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The experimental results concerning the efficiency of exciton migration under the
exciton selective excitation within the amphi-PIC J-aggregate absorption band at different
temperatures are presented. To detect the exciton migration, the luminescence of exciton
traps, which are molecules capable of energy capturing as an exciton approaches has been
used. Exciton states have been shown to exhibit different mobility within the J-aggregate
absorption band. Excitons in the J-band absorption maximum provide an effective energy
transfer to the trap. The efficiency does not change within 20-70 K temperature range
and decreases monotonously in the 70-300 K one. At the longer-wavelength edge of the
absorption J-band, excitons are strongly localized. In the 70-300 K range, energy transfer
to traps reveals a complicated temperature dependence and activation character.

IIpencraBieHBl SKCIIEPUMEHTAJbHBIE PE3YJIbTATHI UCCIELOBAHUA 9(DGMOEKTHBHOCTA MHTDA-
Y 9KCUTOHOB IPU UX CEJEKTHBHOM BO3OYIKIEHHU B IIpemesax IIOJOCHI IOTJION[eHHs oJ-ar-
peraros amphi-PIC nmpu pasHbIx Temueparypax. s LeTeKTHPOBAHUSA MUTIPAIUUA 9KCUTOHOB
HUCIIOJIb30OBAJIACHh JIOMUHECIEHIINA SKCUTOHHBIX JIOBYIIEK-MOJEKYJ, CIOCOOHBIX IIepPexBaThI-
BATb 9HEPIUi0 IPU HPUOIMIKEeHUN SKCUTOHA. [[OKasaHO, UTO 9KCUTOHHBIE COCTOSHUSA B IIpe-
gegax IIOJOCHI IIOIJIOLIEHUs <J-arperaroB o0JAmalOT PAa3HON IIOABUMKHOCTBIO. JKCHTOHBI B
MaKCHUMyMe IIOJIOCHI IIOTJIOIIEeHHuSA obecleunBaOT 3(p(PeKTUBHBIA IIEPEHOC SHEPruM, KOTOPBIN
ocTaeTcs HeMsMeHHBIM B auamnasoHe Temneparyp 20—70 K u MOHOTOHHO ciajaer IIPH KM3Me-
HeHUU Temieparypsl B guanasone 70—300 K. Ha mimHHOBOJHOBOM KpPAa IIOJOCHI IIOTJIOILE-
HUS SKCHTOHBI CUJIBHO JIOKAJIN30BaHbl, B guamnasone remueparyp 70-300 K mepenoc suepruu
K JIOBYIIIKAM HOCHUT AKTHUBAI[MOHHBIN XapakTep M HMEeT CIOKHYI HEMOHOTOHHYIO TeMIlepa-
TYPHYIO 3aBHCUMOCTD.
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Since their first discovery by Jelley and,
independently, Scheibe in the mid thirties,
molecular aggregates named J-aggregates
or S-polymers in honor of their discoverers
draw a keen interests in both fundamental
and applied aspects. J-aggregates are spe-
cific assembles of non-covalently coupled or-
ganic dye molecules organized in the form
of linear or closed molecular chains which,
in their turn, form complex cylindrical pat-
terns [1-3]. These supramolecular assem-
blies are characterized by a narrow intense
absorption band red-shifted with respect to
the relevant monomer band, that reflects
the exciton nature of electronic excitations
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in J-aggregates [1]. Due to the chain ar-
rangement, optical and luminescence prop-
erties of J-aggregates are well described
within the 1D Frenkel exciton model [1].
Recently, J-aggregates have attracted a
great attention as a new type of lumines-
cent probes to control mitochondrial mem-
brane potential in living cells [4] and as an
artificial analogue of light-harvesting (LH)
complexes [5].

