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The time-resolved Stokes’ shift of the laser dye Coumarin 480 (C-480) has been investigated in the Stern
layer of the pure Triton X-100 (TX-100), bile salt (Sodium Deoxycholate, NaDC) and the mixed micelles of
bile salt (NaDC), and TX-100 at different compositions using picosecond time-resolved emission spectroscopy.
The wavelength dependent decays at the blue end and growth at the red end of the spectrum are observed for
the TX-100, NaDC micelles, and mixed micelles above critical micelles concentrations. The average solvation
time in pure NaDC and TX-100 are 3.35 and 1.51 ns, respectively, but in the mixed micelles, itH8287

ns. The solvation dynamics of the water molecule in the Stern layer of the mixed micelles is retarded several
times compared to that of pure water. The relatively slow solvation dynamics in the Stern layer of the NaDC
micelles is due to the motion of the Naons and the water molecules confined in the micellar cavity. The
interaction of the Naions with the headgroup of the micelle is also responsible for the slow dynamics. The
slow dynamics in the mixed micelles compared to that of pure water is due to the motion of confined water
in the micellar core, motion of the Naions, and interaction of the Naions with the headgroup of the
micelles. In the mixed micelles, the solvation dynamics is relatively faster because of the removalioh Na

from the Stern layer.

1. Introduction unigue in the complex system whose origin is yet to be clearly
h vation d ) ¢ , I lecules | understood. Recently, Bagchi et&#-¢ proposed a dynamic

,T e solvation ynamics Of various polar molecules N aychange model for reverse micelles and proteins to explain
microheterogeneous organized assembifeand the protein 0 gjow component. In this modtt< they assume a dynamic
surfacé are of considerable interest in recent years. The self- exchange between the “free” and the “bound” water molecules.
orgaplzeq microheterogeneous med@ are an interesting modelrye energetics of the exchange depends on the strength and
for biological membranes, so there is a tremendous interest to, \nher of the hydrogen bonds between bound water molecules
study the s_,olvat|on dyna_lmlcs in restricted environméritghe _and biomolecules. The increase in the strength of the hydrogen
self-organized assemblies have water molecules as an essentigj, g jncreases the relative population of bound water and also
ingredient. Examples of such types of organized assemblies argy, o gjow component.
abt;ndant f";h”atufe’ ”e.g., a \évatler pt%°| of rfeverse :jnl_cetlle_s, thfe Several groups have observed the retardation of solvation
surface of the micelles, and also the surlace and interior o dynamics in restricted environmerts. Particularly, Bright et
protein, et Recent!y, the dy”a”?'cs of water molec_ules In the al® studied the nanosecond solvation dynamics of reverse
restn(?ted self-organlzed r_:lssemblles have been StUd'.ed by VaroUgicelles using a biological fluorophore covalently attached to
technigues, partlc_ularly dielectric relaxati8and solvatlorg_r?*ls . albumin and also using 1-anilinonaphthalene-8-sulfonic acid
All of these experimental measurements emerge to an mterestlng(1 8-ANS). The solvation dynamics is severely retarded com-
result that the dynamics of water in these restricted environmentspa{reol to pﬁre water studied by Bhattacharyya éfa.reverse
is much slowgr compared to that of pure water and blmodal N micelles using various probes. Recently, Levinger et al.
natt)ur_e. The b(;mOdal resptonsg of confllned water cor;s?ts of a'nvestigated the solvation dynamics in different reverse micelles
f‘u F(;IC%SG::O:]h compgne? an ave?ryPsow comp;)hne(rj] of severa sing the femtosecond fluorescence upconversion technique and
fun rfe sto Ol:san scz[ E)jllcc()jsecci ._ovlvevt?r, ? )t/_nam(-j reported the retardation of the solvation dynamics in restricted
Ics © éelzjﬁa H?sfr 'g Z'UI Iet & eInS|\/t¢¥pllyPso va 'O': y- geometries. Micelles are important restricted media where one
namic and clielectric relaxaliort. ure water can investigate solvation dynamics. These are generally spherical
exhibits very fast solvation dynamics. Recently, F_Iemmg éﬂél._ aggregates formed by the surfactant molecules in aqueous
Slso opservfe; a ye(rjy fgst co;npongnt ?r: 30 fshmt the Sﬁlv"’lt'orllsolution when the concentration of the surfactant exceeds a

