of a single

defects, there can appearan mhomogeneous d|str|bu_t|or_1 of .thedye monomer. This means that the charges at the end of the
segment ground energies (diagonal disorder), and adlstrlbunonOIi ole equal

of resonance coupling constants (off-diagonal disortfefhe P q

presence of disorder in the chain causes energy localization,
while the exciton still extends over a number of monomers.

4 Z(N + 1)_’*onomerw 4\/§Q*onomer

These exciton localizations can be considered as separate Nra VNra
segments of different length, each interacting weakly between
each other. taking into account eqs 4 and 4a. The coupligis given by

We adopt the “broken rod” model (Figure 1), which assumes the electrostatic interactions among the four charges of the two
that an aggregate is made of a linear sequence of seghiefits.  interacting dipoles. Furthermore, we assume the N-mers ar-
The length of these segments (which is the number of monomersrangement geometry given in Figure 1. As numerical calcula-
N that constitute a segment) is random, accounting for the tions suggested, the values 0f are close to those calculated
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using a point dipole model. The coupling between aggregatesmean value of all possible hopping times the excitation can
of the same coherence length will be proportional toN;2 perform. The excitation, in general, may require a variable time
N;¥2 divided by the cube of the distance between the centers. interval in order to perform a jump and to stay on a particular
As the latter is proportional t&;, U; will be proportional to segment. Since we cannot describe these hops in detail we
\c consider that each hop lasts a mean constant time. It includes

The rate of exciton migration will also be influenced by both the residence time and the time needed for the hop, and
energetic effects, which we can reduce to a thermal fagtior  we call it “hopping time”. In the computational model, one
(Boltzmann effect). We calculate the energy difference between Monte Carlo step is exactly the same as one unit of this hopping
the two interacting segmentAE = Eneighoor — Ei, Where the time.

energy of an N-mer segment is given by We have also taken into account the natural lifetime of the
excitation and thus introduced a finite probability for the
E,=E,—2Vco k_”) (7) excitation to decay. At each time step there are two options:
N+1 either the excitation decays or chooses to move to an adjacent

site, with the algorithm described above. The probability of

decay depends on a decay consthand is equal tiNd, where

N is the segment length. Therefore, the first decision made is
whether the excitation will decay. This is done by comparing a

since we always considér= 1. We use the standard Monte
Carlcg?®?7 criterion depending on whether the energy difference
is favorable or not, andl\, is given by

“AEKT AE > 0 random number to the produld. If the outcome is favorable
W, ~ {e (8) for decay the motion of the excitation stops and we repeat the
1 AE=0 whole procedure with another excitation. If it continues to exist

Although this criterion was originally developed for electron it uses the above-mentioned Monte Carlo algorithm and moves

transfer, it can be generalized for other nonadiabatic processed© @ neighboring site, where again we check for decay, and so
(e.g., energy transfer) whose rate is governed by the golden©n-

rule 28 The value of the intermolecular couplivgwvas estimated _ _ _

from the fact that the J-aggregate band, in the presumption of !ll. Experimental and Simulation Procedures

the infinite segment length, should be shifted from the monomer 5 Experimental. The triethylammonium salt of 32li-

position to the value of 16100 cm since the total bandwidth g it00r0nv1-5 5 -dichlorothiacarbocyanine iodide (THIATS) was
of the excitonic band should be according to eq 3 giveny 4 .o by courtesy of AGFA N. V. For preparation of the

Therefore, this value has been fixedie= 770 cnt?, and the 1 1acylar aggregate THIATS was dissolved in a 3:2 viv water/
lattice size to 400 sites. We examined the behavidiNdfas a ethylene glycol (WEG) mixture upon heating to 60. The

function of No, 0, andT. This value of 770 cm, which has 5.y tions with dye concentration of 16to 10-2 M were cooled
been determined experimentally from the 'spectral shift of the to room temperature, put into a dismountable glass cell 300
J-aggregate band, corresponds to theoretical values calculatedhy, i thickness, then cooled and kept at 250 K for about 10
for a _S'mz'ligldye using a transition density of a CNDO nin At this stage a narrow red-shifted J-band appeared in the
formalism: , , absorption spectrum. The samples were then quickly frozen in
According to eqs 1 and 3, the electronic matrix element i iq nitrogen and placed into a nitrogen or helium cryostat.
between two aggregates with aggregation nuniber N; = N To measure the absorption spectra, the Jobivon polychro-
is given in a naive point dipole approximation by mator coupled with the PAR OMA-2 optical multichannel
2N 12,2 2 analyzer was .used. For the Iife.time measurements the Edianrgh
i Nj Ha ~ Ha 9) Instruments time-correlated single-photon counting setup with
N+ N\ ;3 4zeN%° the time resolution of 54 picoseconds was used.
4Arey 2 a B. Numerical Investigation of the Exciton Random Walk.

