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Abstract

We report the photophysical properties of 3,3'-diethyl-5,5'-dichloro-9-phenylthiacarbocyanine (DDPT) in methanol-
in-oil (m/o) reverse micellar systems which form methanol droplets stabilized with anionic surfactant aerosol-OT
(AOT) in n-heptane. The fluorescence quantum yield of DDPT is enhanced by a factor of 17 in the methanol droplet in
comparison with bulk methanol. The fluorescence lifetimes of DDPT in m/o reverse micelles are prolonged up to 2.2 ns
with increasing molar ratio of methanol to surfactant (wo=[MeOH]/[AOT]), whereas the fluorescence lifetime of DDPT
in bulk methanol is 75 ps. The non-radiative rate constants of DDPT in the droplets are decreased by a factor of 40,
resulting in a remarkable enhancement in quantum yields, indicating that internal motions of DDPT in the droplets are
significantly reduced due to strong electrostatic interactions between the positively charged DDPT and the negatively
charged sulfonate head-groups of AOT and the spatial confinement induced by the reverse micellar structure.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction have been recently of interest [1,2]. Reverse

micellar systems consisting of nanometer-sized

Utilization of surfactant aggregation in non-
aqueous polar solvents, such as ethylene glycol,
glycerol, formamide, acetonitrile and methanol,
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droplets of non-aqueous polar solvents, dispersed
in an oil-continuous phase have potential as novel
reaction media. Although, to date, there have been
very few reactions studied in these solvent
combinations, there are reports on structural
studies performed on sodium dodecyl sulphate
(SDS)/formamide/hexanol/alkane [3] and pentaki-
s(ethylene glycol)dodecyl ether/glycerol/alkane
systems [4,5]. Glycerol and water were shown to
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behave in a very similar manner when dispersed in
alkane solvents, when aerosol-OT (AOT, see
chemical structure in Fig. 1) or cetyltrimethylam-
monium bromide (CTAB) is used as surfactants
[6,7]. AOT- or CTAB-stabilized glycerol-in-oil
microemulsions were reported to exhibit metal
ion/ligand complexation reactions [§8]. The AOT/
formaldehyde (with added NaBr)/styrene system
has been used for studies of polymerization
processes [9].

Solvation dynamics of water and non-aqueous
polar solvents in reverse micelles were demon-
strated to depend on the molar ratio of solvent to
surfactant [2,10-15]. Shirota and Horie reported
that the solvation dynamics were retarded by up to
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Fig. 1. Chemical structures of DDPT and AOT and a
schematic drawing for reverse micelle structure.

four orders of magnitude because of the presence
of hydrogen-bonding network in reverse micelles
[10]. Tt was proposed that the absence of the
hydrogen-bonding network for the non-aqueous
solvents such as acetonitrile in reverse micelles
causes a weaker interaction between the solvent
molecules [10].

Photophysical properties of some cyanine dyes
have also been investigated in reverse micelles
[16,17]. The slower rate of photoisomerisation of a
diethyloxacarbocyanine in reverse micelle was
proposed to arise from electrostatic interactions
between the dye and head group of the surfactant
[16]. The position of the dye was thought to be the
interface region of the reverse micelles [16]. A
meso-substituted cyanine dye structurally similar
to DDPT (Fig. 1 for its chemical structure) was
employed for the investigation of the isomerization
and aggregation in normal and reverse micellar
environment [17]. The incorporation of the dye
into the micelles resulted in formation of the trans-
isomer, whereas the cis-isomer predominantly
existed in bulk water [17]. In reverse micelles the
dye forms J-aggregates when water- to- surfactant
molar ratio is bigger than five, and only in the
presence of an ionic surfactant such as AOT. On
the other hand, the optical rate constants of
rhodamine dyes in reverse micelles were
proved to depend on the refractive index of the
surrounding environment [18,19]. Gacoin et al.
proposed that reverse micelles could be an
accurate system for measuring quantum efficien-
cies [18,19].