K.r]ltamg')%sE% S otsmh yein w_?her ?S"t]g ree p oto_n ec IO pi_ea certain critical value known as the critical micellar concentration
sl (. ) tec inique. 1he ast component n solvation (CMC). Bhattacharyya et dlstudied the solvation dynamics
dynamics of water in restricted environment is compargble 10 i the Stern layer of the micelles, e.g., neutral (TX-100), cationic
the bulk Water,' whereas the second slow component is Com'(cetyl trimethylammonium bromide, CTAB), and anionic (so-
pletely absent in it. The slow second component appears to bedium dodecyl sulfate, SDS), using C-480 and 4-aminophthal-
: — . . imide (4-AP) as a probe. The existence of the probe in the Stern
" Dedicated to Professor Mihir Chowdhury on the occasion of his 65th layer of the micelles is confirmed from steady state spectroscopic

birthday. . .
*To whom correspondence should be addressed. E-mail: nimoni@ 'eSults. The average solvation times for TX-100, CTAB, and
chem.iitkgp.ernet.in. Fax: (91)-3222-255303. SDS are respectively 1450, 470, and 180 ps using C-480 and
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SCHEME 2: Structure of Mixed Micelle
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Figure 1. Steady-state absorption and emission spectra of C-480 in St ion

water and in pure and mixed micelles of TX-100 and NaDC. Solid

lines for water, dashed lines for pure TX-100, dotted lines for pure o .
NaDC, and dashdot lines for 1:1 TX-100:NaDC mixed micelle. The ~NaDC exhibits two CMCs at-10 and~60 mM which are

