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ABSTRACT: In this paper, we explore the effects of the chain length of 800 T T T T T T T T
simple monohydroxy alcohol (C,OH, 2 < n < 8) and benzyl alcohol 4 oo B A 3
(CsHsCH,OH) upon the fluorescence dynamics of a dipolar solute % :A 8 A ]
probe, coumarin 153 (C153), in vesicles formed in aqueous solutions of & 400 - O o ) é 3
two oppositely charged (cationic and anionic) surfactants in the presence A - .. L A I\ ]
1 .. . - - Dynamics in Catanionics: A A
of 0.05 mol kg™~ alcohol. The catanionic vesicles are composed of 70 mol % G 200 = ) O
. . . [ Alcohol Chain Length Dependence ]
sodium dodecyl sulfate (SDS) and 30 mol % cetyltrimethylammonium o L | | | i | | A | ]

bromide (CTAB). The presence of alcohols of different chain length o 1 2 3 4 5 6 7 3

improves the stability of the catanionic vesicles. Dynamic light scattering

(DLS) experiments suggest a gentle increase in the hydrodynamic

Alcohol Chain Length

diameter of the catanionic vesicle with alcohol chain length up to # = 4 and then an abrupt increase for the rest of the alcohols
considered. The polarity and dynamics of the catanionic vesicles, probed by the steady-state and time-resolved fluorescence
spectroscopy, indicate a signature of confined water. Quantities measured from fluorescence experiments of these vesicles also show
a mild variation for alcohols of chain length n < 4, followed by a sudden variation for alcohols with n > 4. Interestingly, pentanol and
benzyl alcohol in catanionic vesicles showed roughly similar effects due to their equivalent chain length. All of these data are
remarkably correlated with the recently observed depression of the solubility temperature of catanionics with alcohol chain length

(Langmuir 2009, 25, 12516—12521).

I. INTRODUCTION

Catanionics, a mixture of anionic and cationic surfactants self-
organized in aqueous solutions, exhibit properties which are
different from the corresponding properties of the individual
surfactants.' > The presence of different kinds of molecular
interactions in such solutions of surfactant mixture leads to
formation of microstructures. Addition of straight-chain alcohols
(C,OH with 2 < 1 < 8) to catanionic solution leads to formation
of aggregates of different shape and size, such as, spherical and
rodlike micelles, vesicles, and so on. The straight chain alcohols
(hereafter simply “alcohols”) with n > 4 favor the formation of
vesicles.” ® The first experimental example of the vesicle of
biological importance was reported in 1965,” and since then
many practical applications followed. Surfactants and their
mixtures well above their critical micelle concentrations
(CMC:s) are good examples of biological cell membranes.” "3
Over the years surfactant mixtures have attracted attention
because the mixtures of oppositely charged surfactants, either
both double-chained and single-chained or single- and double-
chained surfactants in aqueous medium produce vesicles.”"* >
Synthetic vesicles resembling the biological membranes
have been prepared using double-chain phospholipids for
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understanding the biological processes.”” Catanionics made of a
mixture of an anionic and a cationic surfactants at 1:1 molar ratio
tend to precipitate.>***" However, tuning the molar ratio of one
of the surfactants and keeping the total surfactant concentration
~1—2 wt %, the catanionic mixtures can lead to formation of
vesicles.”*** This is mainly due to favorable thermodynamics™
and packing of the polar headgroup.'®*** Catanionic vesicles
are potential candidates for their applications in biology, phar-
maceutical industry, and nanoreactors®® ** and are being in-
vestigated experimentally and theoretically to use them as
models for biological membranes 253346752

Though single-chain anionic and cationic surfactant mixtures
with excess mole fraction of one of the surfactants in aqueous
medium form vesicles on solubilization, they are not thermo-
dynamically stable and precipitation appears after some time.
However, the stability of the catanionic vesicles can be improved
by adding alcohols.”>** Within the solubility limit of the alcohol
concentration in such mixtures the stabilities of catanionic
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Scheme 1. Schematic Representation of a Vesicle (Shape
Considered To Be Spherical) Showing Various Regions”
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Inner Interface” means interface created between the self-assembled
charged headgroups (circles) and confined solvent molecules (not
shown for clarity), and “Outer Interface” indicates an interface between
the charged headgroups and bulk solvent molecules. “Bilayer” is formed
via the assembly of the surfactant tails (shown by chains). For a more
informative discussion, please see ref 3.

vesicles are increased by using alcohols (C;OH to CgOH) and
follow the order C,OH < C,0OH < C;0H < C,OH < C;OH <
CsOH < C,0H < CgOH.5 853~ Recently, a remarkable
correlation has been observed between the solubility tempera-
ture depression of the catanionics and the chain length of the
alcohol used.>® In addition, an interesting analogy is observed
between the alcohol effects on the solubility pattern of the
catanionics and the anesthetic potency of these alcohols on
tadpoles.*®

