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Intramolecular Charge Transfer Processes in Confined Systems. Nile Red in Reverse
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Intramolecular charge transfer (ICT) processes of the neutral fluorescence probe, nile red, I, confined in the
water pool of aerosol-OT (AOT) reverse micelle mheptane, is studied using picosecond emission
spectroscopy. Utilizing the solvatochromism of nile red, only those probe molecules inside the reverse micelle
are selectively excited. It is observed that while in aqueous solutions the lifetjjraf file red is 650 ps,

inside the reverse micelles increases to 3.73 ns in reverse micelle and to 2.06 ns at the highest water
content of the microemulsiomy, = 32). With increase in the water-to-surfactant ratig, as the water pool

swells in size, the lifetime and quantum yield of emission decrease and the rate of the ICT process of nile red
increases. However, the magnitude of the change (at most 8 times) in the rate of the ICT process of nile red
compared to that of ordinary water is much smaller than the several thousandfold decrease observed in the
solvation dynamics of water in the water pool relative to bulk water. It is proposed that while the solvation
dynamics in the water pool is governed by the dielectric relaxation time, dynamics of the ICT process is
controlled by the static polarity of the medium.

1. Introduction The so-called reverse micelles formed by surfactant molecules
in hydrocarbon solvents with their polar headgroups pointing
inward are simple yet interesting models of biological mem-
branes and the water molecules confined in biological sys-
d tems2b:5.62.01416 |n hydrocarbon solvents the surfactant aerosol-
OT (sodium bis(2-ethylhexyl) sulfosuccinate, AOT) forms

The water molecules bound to different biological and
organized assemblies play a crucial role in many natural
processes. The interplay between the watester and the
water—organic interactions control the structure, function, an
dynamics of many biological systems such as proteins, biomem- . . .
branes, vesicles, etc. Since most natural processes occur in suc verse mlcelles at concentratlons abosv % 1 mM W.'t.h average
confined or organized systems, in recent years several new2dgregation number 20 and radius 18 A On addition of
experimentdi~’ and theoretical techniqu&s® have been used water to a solution of AOT in hydrocarbon solvents, a
to study such systems. Several groups have used surface Secor{amroemulsmn is formed which is basically a nanometer sized
harmonic and surface sum frequency generatond picosecond water droplet surrour_lded by a layer of the surfa_ctant molecule.
total internal reflection spectroscotp study the structure and N n-heptane the radius{) of such a water pool is aboung
the dynamics at various interfaces. The time-resolved Stokes(in @ngstroms) wherey, is the number ratio of the water to the
shift has also been used by several other groups to studySurfactant molecule¥? In such a water pool the water
solvation dynamics in various organized assemblies such asMolecules at the peripheries of the pool are strongly held by
cyclodextrinst82 reverse micelle§f2b and micelle$® The the polar or ionic headgroups of the surfactants and are thus
results of the dynamic Stokes shift studies indicate that while ‘Pound”, while those at the center of the pool are relatively
ordinary water molecules relax in the subpicosecond time scale, free”. The amount of free and bound water molecules present
inside these Organized assemblies the solvation dynamicsin such a microemulsion has been estimated and tabulated by
becomes several thousand times slower and occurs in themany workerg>15 Recently, Bright et a.and our grouf?®
nanosecond time scale. This observation is consistent with theSeparately reported that in such a water pool of a microemulsion
dielectric relaxation and the pulsed NMR studiehese studies ~ the solvent relaxation times are-20 ns, which is several
demonstrate that while dielectric relaxation time of water is thousand times slower than the subpicosecond relaxation time
about 10 ps, in aqueous proteins the dielectric relaxation is in ordinary water reported by Fleming et‘alRobinson et a#°
almost universally bimodal with one component of about 10 ps Studied 1-anilino-8-naphthalenesulfonate (ANS) in AOT reverse
and a 1000-fold slower component of 10 ns. This suggests thatmicelles and reported that while the lifetime of ANS is 280 ps
the water molecules bound to biological and organized as- in ordinary water, in the reverse micelles it increases markedly,
semblies are much slower than ordinary water. The early and from the biexponential decays the average lifetinié=
workers proposed that in such systems there are two kinds ofaizy + a1 is estimated to be as large as 3.6 nsvat= 4. It
water molecules, “bound” and “free”, relaxing in the nano- and may be recalled that a nanosecond component in the fluores-
picosecond time scale, respectivéijHowever, a more recent  cence decay of ANS is also observed at the heptaraer
model envisages an equilibrium between the bound and the freeinterface using picosecond total internal reflection spectroscopy
water in biological systems which results in the bimodal by Bessho et a2

dielectric relaxatior$? In the present work we report on the intramolecular charge