molecular structure of C-480 is depicted in the inset. referred to as primary and secondary micellar concentrations,
respectively. The most popular model to explain the aggregation
of the bile salt is Small's primary/secondary aggregation
model?1® According to the model, the primary aggregations are
CO0” formed by a small number of monomers—20) and can
incorporate hydrophobic molecules within their core. With the
increase in bile salt concentration, the primary aggregates
associated to form large structure (secondary aggregates), in
which the primary units are held together by hydrogen bonds
HYDROPHILIC SURFACE between the hydroxyl and side chain group.of the bile salts.
From the recent small angel neutron scattering (SANS) stud-
ies2223the structure of the secondary aggregates resembles an
elongated rod with a center hydrophilic core filled with water
720, 270, and 80 ps using 4-AMPhus, the slow component of  and ions. In the case of NaDC, the length of the rod is about 32
solvation dynamics in micelles is several times slower compared A and the radius is-8 A. The polarity of the core of the bile
to the bulk water. In the present work, our major interest is to salt aggregates was estimated by Gouin ét Recently, Bohne
probe the solvation dynamics of Coumarin 480 (C-480, Figure et al?® investigated the triplet state quenching in bile salt
1) in the Stern layer of the mixed micellar aggregates of bile aggregates.
salt and TX-100. Haque et al? investigated in detail the mixed micellar
Mixed micellar aggregates composed of a binary surfactant properties of bile salt (sodium deoxycholate) and also an
are of considerable interest from the viewpoint of fundamental, important synthetic detergent Triton X-100. The structure of
technological, pharmaceutical, and biological consideratiors. the well-known micelles formed by the TX-100 (neutral), CTAB
Recently, considerable effort has been made to study the mixed(cationic), and SDS (anionic) were established from small angle
aggregates of bile salts and synthetic detergents. Bile salts areneutron scattering (SANS) measureméfit€ach micellar
biologically very important and play vital role in a number of aggregate contains 16A50 surfactant molecules. The radius
physiological processes such as lipid, lecithin, and cholesterolis 50 A for TX-100 micelle. The core of the micelles is
solubilization and regulation of cholestefdlin combination essentially “dry” and contains the hydrocarbon chains only. At
with ordinary detergents, bile salts are used in biochemicals andthe periphery of the micelles, there is a “wet” shell of thickness
pharmaceutical properties as solubilizers for medicine. Bile salts 6—9 A comprising the polar headgroup, the counterion, and a
are naturally occurring amphiphilic compounds which are considerable amount of water. This shell is known as the Stern
synthesized in the liver and stored in the gallbla&®in an layer. It is polar but less polar compared to bulk water. The
ordinary surfactant, the alkyl chain coiled into a spherical micelle SANS data is not available for NaDC-TX-100 micellar ag-
with a “dry” hydrocarbon core and the periphery of the micelles gregates but the available data of the thickness of the palisade
contain a water-filled spherical shell. This spherical shell is layer for TX-100 micelle is 20 A, and the dimension of the
coiled into the Stern layer for ionic micelles and the Palisade Stern layer for NaDC micelles is 8 &:22-23 The aggregation
layer for neutral micelles. The bile salts are different from number of NaDC (10) micelles is less than that of pure TX-
ordinary surfactants and do not possess the polar headgroup o200 micelle (139), whereas the aggregation number of mixed
nonpolar aliphatic tail. The bile salt (NaDC) (Scheme 1) consists micelles is of intermediate values (3@€09). In the NaDC-TX-
of a hydrophobic steroid ring and a hydrophilic moiety 100 mixed micellar system, the Stern layer consists of the
comprised of hydroxyl groups, a carboxylate anion, and a headgroups of both the surfactants and the counterion Na
sodium cation. The steroid moiety in the bile salt is not planar. more realistic picture of mixed micelle can be drawn using the
It consists of a hydrophobic moiety on its convex surface, but individual micellar structure (Scheme 2). Chfiproposed a
the hydroxyl groups are located on the concave side. This phase separation model to describe the phenomena of mixed
arrangement gives bile salt molecules planar polarity, which is micelle formation. According to this model, ideal mixing of
crucial for spontaneous aggregation in aqueous solutions.the surfactants in the micellar phase is assumed which permits
Micellization of the bile salts and their interaction with the calculations of the CMCs of the mixed entities in terms of the
biological membrane play an important role in billiary secretion overall composition of the combined components and the CMC
and cholesterol solubilizatio!:2 In a slightly alkaline medium,  of the individual surfactant.
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The ideal mixing theory has been quite successful in TABLE 1: Steady State Absorption and Emission Spectra of
explaining the properties of surfactants having similar structures C-480 in Pure fTX_-lOé), F?urﬁ NaDC, and Different
but can hardly account for the characteristics of mixed systems SOmposition of Mixed Micelles

of dissimilar structure. When a nonionic surfactant (e.g., TX- composition Aab{max)/nm Aer(Max)/nm
100) is inserted into a micelle composed of ionic (e.g., NaDC)  pure TX-100 389 475
surfactants, the nonionic hydrophilic group separates charged pure NaDC 389 478
ionic hydrophilic groups from each other, reducing the electrical ~ TX-100:NaDC (9:1) 390 474
repulsion in the Stern layer of the micel&1827In other words, $§'1885“agg (15) ggg g‘;
the charge density at the micellar s_urface is retarded, which szloogNgDC 51593 394 477
reduces the absolute value of electrical potedtidt.A more water 389 490

quantitative approach toward mixed micelle formation was put

forwarded by Rubingt®on the basis of regular solution theory. procedure used by Maroncelli and Flemitfpnd described in
Though this theory is quite useful to predict the CMC of the our earlier publicatio® The concentrations of NaDC and TX-
mixed micelles but the theory has certain thermodynamic 100 micelles were kept at10 and~1.1 mM. Moreover, the
limitations. Recently, Puvvada et ®¢® have developed a  concentrations of the NaDC and TX-100 mixed micelles at
molecular thermodynamic model for mixed surfactant systems. different compositions were also kept above 4 times of the
We have reported here how the solvation dynamics of C-480 individual CMC.

