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Features of exciton localization
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Using single molecule spectroscopy technique, exciton localization in a ring J-aggregate
with average static disorder is A/p ~ 0.3 has been disclosed. At helium temperature, the
J-aggregate excitation spectrum consists of a number of resolved spectral lines which are
defined by the exponentially localized exciton states (N, < N,_mg) belonging to the
nonoverlapping ring segments. The localized exciton spectral properties have been ana-
lyzed using a model of strongly curved molecular chain.

C uncmooJsib30BaHMEM METOJa OJHOMOJEKYJISIPHOM CIEKTPOCKOINM O0OHAPY:KeHa JOKaIm3a-
U 9KCUTOHOB B KOJbIE J-arperara Co CpemHell CTeleHbI0 CTaThuecKoro Oecropsgxa A/f ~
0.3. Ilpu renmeBBIX TeMIepaTypax CIEKTP BO30yKAeHUs J-arperata COCTOUT U3 PAga paspe-
MIeHHBIX CIIEKTPAJbHBLIX JUHUI, KOTOPHIE OMPEeIesIA0TCA 9KCIOHEHIINAIbHO JOKAJIN30BaAHHBI-
MU 9KCUTOHHBIMU cocTofHMAMU (N, < Nn.ng), OpUHAMJEKAIUMA K HellepeKpPbIBAIOINMC
cermeHTaM KoJjell. CIeKTpajibHble CBOMCTBA JIOKAJIU30BAHHBIX 9KCUTOHOB IIPOAHAIMSUPOBAHLI HA
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OCHOB€ MO/JeJI1 CUJIBHO HCKpHBJIeHHOfI MOJIeRyJIﬂpHOfI IIeIIOYKH.

1. Introduction

The long standing interest in the 1D ex-
citon dynamics of systems like conjugated
polymers, polysilans and J-aggregates is
due to their attractive properties in both
fundamental and applied sense. J-aggre-
gates are nanoscale molecular clusters char-
acterized by a narrow red-shifted exciton
absorption band as compared to the mono-
mer one [1-7]. The J-aggregate exciton dy-
namic causes their unique optical properties
[1-7] and is resembled to that of the light
harvesting complexes [8], thus, J-aggre-
gates can be considered as an artificial
model thereof [38]. A further J-aggregate
feature, while remaining in a shadow, could
be very attractive for the nanodevice con-
struction: similar to the carbon nanotube
electron ballistic transport [9], some types
of J-aggregates exhibit an anomalous effec-
tive exciton migration (~106 sites) [6, 10].
From the viewpoint of condensed matter
physics, the J-aggregates as research ob-
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jects have stimulated the development of
many new ideas and models [1-7, 10].

In the last years, the cryo-TEM tech-
nique provides the direct visualization of
the J-aggregate microscopic structure [4,
11, 12]. The variety of J-aggregate archi-
tecture depending on properties of building
monomers has been revealed [4, 11, 12].
Nevertheless, the molecular chain (linear or
ring-shaped) is still the main structure mo-
tive of J-aggregates. Thus, the concept of
1D Frenkel excitons has been successfully
applied to explain the J-aggregate optical
properties [1-7, 13]. The exciton delocaliza-
tion length N,,; defined by the competition
between the dipole-dipole interactions and
the disorder plays the key role within the
frame of 1D exciton model [13—-15]. Cer-
tainly, the existence of localized exciton
states in the disordered systems is con-
nected closely to the Anderson localization
phenomenon discussed intensively in [16—
18]. The averaged N,,; can be obtained from
a bulk experiment by comparing the absorp-
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tion bands or fluorescence decay times of
J-aggregates and monomers [1-3, 13], and
it is about several tens of monomers (I ~
100 A). According to the current concepts,
a molecular chain may contain several
nonoverlapping segments N, characterized
by their intrinsic discrete spectra of local
exciton states [183-15], being manifested
neither in density of exciton states nor in
absorption band [14]. In this connection, the
concept of "hidden” structure has appeared
[14]. The detailed knowledge about local ex-
citon states will allow looking into micro-
scopic nature of chain excitons and the An-
derson localization hypothesis to be exam-
ined for 1D exciton system [16—18]. So, it is
still an important challenge to find the di-
rect experimental evidence of the existence
of discrete spectrum of local exciton states
connected with nonoverlapping N, seg-
ments.