The works devoted to the exciton trans-
port in J-aggregates [1, 6—12] are not nu-
merous. In [1, 6], authors declared a high
efficiency of the exciton transport, since
the quenching of J-aggregate exciton lumi-
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Fig. 1. Absorption (1) and luminescence (2)
spectra of J-aggregates with traps, T' = 290 K;
DiD absorption spectra in DMFA(3). The in-
sets show amphi-PIC (a) and DiD (b) struc-
tural formulas.

nescence by traps is achieved even at the
ratio of 1-10% (one trap molecule per 106
monomer dye molecules). The exciton-exci-
ton annihilation experiments revealed com-
plex non-monotonous temperature depend-
ence of exciton migration in J-aggregates
[10]. The exciton energy transfer was
shown to occur over 107 monomer molecules
that indicates coherent mechanism of exci-
ton transport and high order of molecular
packing in the J-aggregates. The exciton
transport parameters stated in these papers
are very promising for nanoelectronics. It
should be noted in this connection that in
our experiments with amphi-PIC J-aggre-
gates, exciton migration has been found to
occur over 102 monomer molecules. Thus,
our results differ essentially from the
above-mentioned ones. This contradiction
stimulates a detailed investigation of exci-
ton transport in J-aggregates. Thus, com-
plete understanding of exciton transport
mechanisms and their dependence on a J-ag-
gregate arrangement and system parameters
is still required.

In this work, we report the study of the
temperature dependence of exciton trans-
port in J-aggregates of 1-methyl-1"-oc-
tadecyl-2,2-cyanine iodide (amphi-PIC)
under selective excitation of excitonic
states in the absorption band. Another am-
phiphilic dye 1,1’-dioctadecyl-3,3,3",8"-tetra-
methylindodicarbocyanine perchlorate (DiD)
having the first excited singlet level located
1850 cm™! lower of the bottom of the J-ag-
gregate exciton band (Fig. 1 and Fig. 2) was
used as an exciton trap. The inset in Fig. 1
presents structural formulas of used dyes.
DiD molecules are known to form non-lumi-

Functional materials, 12, 1, 2005

Exciton band
delocalized exciton states

‘

200 cm-1 7 ii

trap lavel

1850 cm"

/A

delocalized
exciton
states

Exciton luminescence
Trap luminescence

A,

Ground state

Fig. 2. Simplified scheme of exciton J-band
and energy levels of traps, localized and free
excitons.

nescent associates in water solutions [13],
but their intense sensitized luminescence is
observed in a water solution containing
J-aggregates under the excitation at the ab-
sorption band of J-aggregates (Fig. 1l). As
the concentration of DiD molecules was
small enough (~107® M), we were not able
to record the DiD absorption band (Fig. 1).
In the DiD luminescence excitation spec-
trum, a band corresponding to the absorp-
tion of J-aggregates is observed. This band
we will hereinafter refer to as “excitation
J-band” by analogy with absorption J-band.
Amphi-PIC molecules are known to form
J-aggregates in a binary dimethylformamide : wa-
ter (DMFA:W) solution at water content ex-
ceeding 30 % [14]. The sample solutions con-
taining amphi-PIC J-aggregates with traps
were prepared as follows. DiD (0.014 mM)
and amphi-PIC (1 mM) were dissolved in
DMFA under moderate heating to form a
mixture at the ratio 1:70, then doubly dis-
tilled water was added to obtain a binary
solution with 75 % water content. While
temperature decreases down to vitrifying
temperature (T ;. = 265 K), this binary so-
lution forms a homogeneous vitrescent ma-
trix. Luminescence and luminescence excita-
tion spectra were recorded using a spec-
trofluorometer on the base of two
monochromators MDR-23 and a xenon
lamp. One of the monochromators was used
to select the required excitation wavelength
(FWHM ~ 20 cm™!), whereas the other one
was used to record luminescence. At low
temperature experiments, a liquid helium
cryostat was used. The solutions were
placed into an 1mm thick cell and cooled
down to liquid helium temperature. Then
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Fig. 3. Amphi-PIC absorption J-band (1) and
trap luminescence excitation band (2); (3) —
spectral difference. T = 77 K.

the recording monochromator was adjusted
to the trap luminescence maximum. Under
the temperature increasing, the lumines-
cence intensity was measured at 5 K steps.
The temperature was controlled within 1 K
or better.