is affected in the Stern layer of the mixed micelles. We have

not observed any time dependent Stokes’ shift-lmeptane for 3. Results and Discussion

C-480. The bulk water solvation time is 310 fssing C-480 3.1. Steady-State Absorption and Emission Spectrdahe

and it is too fast to be detected by our setup. The results we absorption spectra of C-480 at the three different compositions

would like to report here are the solvation dynamics of C-480 ; ; . .
. . ; of the mixed micelles above CMC (pure TX-100, 1:1 TX-100:
in the Stern layer of the mixed micelles of NaDC and TX-100 NaDC, and pure NaDC) are shown in the Figure 1. It has to be

at_dlflfle rent (éon|1pos;tﬁgsza[;téc.l_JrI;rli/o%urfI)lfl-lgg,.?;riol\éalgi pointed out that there is almost little change in the absorption
micefles and aiso at 1.9 a1 A-199, 1.1 Nab. 1A-100, S: spectrum as we move from pure water to the mixed micelle.

NalDtg::T);]lOO, and tg;% Na'?%Tﬁ'lgg In_ a”mlx_edk mltcelI)Iar However, on addition of surfactant to the water solution of the
solution, the concentration of the NabL mICElIes IS kept above ¢ 4 e emission spectrum remains more or less unaffected

the CMC of the primary aggregates. To the best of our up to CMC. Above the CMC, the intensity of the emission

knowlgdge, th's. IS .the f|r3t. report of the measurement of spectra almost unchanged. However, there is a significant blue
solvation dynamics in the mixed micelle. shift of the emission spectra of C-480 as we move from pure
. ) water to the mixed micelle. The maximum shift of emission
2. Experimental Section spectra observed at 474 nm in case of 1:1 NaDC:TX-100 mixed
micelle. The emission peak of C-480 in pure water is at 490
nm 2% The peak positions at different compositions of the mixed
micelles including pure water, TX-100, and NaDC micelles are
listed in the Table 1. The blue shift in the emission spectra
indicates that the probe molecule C-480 is transformed from
the polar aqueous phase to the relatively nonpolar surface of
the micelles. The peak position of C-480 in nonpolar media

no. UV1601) for absorption and Spex Fluorolog-3 (model no. k& n-heptane is around 410 nm. In the pure NaDC, TX-100
FL3-11) for fluorescence measurements. The fluorescenceMicelles, and also in the mixed micelles, the intensity of the

spectrum was corrected for spectral sensitivity of the instrument, EMiSSion spectra is very less around 410 nm. It indicates that
The experimental setup for the picosecond time correlated very few probe molecules are residing in the hydrocarbon core

single photon counting (TCSPC) is described elsewBere. of the micelle. The peak position is around 474 nm in the mixed

. - . . micelle, which is very close to the emission peak of C-480 in
Briefly, a mode locked '.I'lzsapphlre laser (Spectra Physu;s, pure ethanof? It indi)éates that the polarity F(;f the micellar
Tsunami) pum_ped by cw visible laser (Spectra_Physms, Milenia) urface should be close to that of ethanol. However. in a
?r\:arﬁ;gﬁgi:gslg%gz%O;cr)lc:r.iz-gt]ii:ﬂgirr?gs ﬁ;nizri'gtgﬁl lll/lvélicé,el\t/ﬁcteﬁeterogeneous surface like micelle, the diffusional motion of
(3809U). The excitation wavelength for all time-resolved studies the probe cannot be ignored. Consequently, the probe will sense

was 413 nm. The typical system response at 413 nm excitation" 8verage polar_ity. Itis better to state that the PO'?”‘V of the
is about~50 ps. For rotational relaxation studies, we used a micellar surface is less than that of water. To obtain a better

picosecond laser diode at 408 nm of IBH (U.K.). The other insight into the location of the_probg in the mixed mipelles,
parts are similar as that of the earlier setup. The typical systemSte?"’ldy's'[""te fluo'rescence.: e@ssmn anisotropy4s determined
response using this laser is75 ps. For the anisotropy using the following relation:

measurement, we used motorized polarizer in the emission side. (Iy — Gly)