There are experimental and theoretical evidence that alcohols
behave like a cosolvent and cosurfactant, depending on the chain
length and concentration.”®* It was found that alcohols with
1 < n = 3 atlow concentrations are incorporated in the micellar
structure and, at higher concentration, reside primarily in the
aqueous phase.*® In contrast, alcohols having 4 < n < 7 are
primarily incorporated in the micellar structure exhibiting co-
surfactant property.*” These observations regarding the location
of added alcohol molecules are important for interpreting data
obtained from fluorescence spectroscopic experiments of aqu-
eous solutions containing catanionic vesicles stabilized by alcohols.
Water molecules present in such solutions could be broadly
divided into three types (see Scheme 1): bulk water molecules,
water molecules which are near the charged headgroups at the
outer periphery, and water molecules inside the core. It is now
known from numerous studies that water molecules which reside
near the charge headgroups (in the present scenario water
molecules both near the outer and inner peripheries which could
be termed as “interface” water) are responsible for much slowed-
down dynamics compared to that of bulk water.”* %* A recent
report on solvation dynamics in catanionic vesicles composed of
62.5 wt % SDS and 37.5 wt % dodecyltrimethylammonium
bromide (DTAB) in aqueous medium without alcohol indicates
much faster medium dynamics than in aqueous micelles.*® This
suggests a critical role of bulk water in determining the rate of

solvation energy relaxation of a laser-excited dye dissolved in an
aqueous medium containing vesicles.

The bilayer composed of hydrophobic chains of the
surfactants® can easily accommodate the alcohols, particularly
the longer chained ones, via the favorable hydrophobic interac-
tions. The possibility of water molecules buried in the bilayer is
nonexistent as comparative experimental studies with lipids and
structurally simpler surfactants have demonstrated the absence of
water molecules buried by the alkyl chains of the surfactant
molecules.® ¢ Alcohols, such as pentanol and hexanol, at low
concentration in SDS micelles, on the other hand, have been
found to reside at the palisade layer and, at higher concentrations,
mainly stayed in the micellar interior with a small fraction in the
palisade layer.*”*° But alcohols with 7 < n < 10 reside mainly in
the hydrophobic chain region leading to an increase in micellar
aggregate size.”’ This information regarding locations of the
water and alcohol molecules has important bearing on attributing
the fluorescence response observed in alcohol-stabilized aqueous
catanionic vesicles to probe—water interactions alone as the
fluorescent probes used in this study are soluble in both nonpolar
and polar solvents.”"

Considering the above facts, in the present paper we have
focused our attention on unraveling the effects of alcohols
(ethanol to octanol) and benzyl alcohol at a fixed concentration
in the mixture of surfactants (SDS + CTAB) on the medium
structure and dynamics using two nonreactive fluorescent probes
(pyrene and coumarin 153). Addition of alcohols imparts
heterogeneity in the surfactant mixture in the microscopic level
forming vesicles and micelles with different shapes and sizes. Our
dynamic light scattering study reveals a sudden increase in the
hydrodynamic diameter of vesicles as the alcohol changed from
pentanol to hexanol, a point at which the polydispersity index has
also been found to change its slope. The solvents (here water and
alcohol) are expected to behave differently because of the
complex interactions that they experience with the surrounding
environment. Solvents residing within the vesicle are different
from that present in the bulk with respect to polarity and
viscosity. While steady-state fluorescence experiments reveal
the change in polarity of the medium, time-resolved measure-
ments reflect on modifications in both medium polarity and
stiffness. Spectral width, ratio between band intensities, and
average solvation and rotation times measured using fluorescent
probes all show a sudden change in chain length dependence as
butanol is replaced by its higher analogue. All of these fluores-
cence spectroscopic results exhibit a strong correlation with the
alcohol chain length dependence of solubility temperature for
these complex systems in the presence of 0.05 mol kg alcohol.

Il. EXPERIMENTAL SECTION

lla. Materials. SDS (=99%, SRL), CTAB (98%, Alfa Aesar),
ethanol (99.7—100%, BDH), n-propanol (+99%, Acros), n-
butanol (99%, Acros), n-pentanol (99%, Acros), n-hexanol
(98%, Acros), n-heptanol (98%, Acros) n-octanol (99%, Acros),
benzyl alcohol (99%, Qualigens Fine Chemicals), pyrene (>97%,
Fluka), and coumarin 153 (Exciton) were used as received.
Double-distilled water was used to prepare the solutions.

lib. Preparation of Catanionic Vesicles. A suspension of
(70 mol % SDS + 30 mol % CTAB) catanionics in double-distilled
water was prepared keeping the total surfactant concentration at
1 wt % and was stirred to ensure homogeneous suspension.
Approximately 8 mL of the suspension was transferred to a series
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of preweighed screw-capped sample tubes, and the final weights
were taken. To these suspensions, different amounts of alcohols
(C,OH—CgOH) and C¢HsCH,OH were added to maintain a
constant concentration of 0.05 mol kg~ alcohol. The details are
given in ref 53. Note that even though the stability depends on
the chain length of alcohols,®® all of the solutions are stable
enough for carrying out the measurements.

llc. Conductivity Measurements. The specific conductivities
of the catanionic vesicles were measured with a dip-type cell
having a cell constant of 114.1 m ' and a LCR bridge (model
6440A, Wayne Kerr) at 298 K as a function of alcohol chain
lengths.