. . . . transfer process in nile red in AOT reverse micelles. Nile red,
286§°rreSP°”d'”9 author. e-mail: pckb@iacs.eret.in; Fax: (91)-33-473- g neytral molecule, has recently been shown to be an excellent
"Dedicated to Professor M. V. George on his 70th birthday. fluorescence probe for biological systetisWe have shown
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nentially with the polarity paramet&r(30) of the medium and a
have assigned this nonradiative process to the polarity-dependent

twisted intramolecular charge transfer (ICT) prockss. The

main advantage of nile red as a probe for such systems is the 06}
fact that the absorption maximum of nile red strongly depends

on the polarity of the mediuma2>, of the lowest energy band

of nile red shifts from 510 nm in-heptane to 550 nm in water.

Thus, atl > 540 nm, while nile red in hydrocarbon medium

absorbs negligibly, those in the polar region absorb quite

strongly. Thus, as we will show in the following sections, in a

microemulsion at > 540 nm one can selectively excite and 04
study only those nile red molecules that are encapsulated in

the polar water pool of the reverse micelles, without affecting

the nile red molecules abundant in the buliheptane. Our g
intention is to see how the several thousand times slower water g
molecules present in such a water pool affect the ICT process a
of nile red (). °
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Nile red (Aldrich) was purified by thin-layer chromatography
using spectroscopy grade chloroform as eluent. Purification and b 02
drying of sodium bis(2-ethylhexyl) sulfosuccinate (AOT, Ald-
rich) is described elsewhef@l5® To nile red dissolved in
freshly distilled n-heptane was added solid AOT. Then a
requisite amount of water was added using a microliter syringe.
An aqueous solution of nile red was prepared following the
reported procedur®¥. Wolff et al. reported that in aqueous
solution nile red decomposes with a half-life 820 min10
Thus, all measurements for nile red in water were done within
15 min after making the solution. Still a reasonably good
quantum yield ¢r) value in agueous solution is obtained as the
calculateder(30) value of water in this work is 61.3, which is
close to the reporte&r(30) of water (63.6}° In the reverse
micelle and microemulsions, however, nile red was found to
be stable for many hours. Fgr measurements as standard we
used Rhodamine 6G in methafftfior excitation at 490 nm and
nile red in methandt for excitation at 546-570 nm. For
lifetime measurements the sample was excited with the funda- ER
mental of a cavity dumped synchronously pumped Rhodamine L ("')——-’3;
6G dye laser (Coherent 702) pumped by a CW mode-locked "’
Nd:YAG laser (Coherent Antares 76S). The fluorescence was
detected at magic angle polarization by a Hamamatsu MCP
photomultiplier (2809U¥" The time resolution of this setup is
~100 ps. Steady-state absorption and emission spectra were
recorded on a JASCO 7850 spectrophotometer and a Perkin- -02 AT W R
Elmer MPF 44B spectrofluorimeter, respectively. 350 500 700
Wavelength (nm)

Absorbance

3. Results and Discussion Figure 1. (@) Absorption spectrum of nile red in (i)-heptane alone
3.1. Steady-State Absorption Spectra.ln n-heptane nile (—), (ii) 0.09 M AQT in n-heptanew, = 0 (~ - —), and (iii) 0.09 M
red exhibits two prominent absorption peaks in the visible region A(ST in rt:heftanewsh:t r132t ("f')(:)(b)IlefeéenCﬁ srt)ectra btﬁthtfe:g_'rle

i H HP : red In n-neptane wi at ofr (1) nile red In-heptane withou

at 510 and 490 nm _(I_:lgure 1a) with negligible absorption above (), (i) nile red in 0.09 M AOTwe = 0 (— - —). and (ii) nile red in
540 nm. On addition of 0.09 M AOT tar-heptane, the _