For rotational relaxation studies, the emission intensity at — W TVH (1)
perpendicularl@) and parallel ) polarizations was collected (lyy + 2Glyy)

alternatively for 30 s. For a typical anisotropy decay, the

difference between the peak counts at parallel and perpendiculamwhereG is the correction factor for detection sensitivity to the
polarization are kept to 1000. Th@ factor of the setup was  polarization direction of the emission ahg, andlyy represent
measured using the same dye. The analysis of the anisotropythe vertically and horizontally polarized emission intensity
decays was done by IBH DAS6 decay analysis software. The obtained on excitation with a vertically polarized light. The
temperature was kept at 2981 K for all measurements. The  fluorescence anisotropy)(of the dye C-480 in pure water and
analysis of the solvation dynamics data was done by the at different mixed micelle concentration is shown in the Table

Coumarin 480 (Laser grade from Exciton) was used as
received. NaDC, Sigma chemicals, was 99% pure. It was
purified by the literature procedut&TX-100 was obtained from
Aldrich and used as received. The aqueous solution of the
surfactants and the mixed micelles were prepared by the
literature proceduré&? The concentration of C-480 in all of the
measurements is & 10°5 M. We have used Shimadzu (model
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TABLE 2: Decay Characteristics of C(t) of Coumarin 480
(C-480) in Pure and Mixed Micelles of TX-100 and NaDC 10000
Av 1 T2 z0
composition (cmb2 a (ns) a (ns) (ns) 8000+
pure NaDC 420.41 0.503 0.73 0.492 6.06 3.35
TX-100:NaDC (9:1) 504.95 0.705 0.92 0.289 5.60 2.27 @ %0007
TX-100:NaDC (1:1) 505.82 0.699 0.87 0.294 6.14 241 S
TX-100:NaDC (1:3) 402.29 0.690 1.12 0.303 8.05 3.21 § 4000+
TX-100:NaDC (1:9) 481.28 0.615 0.86 0.377 7.24 3.26
aAy = V0 — Voo b0= Ty + aTo. 2000+
TABLE 3: Calculated Time-Zero Fluorescence Maxima 0
vcal(0), Observed Time-Zero Fluorescence Maxima(0), , .
Time-Infinity Fluorescence Maxima v(«), and Missing 0 5 10 15
Components of Coumarin 480 (C-480) in Pure and Mixed Time(ns)
Micelles
" — Figure 2. Fluorescence decays of C-480 in 1:9 TX-100:NaDC mixed
» veal0) v(0) V() missing micelle at (i) instrument response function (IRF), (ii) 430 nm, (iii) 470
compositions (cm™) (cm™) (cm™)  componertt nm, and (iv) 580 nm.
pure NaDC 22571.43 21070.781 20650.365 0.78
TX-100:NaDC(9:1) 22572.89 21325.929 20820.980 0.73
TX-100:NaDC(1:1) 22494.22 21275.427 20769.607 0.71 1.01
TX-100:NaDC(1:3) 22418.39 21118.144 20715.855 0.76
TX-100:NaDC(1:9) 22353.29 21131.643 20688.320 0.73 0.84
3Estimated from eq 3 Calculated asifa(0) — v(0)l/[vca(0) — —~
V()] 3 06
TABLE 4: Steady State Anisotropy (), Initial Anisotropy £ 041
(ro), and Rotational Relaxation Time ;) of C-480 in Pure <
Water, in Pure Micelles, and in Mixed Micelles X god
composition r ro ar 71r(NS)  ax 2 (NS)
pure NaDC 0.018 040 0.19 0.150 0.21 0.900 0.0+
1:9 TX-100:NaDC 0.036 0.40 0.26 0446 0.14 251 T T T T T T
1:3TX-100:NaDC  0.043 035 0.18 0310 0.17 222 17000 18000 19000 20000 21000 22000 230¢
1:1 TX-100:NaDC 0.049 0.35 0.19 0.283 0.16 224 Wavenumber (cm-)
9:1 TX-100:NaDC 0.045 0.36 0.21 0464 0.15 258 Figure 3. Time-resolved emission spectra of C-480 in 1:1 TX-100:
pure TX-100 0.024 037 018 0090 019 143 NaDC mixed micelles at (i) Omf), (i) 200 (®), (iii) 1000 (a), and (iv)
pure water 0.002 0.40 0.40 0.125 5000 (@) ps.

