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Abstract

Picosecond time resolved and steady state emission spectroscopy were employed to study the dual emission phenomenon of 2-(2'-
hydroxyphenyl ) -benzimidazole (HPBI) in aerosol OT (AQT) reverse micelle in n-heptane. It is observed that the microenvironment inside
the water pool markedly affects the dual emission (normal and tautomer) of HPBI. While the normal emission is negligiblein n-heptane, on
addition of AOT and water its intensity increases gradually and reaches a moderate value ( ¢; =0.04) at a water-to-surfactant ratio, wy = 40.
The decay of the normal emission becomes faster with addition of water. The intensity and lifetime of the tautomer emission increase on
addition of AOT. Theincreasein theintensity of the normal emission with w, isascribed to the formation of the polyhydratesin which excited
state intramolecular proton transfer is blocked. The increase in the intensity of the tautomer emission in reverse micelles, compared with n-
heptane, is attributed to the reduction in the non-radiative rates. The polarity of the water pool inferred from both the emission parameters of

the normal, and the tautomer emission is less than that of ordinary bulk water. © 1997 Elsevier Science SA.
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1. Introduction

Water moleculesin organized and restricted environments
play acrucia role in many natural and biological processes.
Recently, several groups have studied the solvation dynamics
of the water molecules bound to cyclodextrins [ 1], reverse
micelles [2] and micelles [ 3]. The effect of water molecules
bound to organized assemblies on the intramolecular and
intermolecular proton transfer processes has also been the
subject of several recent studies [4-11]. Fleming et al.
showed that in aqueous medium the rate of intermolecular
proton transfer of protonated 1-aminopyrene increases con-
siderably on binding with B-cyclodextrin [4]. Warner et a.
studied the excited state intramolecular proton transfer
(ESIPT) phenomenon with 10-hydroxybenzoquinoline
(HBQ) incyclodextrinsand micellesusing steady state spec-
troscopy and found that the steady state yield of the tautomer
emission increases dlightly on binding to cyclodextrins and
micelles[5]. Sarkar et al. reported that compared withsimple
agueous solutions, in micelles the intensity and lifetime of
the tautomer emission of 2-(2'-hydroxyphenyl)-benzimida-
zole (HPBI) increase by a factor of nearly two while the
normal emission is suppressed, and that the emission para-
meters of HPBI are good monitors of the micellization proc-

* Corresponding author. E-mail: pckb@iacs.ernet.in

1010-6030/97/$17.00 © 1997 Elsevier Science SA. All rights reserved
PII S1010-6030(97)00152-4

HO

@
Scheme 1.
ess [11]. In the present study we wish to examine how the
reverse micelles affect the ESIPT process and the dual emis-
sion of HPBI.

The excited state intramolecular proton transfer (ESIPT)
phenomenon has generated considerable interest recently
because of its widespread implications [ 12—20]. The ESIPT
phenomenon of HPBI and rel ated molecules (Scheme 1) has,
in particular, been studied in great detail [ 17]. HPBI exhibits
dua emission, with a short wavelength (normal) emission
around 360 nm and an anomal ous Stokes shifted emission at
around 460 nm originating from a tautomer (11) formed in
the excited electronic state. The marked differences in the
tempora characteristics, excitation spectra and temperature
dependence of the two kinds of emission indicate that they
originate from two different ground state species [17]. The
tautomer emission originatesfromanintramol ecularly hydro-
gen-bonded rotamer | which on excitation undergoesultrafast
ESIPT to formthe phototautomer 11, from which thetautomer
emissionresults (Scheme 2). Sincethe ESIPT processisvery
fast ( <200 fs at ambient temperature) [13] the geometric
requirement for the ESIPT process is very stringent. The
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Scheme 2.

ESIPT process is markedly inhibited if the migrating
hydroxyl-proton is not hydrogen bonded to the terminus, i.e.
the N-atom of the imidazole ring (e.g. in rotamer 111 or the
intermolecularly hydrogen-bonded polyhydrate, 1V). In
protic solventsor on addition of avery small amount of water
to an aprotic solvent, the intramolecular hydrogen bond
between the migrating proton and the terminus is disrupted
and IV isformed. Recently several groups have studied how
the disruption of the intramolecular hydrogen bond affects
the ESIPT and aclosely related process, excited state double
proton transfer (ESDPT) phenomena [ 8,14,15,17]. Chou et
al. reported that in the case of 7-azaindole (7-Al) on gradual
addition of water to an aprotic solvent (ether or dioxane),
the intensity of the tautomer emission initially increases and
then decreases at very high water concentrations while the
intensity of the normal emission decreasesmonotonically on
addition of water [14]. They attributed the increase in the
tautomer emission at low water concentration to the solvent
mediated proton transfer in acyclically hydrogen bonded 1:1
monohydrate. The decrease in the intensity of the tautomer
emission at high water concentration is ascribed to the for-
mation of polyhydrates. In the case of HPBI we have earlier
demonstrated that on addition of water to dioxane the quan-
tum yield of the normal emission increasesfrom anegligible
value in dioxane to a moderately high value of 0.14 at 50%
water (v/v) and decreases at higher concentration of water,
and that the intensity of the tautomer emission increases
dlightly and then decreases at high water concentration [17].
The increase in the intensity of normal emission is ascribed
to the disruption of intramolecular hydrogen bonds and con-
sequently ESIPT. We have now decided to extend our earlier
work on the effect of microaddition of water to reverse
micelles where a considerable amount of water can be solu-
bilized inside a hydrocarbon solvent (e.g. n-heptane) using
surfactants.