J-band structure and the role of static
disorder. The exciton migration is substan-
tially affected by static disorder, i.e. J-ag-
gregate structure imperfection. Optical
properties of J-aggregates are usually con-
sidered taking into account only diagonal
disorder [1, 12, 16, 17], that is, the scatter
in transition frequencies of individual
monomer molecules in a J-aggregate. How-
ever, it was shown in [15] that the non-di-
agonal disorder, i.e. randomness in either
molecular orientation or molecular posi-
tions, also plays an important role in opti-
cal properties of amphi-PIC J-aggregates.
The presence of the non-diagonal disorder is
manifested as changing of the shape of the
low-frequency edge of J-aggregate absorp-
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Fig. 4. Temperature dependence of exciton
trap luminescence intensity at the excitation
in different sides of the J-aggregate absorp-
tion band: 1 — excitation at absorption maxi-
mum (kexc = 580 nm); 2 — excitation at the
long-wavelength edge (A, .= 590 nm).

exc

tion band at low temperature from Gauss-
ian, that is typical for J-aggregates with a
prevalence of diagonal disorder [15-17], to
Lorentzian one [15]. The degree of non-di-
agonal disorder in amphi-PIC J-aggregates
was shown to be controllable by changing
the water content in a DMFA:W solution
[18]. While the water content increases, the
non-diagonal disorder extent reduces [18].
However, Lorentzian shape of low-frequency
edge of the absorption J-band at 77 K (Fig.
3, curve 1) observed in our experiments in-
dicates that at high concentration of amphi-
PIC molecules used (1 mM), 76 % water
content is still insufficient.

In [15], strong exciton localization at the
edges of the absorption band was predicted
in the case of non-diagonal disorder. To ver-
ify this statement, the absorption J-band
shape has been compared with that of the
trap luminescence excitation band at 77 K
(Fig. 3). It has been revealed that in con-
trast to the absorption J-band, the long-
wavelength edge of the excitation J-band is
steeper and fits well to the Gaussian con-
tour. This means that excitons formed
under the excitation at the long-wavelength
absorption edge are localized and do not ac-
tually reach the trap. The absorption and
excitation line shape comparison (curves 1
and 2, Fig. 8) shows that the localized exci-
ton states are located about 200 em™! lower of
the bottom of the free exciton band (Fig. 2).
Excitons formed at the J-band maximum
excitation are delocalized and reach the
trap. Thus, the effect of static disorder pro-
vokes a complex structure of the absorption
J-band, which consists really of two parts:
low-frequency edge where localized excitons
are formed and high-energy part where free
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mobile excitons are formed (Fig. 3). Using
selective excitation of different states in
the J-band, we can study peculiarities of
localized and delocalized exciton transport
in the same conditions.

Delocalized exciton migration. Fig. 4 pre-
sents temperature dependence of exciton
trap luminescence intensity (Xreg = 690 nm)
at the excitation in the absorption J-band
maximum (curve 1, A, = 580 nm) and in
the long-wavelength edge of the J-band
(curve 2, A,,. =590 nm). As is seen, the
investigated temperature range can be di-
vided into two temperature intervals: 20—
70 K where the trap luminescence intensity
is temperature-independent and 70-300 K
where a strong temperature dependence of
trap luminescence intensity is observed for
both localized and delocalized excitons. The
same temperature ranges where strong
changes of exciton transport characteristics
occur were mentioned in [10].

Let us consider the temperature depend-
ence of delocalized exciton migration (Fig. 4,
curve 1). In the 80-300 K temperature
range, the monotonic temperature depend-
ence of the trap luminescence intensity ufit
well by the T71/2 law. Such temperature
dependence is a characteristic feature of co-
herent exciton transport [19]. In the case of
coherent motion, the exciton diffusion con-
stant where m is 0 to 1.5, depending on the
specific parameters of the exciton-phonon
system, and is due to exciton scattering on
optical phonons [19]. At T < 70 K, the trap
luminescence intensity is temperature-inde-
pendent that seems to correspond to D =
const. The pattern of diffusion coefficient
temperature dependence is known to change
near T=38.6 K (m*/mo) where m” is the
effective exciton mass and m( is the elec-
tron mass in vacuum [19]. So, the effective
mass of delocalized excitons is estimated to
be m* ~ 17m.