4. It is revealed from Table 4 that the fluorescence anisotropy
value in pure water is much less and close to zero. On the
contary, a high value of anisotropy is obtained in different mixed
micelles. It indicates that the probe C-480 is transformed to the
micellar surface from bulk water.

3.2. Sovation Dynamics3.2.1. Salation Dynamics in Pure
NaDC. The few dye molecules in the hydrocarbon core of the
micelles do not exhibit a time dependent Stokes’ shift, and the
dynamics in the bulk watér313-14 is too fast to be detected 024
by our setup. However, at-10 mM concentration of NaDC
(which is higher than the primary CMC of the NaDC), we have 0.0 : : . . :
observed wavelength dependence decay at the blue end and red 0 2000 4000 6000 8000 10000
end of the emission spectrum. At 430 nm, the decay is clearly Time (ps)
biexponential having two components of 1.56 (70%) and 4.49 Figure 4. Decay of the solvent correlation function (C(t)) of C-480 in
ns (30%). However, at 550 nm, the decay consists of a clear pure and mixed micelles of TX-100 and NaD@)(for pure TX-100,
growth of 810 ps and a decay of 6.4 ns. The existence of growth (®) for pure NaDC, &) for 9:1 TX-100:NaDC, ¥) for 1:1 TX-100:
at the red end of the emission spectrum indicates that the probdNaPC, (#) for 1:3 TX-100:NaDC, and X) for 1:9 TX-100:NaDC
(C-480) is undergoing solvation. To extract the time constant ™x€d micelle.

of the solvation in the Stern layer of the NaDC micelle, we  of Maroncelli and Fleming?® The solvent correlation function

1.0

0.8

0.6

C(t)

0.4

have constructed the decay of solvent correlation funct@gt)( (C(t)) of NaDC micelle is shown in Figure 4. After analyzing
which is defined as C(t) with a biexponential fit, we have obtained solvation time
of 730 ps (51%) and 6.06 ns (49%). The average solvation time
clt) = v(t) — v() @) is 3.35 ns in NaDC micelle.
v(0) — v(o0) 3.2.2. Salation Dynamics in Mixed MicellesWe have

observed a distinct growth in the decay at the red end side of
wherev(0), »(t), andv(w) are the peak frequencies at time zero, the emission spectra in all mixed micelles. The decay at the
t, and infinity, respectively. The peak emission frequency is red end of the spectrum is significantly different from the blue
estimated from the time-resolved emission spectra (TRES). Theend of the spectrum for all mixed micelles. Representative
TRES in the NaDC micelle has been constructed by the methoddecays at different wavelengths of the 1:9 TX-100:NaDC mixed
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micelle are shown in Figure 2. For example, the decay at 580 micellar solution, the mutual diffusion of the surfactant may
nm of 9:1 TX-100:NaDC micelle can be fitted with a biexpo- contribute to the solvation processes. However, we have not
nential function having a growth component of 1.07 ns and a observed maximum solvation time at 1:1 composition of
decay component of 6.26 ns. However, the decay at 430 nm issurfactant. This fact ruled out the mutual diffusion of the
single exponential with time constant of 2.06 ns. The wavelength surfactant molecules.