Ild. Dynamic Light Scattering Measurements. The hydro-
dynamic diameters of catanionic vesicles as a function of alcohol
chain length were measured by using the dynamic light scattering
(DLS) technique with a Zeta Sizer 3000HS (Malvern) employ-
ing a S mW He—Ne laser with wavelength output of 632.8 nm.
The scattering angle was 90°, and the scattering intensity data
were processed using the software supplied with the instrument
to obtain the hydrodynamic diameter. All measurements were
made at 298 K.

lle. Spectroscopic Experiments. The fluorescence emission
spectra of pyrene were recorded on a fluorescence spectro-
photometer, F4500, (Hitachi) at 298 K. The excitation wave-
length of pyrene was 335 nm, and the excitation and emission
slits were kept constant at 10 and 2.5 nm, respectively. The
fluorescence emission was recorded in the range of 350—420 nm.
From the spectra, the ratio of intensities of the first and the third
vibrational peaks of pyrene, I;/I3, was calculated. Pyrene con-
centration in the solutions containing catanionic vesicles was
kept fixed at ~1.5 uM.

The details of the solvation dynamics and the fluorescence
anisotropy could be found elsewhere.®' Briefly, the steady-state
absorption (Shimadzu UV-2450) and emission spectra were
recorded in a spectrophotometer and a Jobin-Yvon Fluoromax-
3 fluorimeter, respectively. The probe, C153 was added to the
catanionics mixtures, the concentration of the probe was <10°
M, and the samples were placed in a cuvette of 1 cm path length.
The emission was collected via time-correlated single-photon
counting (TCSPC) for 18—20 wavelengths across the steady-
state emission spectrum of C153 for a given sample at a fixed
excitation wavelength of 409 nm. The typical full width at half-
maximum (fwhm) of the instrument response function (IRF)
with this excitation source was ~75 ps. The solvation dynamics
in these solutions was followed by monitoring the peak shift in
the time-resolved emission spectrum (TRES)’' of C153. The
solvation dynamics is described by the solvation response
function,”" S(t) = (v(t) — v(0))/(¥(0) — v(0)), where
v(0), ¥(t), and ¥(c0) are the emission maxima (frequencies) at
times 0, t, and oo, respectively. Subsequently the average solva-
tion time, (), was determined from the amplitudes (a;) and time
constants (7;) obtained from multiexponential fit to the mea-
sured S(t) as follows,

(tg) = /0°° dt S(t) :/000 dt [a; exp( —t/T)] = Zaﬂ'i;

with Za,- =1 (1)

The fluorescence anisotropy decay of the same probe (C153)
was monitored at the peak wavelength of the steady-state
emission bands so as to minimize the effects of fast decay or rise
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Figure 1. Plots of hydrodynamic radius and specific conductivity
(upper panel) and polydispersity index (lower panel) vs chain length
of alcohols. Closed symbol represents benzyl alcohol and open symbols
represent n-alcohols.

due to solvent reorganization.92 As usual, the time-resolved
fluorescence anisotropy, r(t), was constructed from the collected
time-dependent parallel (I (t)) and £erpendicular (I.(t)) fluo-
rescence intensity decays as follows,

Ii(t) — GIL(¢)
L(t) + 2GIL(t)

(2)

where G accounts for the differential sensitivity to the two
polarizations, which was obtained by tail matching. The average
value for G was found to be 1.15 £ 0.0S.

The constructed r(t) was first deconvoluted from the IRF and
then fitted to a biexponential function using an iterative recon-
volution-fitting program.”” The following biexponential function
of time was used,

r(t) = r(0)[ar exp( —t/71) + (1 —ar) exp( —t/72)]  (3)

where 7; (i = 1, 2) represents the time constants for the decay
components (a;). The value for the initial anisotropy, r(0), was
fixed at 0.376 while fitting the r(¢) for C153 in all the solutions
studied here.”” The average rotational correlation time, (7,), was
then determined as follows: (z,) = [¢° dt [r(t)/r(0)] = a,7; +
(1 - lll)Tz.

lll. RESULTS AND DISCUSSION

Illa. Hydrodynamic Diameter and Specific Conductivity.
The (70 mol % SDS + 30 mol % CTAB) catanionic without and
with alcohols (C,OH—CgOH) and benzyl alcohol at 0.05 mol
kg™ " on solubilization yield bluish solutions, which indicate the
formation of large particles consisting of vesicles and micelles.
The progressive increase in the chain length of the alcohol has a
distinct contribution on the hydrodynamic diameter and the
polydispersity index of the vesicles and micelles so formed
(Figure 1). The polydispersity index (PDI) pattern (Figure 1,
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lower panel) indicates that (70 mol % SDS + 30 mol % CTAB)
catanionic which corresponds to (22.5 mM SDS and 9.64 mM
CTAB) alone and with alcohols produce primarily vesicles and
rodlike micelles.”> Note PDI suggests a size distribution of
particles in the catanionics, and a value close to unity indicates
domination of particles of uniform size. A value for the PDI
between 0.2 and 0.7, on the other hand, suggests a wider size
distribution.>*** For catanionics containing alcohols with n > 5,
particle size is large as indicated by the corresponding hydro-
dynamic diameter (upper panel, Figure 1). For catanionics
containing alcohols with n < 5, probably different kinds of
particles (for example, vesicles and rodlike micelles) populate
the mixture. Interestingly, transmission electron microscopic
(TEM) experiments have shown that aqueous mixtures of
surfactants with compositions (10 mM SDS + 0.1 mM CTAB)
and (0.03 mM SDS + 10 mM CTAB) produce mixed micelles
with ~50 nm average diameter.”* The (70 mol % SDS + 30 mol %
DTAB) catanionic without any additive produces a micelle
with Riz= 10 nm.” Note that the (64 mol % SDS + 36 mol %
DTAB) catanionic yields a vesicle with ~400 nm diameter.”>*°
These results seem to suggest that the composition and the
identity of surfactant pairs are governing factors for micelle and
vesicle formation.