Localized exciton migration. At T > 70 K,
the trap luminescence intensity starts to in-
crease (Fig. 4, curve 2) that is a charac-
teristic feature of incoherent "hopping” ex-
citon migration and is due to the thermal
activation of the localized excitons [19]. At
T ~ 160 K, the temperature dependence of
the trap luminescence exhibits a maximum
that is due to the competition of two proc-
esses influencing the localized exciton mo-
tion. On the one hand, thermal activation of
localized excitons promotes their mobility,
but on the other hand, scattering on pho-
nons rebounds the exciton motions. This
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statement is confirmed by the fast lumines-
cence intensity decrease under further tem-
perature increasing (curve 2, Fig. 4).

Similarly to the case of delocalazed exci-
tons, the trap luminescence intensity does
not depend on temperature (Fig. 4, curve 2)
in the temperature interval 20-70 K. It
should be noted that in this case, the lumi-
nescence intensity is much less then that
for delocalized excitons (Fig. 4). The fact
that the trap luminescence does not decay
down to zero seems to be due to the local-
ized exciton is formed in immediate proxim-
ity to the trap and energy transfer is possi-
ble. According to [12], for localized exci-
tons, the exciton migration is strongly
hindered at T < T, = 0.4B(A/P)!-36 where B
is the hopping integral and A characterized
diagonal disorder. For amphi-PIC J-aggre-
gates, B~ 840 em~! and A ~ 300 cm™! [18].
So, Ty ~ 80 K. Thus, as it was predicted in
[12], in the temperature range 20-70 K, lo-
calized excitons in J-aggregates of amphi-
PIC remain motionless.

Thus, static disorder has been shown to
affect the complex structure of the absorp-
tion exciton band of amphi-PIC J-aggre-
gates. At the long-wavelength edge of the
absorption J-band, motionless localized ex-
citon states are formed. For localized exci-
tons, the energy transfer to traps is ob-
served in the temperature range 70-300 K
and reveals an activation character. The en-
ergy levels of localized excitons are located
200 em™! lower of the mobility boundary.
At higher-energy side with respect to the
localized exciton states, mobile "free" exci-
tons are formed. Temperature dependence
of free exciton migration efficiency points
to a coherent transfer mechanism.
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Oco6aMBOCTI EKCUTOHHOTO TPAHCHIOPTY
B J-arperarax amphi-PIC

I0.B.Manwkin, A.B.Copoxin, O.M.J/Iebedenko,
C.J.€pimosa, I' A.I'ypanvuyk

IIpencraBneHo excriepuMeHTANbHI pe3yJabTaTu AOCHiIKeHHA edeKTUBHOCTI Mirpanii ekcu-
TOHIB TIPHU iX CEJEKTUBHOMY 30yM:KeHHI y MeKaX CMYTM TOTJIWHAHHA J-arperatie amphi-PIC
Oopu pisHUX TeMmIepaTrypax. as [geTeKTyBaHHA Mirpanii eKCcUTOHIB BUKOPUCTOBYBAaJaca
JIOMIiHECIIeHI[if €KCUTOHHUX TACTOK — MOJIEKYJ, IO 3[JaTHi TTepeXOoIJIIOBATH €HEPTiio Tpu
Habmm:KkeHHI ekcuToHy. Ilokasamo, IO €KCUTOHHI CTAHMW y MeKaX CMYTW TOTJIMHAHHSA oJ-ar-
peraTis MalOTh Pi3HY PyXJauBicTs. EkcuTonm y MakcuMyMi cMyru TMOTJIMHAHHA 3a0e3MeuyoTh
ebeKTUBHUI TepeHOC eHeprii, AKWil 3amunIacThbcsa He3MiHHUM y miamasoni temmepatryp 20—
70 K Ta MOHOTOHHO cmnajmae TpHu 3MiHi Temmepatypu y giamasoni 70—-300 K. Ha mgoBroxsu-
JBOBOMY Kpai CMyTM TIOTIMHAHHA €KCUTOHW CUJLHO JIOKAJi3oBaHi, y [AiamasoHi TeMIepaTyp
70-300 K mnepenoc emeprii Ha TacTKM HOCUTH AKTUBAIIHHUN XapaKTep Ta Mae CKJIATHY

HEMOHOTOHHY TEMIIEPATYPHY 3aJIEKHICTh.
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