Aerosol OT (AQOT) forms reverse micelles ig n-heptane
of aggregation number about 20 and radius 15 A [21-27].
On addition of water to these reverse micelles awater-in-ail

microemulsion is produced which refers to the nanometre
sized water droplets, called water pool, surrounded by alayer
of surfactant molecules (AOT, inthepresent case), dispersed
inthe non-polar organic solvent [ 21]. Inn-heptanetheradius
of the water pool isroughly 2w, (A) where w, istheratio of
the number of water molecules to the number of surfactant
(AOT) molecules [22]. Thus with rise in wq froom 81040
the radius of the water pool r,, increases from 16 A to 80 A.
Recent studies on the structure and dynamics of the reverse
micelles indicate that for small water pools (wy<10) the
water moleculesareheld very tightly by the polar head groups
of the surfactant while for large pools (we>30) the water
molecules, particularly those at the centre, arerelatively free
[2,7-9,21-27]. The water molecules in the water pool are
highly structured, less mobile and have a polarity less than
that of ordinary bulk water and are thus quite similar to those
bound to biological systems. Though many photophysical
processes have been studied in reverse micelles using time
resolved emission spectroscopy [ 2,8,23-25], thereisalmost
no study on ESIPT in reverse micelles. Only recently, a
closely related process ESDPT in 7-Al in reverse micelles
has been reported [8]. In the present work we have investi-
gated how the highly structured water molecules of the
reverse micelles affect the ESIPT phenomenon.

2. Experimental details

HPBI was synthesized and purified asdescribed previously
[28]. AOT (dioctyl sulphosuccinate, sodium salt, Fluka)
was purified following standard procedures [ 22] . n-Heptane
was freshly distilled. Absorption and emission spectra were
recorded in JASCO 7850 and Perkin—Elmer M PF 44B spec-
trophotometers respectively. All the excitation spectrawere
taken in ratio mode which corrects for lamp intensity varia-
tion. The quantum yields were determined with respect to
that of quinine sulphate in 1 N H,SO, as 0.55. The fluores-
cence decayswere recorded in a picosecond set-up described
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Fig. 1. (a) Absorption spectraof 3.3 10~ %M HPBI in n-heptane (

elsewhere [17]. The fluorescence lifetime data were decon-
voluted using aglobal lifetime analysis software (PTI) [29]
and the goodness of the fit was tested using x? and Durbin-
Watson parameters.

3. Results

Fig. 1(a) describes the absorption spectra of HPBI in n-
heptane with and without AOT and water. On addition of
AOT and subsequently water the absorption spectrum of
HPBI in n-heptane remains more or less unaffected except
for avery dight increase in the absorbance (Fig. 1(a) ). The
excitation spectra (Fig. 1(b)) of thenormal (at 360 nm) and
the tautomer emission (460 nm) in AOT in the presenceand
in the absence of water exhibit significant differences indi-
cating that they originate from different species, as observed
earlier in homogeneous solutions [ 17].

Unlike the absorption spectra, the emission spectrum of
HPBI changes considerably on addition of AOT and water
(Fig. 2 and Table 1). In pure n-heptane, in the absence of
AQOT and water, the emission spectrum of HPBI exhibits a
singlepeak at 465 nm corresponding to thetautomer emission
with negligible normal emissionat 360 nm (Fig. 2). Onaddi-
tionof 0.09 M AQOT thenormal emission becomesperceptible
with a peak at 360 nm with quantum yield ¢ =0.005. On
addition of water the quantum yield of the normal emission
increases to 0.012 at wy=8 (r, =16 A) and finaly to 0.04

270 30 M0 270
WAVELENGTH (nm)

T
310

), 0.09 M AOT reverse micelle, wo=0 (- - -) andwy=40 (- - -). (b) Excitation
spectraof 3.3X10°M HPBI in AOT reverse micelleat 360 nm (- - -) and 460 nm (

); (1) wo=0, (ii) wo=40.

at wo=40 (r,,~80 A). Thereafter no further increasein N
isnoted with arisein w, (Figs. 2 and 3).

