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Features of BIC J-aggregate formation in AOT reverse micelles have been studied using
steady-state absorption and luminescence spectroscopy and time-resolved luminescence
spectroscopy. BIC J-aggregates reveal spherical structure with diameter ~ 20 nm and
significant thermal stability. RM diameter decrease results in strong static disorder in-
crease leading to J-aggregate band (J-band) widening and luminescence quenching. Due to
high thermal stability BIC J-aggregates are embedded into RM as a whole at any tempera-
tures of stock water solution. Decrease of stock water solution temperature leads to J-band
narrowing and intensity increasing due to static disorder decreasing.

Hccaemopaunr ocobennoctru (hopmupoBanusa J-arperatos BIC B pacreopax o0paTHBIX MH-
mesasa (OM) ¢ HOMOMIbIO CTAIMOHAPHBIX CIEKTPOCKOINY OITHUYECKOr'O IOIJIOIeHUA M JIFOMU-
HECIIEHTHOU CIIEKTPOCKOIINH, 4 TAKIKe JIOMHUHECIEeHTHON CIEKTPOCKOIMNM C BPEMEHHBIM pPas-
peweruem. J-arperatel BIC umeroT cdepruecKyro reoMeTpuio ¢ guamerpom mopsaxkxa 20 Hm
U 3HAUUTEJBHYIO TEMIEPATYPHYI CTA0UJIBbHOCTL. ¥ MEHBIIEHHE AUaMeTpa OOPATHBIX MUIIEJLI
MIPABOJUT K YBEJIWUYECHUIO CTATUUYECKOr0 0EeClIOpAKa, B Pe3yJbTaTe Uero IPOUCXOIUT YIIupe-
HUEe J-II0JIOCHI W YBeJUYEHIE MHTEHCHBHOCTH JIOMUHECIEHIUN. Biaromaps BBICOKOU TeMIle-
parypHoii crabuabHocTH, J-arperarsl BIC BerpaumBarorca B OM npu Jgmo6bIX TemmepaTypax
HCXOTHOTO PACTBOPA. ¥ MEHBIIIEHHE TeMIIEPATYPbl NCXOIHOTO PACTBOPA IPUBOLUT K CYIKEHUIO
J-1I0JIOCHI M YBEJIWYEHUIO €€ MHTEHCHUBHOCTH BCJELCTBHE YMEHBIICHHUA CTATHUYECKOro GecIio-
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1. Introduction

Aggregation processes of dye molecules
belonging to the class of cyanines have at-
tracted much attention in a wide variety of
fields such as nonlinear opties, optoelec-
tronics, photovoltaics, photochemistry, biol-
ogy and others [1]. This is caused by unique
optical properties of cyanine molecular ag-
gregates called J-aggregates due to Frenkel
excitons formation in well-ordered molecu-
lar chains [2—-6]. One of the questions in
J-aggregates photophysics is an influence of
different structuring substances such as
surfactants, molecular templates, salts and
others on optical properties of J-aggregates.
Recently we have published some results
concerning cationic surfactant shell forma-
tion around J-aggregates of several cyanine
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dyes [7—11]. Briefly such J-aggregates-sur-
factant complex formation leads to exci-
tonic band (J-band) narrowing and increas-
ing, quantum vyield enhancement, exciton
self-trapping suppression and exciton trans-
port efficiency increasing [7—11]. But our at-
tempts to reproduce such results for anionic
dyes J-aggregates we were unsuccessful.