The methanol-in-oil (m/o) dispersions were
prepared using wy = 2, 4 and 6, where w, is the
molar ratio of dispersed methanol to surfactant
(wo=[MeOH]/[AOT]) [10,12-13]. In the case of
water-in oil microemulsions, w, values can be
incorporated into an empirical formula to deter-
mine the radii of dispersed water droplets in oil
[20]. The radius is known to increase with
increasing wy values. There is, however, no
empirical formula to support the systematic
increase of droplet sizes in the case of methanol
dispersions. The radii of the AOQOT-stabilized
methanol droplets in n-heptane for wy = 2, 4 and
6 were measured by dynamic light-scattering
methods and reported to be 1.3, 1.2, and 1.5nm,
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respectively [10]. This demonstrates a slight
increase in the droplet size as w, value increases.

The core of a dispersed droplet (the methanol
pool) and the interfacial region, which is highly
charged due to the anionic head-groups of the
AOT molecules, and the counter ions in the Stern
layer are shown in Fig. 1c. Therefore, it is expected
that the positively charged DDPT should be
located at the interfacial region due to presence
of anionic head-groups of AOT.

The investigation reported in this paper was to
characterize the photophysical properties of
DDPT in methanol-in-oil (m/o) reverse micelles
as a reference system, and to understand better
spectroscopy and dynamics of cyanines in reverse
micelles. The focus was on DDPT because it has
recently been demonstrated that the fluorescence
of DDPT within the J-aggregates in homogeneous
aqueous solutions (bulk) was enhanced by 62 times
[21]. The nature of the enhancement is due to the
aggregation of DDPT responding collectively to
the external optical field [21-23].

The photophysical characterization included
absorption, steady-state fluorescence spectro-
scopy, and fluorescence anisotropy and fluores-
cence lifetime measurements of DDPT in
methanol droplets dispersed in n-heptane in the
presence of doubly chained anionic surfactant
AOT, and in bulk solvents such as methanol
(MeOH), ethylene glycol (EG) and glycerol
(GLY). Relative fluorescence efficiencies of DDPT
in reverse micelles increased by a factor of 17 in
comparison with bulk methanol. The fluorescence
lifetimes in m/o reverse micellar systems increased
with increasing wy values. The non-radiative
optical transition rates of DDPT were significantly
smaller in the dispersed droplets compared with
bulk methanol indicating that the degrees of
freedom of DDPT were reduced due to spatial
and electrostatic confinement within methanol
droplets.

2. Experimental
Aerosol-OT, bis(2-ethylhexyl) sodium sulfosuc-

cinate, was purchased from Sigma-Aldrich and
used without further purification. Methanol,

glycerol and ethylene glycol (all spectrophoto-
metric grade) and n-heptane (>99% pure) were
obtained from Merck. DDPT was purchased from
the Japanese Research Institute for Photosensitiz-
ing Dyes, Ltd. (Okayama, Japan) and used as
received.

DDPT was dissolved in pure methanol to
prepare a 1.25 mM stock solution. An appropriate
aliquot of DDPT-containing solution was added
to an AOT solution in n-heptane. The resulting
dispersion was a clear mixture. The wq values of
the dispersions were varied between 2 and 6. In all
cases, the AOT concentration was kept constant at
0.1 M. Solutions prepared with wy = 8 were found
to be unstable, and phase separated immediately
after mixing.

All measurements were conducted at room
temperature. Absorption spectra were recorded
using a Cary SE UV-Vis/NIR spectrophotometer.
Steady-state fluorescence spectra were acquired
using a SPEX Fluorolog-t2 spectrofluorimeter.
The fluorescence quantum yields were determined
relative to rhodamine 6G in ethanol (@ = 0.95) as
the reference. Absorbance values, less than 0.1
with 1 cm cell, for the reference and sample were
matched. Right-angle geometry was used. The
corrections required for wavelength response of
the emission monochromator—photomultiplier
combination were made with correction factors
supplied by the vendor (SPEX). The slit widths for
the excitation and emission monochromators were
set to 0.5mm (an optical resolution of 2nm).

Steady-state fluorescence anisotropy measure-
ments were carried out by using a spectrometer
system consisting of a 1-meter Jobin-Yvon U1000
double monochromator equipped with GaAs
photomultiplier and photon-counting electronics.
An argon-ion laser at 514.5nm with a power of
25mW on the sample was the excitation source. A
Glann—Thompson prism was used to rotate the
state of polarisation of the laser. A polariser in
front of the input slit of the Jobin-Yvon U1000
spectrometer was used to analyse polarisation of
the emission from the sample.