It is interesting to note that catanionics with pentanol (n = 5)
and benzyl alcohol demarcate the solubility pattern of these
mixtures as a function of alcohol chain length at 0.05 mol kg™
alcohol.>® The distribution of large particles in catanionics for
alcohol with n = 5 is narrow and occupied mainly by vesicles.
Earlier we demonstrated that the chain length of the alcohol at a
fixed concentration greatly influences the solubility temperature of
(70 mol % SDS + 30 mol % CTAB) catanionics.” Similar effects
were observed by using an aromatic alcohol of equivalent chain
length.>* The DLS results presented here also reflect the same
correlation. It was observed that alcohols with n = 2 and 3 at
0.05 mol kg ' do not decrease the solubility temperature of neat
(70 mol % SDS + 30 mol % CTAB) catanionic (312.5 & 0.1 K)
but alcohols with # ranging between 4 and 8 significantly decrease
the solubility temperature. Note that the geometry of the catanionic
vesicles and the core size in the presence of alcohols with different
chain lengths are likely to be different with different polarity. This
is because of (i) alignment of alcohol in the bilayer according to
the dielectric constant of the medium,***® (ii) cosolvent and
cosurfactant characters of alcohols,”**** and (iii) the signature
of the alcohol in the packing parameter.'®**3

The diameter of the catanionic vesicles increases with the
increase in chain length of alcohols at a fixed concentration. This
observation is not surprising. Because of higher solubility of
short-chain alcohols (1 < n < 3) in water, only fewer ethanol and
propanol molecules enter the assemblies®®****?%?7 and reside
mainly in the layer close to the surfactant headgroups® making
the packing parameter optimum for vesicle formation. Conse-
quently, the size of the particles remains almost constant
(Figure 1, upper panel). Alcohols with n = 4 probably enter
into the assemblies to a larger extent and increase the area of the
headgroup, causing an increase in the hydrodynamic diameter of
the vesicles and micelles. This also enhances the hydrophobicity
in the tail (bilayer) region. Available results suggest the following
sequence of the hydrodynamic diameter of the vesicle at 0.0S mol
kg " alcohol: Cy (no alcohol) & C, < C3< C4 < C5 < Cg< C; <
Cs. Note the present results are in tune with the results of SDS
micelles,”® but no leveling-off at Cy is realized as it was observed
in the solubility temperature.**
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Figure 2. Alcohol chain length dependence of relative Stokes’ shift (AAv)
measured using C153 as a probe in these catanionics. The blue circle
represents AAv when the added alcohol is benzyl alcohol. The alcohol
concentration is 0.05 mol/kg. The second data set indicates reproducibility.
The chemical structure of C153 is also shown inside the figure.

The specific conductivity () of charge carriers in a dielectric
medium is represented by i = ¥p,|z;|ett;, where p; is the number
density of the ith charged particle, |z;|e the charge of the particle,
and y; the mobility of the charged particle. We presume that the
catanionic vesicles formed without and with alcohol have roughly
the same number density with similar charge. In addition, our
measurements (results not shown here) indicate the { potential
is negative for all of the catanionic vesicles reported in this study.
In that case the specific conductivity is largely dependent on the
mobility vis-a-vis the size of the vesicle. The specific conductiv-
ities of the catanionic vesicles without and with alcohol up to
n = 3 are roughly constant due to comparable diameter (Figure 1,
upper panel). But the specific conductivity decreases with chain
length after n > 4 and in accordance with the increase in
hydrodynamic diameter (Figure 1). These results therefore
demonstrate that the mobility of particles and the average
dielectric constant (&) of the medium in the absence and
presence of alcohols up to n = 3 are roughly equal, and the
alcohols probably behave like a cosolvent. For alcohols with
n = 4, the mobility decreases as the size (hydrodynamic diameter) of
the moving body increases due to the penetration of higher
alcohols into the hydrophobic layer. This manifests the ability of
higher alcohols to behave as cosurfactant.>®