In other hand we find reports concerning
anionic cyanine dye J-aggregation within
reverse micelles [12—-15]. Reverse micelles
(RM) are being widely used as nanoreactors
for synthesis of various inorganic nanopar-
ticles with a desired size [16—18]. They are
representing water droplets in nonpolar sol-
vent stabilized by surfactants [16—18]. The
amount of water dissolved in RMs deter-
mines most of the physical and chemical
properties of the micellar environment. Size
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Fig. 1. (a) BIC J-aggregates absorption and luminescence (A

dye structure. (b) BIC J-aggregates TEM image.

of reverse micelles is controlled by the ratio
of wy = [H,0]/[surfactant], where w, deter-
mines the average micellar radius and the
average number of molecules of water and
surfactant in the micelle [16-18].
Investigations directed to J-aggregates
formation within RMs are reported in only
a few works and only for one type of an-
ionic cyanine dye namely 8,3’-di-(y-sulfo-
propyl)-4,5,4’,5’-dibenzo-9-ethylthiacarbocy-
anine dye (DEC) [12—-15]. According to the
reports the J-band becomes wider for J-ag-
gregates formed in RM with J-band width
narrowing at RM diameter increasing [12—
15]. If some authors argue that in the first
place the spatial restrictions affects the
structural quality of aggregates [12, 13],
others have suggested direct limiting the
size of aggregates and proposed to use the
RMs as "molecular sieves” for J-aggregates
[14, 15]. If wy is too small then J-aggre-
gates precipitated and at for larger RM di-
ameters J-aggregates become stabilized [12—
15]. Besides, on the one hand, the aggre-
gates formation in RM is seems to be
impossible if the concentration of the dye is
much less than RM concentration, on the
other hand, the J-aggregates formation was
observed in RM for a case then an average
number of dye molecules in the micelle is

much smaller than unity [12-15].

Therefore, the aim of this paper was to
study the features of J-aggregates forma-
tion in reverse micelles to resolve all con-
tradictions. For the J-aggregates formation
anionic cyanine dye BIC and surfactant AOT
were chosen.
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2. Experimental

BIC dye (1,1’-diethyl-3,3"-bis-(3-sulfo-
propyl)-5,5’,6,6"-tetrachlorobenzimidazoloca
rbocyanine, Fig. la, inset) was synthesized
by Dr.I.A.Borovoy (Institute for Scintilla-
tion Materials NAS of Ukraine) with purity
controlled by NMR and thin layer chroma-
tography. AOT [sodium 1,4-bis(2-ethyl-
hexyl)sulfosuccinate] was purchased Aldrich
(USA) and used as-received. As a non-polar
solvent hexane (CH3(CH,),CHs) was chosen.
Since BIC is insoluble in hexane, it can be
introduced into micellar solution only via
the aqueous phase. First it was prepared a
stock solution of BIC (C = 1073 M) in water.
Then 15 ul of BIC water solution at certain
temperature was added to 1 ml of AOT so-
lution in hexane, and the mixture was
stirred until formation of transparent mi-
croemulsion. The values of w, was varied
within the range 20+45 by changing the
AOT concentration in hexane from 0.75 to
0.33 M with the amount of aqueous phase
being kept constant. Absorption spectra was
registered using a microspectrometer
USB4000 (OceanOptics, USA) supplied with
an incandescent lamp. Luminescence spectra
were recorded using Lumina  spec-
trofluorimeter (Thermo Scientific, USA). To
decrease scattering influence front-face illu-
mination geometry has been realized using
solid sample holder and thin 2 mm quartz
cuvette. Luminescence decay spectra were
obtained using picosecond spectrofluorime-
ter FluoTime 200 (PicoQuant, Germany)
supplied by green picosecond laser head
LDH-P-FA-530 with A,, =531 nm (Pico-
Quant, Germany). The width (full width on
half-maximum, FWHM) of instrument re-
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solutions with different w,. The temperature of stock water solution at samples preparation was ~ 70°C.

sponse function (IRF) for the spec-
trofluorimeter was 100 ps. To cut-off laser
irradiation an interference long-pass filter
HQ565LP (Chroma, USA) has been used. As
for steady-state luminescence spectroscopy
front-face illumination geometry has been
used to decrease the scattering influence.
Luminescence decay curves have been decon-
voluted using FluoFit software (PicoQuant,
Germany). Transmission electron micros-
copy (TEM) images was obtained using
PEM-125K (Selmi, Ukraine) microscope. To
contrast organic aggregates 2 % water solu-
tion of uranyl acetate was used which was
dropped under J-aggregates deposited on
copper TEM grid. All measurements have
been carried out at room temperature if other-
wise is not specified.