Fluorescence lifetime measurements were con-
ducted by a Hamamatsu fluorescence life-
time measurement system consisting of a
streak camera (Model C4334) optically coupled
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charge-coupled-device (CCD) array detector and a
Chromex 250i imaging spectrometer. The ultimate
time-resolution using Hamamatsu U4290 fluores-
cence analysis software was estimated to be
slightly better than 10ps [21-23]. The excitation
light source for the lifetime measurements was a
Spectra-Physics all solid-state picosecond laser
system: optical parametric amplifier (OPA)
pumped by Ti:S Spitfire laser that is seeded by a
Tsunami laser. The samples were excited at 520
and 575nm with pulses of 1.5ps duration at the
repetition rate of 1kHz. The intensity of the
incident radiation was adjusted through the use of
calibrated neutral density filters, ensuring that
maximum of 10'photons/cm? reached to the
samples. Fluorescence from the samples was
collected at right-angle and/or front-surface geo-
metry using a 0.3 mm single optical fiber.

3. Results and discussion

Fig. 2 shows the absorption spectra of DDPT in
bulk methanol and in the m/o reverse micelles
stabilized by AOT. The absorption spectrum of
DDPT in neat methanol exhibits a band at 566 nm
and a shoulder at 528 nm, which are attributed to
the 0«0 and 1«0 vibronic transitions, respec-
tively. The maximum of absorption band of
DDPT in the methanol droplets is shifted to
573 nm. The shift of about 210cm ™" suggests that
the dye molecules are now located in a more polar
environment. The band shape and maxima of the
absorption spectra remain unchanged regardless
of the size of the dispersed droplets. However, the
successive raise of the absorbance with increasing
wq is due to the higher concentration of DDPT in
the reverse micelles.

Fluorescence spectrum of DDPT in bulk
methanol shows a band maximum at 578 nm (see
Fig. 3). The band maxima of the fluorescence
spectra of DDPT in the reverse micelles are shifted
to lower energy and located at 585nm for all wy
values. The amount of 210cm™" shift in fluores-
cence does not change with wq, values. The
immediate micro-environment around DDPT is
not affected by the molar ratio of the dispersed
methanol to AOT. Invariant Stokes shift manifests

0.8
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— bulk MeOH
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Fig. 2. Absorption spectra of DDPT in m/o reverse micelles
and bulk methanol. The inserted annotation provides informa-
tion for the molar ratio of methanol to AOT. The absorbance
values for bulk methanol and wy = 6 solutions are matched
for comparison. [AOT]=0.1M; wy =2, 4 and 6. [DDPT]=
1.25mM.

that the ground and fluorescent state of DDPT in
the droplets should be very similar.

The findings, invariance band-shape and -max-
ima of the absorption and fluorescence spectra
with the size of methanol droplets, point out that
the micro-environment around DDPT remains
same as the droplet size increases. DDPT has no
solubility in the n-alkane phase of m/o reverse
micellar systems. It is therefore reasonable to
assume that DDPT in methanol is incorporated
within the methanol droplet. Considering the
cationic nature of DDPT, it is very likely that
DDPT could be attracted to the anionic sulfonate
head-groups of AOT [16]. This interaction should
introduce electrostatic confinement in addition to
spatial confinement provided by the reverse
micellar structure. As a result of the electrostatic
interactions, higher activation energy for the
solvation processes would be expected [2]. The
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Fig. 3. Fluorescence spectra of DDPT in m/o reverse micelles
and bulk methanol. Scale factor as tagged to the band for bulk
methanol. [AOT]=0.1 M; wy = 2, 4 and 6. [DDPT]=1.25mM.

internal motions, for example rotations and
vibrations, would be restricted due to electrostatic
and spatial confinements leading to slower transi-
tions between the excited states and the ground
state.

