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The deactivation process of J-aggregates of DDEOCI (3,3’-diethyl-5,5’-diphenyl-9-ethyl-oxacarbocyan-
ine iodide) was investigated by means of steady-state and time-resolved absorption and fluorescence
spectroscopy. The decay kinetics as well as the transient absorption spectra have been analyzed including
different aggregate structures and exciton-exciton annihilation.
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1. INTRODUCTION

The photophysical properties of aggregated chromophores are of interest for several
reasons. Several biologically active pigment systems, especially in photosynthesis,
form dimers and higher aggregates or behave in a similar manner to dimers and
aggregates. The fast energy and electron transfer to and from adsorbed dye
aggregates plays a dominant role in spectral sensitization. The strong aggregation of
polymethine dyes is well-known since Scheibe in 1937 discovered a new absorption
band of pseudoisocyanine (PIC) in aqueous solution which he interpreted as
aggregate band1-3. Typical changes in the absorption spectra due to the aggregation
phenomena are depicted in Figure 1. In dependence on the concentration a
blue-shifted new absorption band of the dimer and higher oligomer states (or the
so-called H-aggregate) and a red-shifted absorption band of the so-called J-
aggregate (’Jelley aggregate’a) appears. There are cases where only the dimeri-
zation5’6 or nearly only J-aggregation7-8 was found. In general due to the instability
of aggregates in solution and the low fluorescence quantum yield of typically dye
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Figure 1 Absorption spectra of DDEOCI in dependence on the concentration

dimers there exist only a few time-resolved investigations of dye dimer and aggregate
relaxation5-1 (for review see11). The best investigated dye in this respect is the
pseudoisocyanine chloride (PIC) the results of which have model character for the
behavior of similar aggregates in biological molecules as chlorophyll, bacteriochlo-
rophyll etc. Though PIC-aggregates have been investigated by several groups the
results remain controverse up to now. Double-exponential decay was observed in
most cases with a fast component of ca. 20 ps (25, 4 ps12, 21.4 ps13) and a slow
component of ca. 600 ps (448.3 ps13, 600 ps12, 659 ps14). The slow component is
interpreted as the lifetime of the excited aggregate molecule, whereas the fast
component is due to quenching of the excitation by exciton-exciton-annihilation of
the excited J-aggregate. It was shown by7’8 that this process is very effective at
excitation intensities above 1019 phot/cm2s or 10 phot/cm2 pulse. In other cases at
very high excitation intensities (>1026 phot/cm2s) the fast component has been
detected only.
By means of nonlinear absorption investigations Stiel et al. 7 have detected an

intensity dependent decrease of the Sx-state lifetime above a threshold of 1019
photons/cm2, which they interpret as an exciton-exciton annihilation process of the
same manner as in chlorophyll aggregates. Sundstr6m et al. s have observed a single
exponential lifetime of 400 ps even at very low excitation intensities. At intermediate
intensities the decay kinetics is strongly nonexponential. The observed intensity
dependence of the decay kinetics is attributed to efficient exciton-exciton-
annihilation between the highly mobile singlet excitons.
The molecular mechanism responsible for these effects is explained as an inter-

action between the transition dipole moments of the molecules involved in the
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process. In principle, higher multipoles could also be involved. In accordance with
the exciton theory two limiting cases are distinguished depending on the strength of
interaction (see5). Strong interaction is characterized by the formation of new bands
in the absorption spectrum of the molecules, whereas weak interaction leads to
minor distortion of the vibronic structure only. According to the Franck-Condon
principle for the absorption and fluorescence processes, these characteristics may be
explained in terms of fast excitation transfer among molecules in the aggregate by the
fact that they do not have enough time to distort before the excitation moves to other
sites. In the molecular exciton theory the strong and weak coupling concept has been
used by Simpson and Peterson16 to describe the coupling strength of the excitation
transfer. Briggs and Herzenberg17 and SumiTM used coherent potential approxi-
mation to explain the absorption band shape in terms of the exciton band width B and
the electron phonon coupling parameter S. Following these authors the band may
appear when B > S.ho where o is the characteristic frequency of the coupled
molecular vibration. Hence the J band should appear when B is appreciably larger
than the molecular vibrational energies15.