lllb. Steady-State Spectral Properties. Figure 2 presents the
relative Stokes’ shift (AAv) for C153 as a function of alcohol
chain length calculated from the peak frequencies of the absorp-
tion (V) and emission (V) spectra as follows: AAv =
[Vabe — Ve ]S — Av™ where Av™ denotes the Stokes’ shift
value for the same probe in a nonpolar reference solvent at that
temperature. Representative absorption and emission spectra are
shown in Figure S1 (Supporting Information). We have used
2-methylbutane (2-MB) as a nonpolar reference for which
AV has been found to be 4390 cm™ . These data clearly indicate
a nonmonotonic dependence of AAv on alcohol chain length
(n) with a peak at n = S. Strikingly, when one uses benzyl alcohol,
the value for AAv (shown by a blue circle) becomes comparable
to those found for pentanol. The observed nonmonotonic
dependence of AAv originates mainly from the nonmonotonic
dependence on chain length of the absorption peak frequency
(Vabs) of C153 in these solutions containing vesicles as the
corresponding emission frequencies (V) show an almost linear
dependence. Figure S2 (Supporting Information) demonstrates
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Figure 3. Variation of I;/I5 of pyrene in catanionics in the absence and
presence of alcohols. Closed symbol represents benzyl alcohol, and open
symbols represent n-alcohols. The lower panel depicts I;/I5 of pyrene in
pure n-alcohols. The chemical structure of pyrene is also shown.

this fact. However, the emission spectral width, I',,, (lower panel,
Figure S2), exhibits a change in slope in its chain length
dependence at C4 even though the total variation in I'.,, is only
about 200 cm . Interestingly, all of these steady-state spectral
data follow the alcohol chain length sequence observed earlier in
the depression of the solubility temperature.>®

lllc. Polarity of the Catanionics Vesicles. The polarity of the
catanionic mixtures in the absence and presence of 0.05 mol kg
alcohols and benzyl alcohol has been examined through pyrene
fluorescence emission spectrum and is shown in the upper panel
of Figure 3. It is interesting to note that the polarity of the
catanionic vesicles remains nearly constant for 1 < n < 4 and
then decreases gradually with n. The value of I;/I5 for the
catanionic mixture in the absence of any added alcohol is
~1.10 and thus in semiquantitative agreement with the reported
value.>* Note I,/I; for catanionics in the presence of alcohols
with 1 < n < 4is nearly constant (1.15 &= 0.1) and different from
that observed for aqueous solution of pyrene (1.56),”” aqueous
micelles formed by CTAB (1.30),” and SDS (1.14)"*° but agrees
well with that for ethanol (Figure 3, lower panel). The intensity
ratio (I;/I3) in catanionic vesicles further decreases to ~1.06 for
octanol (n = 8) but still is much larger than the value (~0.60) for
pyrene in alkane of comparable chain length.”” This comparison
suggests that pyrene in these catanionics in the presence of
alcohol is not exclusively located in the hydrophobic zone made
by the surfactant tails. This observation and the results obtained
for pure alcohols therefore indicate pyrene is located mainly at
the micellar interface where the higher chain alcohols increas-
ingly replace water molecules to solvate the charged headgroups.
The decrease in average dielectric constant (&) with chain length
for these alcohols is well-known, and thus the decrease in
intensity ratio indicates the presence of alcohols in the environ-
ment surrounding pyrene. This also reflects the cosolvent
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Figure 4. Alcohol chain length dependence of estimated dielectric
constant (&,) of the catanionic vesicles. The blue circle represents the
estimated &y in the presence of benzyl alcohol. Repeat measurements are
also shown in order to indicate reproducibility.

property of higher alcohols®® for these catanionic systems. For
short-chain alcohols (2 < n < 4) which are highly soluble in
water, it is likely that at such a low concentration these alcohols in
catanionic mixtures will largely be localized in the aqueous
phase.***?® Since clustering of alcohol molecules occurs in very
dilute aqueous binary mixtures and the size of the clusters
depends on temperature and alcohol chain length,'*" "% pyrene
could selectively reside in those clusters. This probably explains
the increase in I;/I; ratio with chain length for short-chain
alcohols in these catanionics. As noted earlier,'*®'* these results
imply that pyrene, being a strongly hydrophobic molecule and
possessing a non-dipolar ground state, does not penetrate into
the confined polar solvent pool inside the vesicles. Consequently,
it remains insensitive to the changes in the polarity of the
confined polar pool due to the change in hydrodynamic radius
of the vesicles with alcohol chain length.

llld. Estimation of the Average &, of the Confined Polar
Pool Inside the Catanionic Vesicles. Subsequently, C153—a
polarity probe, which possesses a large dipole moment in both
ground and excited states”' —has been employed to estimate the
average dielectric constant of the confined aqueous pool inside
these vesicles in the presence of 0.05 mol kg™ " alcohol. As
before,"'*'!! insertion of the measured fluorescence emission
peak frequencies (Vep, in 10° cm ™ ") and subsequent inversion of
the following empirical relation