At first, we view the exciton transfer as a simple diffusion
where a is the intermolecular distances” the transiton  process modeled by a random walk. We thus monit&f>,
dipole of a monomer, ane the permittivity of vacuum (8.85  the mean squared displacement, as a function of time.

x 10712 C?Vm). Using 5.97x 10730 Cm for u},,3%734 3.66 x In Figure 2 we show<R?> versus time for five different
10719m for a, 10 forN; andN;, we obtain as an upper limit for ~ temperature&T = 1, 5, 20, 200, and 350 cr (equivalently,

the electronic factor folJ;Ni¥2Nj¥2 = 6.5 cnTl. Using the =~ T=1.4,7.2, 28.6, 287, and 500 K). The lines are the result of
extended dipole approximation and taking into account Franck the average of 10000 different realizations. The classical
Condon factors will further reduce the matrix element. This prediction with no disorder would give R>> = t. As we see
matrix element is 2 orders of magnitude smaller than the disorderin Figure 2, the effect of temperature is important only in the
or the thermal energy both at 77 and 287 K (50 and 200%m  region of low temperatures. As we raise the temperature the
Hence the hopping rate can be described in the framework of thermal energy becomes of the same magnitude as the difference
a golden rule. Therefore, the probability of hopping to a specific of the excitation energy of two neighboring segmentér@n/
segment is determined by the relatigrW;Wa. In the present NB), and this factor is no longer affecting the decisions
approach, alp’'s are normalized by their suBp. We divide anymore, allowing the Forster factor to predominate. Thus, at
the unit interval to segments of length equal to these probabilities higher temperatures the classical random walk is recovered. We
pi/=« p«. The choice of the exciton move is performed by also observe that at loWthe system is highly nonlinear, which
drawing a random number. This number falls in a segment, is expected when one considers the above thermal factors.
which corresponds to a specific probability, and the excitation ~ Another quantity of interest is the aggregation numdenf
moves to this N-mer. This procedure is considered to consumethe segment where the excitation is found aftéime steps,

one time unit, equivalent to one Monte Carlo step. The excitation and especially whether the excitation prefers segments of large
makes a move in every step, i.e., there is no probability for it or smallN. By fixing the timet and performing several different

to stay on the same segment. In this picture the time unit is a realizations of the walk, typically of the order of 10000 runs,

U, Nil/ZNj 12 _
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Figure 2. Mean squared displacement for the excitation random walk
on the disordered chain. Five different temperatliEare presented,
as marked:kT = 1, 5, 20, 200, 350 cri. The curves for the higher

J. Phys. Chem. B, Vol. 104, No. 16, 2008921

cm™1. We notice that, independent of the temperature, the mean
value of N is shifted asymptotically toward shorter segment
lengths. FoikT = 20 cnT! the INCvalue is always larger than
that for higher temperatures, because the thermal factor is an
additional obstacle for the excitation to move toward a smaller
segment.

C. Simulation of the Spectra.The absorption spectrum can
be calculated by applying the standard procedure of calculating
the eigenenergies and the corresponding oscillator strekgths.
We generate random chains by using an exponential distribution
for the segment lengths. Equations 3 and 4 indicate the energies
where these chains absorb and the corresponding absorption
intensity. We construct the absorption spectrum by using a
binning technique, where the width of each bin is equal to 1
cml. Every time we determine an absorption line for a
particular chain we add the value of its oscillator strength to
the corresponding bin. Upon repeating this procedure for a large
number of chains we gradually build a histogram, which is the

temperatures are practically indistinguishable. We use an exponentialabsorption spectrum. We then peak-normalize to 1 in order to

length distribution with a mean segment lengith= 10.

25

20

]

<N> 45
10 & 200
350
5 . . , .
0 20 40 60 80 100

time (MC steps)

Figure 3. Evolution of INOwith time for three different temperatures
kKT = 20, 200, and 350 cm for an exponential segment length
distribution with mean segment lengty = 10.

we can construct the histograrR(N,t), which gives the
probability of finding the excitation at timeon a segment of

lengthN. From such histograms we can evaluate the mean value

of the segment lengtiN(Jas a function of time for different
sets of parameters. This mean value is given by

NG = Z NP(N,{) (10)

and can be considered as a measure of the total emission

intensity at timet due to the proportionality of the fluorescent

rate constant witlN. We observe that the mean values of the
segment length8NCare shifted toward shorter segment lengths
than No. This could be explained by the fact that since our

compare this to the experimental spectrum.

To construct the emission spectrum we need to also take into
account the finite lifetime of an excitation. For each de-excitation
a photon is emitted, and we add this to the energy corresponding
to its wavelength with the appropriate oscillator strength. The
energy and the oscillator strength are computed for the N-mer
on which the excitation was located at the time that it decayed.
The histogram is then built the same way as described for the
absorption spectrum.

Finally, we simulated the time-dependent fluorescence decays
of THIATS. Experimentally, this curve is acquired by a single-
photon counting technique. A monochromator window is placed
on the peak of maximum intensity. We use the exact same
algorithm for the transfer process as in the case of the emission
spectrum. However, we now construct a temporal histogram.
We monitor the time needed for an excitation to decay. When
it finally decays we store the “existence time”. Different
realizations of the system allow us to construct a histogram,
where the x-axis represents the time and theaxis the
percentage of excitations decaying at that particular time.
Finally, we perform a convolution of the derived function with
the instrumental response function. By varying the values of
the hopping time, i.e., the time which corresponds to one Monte
Carlo step, we can stretch or compress the curve along the
x-axis. In this way we can determine which values of the
hopping time yield a better description of the experimental
fluorescence spectrum. Note that an excitation which decays is
only recorded when its energy falls within the frequency interval
of the monochromator window. Otherwise, it is ignored because
it would not have been recorded experimentally.