3. Results and discussion

BIC dye belongs to well-known family of
J-aggregating 5,5,6,6"-tetrachlorobenzimi-
dazolocarbocyanine dyes [19]. Due to sulfo-
propyl groups (see inset in Fig. la) it is
water-soluble and forms in water J-aggre-
gates down to a very small concentrations
(C=10"7 M). At the dye concentration
Cprc = 1073 M wused in our experiments
water solution of BIC dye reveals pro-
nounced J-band (A,,,, = 594 nm) and small
monomer band (A,,,, = 516 nm) is seen as a
shoulder (Fig. la). The luminescence band
(M pax = 609 nm) appeared to be strongly
red-shifted taking into account very small
Stokes shifts which are typical for J-aggre-
gates [2—6] including BIC J-aggregates [20].
It could be caused by reabsorption due to
the large dye concentration and significant
extinction coefficient of J-aggregates [2—6].
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Also it should be noted that at experimental
conditions used J-band is very wide (Av; =
740 cm™1) and has Lorentz-like long-wave-
length tail (Fig. la) that is characteristic
for large static disorder in J-aggregates
[21]. For comparison in methanol/water so-
lution (1:4) at Cgje = 21074 M BIC J-ag-
gregates formed on colloidal silver reveal
much narrower J-band with Av; = 855 cm™!
[20]. Despite an intensive study of J-aggre-
gate structure for 5,5,6,6'-tetrachlo-
robenzimidazolocarbocyanine dyes family
using cryo-TEM [22] we haven’t found any
images of BIC J-aggregates for which pla-
nar or linear structure has been supposed
due to chirality absence [22]. So, we have
obtain TEM images of BIC J-aggregates and
for our surprise found near spherical parti-
cles with mean diameter ~ 20 nm (diameter
range is 10+25 nm) (Fig. 1b). Spherical
shape is not typical for J-aggregates most
of which have tubular form [22-24]. Such
form could explain high static disorder and
absence of chirality which is a feature of
tubular aggregates [22]. In spherical aggre-
gates excitons should be delocalized on a
strongly curved molecular chains and a
quite wide distribution of J-aggregates
physical sizes should result in a wide distri-
bution of exciton delocalization lengths
leading to additional increasing of summary
J-band width.

So, our task was to prepare BIC J-aggre-
gates in reverse micelles. According to the
literature data for DEC J-aggregates aque-
ous dyes solution should be heated up to
65-70°C and the better RM sizes are corre-
sponded to that at wy = 20+45 [12-15]. At
higher wy values water-oil solution sepa-
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Fig. 3. Luminescence (A, = 600 nm) decay
curves for BIC J-aggregates in water and RM
solutions.

rates onto individual phases and at lower w
values J-aggregates appear to be strongly un-
stable and precipitate [12—-15]. Taking into
account an expression for water pool diameter
for AOT RM (d = 0.35wy +1.2 (nm) [14])
the range which has been chosen is corre-
sponding to d = 8+17 nm that is lying
within BIC J-aggregates sizes range.
Absorption and luminescence spectra of
BIC J-aggregates in RM with different di-
ameters are depicted in Fig. 2. As could be
seen from absorption spectra (Fig. 2a) with
wq increasing intensity of J-band becomes
to grow and after maximum at wy = 25 it
decreases to the lowest value at w, = 45.
Such behavior of J-band dependence on w
could be attributed to scattering growth
with RM diameter increasing that results in
Beer-Lambert law breakdown. Indeed RM
solutions appear to be a very turbid and it
turbidity grows with RM diameter increas-
ing. Another fact that approve this state-
ment is monotonic decrease of J-band width
(FWHM) with wgy growth from Av;=
1090 cm™1 at wo = 20 to Av; = 515 em1 at
wy = 45 (Fig. 2a). Note that J-band width
for BIC J-aggregates formed in large AOT
reverse micelles with wy > 40 appears to be
narrower compared to J-band width for BIC
J-aggregates formed in water (Fig. la). It
could be supposed that in large RMs much
more narrow distribution of BIC J-aggre-
gates sizes is realized. Contrary to absorp-
tion spectra (Fig. 2a) the luminescence spec-
tra reveal growth of intensity with w, in-
creasing (Fig. 2b). The main reason for that
is front-face illumination geometry of lumi-
nescence registering that strongly reduces
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Fig. 4. Absorption spectra of BIC J-aggre-
gates in water solution depending on solution
temperature. Arrows point to absorption
bands changing direction at temperature in-
creasing from 17°C to 95°C.