dependent decay indicates time dependent Stokes’ shift in the It will be interesting to carry out a computer simulation study
emission spectra. With an increase in time, the probe moleculeof the mixed micellar solution. Recently, some computer
is gradually solvated and it reduces the energy of the guestsimulation studies have been carried out for the water molecules
dipole. Consequently, the guest dipole will emit at the red end bound to micellar surfacéto the liquid-liquid interface?>2and

of the emission spectrum and exhibits a growth. A representativein the water pool of microemulsior$8>¢ These simulation
TRES at 1:1 TX-100:NaDC is shown in Figure 3. The variation results reveal slow dynamics in the solvation at the interface
of the solvent correlation functiorC(t)) with respect to time ~ compared to the individual pure solvent. Recently, Balasubra-
(t) at different compositions of mixed micelles are shown in manian et al.executed a detailed molecular dynamics simula-
the Figure 4. The decay characteristic<Ogf) are summarized  tion study in cesium pentadecafluorooctanoate (CsPFO) in water
in Table 2. Itis revealed from Table 2 that the average solvation and showed that the observed slow dynamics in the micellar
time in pure NaDC micelle is 3.35 ns. On addition of TX-100 surface is contributed by the interaction of the cesium ion with
to NaDC, the average solvation time gradually decreases, andthe polar headgroup and the orientational motion of the water
the solvation time at 1:1 NaDC:TX-100 is 2.41 ns, and at pure Molecules plays a secondary role.

TX-100, the solvation time is 1.51 ns. The estimated value of I our present experimental setup using the TCSPC technique

solvation time in TX-100 micelle is very close to the reported (time resolution~50 ps), we are missing a substantial amount
value of 1.45 n&a of the fast component (less than 20 ps) in the solvation

dynamics. In our case, we have excited the sample at 413 nm,
which is very close to the absorption maximum390 nm) of

N C-480 in the mixed micelles. We can apply the method applied
by Maroncelli et af* to calculate the missing component in
the solvation dynamics. The time zero frequency can be
estimated using the following relation from absorption and
fluorescence spectra:

The most interesting observation of this experiment is slowing
down of solvation dynamics (1.513.35 ns) in the Stern layer
of the mixed micelle compared to the solvation dynamics o
C-480 in pure water (310 f&).The solvation dynamics in mixed
micelles is relatively slower compared to the solvation dynamics
of C-480 iny-cyclodextrin {-CD)! as the solvation time in
y-CD is 480 ps. However, it is much faster compared to the
relaxation of water molecules in the reverse micelles{B.2 oy
nsy-4628and lipids (9 ns$! We have observed solvation time Vpmdt = 0) ¥y nd@DS) = [V ;d@DS) = v md )] (3)
of 3.35 ns in the NaDC micelle. In case of bile salt aggregates
(NaDC micelles), a major portion of water molecules remain
bound to the hydroxyl group of the bile salt via hydrogen bonds

where the subscripts ‘p’ and ‘np’ refer to the polar and the
nonpolar spectrum, respectively, and the frequencies are not the

and to the carboxylate sodium ions by electrostatic force. The ValU€S at maximum but correspond to the midpoint frequencies,

motion of the water molecules in the bile salt cavity is restricted ¥me in the solvent. The observed time zero frequency, the time
through these interactions, and we have observed a very slow{Nfinity frequency, and the percentage of missing component

ics. The stability of the mi icelle f it [(veal(0) — v(0))/[vcal0) — v(e0)] are also listed in Table 3. On
g¥/r_1raxm|lcoso t oetr? eaitgrll?::oN agcm:)riiec(jalrlnelcii gx(p))lr;?r? Sdb)f/rg:]dltg)en addition of NaDC to the TX-100 micelles, the mixed micelle is
formed, and the missing component is gradually decreasing with

thermodynamic standpoint. The nonionic surfactant reduces theth . f the NaDC trati Thi It i
electrical repulsion between the two charged ionic surfactants € increase of the NabL concentrations. This result seems 1o

by staying between thed2” The polar headgroup of the be reasonable because the solvation time in pure TX-100 is

surfactants, counterions, and water molecules may be responsiblt\%ﬁill‘?g\ée%;?;t:{'h?(:]’et:]_?)?_isosc;b(':lgzcoefntt?aeﬂgqn'ss_l'_?]% CZ?;%%T:”;
for solvation in mixed micelles. The polar headgroups in the o 9 ; - 'hep ag
surfactant molecules are residing at the one end of the long of.the missing component is gradqally decreasing in the.mlxed
alkyl chain, and the mobility of the headgroups will be much micelles. Recently, Fleming et &pointed out that the contribu-