Vem = V5" — Al(eo — 1)/(e0 + 2)] = B[(n* — 1)/(n* + 2)]
(4)

produces the estimated &, shown in Figure 4 as a function of
alcohol chain length for these catanionic mixtures. While deter-
mining &, values from eq 4, we have used (all in proper units)
1/;"' =23.12, A = 5.06, and B = 1.5 and assumed a value for the
refractive index (1) as that of pure bulk water (1.33). It is evident
from this figure that the estimated &, values of the polar pool vary
in the range between ~50 and ~70. Interestingly, estimated &
for the micelle—water interface in aqueous micelles of sodium
laurate and sodium lauryl sulfate was found to lie between ~40
and ~45.%" It is important to mention here that the total shift in
the measured V.., is less than 200 cm ™' in which the ion—dipole
interaction between the charged particles (headgroups and
counter ions) and C153, in addition to dipole—dipole solute—
solvent interaction, also contribute. Thus, the estimated g,
might not be an accurate representation of confined solvent
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Figure S. Alcohol chain length dependencies of average rotation time
({z.)) for C153 in these catanionics (upper panel) and local viscosity
(1, lower panel) estimated from (z,). Filled triangles (lower panel)
represent measured bulk solution viscosity of these catanionics at a few
representative alcohol chain lengths. Repeat measurements for a few
(representative) chain lengths are also shown.

polarity but rather only a qualitative picture of the average
polarity surrounding the solute at the interface (formed between
the surfactant headgroups and confined water molecules inside
catanionic vesicles). Given the large solubility of C153 in
alcohols, a possibility of C153 being partitioned into the bulk
aqueous phase always exists, particularly when the added alcohols
are short-chain ones. C153, being sparingly soluble in water and
strongly polar in its ground state itself, a combination of
ion—dipole (surfactant headgroup—solute) and dipole—dipole
(solvent—solute) interactions drives probably most of the solute
population inside the vesicle and then pulled up near the head-
group—water interface via interaction sorting. The decrease in
average polarity exhibited by pyrene with alcohol chain length
and quite the opposite by C153 strongly suggest that the latter
(C153) is trapped inside the polar solvent pool of the vesicles
formed in the aqueous solutions of surfactant mixtures in the
presence of alcohols.

If the above picture is qualitatively correct, then the alcohol
chain length dependent estimated &, depicted in Figure 4 bears
the following meaning. Since the hydrodynamic diameter of
these catanionic vesicles is =100 nm, estimated &5 = 50 is only
expected from our earlier work."'" A weak dependence of &, on
the chain length for short-chain alcohols (from ethanol to
butanol) follows from the fact that these alcohols largely act as
cosolvent and do not greatly influence the size of the vesicles.
The slow change in both hydrodynamic radius and conductivity
shown in Figure 1 in this regime nicely fits into this picture. For
pentanol and higher alcohols (n = S), the cosurfactant property
of the alcohol dominates, causing an increase in the pool size.
This is sensed by the encapsulated fluorophore and reflected in
the increase of ;. The change in estimated &g in this regime also

corroborates well with the corresponding diameter and conduc-
tivity data. Strikingly, the estimated &, becomes almost compar-
able to that of bulk water (g, ~ 78 at 298 K) at the largest
confinement (diameter ~ 260 nm). This seems to support the
common understanding that confinement-induced effect on bulk
dielectric constant becomes negligible at sufficiently large con-
finement. However, how large is large enough for allowing the
trapped solute to sense the “bulk” polarity is a question of further
investigation, and a realistic simulation study may be able to
answer such a question.

llle. Rotational Dynamics and Estimation of Local Viscos-
ity. Next we present the average rotational correlation times in
the catanionic vesicles in the presence of varying alcohol chain
length. The decay of the time-resolved fluorescence anisotropy,
r(t), for C153 in the catanionic vesicles has been found to be a
biexponential function of time, irrespective of the chain length of
the alcohol used. While a few (representative) fluorescence
anisotropy decays are shown in Figure S3, biexponential fit
parameters describing the r(t) decays are provided in Table S4
(Supporting Information). The (7,) obtained from the collected
decays are shown in the upper panel of Figure S as a function of
alcohol chain length. Note in this figure that (7,) remains largely
insensitive to the identity of the alcohol up to butanol and then
shows a sudden fall as chain length is increased. In addition, (z,)
in the presence of benzyl alcohol is comparable to that measured
for pentanol. All of these results are quite similar to the trend
observed for variation in solubility temperature with alcohol
chain length for these catanionics in the presence of 0.05 mol
kg~ " alcohol. The measured biphasic anisotropic decays consist
of a fast component (~50—70%) with time constant ranging
between ~40 and 80 ps and a slow component whose time
constant varies between ~700 and ~1400 ps. Earlier measure-
ments with C153 in catanionic aqueous reverse micelles of SDS
and DTAB *' also indicated a similar fast component with time
constant < 40 ps and a slow component with time constant
=< 500 ps. Interestingly, these decay parameters strongly resemble
those for C153 in pure pentanol (T =295 + 2 K) where (7,) was
found to be ~240 ps.”* In the present study a similar value
for (7,) has been obtained in the presence of octanol, suggesting
that the local environment around the probe in this particular
catanionic vesicle is, on an average, similar to that in pure
pentanol.