the scattering influence [25]. Such lumines-
cence growth could be expected due to J-band
narrowing and resulting oscillator strength
increasing [6]. The maximum of lumines-
cence (Fig. 2b) appeared to be blue-shifted
compared to water solution case (Fig. 1la). It
proves much more narrow distribution of
BIC J-aggregates sizes in RMs. Note, that
at smaller RM diameter cases BIC J-aggre-
gates was unstable in RM solution and pre-
cipitate during several hours, but at
wo = 35 RM J-aggregate solutions were sta-
ble during several days.

J-band widening with RM diameter de-
creasing could be attributed both with static
disorder increasing [12, 13] and with physi-
cal length of J-aggregates restricting [14,
15]. To understand what the model is more
appropriate in our case we record lumines-
cence decay curves for BIC J-aggregates in
water solution and RMs with different di-
ameter (Fig. 3). For water solution case the
decay curve appears to be not single-expo-
nential and describes by two exponential de-
cays with 1, ~105 ps (84 %, amplitude
weighted) and 15 ~ 255 ps (16 %, amplitude
weighted) and average lifetime t,, ~ 130 ps
(amplitude weighted). According to literature
data at room temperature BIC J-aggregates
have single exponential decay with t ~ 150 ps
[20]. Deviation from single exponential
decay in our case could be addressed to ex-
citon localization and trapping on defects
due to large static disorder [21]. In RM
solutions luminescence decays are also fit-
ted by two exponential curves (Fig. 8). One
component is corresponded to a very short
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Fig. 5. a) Absorption spectra of BIC J-aggregates in AOT RM with w, = 25 at different stock water
solution temperatures. b) J-band width (FWHM) dependence on stock water solution temperatures.

decay time which change from t; ~ 55 ps at
small wq values to 1, ~ 100 ps for wq = 40.
Second component is corresponded to a very
long decay time t; ~1 ns which contribu-
tion is small (£ 2 %, amplitude weighted)
and decreases with RM diameter growth.
The data obtained corresponds to rather
static disorder changing case than to physi-
cal length restriction case. Indeed, if RM
diameter decreasing directly confines physi-
cal length of J-aggregates we should expect
elongation of decay time due to the latter is
inversely proportional to exciton delocaliza-
tion length [6]. Shortening decay time with
complex two-component behavior is corre-
sponded to static disorder increasing with
luminescence quenching due to exciton lo-
calization and trapping effects [21]. It
proved by significant increasing lumines-
cence intensity with RM diameter growth
(Fig. 2b). Note, that authors of references
[14, 15] supposed DEC J-aggregates to be
just linear chains while such a very simpli-
fied structure has never be proved by direct
observation using electron microscopy or
atomic force microscopy.