. S ; . tion of the slow relaxation is expected to be between 5 and
smaller because the chain dynamics is quite Sfkor instance, ; .
e - - 20%. Because the absorption spectra of C-480 in nonpolar
the dynamics in the polymer occurs in~al00 ns time scale.

. . . . ! solvent is not structureless, the reliability of the missing
Thus, the solvation dynamics observed in the mixed micelles . ionabl di d el
and pure TX-100 and NaDC micelles (153.35 ns) are component Is questionable according .to Fee and Maroricell:
: N 3.2.3. Time-Resoéd Fluorescence Anisotropy Measurements.
contributed by the water molecules and the counterions presem.l.

. . he rotational relaxation time is usually of the order of
in the Stemn layer. The TX-100 molecule consists of several nanosecond time scale in the case of micelles. In case of mixed

oxygen atoms, and the W"J?te’ molecules can bind to these OXYG€Mhicelles, we have observed a solvation time of a nanosecond
atpms. It. may be a ppssmle reason for the slow dynamlqs N time sce{le. So, there is a possibility that the rotational motion
mixed m|c_elles. .Nandl etléﬁb.earller used a mpdel to explam of the probe may contribute to the solvation time.

the_slow dielectric relaxat|o_n in aqueous solution of protein and To investigate the location of the probe in the mixed micellar
attributed the slow dynamics to the rate of exchange betweeng, ions and also to find out the contribution of rotational

bound_ af‘d free” water m_olecules. For instance, the s_Iow relaxation in the solvation, we have measured time-resolved
dynamics in the molten salt is contributed by the translational ¢ eccence anisotropy of C-480 in mixed micelles and pure

motion of Na" ions32 The role of ions in the slow dynamics is : : I
‘ ; NaDC and TX-100 micelles. The anisotropy decdy)) is given
further confirmed by Chapman et & The average solvation by Py Xisg

time in the mixed micelle is faster compared to pure NaDC.

The most probable explanation is the removal of Mas from 1,(t) — Gl (t)
the Stern layer of the micelle with the subsequent increase of r(t) = — =
concentration of the neutral surfactant TX-100. In mixed (1) + 2GI(1)

4)
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Figure 5. Decays of fluorescence anisotropy of Coumarin 480 in (a)
pure water M), (b) pure NaDC &) micelle, and (c) 3:1 NaDC: TX-
100 (a) mixed micelle.

wherel)(t) andlg(t) are fluorescence decays polarized parallel
and perpendicular to the polarization of the excitation light,
respectively. The fluorescence anisotropy decays of C-480 in
pure water, pure NaDC, and 3:1 NaDC:TX-100 are shown in
the Figure 5. The fluorescence anisotropy decays are fitted with
a biexponential function in all mixed micelles and micelles. The

Chakrabarty et al.

value of solvation time in NaDC is presumably due to the
presence of Naions and its interaction with the headgroups.
The solvation dynamics is relatively faster in the mixed micelles
compared to pure NaDC because of the removal of Mas
from the mixed micelles. Moreover, the dynamics observed in
the Stern layer of the mixed micelles using C-480 is several
times slower compared to the ultrafast solvation dynamics of
the probe in pure watér.The time constant of solvation
dynamics in mixed micelles indicates that the water molecules
in the Stern layer are retarded in comparison to the pure water
but relatively faster compared to the water molecules in the
reverse micelles+6.28 or lipids 3t
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explain the biexponential rotational relaxation in micefié$he
anisotropy decay of C-480 in pure water is fitted with a single-
exponential function and the anisotropy decay time in pure water
is 125 ps. It indicates that the rotational relaxation is much
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