IV. Results and Discussion

In our effort to construct the absorption spectrum of THIATS
aggregates we varied all of the relevant parameters and found

ensemble has exponential distribution of the segment lengths,out that the parameters which yield the best fittingsNye= 8,
the short segments dominate in the segment size spectrum. It i'e = 60 cnt! (disorder of the exciton band center position),
worth mentioning here that our model does not take into accountand the energy level of the monomer should be 17500cm

the possibility of the exciton trapping. Even though longer The absorption spectra (experimental and computed) are pre-
segments possess lower energy, on the next time step the excitosented in Figure 4. We can see that the coincidence between
is forced to move to one of the nearest segments. We shouldthe two curves is indeed very good. There was no need to
stress, however, that the exciton transport in our model is introduce they? or any other statistical indicator because the

governed mostly by the Fster factor rather than the thermal
one.

In Figure 3 we preseriN[Jversus time foNy = 20. Three
different temperatures are presented, nark@&ly 20, 200, 350

estimation of the fitting parameter within 10% is sufficient for
this qualitative work.

The result of the simulation of the emission spectrum is shown
in Figure 5. Ideally, one would like to calculate the emission
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Figure 4. Simulation of the absorption spectrum of THIATS (dashed
line) and comparison to the experimental spectrum (solid line).
Parameters used\y = 8, og = 60 cnT?, E; = 17500 cntl.
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Figure 5. Simulation of the emission spectrum of THIATS (symbols)
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Figure 6. Simulation of the time-dependent fluorescence decay curves
of THIATS (symbols) and comparison to the experimental spectrum
(solid line). Thex-axis is presented in channel index, where each
channel corresponds to 54 ps. Parameters used: hopping=tith#&
ps,No = 9, o = 90 cnT?, E; = 17650 cn1?, andd = 5 1076,

frequently in the analysis of J-aggregate fluorescence dét&s,
are probably not related to this redistribution process.

Around room temperature, electronic factors appearing in the
expression for the rate of energy transfer determine the final
pseudostationary distribution, characterized by an average
coherence length approachisgl/N>~1. At low temperature,
energetic factors also become important.

Although the model used contains several simplifications
concerning both the calculation of the energy of the aggregates
and the simulation of the exciton hopping process, the results
of simulating the spectra are very satisfactory. As the parameter
V is not calculated a priori but used as an experimentally
determined (fitted) parameter, the simplifications used will have
no direct effect on the results presented here. Simulations using

and comparison to the experimental spectrum (solid line). Parameterseither the point dipole or more extensive expressions show that,

used: No = 9, og = 90 cm?, E; = 17600 cm?, andd =5 1076,

spectrum with the exact same parameters as for absorption

However, we have found that the best fit correspondste
9, 0g = 90 cnT!, andEy = 17600 cn1l. The decay constant is
equal to 5x 1076, The main difference is in the width of the

two spectra, since experimentally it is found that the emission

spectrum is much wider than the absorption one.

The simulated decay curves are shown in Figure 6 in
comparison to the experimental decays. The best fit is found
when we consider a hopping time of 0.1 ps and a decay constan

d = 5 x 1078 This small hopping time correlates with the
extremely high mobility of excitons in such systems as it is
seen from the excitonexciton annihilation experiments.

Note that all results were obtained assuming that the excitation
is not producing more than one exciton per aggregate cluster,
meaning that only one segment of the aggregate chain is excited
This means that the excitation intensity used in the experiments
related to the analogous simulations should be weak enough
Otherwise, the model proposed should take into account the

more complex multiexciton processes such as exeigxciton
annihilation3® This latter process is under current investigation.

V. Conclusions

When exciting a mesoscopfcJ-aggregate consisting of a

large number of segments of exponentially distributed length,

except for H-aggregates, the nonnearest neighbor interactions
are generally more than five times smaller than the nearest

‘neighbor interactions.

In the simulations of the exciton transport we observed that
at room temperature, where energetic aspects are probably not
relevant, energy transfer results in a pseudostationary value of
NI, which is significantly smaller than the characteristic
aggregate sizBy (which is the average value of the exponential
distribution). The smaller lengths are preferred mainly because
of their much higher probability of occurrence, compared to

'iarger segments whose probability of occurrence decreases

exponentially. Additionally, in our model, the energy difference
between segments of similar lengths is not significant and
generally it is comparable to the thermal energy.

Although we have not attempted to perform a simulation of
the entire set of the luminescent properties of the molecular
aggregates of the THIATS dye, we have shown that some
information on the parameters of the luminescent states of such

‘systems can be obtained even by use of this simple model. The

actual nature of these states remains unknown, and the complete
details of the energy transport mechanism are still under
discussion.
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