Room temperatures did not allow to ob-
serve quantum effects in spectroscopy of in-
dividual J-aggregate of different types [19—
22]. Recently, a lot of important experimen-
tal results concerning spectroscopy of an
individual light harvesting complex have
been obtained using the single molecule
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Fig. 1. Luminescence excitation spectra of
different single amphi-PIC J-aggregates at T
= 1.5 K: (a) averaging over all scans of the
J-aggregate, (b) averaging over only few
scans of the same J-aggregate, (c) comparing
the spectrum of J-aggregates ensemble (1)
with the spectrum averaged over all individ-
ual J-aggregates (2).

spectroscopy (SMS) technique [8, 23, 24].
The low-temperature SMS has allowed for
the first time to overcome the ensemble av-
eraging and examine the exciton spectra of
individual J-aggregates [25]. In the fluores-
cence excitation spectrum of individual oJ-
aggregate, there were new narrow peculiari-
ties in the low-frequency side as compared
to bulk experiments (Fig. 1). These peculi-
arities have been ascribed to excitons local-
ized on different segments. Unfortunately,
the complete picture of exciton localization
for single J-aggregates at low temperature
is still unclear. The aim of this work is
trying to provide a deeper understanding of
the results obtained in [25].

2. Experimental section

The study objects were J-aggregates de-
signed from molecules of 1-methyl-1'-oc-
tadecyl-2,2'-cyanine perchlorate (amphi-PIC)
being an amphiphilic analogue of well-
known 1,1’-ethyl-2,2'-cyanine iodide (PIC)
molecules (Fig. 2a). The octadecyl radicals
allows the amphi-PIC J-aggregates to be
formed in a binary dimethylformamide-
water (DMF-W) solution at low monomer
concentration (~107% M) [7]. Details of ex-
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perimental setup and sample preparation
are described in [25].

3. Resultls and discussion

The W-DMF solutions contained about
90 % of water, thus, under such condi-
tions, the surface-active amphi-PIC mole-
cules can form only a closed structure
(Fig. 2). As the dye possesses a large nearly
flat "head” resulting in exciton formation
due to high translation symmetry, it was
supposed that amphi-PIC J-aggregates are
cylinders consisting of rings including N,
~ 30 monomers of 3.5 nm diameter dictate
by the dye hydrocarbon "tail” [26]. How-
ever, cryo-TEM images of amphi-PIC J-ag-
gregates revealed large double-wall struc-
tures [25]. Here we have to make some re-
marks to gain a better understanding of the
results presented in [25]. At low dye con-
centrations usually used for amphi-PIC J-
aggregates preparation, J-aggregates are
appeared to be too small to obtain their
image using cryo-TEM. To resolve the J-ag-
gregates, the dye concentration was in-
creased up to 1072 M [25]. For surfactants,
it is known that there is a so-called second
critical micelle concentration [27]. The in-
crease of the surfactant concentration above
the second critical micelle concentration
causes the micelle structure transformation
from a monolayer to bilayer (lamellar) [27].
Thus, we have supposed that at low dye
concentrations, amphi-PIC J-aggregates
exist in a form of monolayer cylinders of
3.5 nm diameter; a model thereof was pro-
posed in [26]. Similarly, for small TDBC
J-aggregates unresolvable by cryo-TEM, the
single-wall tubular structure also has been
proposed [28]. It was stated that small
monolayer TDBC J-aggregates are formed
at low dye concentrations [28], which sup-
ports our conclusion about the formation of
single-wall amphi-PIC J-aggregates at low
dye concentrations.