Contrary to the usual interpretation of the J-band by an in-phase excitation of
transition dipoles along the chain (giant dipole), Dinter19’2 explained the J-band
from bound states due to strong exciton-phonon interaction. These polaronic states
are known as self-localized states in chain molecules of finite lengths.
May3 has proposed a three level model to account for nonlinear light absorption

in the vicinity of the Sl-exciton absorption of chlorophyll a. This three level model
comprises the Sl-exciton as the first excited state and two Sl-excitons formed at
higher light intensities as the second excited state.
The problem of the length of J-aggregates which is controversely discussed in the

literature7’8 was studied by Dinter19’2 for the case of PIC. He found that the average
length of PIC J-aggregates must be less than 20 monomer units.

In a theoretical study of Scherer et a/. 21’22 which uses a model of Frenkel excitons
interacting with intramolecular phonons the minimum number of monomeric mole-
cules in the exciton domain of the PIC J-aggregate was found to be 6.
The recent results of aggregation number estimations in PIC and related dye

molecules from experimental data are still controverse. Stiel et al. 7 have estimated
from their nonlinear absorption investigations that the spectroscopical active centers
of PIC J-aggregates consist of relative few molecules (N < 10). On the other hand
the domain size obtained from annihilation curves was estimated by Sundstr6m et
al. 8 to 20 000... 50 000 molecules. However, the aggregate size calculated from the
nonlinear absorption investigations taking into account the smallest spectroscopi-
cally active domain and the aggregate size over which excitons can migrate freely do
not necessarily need to be identical. For our investigations we used DDEOCI which
shows a very strong aggregation in methanol-water mixtures. First aggregates can
already be detected at dye concentrations of 10-6 molfl. Whereas in pseudoisocyanine
the J-aggregate band is uniform and the detected lifetime(s) belong(s) to only one
aggregate structure already stationary investigations indicated that the situation in
DDEOCI is more complex. The first indices are changes in the absorption maximum
of the J-band in dependence on the age of the sample (see Figure 2). But also in
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dependence on the preparation conditions at least two different maxima (or a
shoulder) have been found. Furthermore the DDEOCI J-aggregate band is less
steep than this of PIC. From this point of view it should be neccessary to investigate
different types of J-aggregate forming cyanines to get additionally information about
effects determining the aggregate size. Also in this respect the extraordinary
behavior of DDEOCI makes this dye very well-suited for detailed investigations of
J-aggregation process in polymethine dyes.
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Figure 2 Changes in the absorption spectrum of DDEOCI in dependence on the age of the sample
a) immediately after preparation, b) h after preparation, c) 3 h after preparation.

2. EXPERIMENTAL

The investigated dye DDEOCI (3,3’-diethyl-5,5’-diphenyl-9-ethyl-oxacarbo-
cyanine iodide) has been purified several times by column chromatography and
by recrystallization from methanolic solution. The solvent methanol was spectrosco-
pic grade (UVASOL) and used without further purification. The water used was
bidestilled. The aggregate solutions have been prepared from a 5.10-2 molar
solution of DDEOCI in methanol by dilution 1:10 to 1" 100 with water in dependence
on the wished concentration and the rate between monomers, dimers and J-
aggregates. The aggregate solutions remain stable for some days. In some cases
changes of the absorption maximum in dependence on the age of the sample have
been detected.