The quantum yield of the tautomer emission ¢/ of HPBI
increases from 0.4 in n-heptane to 0.53 in 0.09 M AOT and
increases dlightly further on addition of water, to 0.55 at
wo = 8 attaining a maximum value of 0.6 at w,=40 (Figs. 2
and 3). Table 1 summarizes the emission characteristics of
HPBI in n-heptane-AOT—water solution, correcting the
quantum yields for the slight changes in the absorbance on
addition of AOT. Fig. 3 depictsthe variation of the quantum
yield of the normal and the tautomer emission of HPBI with
we. It should, however, be reiterated that at each wavelength
of excitation, several species (I, Il and 1V) absorb and it is
difficult, if not impossible to ascertain the fraction of light
absorbed by the different species. Thus the quantum yield
mentioned in the present work merely describes the relative
intensities of the normal and the tautomer emission bands
and their intensity variation on addition of AOT and water to
n-heptane.

Thetimeresolved studiesindicate (Fig. 4(a) and Table 1)
that for the normal emission at w,=0 the decay is biexpo-
nential with components 1.6 and 3.2 ns and the decay
becomes faster with arise in w,. From Table 1 it is readily
seen that at wo=40 the average lifetime (a, 7, +a,7,=940
ps) of the norma emission of HPBI is slower than that in
neat water (420 ps) and is close to that in 75% dioxane in
water [17]. The decay of the tautomer emission is single
exponential both in n-heptane and reverse micelles. Thelife-
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Fig. 2. Emission spectraof 3.3 10~ °> M HPBI: (a) normal and tautomer emission, (i) in n-heptane, (ii)—(viii) in 0.09 M AOT, wo=0, 4, 8, 16, 32, 40 and

50; (b) normal emission 10 times magnified.

Tablel
Emission characteristics of HPBI in AOT/n-heptane reverse micelles

[AOT] (M) Wo Normal Tautomer

A (nm) o 71 (NS) 72 (NS) ay AT (nm) @ 7 (ns)
0 0 - - - - - 465 0.40 36
0.09 0 360 0.005 1.60 32 0.60 460 0.53 5.0
0.09 8 360 0.012 1.20 25 0.70 458 0.55 5.0
0.09 40 360 0.040 0.46 1.2 0.35 455 0.60 46

a mx b and 77 are the emission maxima, quantum yield and lifetime of the tautomer, and AJ™, ¢ and 7} denote those of the normal emissions.

time of the tautomer emission increases from 3.6 nsin n-
heptaneto 5 nsin 0.09 M AOT at wo=0 and up to wy=38.
On further increase in wy, the tautomer lifetime decreases
dlightly to 4.6 ns (Table 1 and Fig. 4(b) ). For the tautomer
emission, at the highest water content (w, = 40) , thequantum
yield (¢f =0.6) and lifetime (7 =4.6 ns) are nearly twice
as large as the quantum yield and lifetime of the tautomer
emission of HPBI inwater (0.3and 1.8 nsrespectively) [17]
which clearly indicates that the polarity of the water pool is
very different from that of ordinary bulk water.

4. Discussion

The significant increase in the intensity and lifetime of the
normal and the tautomer emission of HPBI on addition of

AQOT and water to n-heptaneindicatesthat the mgjority of the
HPBI molecules are located inside the reverse micelles and
very few reside in bulk n-heptane. The intensity and lifetime
of the tautomer and the norma emission depend on two
factors, relativeground state popul ations of the speciesgiving
riseto the tautomer (rotamer |) and the normal emission (111
and IV) and the non-radiative rates in the corresponding
excited states. Before explaining the present results obtained
for HPBI in reverse micellesit isimportant to noticethebasic
differences between the ESIPT process in HPBI and the
ESDPT processesin 7-Al in reverse micellesreported earlier
[8]. In the case of 7-Al while in homogeneous solutions,
microaddition of water causes an increase in the intensity of
thetautomer emission [14],in AOT reversemicellesaddition
of water instead of enhancing the tautomer emission com-
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Fig. 3. Variation of the quantum yield of the tautomer (a) and the normal
(b) emission of HPBI with w,.

