JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Confinement or the Nature of the Interface? Dynamics of Nanoscopic Water
David E. Moilanen, Nancy E. Levinger, D. B. Spry, and M. D. Fayer
J. Am. Chem. Soc., 2007, 129 (46), 14311-14318+ DOI: 10.1021/ja073977d « Publication Date (Web): 25 October 2007
Downloaded from http://pubs.acs.org on February 13, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 18 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja073977d

JIAICIS

ARTICLES

Published on Web 10/25/2007

Confinement or the Nature of the Interface? Dynamics of
Nanoscopic Water

David E. Moilanen, Nancy E. Levinger,™ D. B. Spry, and M. D. Fayer*

Contribution from the Department of Chemistry, Stanford ddmsity,
Palo Alto, California 94305

Received June 1, 2007; E-mail: fayer@stanford.edu

Abstract: The dynamics of water confined in two different types of reverse micelles are studied using
ultrafast infrared pump—probe spectroscopy of the hydroxyl OD stretch of HOD in H,O. Reverse micelles
of the surfactant Aerosol-OT (ionic head group) in isooctane and the surfactant Igepal CO 520 (nonionic
head group) in 50/50 wt % cyclohexane/hexane are prepared to have the same diameter water nanopools.
Measurements of the IR spectra and vibrational lifetimes show that the identity of the surfactant head
groups affects the local environment experienced by the water molecules inside the reverse micelles. The
orientational dynamics (time-dependent anisotropy), which is a measure of the hydrogen bond network
rearrangement, are very similar for the confined water in the two types of reverse micelles. The results
demonstrate that confinement by an interface to form a nanoscopic water pool is a primary factor governing
the dynamics of nanoscopic water rather than the presence of charged groups at the interface.

. Introduction solutions influences dynamics in the solvation shell of the ions.
Magnetic resonance dispersion experiments indicate that the

Many important phenomena take place in hanoscopic water ; - ; ) X
dynamics of water in the first hydration layer of a protein,

environments. For example, a wide variety of biological : ; i
processes occur in very crowded aqueous surroundings with the?vVeraged over the entire protein, are slowed relative to bulk
solvating water often playing an important role. Water confined Water:* Ultrafast infrared (IR) pumpprobe experiments have
on nanometer length scales is also found in many nonbiological d€monstrated that the dynamics of water in the nanopores of
situations. The frequent incidence of nanoscopically restricted Nafion fuel cell membranes differ substantially from those of
water brings to the forefront the need to understand the Pulk water and vary with the size of the pores (hydration level
properties of water and aqueous systems in confined environ-Of the membraney:* A series of experiments using ultrafast
ments and near interfaces. IR vibrational echo and pumprobe experiments performed
The perturbing effects of confinement, interfaces, and solutes diréctly on water confined in AOT reverse micelles have shown
on the dynamics of water have been observed in a number ofthat the water dynamics slow when the radius of the reverse

. . . i 9
systems by a variety of techniques. Neutron scattering measure Micelle water pool falls below several nanometérs?
ments and MD simulations of water confined in nanoporous It is clear from the results obtained on this wide variety of
silical~3 alumina? and Vycor glassshow slowing of the water systems that the dynamics of water that is nanoscopically
dynamics. Surface force measurements using mica suffaces confined or in contact with interfaces or solutes differ from those
show that the viscosity and density of very thin films of water ©f Pulk water. Although the perturbation of the water's

are higher than that of bulk water due to structuring of the water Properties may extend only a few hydration layers, in confined
near the confining surfaces. Both NMIRand ultrafast IR environments nearly all the water can fall within this rafdte.

experiment¥ show that the presence of ions in aqueous MOSt previous studies have focused on a single type of system
containing either a charged interface or a neutral hydrophilic
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interface. In the case of a protein surface, there are both chargedexperiments have employed large probe molecules to character-
and uncharged regions of the interface. Several MD simulationsize the interfacial region or study the solvation dynamics in the
of water in reverse micelles have changed the nature of thewater pook*2>28 Recently, several groups have significantly
interface from hydrophilic to hydrophobic with mixed conclu- enhanced the understanding of the dynamics of water in AOT
sions as to the effect on the dynamics of wabéi A steady- reverse micelles by directly studying the water using ultrafast
state IR experiment compared the line shape of water confinedIR methodst*-1°® However, there have been no direct experi-
in a nonionic fluorocarbon reverse micelle to water confined in mental studies of the dynamics of water in nonionic reverse
AOT reverse micelles by fitting the water absorption line to micelles for comparison.
multiple Gaussian® The authors concluded that the charged Below, we present the results of ultrafast infrared pamp
groups of AOT were not the only factor governing the properties probe studies on the dynamics of water confined in two types
of water in reverse micelles and “that the size of confinement of reverse micelles, one with an ionic head group surfactant
prevails.” However, the size and shape of the fluorocarbon and one with a nonionic head group surfactant. The ionic system
nonionic reverse micelle are not well characterized, and is the well-characterized and widely studied reverse micelle
therefore, direct comparison with AOT reverse micelles is formed with water/AOT/isooctane. AOT, which has an anionic
difficult. The studies mentioned above show that the water sylfonate head group, forms monodispersed, spherical reverse
dynamics in confined systems are different from those of bulk micelles over a wide range of micelle sizes and temperatifés.
water. However, because the systems are so varied and often There are a large number of nonionic surfactants including
poorly characterized in both the topology and the nature of the gyii Triton-X, and Igepal. Each of these surfactants can have
interfaces, it is difficult to compare them to determine the role 5 yange of chain lengths, and the properties of the reverse
that important aspects of the water's environment play in the picelles can be strongly dependent on the composition of the
modification of its dynamics. bulk organic phase. Sometimes mixtures of the surfactants with
In this paper, we address one of the fundamental questions:a|cohol molecules are used to form reverse micelles. Because
with all other thlngs being equal, will an interface with Charges of the wide Variety of nonionic Surfactant/organic phase
produce substantially greater changes in water dynamics thancombinations, no one combination has been as thoroughly
a neutral interface? In other words, does nanoscopic confinementstydied and characterized as the AOT reverse micelle system.
alone impact water dynamics or do interfacial charges play @ = of the many combinations, a quite-well-characterized non-
dominant role? Here, we provide strong evidence that water jopic reverse micelle can be made of the surfactant Igepal CO