The photodynamics of DDPT in reverse micelles
was investigated to shed light on the photophysical
processes. The fluorescence quantum vyields of
DDPT in the reverse micelles are increased by a
factor of 17 compared with that of bulk methanol.
This enhancement should arise from the retarda-
tion of the non-radiative processes which include
internal conversions, intersystem crossings and
photoisomerisation. Intersystem crossing, triplet
formation and related deactivation channels of the
first excited singlet state, i.e. the fluorescent state
of cyanines are not very effective and have very
low quantum yields [24-32]. Photoisomerisation
and internal conversions leading to picosecond
fluorescence lifetimes are considered as the main
non-radiative deactivation pathways for cyanines

[31,32]. Krieg et al. investigated effects of structur-
al modifications on photophysical properties of
thiacarbocyanine dyes in neat solvents and lipo-
somes [33,34]. They concluded that the meso-
substitution of thiacarbocyanine dyes significantly
reduces photoisomerisation rate; however, it dras-
tically enhances internal conversions which be-
come the main non-radiative deactivation pathway
of the first excited singlet state. Therefore, the
internal conversions may be considered as the
main non-radiative process.

Fluorescence decay curves of DDPT in m/o
reverse micelles and in bulk methanol are depicted
in Fig. 4. The fluorescence lifetimes in the
methanol droplets vary between 1.5 and 2.2ns as
a function of wy,. However, the lifetime in bulk
methanol is 75ps. The fluorescence lifetimes in
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Fig. 4. Fluorescence decay curves of DDPT in m/o reverse
micelles and bulk methanol. The inserted annotation provides
information for the molar ratio of methanol to AOT. The solid
line represents the instrument response function (IRF) of the
lifetime measurement set-up. The decay curves of the dye in
reverse micelles are fitted to a single exponential function. The
results are tabulated in Table 1.
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Table 1

Photophysical parameters of DDPT in m/o reverse micelles and bulk solvents

W Thuo(nS) Priuo ke x 107 ke x 107 ke ke k™ ek Kl Ky r

2 1.52 (1.3) 0.25 0.17 0.49 1.2 27 3 0.10
4 1.68 (1.3) 0.25 0.15 0.45 1.4 29 3 0.09
6 221 (1.2) 0.25 0.11 0.34 1.8 39 3 0.11
MeOH 0.075 (0.8) 0.015 0.20 13.10 — — 65 0.06
EG 0.55(1.2) 0.066 0.12 1.70 — — 14 —
GLY 2.04 (0.8) 0.105 0.05 0.45 — — 9 —

The values in parentheses in the lifetime column are the z° values. The error in the rate constants are less than 2%. The error in the

measurement of quantum yields is smaller that 0.1%.
r: anisotropy. rv: reverse micelle.

ethylene glycol (EG) and glycerol (GLY) are also
measured, changing from 0.55 to 2.0ns (Table 1).
The lifetimes are single exponential both in the
reverse micelles and in the bulk solvents.
Fluorescence lifetime and quantum yield are
related to the radiative (k;) and non-radiative (k)
rate constants by the photophysical equations:

kr = (Df/‘[f, (1)

(@)

where 7y and ¢; are, respectively, fluorescence
lifetime and quantum yield. The radiative and
non-radiative rate constants are tabulated in Table
1. The rate constants of DDPT in the dispersed
methanol are smaller compared with the bulk
methanol and decrease with increase in the molar
ratio of methanol to AOT. The change in the
magnitude of the non-radiative rate constant is
much greater compared with the radiative rate
constants (Table 1). The substantial reduction in
the non-radiative rate constant can be understood
when the nature of transition is considered.
Internal conversion was determined as the origin
of non-radiative transitions for meso-substituted
thiacarbocyanines [33,34]. Molecular rigidity, ster-
ic hindrance and bulk solvent properties such as
viscosity and polarity can control the rate of
internal conversion. Since steric hindrance leading
to photoisomerisation is inhibited upon meso-
substitution, the solvent effects should determine
the rate of non-radiative transitions considering
the molecular rigidity that is ensured by the spatial
confinement provided by the reverse micelle

knr = 1/‘Ef —kr.

structure. Shirota and Horie measured the solva-
tion dynamics of methanol in reverse micelle and
reported that the average solvation times were
significantly reduced to nanoseconds in compar-
ison to bulk methanol [10]. The slower solvation
dynamics of methanol in reverse micelles is
explained by the formation of hydrogen-bonding
network between methanol molecules in restricted
environment [2,10]. Methanol molecules which are
oriented by the negatively charged head-groups
strongly interact with other molecules located in
the core of the reverse micelle [2,10].