Fluorescence decay measurements were done with time-correlated single-photon
counting detection technique using E1 299 T (Edinburgh Instr. Ltd.) instrument.
The instrument was equipped with a multiplexing electronics, allowing to do a
simultaneous measurement of instrument response function on up to three fluor-
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escence decay curves. For that, T-geometry was implemented, having double SPEX
monochromator in one detection channel, single monochromator with computer-
controlled polarization accessory on the other detection channel (so acting effec-
tively as two channel) and independent ’SAFE’ channel (Simultaneous Acquisition
of Fluorescence and Excitation) for excitation pulse profile (instrument response
function) measurement. As excitation source a He-flash lamp with a pulse width of
1.2... 1.4 ns FMHW was used. The excitation slit width and the slit width for the
emission light were both 20 nm. Experimental data analysis was done on PDP 11/23+
on-line computer. Mostly the software supplied by Edinbourgh Instruments was
used for data analysis. Reconvolution was done on all experimental data. The
goodness-of-fit was checked by fitting of the results to different numbers of exponen-
tials by means of equation (1)

D A exp(-t/rl) + B exp(-t/r2 + C exp(-t/r3) +... (1)
calculating the standard deviation as well as the X2-test. The channel shift technique23

was used to correct the wavelength dependence of the instrument response function.
The time-resolved absorption investigations were done with a pump-and-probe

pulse spectrometer which has been described in detail elsewhere24. The samples
were excited by 532 nm 25 ps pump pulses, and the absorption spectra at different
time delays as well as the kinetics at different wavelengths have been measured by
means of a weak tunable probe beam. The pump pulse intensity was changed within
the range 101 5.1015 phot/cm2 per pulse by focusing or defocusing the irradiation
spot.
The fitting procedure of the decay kinetics to the experimental curves in the case of

the absorption investigations were done with the help of the ALAU-program
package25 taking into account multiexponential as well as nonexponential (due to
exciton-exciton annihilation, see Eq. (2)) decay kinetics. In this case the goodness-
of-fit was checked by calculating the standard deviation as well as the Durbin-Watson
parameter.

3. RESULTS AND DISCUSSION

Our single-photon counting experiments have shown that the fluorescence decay of
the J-aggregate band of DDEOCI can not be described by only one lifetime
component even at very low excitation intensities. Both components, detected by
means of SPC-investigations with subnanosecond time resolution, are in the nano-
second region. In Figure 3 a typical decay curve of DDEOCI J-aggregates detected
by means of single photon counting is depicted. In the depicted case the fit leads to
3.4 ns and 11.7 ns as the life time components. All samples have been made under
standard preparation conditions at various concentrations due to the age and
preparation dependence of the investigations. The results at different concentrations
are summarized in Table 1. No significant concentration dependence was found. The
concentration was used in all cases so high, that preferentially J-aggregates and only
less than 5% monomers and dimers exist in the solution. Otherwise due to the
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excitation conditions the results would be strongly influenced by rate-dependent
(monomer: dimer: J-aggregate rate) changes more than by changes in the fluorescent
components of the J-aggregates. Due to the well-known strong temperature depen-
dence of the lifetime of the excited J-aggregate state9 the temperature was kept
constant at 20C _+ 0.2 K.
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Figure 3 Detection of nanosecond decay components of DDEOCI J-aggregates by SPC-investigations

Table 1 Decay kinetics of DDEOCI J-aggregates at different concentrations (SPC measurements)

concentration/ A preexp, factor T, B preexp, factor x2 trell rel2
mo1-1 to "1 /ns to 2 /ns

1.0.10-3 1.2.10-2 2.9 2.9.10-2 11.2 9.6% 90.4%
6.7.10-4 1.7.10-2 3.4 3.2"10-2 11.7 13.1% 86.9%
5.5.10-4 2.3.10-2 3.4 3.2"10-2 10.0 20.0% 80.0%
5.0" 10-4 9.8.10-3 3.4 1.7.10-2 10.4 15.5% 84.4%

3.4 ns 2 10.8 ns
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The existence of different (at least 2) aggregate structures is supposed to be the
possible reason for the detected biexponentiality of the decay curves. As shown by
means of the absorption investigations these different aggregates are furthermore
able to transfer intermolecular energy between the coexisting structures.