) . . 0.09 M AOT,w, = 32 (-++).
absorbance of nile red at> 520 nm increases and that in the
490-500 nm region decreases (Figure 1a). The difference the difference spectrum is assigned to those nile red molecules
spectrum (Figure 1b) between nile redrisheptane with 0.09 inside the reverse micelles while the trough in the 4800
M AOT and the same without AOT exhibits a distinct peak at nm region corresponds to depletion of nile red in bulkeptane
533 nm and a trough at around 490 nm. The 533 nm peak in due to the migration of nile red molecules from bukkeptane
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a nile red molecules that are inside the reverse micelles absorb
and since the 580 nm emission band is absent in the emission
spectrum of nile red im-heptane without AOT, this peak is
assigned to those nile red molecules inside the reverse micelle
of AOT. On addition of water to the 0.09 M AOT solution,
for excitation in the 496500 nm region a further decrease in
the intensity of the emission peaks at 538 and 568 nm is noticed.
Excitation of the nile red solution in AOT/heptane in the
presence of water at wavelengths between 540 and 570 nm
results in a single broad emission band with maximum at around
625 nm atw, = 4 which gradually red shifts to 640 nm at,

= 16 (Figure 2b). The 640 nm emission band, which is very
much red-shifted from that of nile red mheptane without AOT

and also from that of nile red in 0.09 M AOT solution, is
obviously assigned to the water pool of the microemulsion. The
¢r, Aon, and radiative k) and nonradiative ratesd) of nile

red in AOT—n-heptane microemulsion and also those in water
are summarized in Table 1.

3.3. Time-Resolved Studies.In the time-resolved studies
the samples were excited at 570 nm to excite selectively only
those nile red molecules inside the reverse micellar aggregates.
In aqueous solution nile red exhibits a single-exponential decay

T T T 1 with lifetime 650 ps (Figure 3a). In reverse micelles, however,
500 600 720 the decay of nile red becomes much longer and multiexponential
WAVELENGTH (nm) (Figure 3b). Obviously extracting meaningful rate constants
in such a heterogeneous system is difficult. Robinson et al.
(i pointed out that if the diffusion coefficienD] of the probe in
the water pool is the same as that of an aromatic molecule in
ordinary water (0.05 Aps1), the probe molecule moves about
10 A/ns in a direction normal to the surfacg2(l= 2D[[).2
Thus, the probe, nile red, molecules pass through several water
layers within the observed lifetime of a few nanoseconds.
Evidently the multiexponential decay originates from the
different polarity regions experienced by the probe molecule
within its lifetime. If the diffusion coefficient inside the water
pool is slower by 1 order of magnitude compared to that of
ordinary aqueous solution, every nile red molecule would be
more or less confined to one layer of water molecules.
. - - However, even then there is the possibility of different nile red
550 600 650 700 750 molecules in different polarity regions being excited simulta-
WAVELENGTH (nm) neously. That superposition of many such decays of slightly
Figure 2. (a) Emission spectra of nile rede, = 490 nm, in (i) nile different lifetimes looks like a biexponential decay is discussed

red in n-heptane without AOT, (ii) nile red in 0.09 M AOW, = 0, by many workerg®17 Instead of placing too much emphasis
and (iii) nile red in 0.09 M AOTw, = 32. (b) Emission spectra of

(i)
(ii)

iii)

FL. [NTENSITY (ard. unit)

=2

FL. INTENSITY (arb. unit)

nile red,Aex = 550 nm, in (i) nile red im-heptane without AOT, (ii) o_n the ma_lgnltude of individual deqay constants in such
nile red in 0.09 M AOT o, = 0, (iil) Wo = 4, (iv) Wo = 8, (V) Wo = t_)|e>_<ponent|al_decays, we have conS|der_ed only the average
16, and (vi)w, = 32. lifetime [@defined byajt; + ayt,. The data in Table 2 indicate

that with increase in the water content the average lifetime of

to the interior of the reverse micelles. On addition of water to nile red in the microemulsion decreases from 3.73 nsoat

the 0.09 M AOT solution im-heptane the absorbance/at 0 to 2.06 ns aw, = 32. From the observed: and z; the
520 nm increases further (Figure 1a), and the peak in the nonradiative rate constant, are obtained as explained
difference spectrum, due to the nile red molecules in the water €lsewheré* We had shown earlier that k) of nile red is a
pool, becomes more prominent and shifts toward the red to 540linear function ofEr(30) of the mediunt* Using thek. values
nm (Figure 1b). of nile red in the present work and the fitting parameters for