The next question is how J-aggregates
could form in reverse micelles at dye con-
centrations much smaller than RM concen-
tration. In[14] it was supposed that DEC
J-aggregates are penetrated to RM water
pole as a whole and not to aggregate from
monomers as it was supposed by authors in
[12, 13]. On other hand at stock water solu-
tion temperature of 65-70°C used to pre-
pare RM J-aggregate solutions most of oJ-
aggregates are fully disaggregated and
should to embed into RMs as monomers
[26]. To prove BIC dye state at RM forma-
tion stage we have obtained thermal de-
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struction spectra for BIC J-aggregates (Fig.
4). To our big surprise BIC J-aggregates
appear to exist even at 95°C with only small
contribution of monomer absorption band.
Such thermal stability is a very nontrivial
and should be addressed to unusual spheri-
cal geometry of BIC J-aggregates (Fig. 1b).
So even for high temperatures of solutions
J-aggregates dominate under monomers and
penetrate into reverse micelles as a whole.
Possibly, DEC J-aggregates reported early
[12—-15] have similar structure and thermal
stability that explains their formation in
RMs at dye concentrations much smaller
than RM concentration.

But in such a case possibly another tem-
perature of stock solution will be better for
J-aggregates preparation within RM water
poles. To check it we prepare BIC J-aggre-
gates in AOT reverse micelles at different
stock solution temperatures (Fig. 5). On ex-
ample of RMs with wy = 25 it could be seen
that there is the certain stock solution tem-
perature for which J-band intensity the big-
gest (35°C in the case shown on Fig. 5a).
Moreover J-band width appears to be linear
growing with stock solution temperature for
BIC J-aggregates in AOT RMs (Fig. 5b)
pointing to static disorder increasing. At
room temperature of stock solution J-band
width corresponds to that for J-aggregates
in water even for RMs with wy = 25. So the
better way to prepare BIC J-aggregates in
RM solution is normal conditions of their
preparation.

4. Conclusions
BIC J-aggregate formation in AOT re-

verse micelles has been studied wusing
steady-state and time-resolved spectroscopy.
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These J-aggregates reveal a very unusual
spherical structure and anomalous tempera-
ture stability. BIC J-aggregates embed into
RM water pool as a whole and the better
conditions for their embedding is using
room or moderate temperatures of J-aggre-
gates stock water solutions. Changing RM
diameter foremost effects on static disorder
in BIC J-aggregates with much less influ-
ence on their physical sizes.

Acknowledgments. Authors are deeply ap-
preciative to Prof.Yu.V.Malyukin (Institute
for Scintillation Materials of NAS of
Ukraine) for fruitful discussion of the re-
sults  obtained. Authors  thank to
Dr.S.I.Bogatyrenko (V.Karazin Kharkiv Na-
tional University) for the help with trans-
mission electron microscopy.

References

1. A.Mishra, R.K.Behera, P.K.Behera et al.,
Chem. Rev., 100, 1973 (2000).

2. F.Wurthner, T.E.Kaiser, Ch.R.Saha-Muller,
Angew Chem. Int. Ed., 50, 3376 (2011).

3. D.Mobius, Adv. Matter., 7, 437 (1995).

4. T.Kobayashi (Ed.), J-Aggregates, World Sci-
entific Publishing, Singapore (1996).

5. B.I.Shapiro, Russ. Chem. Rev., 75, 433 (2006).

6. J.Knoester, V.M.Agranovich, in: V.M.Agra-
novich, G.F.Bassani (Eds.), Electronic Excita-
tions in Organic Based Nanostructures. Thin

Films and Nanostructures, Elsevier, Amster-
dam, Oxford (2003), v.31.

7. G.Ya.Guralchuk, I.K.Katrunov, R.S.Grynyov
et al., J. Phys. Chem.C, 112, 14762 (2008).

8. A.V.Sorokin, I.I.Filimonova, R.S.Grynyov et
al., J. Phys.Chem.C, 114, 1299 (2010).

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25,

26.

A.V.Sorokin,
Mol. Cryst. Lig. Cryst.,

S.L.Yefimova,
535,

I.K.Katrunov,
Yu.V.Malyukin,
57 (2011).
S.Yefimova, A.Lebed, A.Sorokin et al., .
Mol. Lig., 165, 113 (2012).