First hints to the composition of the J-band by different types of aggregates due to
different isomers have been given already by Hada et al. 26 from the investigation of
spectral changes of UV bands concerned with various J-aggregate types hidden in
one J-band in the visible region. Furthermore in the case of 5,5’-dichlor-3,3’-
diethyl-9-ethyl-thiacarbocyanine chloride they found in aqueous solution three
J-bands (at 619 nm, at 623 nm and at 642 nm). The band at 642 nm was shown to be
unstable whereas both other bands were stable. Hada et al.6 were able to show that
these spectral changes are due to different isomer-conformations in the ground state
of the monomers building up different types of aggregates.
The results of the SPC investigations taken at low excitation intensity, which

exclude exciton-exciton annihilation, supported the assumption of at least two
different types of aggregates hidden in the aggregate band. The expected aggregate
structures should coincide with detected conformer equilibrium in the ground state
of meso-substituted oxacarbocyanine dyes27 where in accordance with results of
Grahn and coworkers8 an equilibrium of all-trans and 8, 9 mono-cis isomers in the
ground state have been found.
The results of the picosecond absorption investigations at medium excitation

(2.10 phot/cm2 per pulse) confirming the SPC-results are depicted in Figure 4. It is
seen that the deactivation kinetics should be fitted to an at least triple exponential
decay (see Equ. (1)) with lifetime components of

26 ps, 2 295 ps and 3 4.30 ns

The calculated DW-parameter 1.62 indicates a reasonable fit of the experimental
data to the physical model. This lifetime components should be explained to belong
to different aggregate structures as well as exciton-exciton annihilation.
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Figure 4 Detection of picosecond decay components of DDEOCI J-aggregates by pump-and-probe
pulse spectroscopy
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Due to the limited delay time range of the used pump- and probe-pulse
spectrometer of 1.5 ns longer lifetimes than some nanoseconds can not be resolved.
From this point of view 3 coincide with the SPC lifetimes whereas the two ps
components should be connected with exciton-exciton annihilation11’29. We have
checked the intensity dependence of the lifetime components to varify the excitono
exciton annihilation model.
According to the exciton-exciton annihilation concept the decay kinetics should be

described by the differential equation

dAD
d------ -kl /kD k2AD2

(2)

of which the solution is

AD(t)
2 k2Ao

expl(kl t)(kl + 2k2Ao)- 2k2Ao
(3)

describing the decay of excited aggregates by competitive exciton-exciton annihi-
lation and first-order decay11. Whereas in the case of uniform aggregates as PIC such
a fit should lead to reasonable results in our case due to the involvement of different
aggregate structures and their decay kinetics we found a better fit of the decay curves
by multiexponential fitting by equation (1).

Within the used excitation intensity range no significant changes in the rates and
the preexponential factors of the components was seen.
The investigation of the absorption spectra of DDEOCI J-aggregates at different

delay times has shown that the bleaching curve in the ground state recovery region
does not vanish uniformly. There is a short-wavelength part of the bleaching curve
which decays very fast whereas the long wavelength part decays very slowly (see
Figure 5). As it was shown the decay kinetics of polymethine aggregates depend on
the excitation intensity7’8 connected with exciton-exciton annihilation at high excita-
tion intensities. In connection with this we have measured the influence of excitation
intensity upon the decay kinetics and the transient absorption spectra. In Figure 5
and Figure 6 difference absorption spectra at high and low excitation intensities are
depicted. The high excitation case is connected with an absorption at 570 nm with
decays within 600 ps. Furthermore there is a new very weak absorption band with a
maximum at 680 nm which is nearly constant during the available delay time changes
of 1.5 ns. In the 510 nm region, where the J-aggregates have a weak absorption, the
bleaching of this ground state absorption is seen. In the low excitation case neither an
absorption at 570 nm nor a weak red-shifted absorption appears.
The bleaching of the ground state absorption at 510 nm disappears within the used