pletely quenchesit [ 8]. The compl eteabsenceof thetautomer
band of 7-azaindole in the presence of water in reverse
micelles indicates that for 7-Al the behaviour in reverse
micellesis different from that observed in the case of homo-
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geneous solutions. However, in the case of HPBI the effect
of microaddition of water in reversemicellesissimilar tothat
obtai ned in homogeneous mixtures of water and dioxane. The
emission quantum yield of the normal emission of HPBI
increasesfrom anegligible valuein n-heptaneto 0.04in 0.09
M AOT at w,=40 (corresponding to a water concentration
of 3.6 M). Thisisvery similar to theincreasein the quantum
yield of the normal emission of HPBI on addition of water to
dioxane. In reverse micelles, with increasein wy, thelifetime
of the normal emission decreases indicating acceleration of
the non-radiative rates. Obviously such an increase in the
non-radiative rates is expected to reduce the emission inten-
sity. Despite this the intensity of the normal emission is
observed to increase with w,. Thisindicates that on addition
of water the popul ation of the speciesgiving risetothenormal
emission increases considerably which offsets the effect of
the increase in the non-radiative rates. Obviously addition of
water causes the formation of more and more of the polyhy-
drated species IV in which ESIPT is blocked and this gives
rise to increased normal emission. The gradual increase in
theintensity of normal emission of HPBI on addition of water
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Fig. 4. (a) Fluoresoencedecay of 3.3X 1075 M HPBI in n-heptane+0.09 M AOT at 360 nm, (i) wo=0 (ii), wo=38, (iii) wo=40. (b) Fluorescence decay

of 3.3X 10~ °M HPBI at 460 nm; (i) in n-heptane, (ii) in n-heptane+0.09 M AOT + water (wo=40).
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to reverse micelles is thus attributed to the formation of the
polyhydratelV. The quantumyield and lifetime of thenormal
emission of HPBI in AOT reverse micelles at wo=40 are
quite different than those in neat water and are actually close
to those in 75% dioxane in water.

In reversemicellesthetautomer emission of HPBI exhibits
1.5 times enhancement in the emission quantum yield com-
pared with n-heptane. This enhancement is accompanied by
an increase in the lifetime by similar magnitude (Table 1).
Thus the fluorescence enhancement of the tautomer emission
of HPBI in reverse micelles may be due to the decrease in
the non-radiative rates in the excited state of the tautomer.
The quantum yield and lifetime values at w,= 40 in reverse
micelles are actually close to those in 75% dioxane in water
(v/v) (E+(30)=50) [17]. The emission properties of the
tautomer emission of HPBI in AOT reverse micelles at
wo=40 is also similar to those in micellar media (¢{ =0.6
and 77 =4.8 ns) [11]. Thus the emission properties of the
tautomer emission of HPBI correspond to an effective
E+(30) of around 50.

It is evident that for the large water pool (wy=40) the
polarity of the reverse micelles reported by the normal and
the tautomer emission of HPBI is much lower than that of
ordinary water and is actually closeto those in 75% dioxane
in water (v/v). Thus the present study indicates that the
interior of the water pool resembles 75% dioxane in water
with an E+(30) value of around 50 at w,=40. This conclu-
sion is consistent with the polarity of the water pool reported
by earlier studies [7-9]. It should also be noted that in a
homogeneous mixture on addition of water to dioxane the
intensity of the tautomer emission decreases after reaching a
maximum at around 50% water—dioxane mixture [17]; in
the case of reverse micelles one observes only a monotonic
increase in ¢ with wy. This is presumably because of the
fact that even at w, = 40 the polarity of thewater pool ismuch
less than that of bulk water and never reaches the polarity of
the 50% water—dioxane mixture.

5. Conclusion

This work demonstrates that the quantum yield ¢; and
lifetime 7 of the tautomer and normal emission of HPBI are
markedly affected when the molecules are transferred from
the bulk n-heptane to the water pool of the reverse micelles.
Thevariation of theintensity and lifetime of thetautomer and
the normal emission of HPBI in the reverse micellar environ-
ment isexplained intermsof thevariationsobservedinhomo-
geneous solutions [17]. The results indicate that the highly
polar and protic microenvironment of the water pool
enhances both the tautomer and the norma emission for
HPBI. The emission parameters corresponding to the normal
and the tautomer emission indicate that insidethewater pools
the HPBI molecules experience apolarity much lessthan that
of bulk water. The microenvironment of the water pool at
wo =40 resembles 75% dioxane in water [17] or aqueous

micelles [11]. It would definitely be more interesting if one
could selectively excite the different ground state species (|,
Il or 1V) and study their emission properties separately.
Unfortunately, the rather broad absorption and excitation
spectra in fluid solutions and the reverse micelles prevent
such studies. It seems that high resolution spectroscopy of
HPBI-water clusters in a supersonic jet would reveal such
information.
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