A.V.Sorokin, I.I.Fylymonova, S.L.Yefimova,
Yu.V.Malyukin, J. Phys. Conf. Ser., 345, 012047
(2012).

A.S.Tatikolov, S.M.B.Costa, Chem. Phys. Lett.,
346, 233 (2001).

A.S.Tatikolov, S.M.B.Costa, Photochem. Photo-
biol. Sci., 1, 211 (2002).

L.M.Nikolenko, A.V.Ivanchihina, S.B.Brichkin,
V.F.Razumov, J.Coll. Interf.Sci., 332, 366
(2009).

L.M.Nikolenko, S.B.Brichkin, T.M.Nikolaeva,
V.F.Razumov, Nanotech. Rus., 4, 19 (2009).
V.Uskokovic, M.Drofenik, Surf. Rev. Lett., 12,
239 (2005).

J.Eastoe, M.J.Hollamby, L.Hudson, Adv. Coll.
Interf. Sci., 128—130, 5 (2006).

M.P.Pileni, J. Exp. Nanosci., 1, 13 (2006).
A.Pawlik, A.Ouart, S.Kirstein et al., Eur.d.
Org.Chem., 2003, 3065 (2003).

S.Ozcelik, I1.Ozcelik, D.L.Akins, Appl. Phys.
Lett., 73, 1949 (1998).

Yu.V.Malyukin, O.G.Tovmachenko, G.S.Ka-
trich, Low Temp. Phys., 24, 879 (1998).
S.Kirstein, S.Daehne, Int.J.Photoenergy,
2006, Article ID 20363 (2006).
H.von Berlepsch, C.Bottcher,
Phys.Chem. B, 104, 8792 (2000).
E.Lang, A.Sorokin, M.Drechsler et al., Nano
Letters, 5, 2635 (2005).

J.R.Lakowicz, Principles of Fluorescence
Spectroscopy, 3rd ed. Springer, New York,
Singapore (2006).
Yu.V.Malyukin, S.L.Efimova,
A.M.Ratner, Functional Materials,
(2003).

L.Dahne, .

A.V.Sorokin,
10, 715

dopmyBaHHA J-arperariB y pa3uMHaxX 3BOPOTHHUX MilleJ

I.I. dunumonosa, C.JI. E¢hpimosa, O.B. Copokin

Hocaip:xeno ocobuuBocri (popmyBanusa <J-arperatriB BIC y posumHax SBOPOTHUX Milies
(3M) 3a mOIIOMOrO0 CTAIIOHAPHOI CHEKTPOCKOIIL] ONTUYHOIO MOTVIMHAHHS TA JIOMiHeCIeHTHOI
CIIEKTPOCKOIIil, a TAKOMK JIOMiHecIeHTHOI CIeKTPOCKOIil, 1m0 posmnoxiseHa y uaci. J-arpera-
1 BIC marors chepuuny reomerpiro 3 giamerpom Gauspko 20 HM, a TAKOM BHUABIAITH
SHAUHY TeMIIepaTypHY cTabijbHicThb. 3MEHIIIEHHS giaMeTpa 3BOPOTHUX Milles HPUBBOIUTH IO
30inpIIeHHA cTATUYHOrO 0e3nalay, B peayJsbTari uoro BigdyBaeTbCda pPo3MIHPEHHSA J-cMyrum i
3b0inpIIeHHd iHTeHCHMBHOCTL JIOMiHecreHnii. 3aBIaKM BUCOKill TeMmeparypHiii cradinpHOoCTi,
J-arperatu BIC BOymoByroTbcss B 3M mpu Oyab-aKMX TeMIIEpPATypax BHUXITHOrO PO3YUHY.
3MEHIIIEeHHA TeMIepaTypy BUXIiZHOrO pOSUMHY NPU3BOAUTHL [0 3BYKeHHHT J-cmyrua i
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