The ensemble of amphi-PIC J-aggregates
is characterized by a considerable extent of
interparticle disorder [29]. It follows from
the fact that the summation of several aver-
aged fluorescence excitation spectra of dif-
ferent individual J-aggregates does not re-
peat the bulk fluorescence excitation spec-
trum (Fig. 1c¢). The narrow lines vanish as a
result of multiple scans summation (Fig.
lc). So, this important observation deserves
detailed discussion at a level of single
scans.

The fluorescence excitation spectra of in-
dividual J-aggregates are presented in Fig. 1
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Fig. 2. (a) Molecular structures of amphi-PIC
dye, (b) a model of the amphi-PIC ring, (c) a
model of cylindrical structure of amphi-PIC
J-aggregate.

and Fig. 8. The excitation spectra clearly
exhibit discrete structure and narrow lines,
which have never been observed in bulk
spectroscopy neither for amphi-PIC J-aggre-
gates nor for others [1-7, 10, 29]. For all
individual J-aggregates, the excitation spec-
tra exhibit strong fluctuations in the num-
ber of spectral lines, their intensity and
spectral positions, but the typical structure
of spectra is preserved (Fig. 3). It has been
revealed that, as a rule, a group of three
spectral lines (one narrow long-wavelength
line and two broad short-wavelength ones)
is observed in each excitation spectrum
(Fig. 3, spectrum 1). The narrow line posi-
tion is fluctuated near 580 nm. Two shifted
triplets are often observed in the excitation
spectrum (Fig. 3, spectrum 2). The narrow
spectral line of the second group is fluctu-
ated around 582 nm. The excitation spec-
trum containing numerous narrow spectral
lines (Fig. 3, spectrum 3) was rarely ob-
served. For some cases, after the certain
number of scans (~100), the J-aggregate ex-
citation spectrum is not observed at all,
while some J-aggregates have revealed to be
very stable. The narrow lines disappear
first, and then the spectrum disappears
completely. The remainder of the excitation
spectrum after disappearance of the narrow
lines is a good evidence that we deal with
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Fig. 3. Characteristic luminescence excitation
spectra of single amphi-PIC J-aggregates av-
eraged over only few scans, T = 1.5 K.

photophysical but not photochemical trans-
formations.

Using rotation of laser beam polarization
at helium temperatures, it has been estab-
lished that about 70 % of individual J-ag-
gregates tested do not exhibit any polariza-
tion dependence of excitation spectra at all
in spite of dipole nature of exciton transi-
tion (see Fig. 3 in [25]). However, about
30 % of J-aggregates have shown a
prounced polarization dependence (see
Fig. 4 in [25]). It can only mean that the
exciton transition dipole randomly changes
direction in the 360° range. For molecular
chain, it could be possible if the chain is
long and strongly curved or it is closed.

The strong fluctuation of the excitation
spectrum structure with an average split-
ting less than 100 cm™! and the absence of
polarization dependence allow us to suppose
that we have found a new type of peculiari-
ties which were hidden by the ensemble av-
eraging in the bulk experiments [7, 29]. It
is clear that the logical explanation of the
data obtained, in particular, the absence of
polarization dependence at low tempera-
tures, will not be achieved within the
framework of 1D exciton model used for a
ring or linear chain [5, 13]. In an usual
treatment, both models predict a pro-
nounced polarization of J-aggregate exciton
transitions that has been observed in experi-
ment even at room temperature [19, 28, 30].
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Fig. 4. (a). Simplified scheme of the ring
J-aggregate with localized exciton confined
by tunnel barriers. The barrier and, respec-
tively, localized exciton positions could be
changed under J-aggregate excitation. (b)
The simplified scheme of localized exciton
states confined by the tunnel barrier, which
height is about 200 ecm™! or more. The energy
parameters characterizing local exciton states
are taken from Fig. 3.