Our calculations show that the ratio of radiative
to non-radiative rates (k,./k,) remains constant
with increasing wy, the molar ratio of methanol to
AOT. To understand better the contribution of
solvent effects to photodynamics of DDPT in
reverse micelles, the rate constants of DDPT in
bulk solvents were calculated. The radiative rate
constants in bulk EG and AOT-stabilized m/o
reverse micelles have similar magnitudes. On the
other hand, the non-radiative rate constants in
bulk GLY and the reverse micelles are compar-
able. The ratio k,./k. (Table 1) in bulk solvents is
changed from 65 to 9 with increased solvent
viscosity. The reduction in the ratio, which is
mainly due to a decrease in the non-radiative rate
constant, indicates the role of viscosity. It is worth
noting that the similar magnitude of the non-
radiative rate constants of DDPT in bulk glycerol
and in reverse micelles. It points out that the non-
radiative processes could be similar in both
environments. Furthermore, the radiative rate
constants in the reverse micelles are 2-3 times
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higher compared to the bulk glycerol. Therefore,
viscosity alone does not explain the observed
enhancement in the fluorescence intensity. Addi-
tionally, the radiative rate constant should be
independent of viscosity. The ratio k,/k, is further
lowered three-fold in the reverse micelles com-
pared to bulk glycerol, resulting in an overall
reduction by a factor of twenty-two. As a result,
the nature of the additional reduction in the ratio
is due to stronger electrostatic interaction arising
from the positively charged DDPT and the
negatively charged sulfonate in the interface
region, and the spatial confinement of the droplet
that is reported to be less than 2nm [10]. The
electrostatic interactions are supposed to put more
restrictions on DDPT motions in the reverse
micelles.

To estimate the location of DDPT in the reverse
micelles, we measured steady-state fluorescence
anisotropy of DDPT as a function of wqy [35].
Table 1 summarizes steady-state fluorescence
anisotropy values, r, in the bulk methanol and in
the reverse micelles. The anisotropy value was
raised to 0.10 in the reverse micelles compared to
0.06 in the bulk; and remains invariable with w,.
Therefore, DDPT should be partitioned in the
interface region of reverse micelles because the
orientational polarizability of methanol in
the interface region could be higher due to the
presence of ionic species in the Stern layer
compared to the methanol pool in the core of
reverse micelles. The constant anisotropy value is
consistent with the spectroscopic findings: no shift
in the spectral maxima with wy values. However,
an increase in the anisotropy in reverse micelles
does not imply any orientation of DDPT or the
reverse micelles which freely floats in the solution.

4. Conclusion

The photophysical properties of DDPT in
methanol-in-oil (m/o) reverse micellar systems at
room temperature were characterized. The fluor-
escence lifetimes and the quantum yields are
increased in reverse micelles compared to bulk
methanol. It is demonstrated that the non-radia-
tive rate constant is controlled by the molar ratio

of methanol to AOT. The ratio (k,/k.) 1is
substantially reduced as a result of the micro-
environment in reverse micelles. It is concluded
that the molecular motion of DDPT in the reverse
micelles is more restricted as a result of the
electrostatic and spatial confinement introduced
by the reverse micellar structure. The electrostatic
confinement arises from the interactions between
the positively charged DDPT and the negatively
charged AOT head-groups at the interfacial region
of the dispersed droplets. The spatial confinement
originates from nanometer size of the reverse
micellar structure. These results clearly demon-
strate that the reverse micelles could be a
nanoscale supramolecular host to prepare light
emitting materials with controlled optical rates.
Recently, Sapp and Elliott demonstrated the
utilization of polymer encapsulated reverse mi-
celles as solid-state material for incorporating
photosensitive dyes [36]. Ability to control spon-
taneous emission is important because of potential
technological applications such as light emitting
diodes with high brightness and stability and lasers
with lower thresholds to initiate lasing.

Photophysical characterization of DDPT in
non-aqueous (such as ethylene glycol and glycerol)
and in aqueous reverse micellar systems, and the
utilization of reverse micellar system for J-aggre-
gate formation are underway.
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