3.2. Steady-State Emission Spectra.In n-heptane on  the data ofky and Er(30) in ref 11, theEr(30) of the
excitation at around 500 nm nile red exhibits intense emission Microemulsions is estimated. The data are tabulated in Table
(quantum yieldgr = 0.48) with two emission peaks at 538 and 1. It is readily seen that th&r(30) of the microemulsions
568 nm and a shoulder at 620 nm (Figure 2a). However, when obtained in this way is close to those reported in the literdftre.
nile red inn-heptane is excited at wavelengths greater than 540 The results of the time-resolved studies indicate that while
nm, negligible emission is observed (Figure 2b). On addition the solvation dynamics slows down several thousand times
of 0.09 M AOT to then-heptane solution of nile red for inside the reverse micellé$2P the dynamics of the ICT
excitation in the 496500 nm region, the intensity of the processes of nile red (i.ek,) is slowed by at most 8 times
emission peak at 538 nm decreases while the intensity at theinside the water pool (at, = 4) compared to that of ordinary
red end increases (Figure 2a). When excited at 540 nm, bulk water. The interior of the water pools differs in two ways
nile red in 0.09 M AOT im-heptane displays a distinct emission from ordinary bulk watef?2 First, the dielectric relaxation time
peak at 580 nm (Figure 2b). Since/at- 540 nm only those (zp) indicates a bimodal behavior with one component of 10
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TABLE 1: Emission Characteristics of Nile Red in 0.09 M AOT in n-Heptane

medium rw (A) A2 (nm) Apanm) o #(ns) k(sh) x 1078 Ko (571 x 1078 Er(30)p

W, =0 533 580 0.53 3.73 1.42 1.26 49.7
Wo =4 8 540 625 0.32 3.62 0.88 1.88 51.6
Wo=8 16 540 635 0.29 3.09 0.93 2.30 52.5
Wo= 16 32 540 640 0.23 2.50 0.93 3.06 53.8
Wo= 32 64 540 640 0.21 2.06 1.02 3.83 54.9
water 550 665 0.018 0.65 0.28 15.11 61.3

a Obtained from the difference spectra in the case of reverse micezdculated using the fitting parameters ofkg vs Er(30) of the data
in Table 1 of ref 11.

a dramatic slowing down of the solvation dynamics inside the
water pool corresponds to the 1.6 ns solvation time inside the
water pool and is due to the 1000-fold decrease in the dielectric
relaxation time of water in organized medfe.

The ICT process is, however, governed by the static polarity
of the medium as discussed by Eisenthal é€aln this case
the solvent affects the dynamics of the ICT process by
modifying the activation barrier for the ICT process due to the
differential stabilization of the “nonpolar” reactant and the polar
product (TICT) state or more precisely due to the differential

e _ stabilization of the reactant and the transition state (f$).
TIME (ns) Since during the twisted ICT process the nile red molecule goes
from a nearly nonpolar state to a highly polar product, the TS
b is more polar than the reactant. The preferential solvation of
~ the more polar TS compared to the reactant causes a decrease

in the activation barrier of the twisted ICT process with rise in
polarity of the mediuni213 The retardation of the ICT process
of nile red inside the water pool is, thus, ascribed to the lower
static polarity of the water pool compared to that of bulk water.

COUNTS

£l o

th — 2 C OO0

4. Conclusions

The present work demonstrates that the dynamics of the ICT
process of nile red inside the water pool of A@Heptane
microemulsions are slower by a factor of 8 at = 4

T IME(RS) (corresponds to,, = 8 A) and by a factor of 4 atv, = 32 (rw

Figure 3. (a) Decay of nile red in waterigx = 570 nm,dem = 660 = 64 A) Compar(_ed to _that in bulk water. Th? retard_ation of
nm). The peak near time zero denotes system respéjsBecay of the ICT process is attributed to the lower static polarity of the
nile red in 0.09 M AOT inn-heptane: (iw, = 0, (ii) w, = 8, and (iii) water pool compared to that of bulk water. While the dielectric
W, = 32. The peak near time zero denotes system response. relaxation behavior of the water molecules in such systems

L ) ) reveals a component 1000 times slower compared to that of
TABLE 2: Decay Characteristics of Nile Red in 0.09 M AOT bulk water, the static dielectric constant decreases only about 2
in n-Heptane at 630 nm ! : . s .
times. Since the 2-fold decrease in the static dielectric constant
corresponds to a small decreaseEif{30) values from 63.6 in

Wo  rw(A) a 71 (NS) a 72(ns)  [@(ns)

0 0.10 0.36 0.90 411 3.73 bulk water to about 50 in reverse micelles and since the rate of
g 12 g-(ﬁ g-gé 8-253 g-% g-gg the ICT process decreases exponentially V&30), only a
16 3 o016 051 0.84 > 88 5 50 4—8-fold decrease in the rate of the ICT process is observed.
32 64 0.24 0.21 0.76 2.65 2.06
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