The above consideration of local environment motivated us to
estimate the local viscosity from the anisotropy data and compare
with the bulk viscosities of pure solvents and aqueous solutions of
these catanionics in the presence of alcohols. The local viscosity
experienced by the probe has been estimated by using the
correlation, (7,) = (58.1 1.6)770'96i0'03, constructed from the
rotation data of the same probe in bulk polar protic and aprotic
solvents at room temperature.”> Note that (z,) is in picosecond
(ps) and 7 is in centipoise (cP). The results are shown as a
function of alcohol chain length in the lower panel of Figure 5,
where, for comparison, the measured bulk viscosities''* of
aqueous solutions of the catanionics in the presence of
0.05 mol kg~ " alcohol are also presented. The pattern of decrease
in 77 with alcohol chain length is expected because of the chain
length dependency of (z,), but what is more interesting is the fact
that the estimated local viscosities are uniformly larger than the
measured bulk solution viscosities. In fact, in the absence of
any alcohol the estimated local viscosity is almost an order of
magnitude larger than the corresponding bulk solution viscosity.
This provides further evidence in favor of the assumption that
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Table 1. Alcohol Chain Length Dependent Dynamic Stokes’ Shift and Fit Parameters Describing Solvation Response Functions
Measured Using C153 in Catanionics at~298 K in the Presence of 0.05 m Alcohol

alcohol chain length observed shift (cm ™) “true” shift (cm™")
0 856 2173
2 902 2265
3 838 2044
4 763 1981
N 890 2474
BA® 961 2206
6 868 2401
7 1202 2243
8 1552 2378

a«

0” indicates the absence of any added alcohol. ”

% detected a, (%) 7, (ps) a, (%) 7, (ps)

39 22 149 78 556
40 24 59 76 556
41 25 154 75 588
39 16 93 84 500
36 100 417

44 14 91 86 456
36 19 110 81 430
54 22 S2 78 323
65 56 49 44 313

BA” represents benzyl alcohol.
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Figure 6. Alcohol chain length dependence of average solvation time
({zy)) for C153 in these catanionics. Datum in the presence of benzyl
alcohol is represented by the blue circle. Multiple data at a few alcohol
chain lengths represent reproducibility of the measurements.

C153 is residing inside the confined polar solvent pool of these
vesicles. Note also that when the added alcohol is octanol, the
local viscosity experienced by the trapped probe inside vesicles is
numerically close to the bulk viscosity (3.51 cP)*? of pentanol at
~298 K, a direct consequence of () in these two media being
very close to each other.

llIif. Solvation Dynamics in Catanionic Vesicles. Table 1
summarizes the observed dynamic Stokes’ shift values and
estimated''® “true” ones for C153 in the present catanionic
vesicles. Time-resolved fluorescence decays at the blue and red
wavelengths of the corresponding steady-state fluorescence
emission spectrum of C153 at a few representative cases are
shown in Figure SS (Supporting Information). Decays at the blue
wavelength and rise followed by decay at red wavelengths, as
summarized in a table associated with Figure SS, indicate the
presence of the dynamic Stokes shift in these catanionics. Data in
Table 1 indicate that the true shift values for C153 range between
~2000 and 2500 cm ™', and the present experiments have missed
approximately 40—70% of the true shift. Note the true shift
values, particularly for bigger vesicle sizes, are somewhat larger
than that measured for pure water (~2000 cm™ ') using a
structurally similar but water-soluble probe (C343)."'* The
interaction between the solute and the charged headgroup
(dipole—ion interaction) at the interface in addition to the
water—solute (dipole—dipole) interaction'>~"'® might be re-
sponsible for the excess shift over that measured for pure bulk
water. Except for the system where pentanol is present,''® all of

the measured solvation response functions, S(t), have been
found to be biexponential with well-separated two time con-
stants—one in the range of ~50—150 ps (~20—60%) and
another in the range of ~300—600 ps (~40—80%). While these
data are also provided in Table 1, fitted S(t) decays for a few
representative cases are shown in Figure S6 (Supporting In-
formation). Note that biexponential dynamics has also been
found earlier'**”'** in individual aqueous micellar solutions of
SDS, CTAB, and Triton X-100 with short time constants very
similar to those obtained here for the catanionics. Further
investigation, using aqueous micelles of sodium alkyl sulfate
(anionic) and alkyltrimethylammonium bromide (cationic)
surfactants,'>* has revealed biexponential dynamics with the
short time constant ranging between 110 and 160 ps. These
results and the much shorter solvation time scales reported for
bulk short-chain alcohols” strongly suggest that the current
experiments have largely probed the solvation energy relaxation
at the surfactant—polar solvent interface. Interestingly, the slow
long time constants obtained for the present systems are similar
to those observed for aqueous micellar solutions of alkyltri-
methylammonium bromide but much slower than those re-
ported for the aqueous micelles of sodium alkyl sulfate.'** This
might be regarded as an indirect evidence in favor of the fact that
both the anionic and cationic surfactants participate in constitut-
ing the interface.