Nevertheless, we are going to use both the
ring and linear chain models to build an
adequate picture of exciton dynamic and
temperature transformations observed basing
on the analysis of real amphi-PIC J-aggregate
structure and nature of the exciton states.
As mentioned above, for the amphi-PIC
J-aggregates at helium temperature N, is
about 21 monomers. Hence, there could be
one N,, segment within the ring with dis-
crete spectrum of local exciton states (Fig. 4).
This segment is confined by the tunneling
barriers which may result from a strong
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site energy deviation (Fig. 4). Since at ex-
perimental conditions used, only a small
number of the rings in the single J-aggre-
gate could be expected, the spectra of exci-
tons localized on different rings are not
overlapped. These local exciton states are
reflected in the excitation spectrum of indi-
vidual J-aggregate (Fig. 1 and Fig. 3). The
absence of the polarization dependence of
J-aggregate excitation spectrum and strong
fluctuations of spectral lines predict that
positions of the localized exciton within the
ring could be changed randomly. So, the
exciton transition dipole connected with
N 4., segment takes random orientations on
the ring. Of course, under such condition,
in spite of the dipole nature of exciton tran-
sitions, no polarization dependence of exci-
tation spectra is observed.

In order to get more detailed quantita-
tive information on local exciton states, we
start from the chain model of coupled N
two-level molecules. We will take into con-
sideration the nearest-neighbor interactions
and static diagonal disorder, and neglect
phonons. Such type of a quantum system is
described by the known exciton Hamil-
tonian, which can be used for both linear
and ring chains [3, 5, 13]:

H=Y(Ey+on)nl + 3B - Iny(n+ 1) )

Here, |n) is the state when the molecule
n is excited and other molecules are in the

ground state; E,, the site energy; and o,
the site energy fluctuation described by the
Gauss distribution with ¢, =0 and o2 = 0;
B is the transfer integral.

At the condition o, =0, the exciton
states of linear and ring chains are de-
scribed by the wave functions [3, 5, 13]:

N b (2)
¥, = V2 - (N +1)y 172, z sin (ﬁj - [n),

n=1

al 2nkn ®)
‘Pk:Nl/z-Zexp[i 7;\] j|n>

n=1

and the exciton spectrum is determined by
the equations [3, 5, 13]:

Ej, = Eg - 2B - cos(®). (4)

Here, 6 =nk/N + 1,k =1,2,...N for the lin-
ear chain and 6 = 2nk/N,k =0,+1,2,...N/2
for the ring chain.
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To analyze the optical properties and en-
ergy spectrum of exciton on N,,; segment,
we can use the linear chain model with
some essential remarks. Really, it follows
from the excitation spectrum structure
(Fig. 3) that three local exciton states are
optically active. The linear chain model pre-
dicts that odd exciton states (Eq. 2) are op-
tically active but only the bottom £ =1 one
is characterized by 86 % of full oscillator
strength [13]. So, in the linear chain spec-
trum, only one intense line should be ob-
served. This contradiction is explainable. As
it was discussed above, the N,,; segment
length is not much less than N,,,, so its
curvature is significant. Under this condi-
tion, the summation of monomer transition
dipoles differs considerably from that for a
linear chain due to a variable orientation of
monomer dipoles along the N,,; segment.
The exciton transition dipole moment of
curved N,,; segment is nonzero for the odd
and even exciton wave functions (2). But,
for any k > 3, the wave functions (2) ex-
hibit strong oscillation, and the dipole mo-
ment of exciton transition tends to zero.
Only three exciton transitions (¢ =1, 2, 3)
have significant oscillator strength. It is a
reason for the group of three spectral lines
observed in the excitation spectra (Fig. 3,
spectrum 1). The next contradiction is that
the energy intervals between these three
lines do not coincide with the exciton spec-
trum predicted by Eq. 4. The value of the
expression (Ey — E;)/(E5 — E5) is about 0.6 ir-
respective of B and N, parameter values. At
the same time, the value (v4 — v;)/ (vg — vy) is
about 1.0 that follows from the spectrum
represented in Fig. 3. It follows from ex-
periment that the gap between the first and
second local exciton states (~90 ecm™1) exceeds
the value (~56 em™1) predicted by Eq. 4.