delay time of 600 ps. In both cases different sides of the J-aggregate bleaching curve
do not relax uniformly. The pumping of the aggregates leads in both cases to a fast
deactivation of the aggregates with blue-shifted absorption spectrum compared with
the aggregates with red-shifted absorption spectrum. Even a transfer from one
structure to the other one has to be taken into account. Such a transfer is indicated by
kinetical measurements with excitation at 532 nm and probing at 568 nm where
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Figure 5 Picosecond absorption spectra of DDEOCI J-aggregates in water/methanol mixture at high
excitation intensity excited at 532 nm. - 0 ps delay, C)- 50 ps delay, x 600 ps delay.

010-

Figure 6 Picosecond absorption spectra ofDDEOCI J-aggregates in water/methanol mixture at medium
excitation intensity excited at 532 nm, O- 0 ps delay, x 600 ps delay.
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Figure 7 Decay curve of the transient absorption in the DDEOCI J-aggregate transient spectra at high
excitation intensity excited at 532 nm and probed at 566 nm.

additionally to the slow decay of the bleaching a fast build-up process appears at
short delay times (Figure 7). This absorption band at 568 nm is built up within appr.
18 ps and decays double-exponential with a similar fast first decay time of 22 ps and a
slow decay time of some nonoseconds. Excited Sx-exciton states3 could be the
reason for the observed fast build-up process absorbing within the absorption band
of the J-aggregate and decaying within some picoseconds to the ground state of the
J-aggregate. A small part of appr. 10% remains within the used delay times of 1.5 ns
without observable decay in the excited-Sx-exciton state. According to May3 the
population of the Sx-exciton state depends very sensitively upon the excitation
intensity and the particle density. Our results show that the observed transient
absorption band vanishes at excitation intensities of <2.101 phot/cm2 pulse (see
Figure 6).

Aggregation is also observed in nonaqueous solutions under circumstances where
appropriate solvent structuring occurs31.
Also in the case of toluene solution multiexponential behavior of the decay

kinetics was found. The spectral behavior of the J-aggregate band was similar to the
aqueous solution one. We can conclude also from these results a superposition of
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J-aggregate bands of different aggregate structure as reason for the less steep
aggregate band compared with the PIC-J-aggregate one. From this point of view
some results in the literature have to be reinterpreted.

J-aggregation of cyanine dyes at Langmuir-Blodgett films has been investigated
with time-resolved methods by Lehmann32 and Nakano et al. 33. The latter have
found two different J-bands of meso-substituted cyanine dyes in monolayer assem-
blies. In dependence on the surface pressure the two different J-bands can be
reversibly altered. No explanation was given for the obtained surface pressure
dependence. It can be supposed that also in this case different aggregate structures in
dependence on the surface pressure are the reason for the observed two J-bands.
On the other hand by means of picosecond pump-and-probe spectroscopy

Quitevis et al. 34 have investigated the electronic energy relaxation in aggregates of
PIC on colloidal silica. Nonexponential signals obtained from transient optical
bleaching of the J-band are discussed in terms of a polariton model. Excitation
intensity of 1.5 1017 phot/cm2 pulse is connected with exciton-exciton-annihilation
rather than with the distribution of J-aggregates with different relaxation times in this
case.
The spectral properties of J-aggregates of cyanine dyes in solution and their

absorption onto silver halides have been reviewed by Herz35. Also these results gave
hints to include different aggregate structures arising from different isomers as
explanation of their spectral properties. Work is in progress to transfer our results on
the situation in the adsorbed state. Additionally to the investigation of J-aggregates
of polymethine dyes we have done some work about dimer deactivation kinetics in
the same system for comparison36.
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