The time constants and amplitudes obtained from biexponen-
tial fits to the measured S(t) are also summarized in Table 1. A
close inspection of the tabulated time constants reveals a
decrease with chain length for alcohols with n > 4 probably
because of increased fluidity of the average environment around
the solute at larger vesicle sizes. Note that the incomplete
detection of the total dynamics can not only bias the detection
toward slower dynamics, but it may also incorrectly put extra
weight to the slower component. This can obscure the signature
of distributed kinetics (stretched exponential) in such hetero-
geneous systems and make the dynamics appear as biexponential
ones.'*® This limitation notwithstanding, the time constants do
reflect a substantial alcohol chain length dependence, which
becomes more evident when () are plotted as a function of
alcohol chain length. This is depicted in Figure 6, where the
datum corresponding to benzyl alcohol is also shown. Note in
Figure 6 that (7), as found for the case of (z,) in Figure S, also
exhibits a sudden change in alcohol chain length dependence
around pentanol. In addition, (z,) becomes comparable when the
added alcohols are pentanol and benzyl alcohol. The similarity
between the alcohol chain length dependence of (z,) and (z,) for
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Figure 7. Dependence of average solvation time on estimated viscosity
(upper panel) and correlation between the measured average solvation
and rotation times (lower panel). Note (7,) and (7,) shown here are
average of two sets shown in Figure S and Figure 6. The lines denote
linear regression fits through the experimental data. In both cases,
R~ 0.9, R being the correlation coefficient.

C153 in these catanionic vesicles and that of solubility tempera-
ture therefore indicates a strong correlation between quantities
accessed via time-resolved and thermodynamic measurements,
which originates probably from the following common factor:
the dominance of the cosurfactant property of the alcohols
beyond butanol depresses solubility temperature but increases
vesicle-size, leading to a less rigid average environment around a
trapped solute making the movement of both the solute and
solvent molecules more facile.

Since the average solvation and rotation times are governed by
the rigidity of a given medium, these quantities could be used to
explore the coupling between the solute and the immediate
environment. Such an effort has led to a dependence of (7,) on
viscosity with a fraction power (that is, (z,) o< #”) and is depicted
in the upper panel of Figure 7. The value of the fraction (p = 0.75)
being less than unity is probably a reflection of the heterogeneous
environment around the solute in such systems. While stating so,
it should however be mentioned that such a conclusion here is
based on a rather limited data set, and the local viscosity has not
been independently measured but estimated via solute rotation.
In addition, complete measurements of S(t) are expected to
reduce the numerical values of (7). However, the modified ()
will still be governed by the slowest time constant of the
measured multiexponential S(t) and, as a result, the correlation
between (7;) and 7 found here is expected to be preserved.
Furthermore, the underlying frictional resistance regulating the
rotation of a dissolved solute and its own solvation is likely to
establish a correlation between (7,) and (7). This is indeed the
case as shown in the lower panel of Figure 7 where the
interrelationship between (7,) and (z) for C153 in these vesicles

has been found to be as follows: (z,) = 0.92(7,)", with m = 1.04.
Even though the approximate proportionality between (7,) and
(t,) found here bears qualitative similarity to the observations
in supercooled molten mixtures (m = 1.09)""* and ionic liquids
(m = 1.03),"* the present results differ in the sense that while
(1)/{ts) & 1 for C153 in these vesicles, this ratio has been found
to be ~5 for supercooled molten mixtures and ~9 for ionic
liquids (excePt phosphonium ionic liquids). For phosphonium
ionic liquids, *” however, (t,)/(t,) ranges between 2 and 3, which
is comparatively much closer to the value found for these vesicles.
While further investigation is required to establish whether a
similar value of m signifies equivalent solute—solvent coupling in
these widely different media, higher bulk viscosities of molten
mixtures'*® and ionic liquids'*® are certainly responsible for the
relatively larger values of (7,)/(7,) in these media. Our very recent
work'*® on dipolar solute rotation in polar liquids suggests that in
highly viscous environment where the mechanical friction due to
7 exceeds that arising from the solute—solvent polarization
coupling, (7,) and (7,) can show a linear interdependency. This
theoretical analysis seems to explain the correlation between
experimentally measured (7,) and (z,) for C153 in common
solvents, molten mixtures, and ionic liquids.

IV. CONCLUSIONS

The influence of alcohols with different chain lengths and
benzyl alcohol upon catanionic vesicles have been studied in
0.05 mol kg~ " alcohols. Our study demonstrates that alcohols
with # = 4 act mainly as cosurfactants and enter the surfactant
interface, increasing the size of the vesicles. The general trend of
alcohols and benzyl alcohol upon the hydrodynamic diameter of
the vesicles follows the order C, (no alcohol) &~ C, < C3< Cy<
Cs < Cs< C; < Cg. Both the average solvation and rotation times
exhibit a sudden change in alcohol chain length dependence
when the added alcohol is butanol. This result and others
obtained from steady-state spectroscopic experiments are depict-
ing the trend exhibited by the solubility temperature of these
vesicle systems. Relevant fluorescence spectroscopic data indi-
cate that while pyrene probes the outer interface between
the surfactant headgroups and polar solvents, C153 enters into
the confined solvent pool of these vesicles. In addition, average
solvation times reported via fluorescence dynamics of C153 have
been found to follow a fractional power-law dependence on
estimated local viscosity. Like in ionic liquids and supercooled
molten mixtures, average rotation and solvation times constitute
a near-linear relationship between them.
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© Supporting Information. Figures showing representa-
tive absorption and florescence emission spectra of C153 in
these catanionics, spectral frequencies and widths, anisotropy
decays, fluorescence transients, and decays of solvation response
function and tables listing anisotropy decay and fluorescence
transient fit parameters. This information is available free of
charge via the Internet at http://pubs.acs.org.
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