The static disorder perturbation V =

Y o, - In){n| of exciton states (Eq. 1) could

n

be one of the reasons for this discrepancy.
Really, due to condition c,, we have to ana-
lyze the second order corrections, which are
g = Z |Vk,n|2/(Ek — E,), where E; are the

n

unperturbed energy levels (Eq. 4), g; is
negative owing to the condition (E; — E,) <0
and &, is positive due to (E4 — E;) > 0 and
|(E2 - E)/(Ey - En)| < 1. Following the
same logic, it is possible to show that €3 is
positive, too. The condition |81| > |82| > |83| >
... > [g,| dictates a remarkable contribution
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from corrections to the first energy interval
(k=1 and k = 2 exciton states). It is impor-
tant that only two lower exciton states are
moved apart and it can be shown that the
new value of expression (Ey — E{)/(Eg — E5)
tends to 1. As a rough approximation, the
correction to the energy interval between
the first and second exciton states is de-
scribed by the following expression:

(3)

46 - o2
1" N+ 12 (Ey - Ey)

€~¢€

Here, 0 is about 1, that follows from the
summation of harmonic functions.

Hence, the unperturbed energy interval
|E2 - E1|, being about 56 em~! according to
the equation (4), has to be increased by the
correction (5), which is about 27 em™! at B ~
830 cm !, Ny;-21 and o2 =Avgygy)? =
(8380 cm™1)2 [7, 23]. The new energy inter-
val of 83 ecm™! is in agreement with that
observed in the excitation spectrum (Fig.
3). Hence, the local exciton states of the
ring are formed under the strong influ-
ence of the static disorder. In the absence
of dephasing, at 1.5 K, the spectral lines of
local manifold (Fig. 3, spectrum 1) are
characterized by the lifetime limited width.
The width of first narrow line of Avgy s ~
8.5 ecm™! coincides with the exciton decay
time, which is about 70-10712 s [7]. The
width of other two spectral lines is defined
by the time of nonradiative relaxation,
which is about 0.5:10712 s for k= 2 state
and 0.4.10712 5 for k£ = 3 state.

4. Conclusions

The "hidden” spectral structure of J-ag-
gregate localized exciton states has been re-
vealed using the SMS techniques. At helium
temperature, in the ring J-aggregate with a
considerable static disorder A/f ~ 0.3, the
strong exciton localization regime has been
observed. The static disorder effectively
confined the local exciton states by tunnel-
ing barriers onto N,,; segments (Ny,; ~ 21 <
Nying ~ 30 monomers). Under J-aggregate
excitation, the positions of N, segments
and their characteristics could be changed.
The structure of localized exciton spectra
demonstrates clearly that the localized exci-
ton states are strongly perturbed due to
static disorder.
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Oco6auBocTi JOKadi3amili eKCUTOHIB
y MOOAMHOKHUX J-arperarax

I.K.Kampynos, C.JI.€pimosa, O.B.Copoxin, IO.B.Manikin

3a IOIIOMOroOI TeXHIKH OJHOMOJIEKYJISPHOI CIHeKTPOCKOHil BHUABJIEHO JOKAJIi3aIlilo eKCH-
TOHIB y Kinpui J-arperary is cepemuim crymenem craruuHoro Oesmamy A/p ~ 0.3. Ilpu
rejqiieBUX Temieparypax CIeKTp 30ym:KeHHs <J-arperary CKJIAJa€ThbCs 3 PSAAY PO3PisHEHUX
CIIEKTPAJbHUX JIiHil, AKi BUBHAUYAIOTHCS €KCIIOHEHI[IMHO JIOKAJNi30BAHUMU €KCUTOHHUMMU CTa-
HaMU (Ndel < Nn.ng), [0 HaJIeXKaTb O CermMeHTiB Kijelp, [0 He IepeKpuBamTbes. CIeKT-
pasbHi BIACTHMBOCTI JIOKAIi30BAHMX EKCHTOHIB IIPOAHAJNI30BAHO HA OCHOBI MoOzesi 3HAUYHO
CKPHBJICHOI'0 MOJIEKYJISPHOIO JIAHIIOMKKA.
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