confinement dramatically influences water dynamics even in goq \ith an organic phase consisting of a 50/50 by weight

the absence of charged groups at the interface. The issue$yixiyre of cyclohexane and n-hexatelhis nonionic surfactant,

addressed here also apply to water within a few nanometers ofyhich has an alcohol head group, and organic phase combination
an interface, such as a protein surf4b&

was chosen because the resulting reverse micelles have been
The great interest in the nature of confined water in biology, stydied in detail by small-angle neutron scattering (SANS) to
chemistry, and materials science has led to a large number ofgetermine their structuf. The stability regime of the reverse
studies on the properties of water in reverse micelles as modelmpicelle phase was mapped out, and the water pool sizes were
systemg* Some, but not all, reverse micelle systems have well- jetermined at a number of temperatures awdvalues. In
characterized structures containing nanoscopic pools of wa-qdition, the SANS fitting indicated a spherical shape for the
ter?>?*Reverse micelles are often described by the parametereyerse micelles, and molecular dynamics simulations on a
Wo, which is defined as the number of water molecules per gjmjlar system showed only a slight elliptic#yThe combina-
surfactant moleculayo = [H20]/[surf]. For spherical particles,  tjon of spherical shape and relatively good size characterization
the size of a reverse micelle scales linearly with the make this Igepal system useful for comparison with the AOT
parameter. A number of studies have explored the propertiesreyerse micelle system. Because of a lack of similar detailed

of water in a range of sizes and types of reverse micelles characterization of other nonionic reverse micelles, the Igepal
including those formed with the ionic surfactants Aerosol-OT gystem is the only system suitable for these studies.

(AOT)14-19.2731 gnd cetyltrimethylammonium bromide (CTAB)

L To answer the fundamental question posed above, the direct
as well as several nonionic surfactafft8® Frequently, the

method for determining the effect of a charged interface vs a
neutral interface on water dynamics is to prepare reverse
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Il. Materials and Methods thewp = 10 reverse micelle was shown to have water dynamics
significantly different from bulk wate¥17 AOT reverse
and water were obtained from Sigma-Aldrich and were used without micelles have Wate.r dynqmlcs that rapidly apl)proach those of
further purification. A 0.5 M stock solution of AOT in isooctane and b_“'k,‘{"ater as the SI.ze is increased beyond 4'fifherefore,
a 0.3 M stock solution of Igepal CO 520 in a 50/50 wt % mixture of Significantly larger sizes are not useful.
cyclohexanai-hexane were prepared. The residual water content inthe ~ Smaller sizes are problematic for two important reasons. First,
surfactant and oil phase was measured by Karl Fischer titration. To the size of smaller Igepal reverse micelles becomes increasingly
make reverse micelles with the desinegl precise volumes of water  uncertain as the size is decreased. Second, in the experiments
(5% HOD in H0) were added to measured quantities of each stock described below, the OD stretch of dilute HOD inGHprovides
sqlutlon. The samples were housed in ceII_s cont_alnlng two_ZCaF a probe of the hydrogen bond dynamics of water, free from
windows (3 mm thick) and a Teflon spacer with a thickness adjusted ;i ationa| excitation transfer contributiofs®® that occur in
to obtain optical densities in the range 624 for all solutions studied. o

pure water. Excitation transfer causes a decay of the measured

All experiments were conducted at 26. . L . .
: . ) . .anisotropy and, therefore, prevents determination of orientational
The laser system used in these experiments consists of a Ti:Sapphire

oscillator and regenerative amplifier operating at 1 kHz, which pump relaxation. The hydroxy_l group of Igep_al can exchange its
an OPA and difference frequency stage to produ@e fs, ~4 um IR hydrogen with the water in the reverse micelle water pool. The
pulses. Pulses are split into pump and probe pulses with the probe’sdeuterium from an HOD molecule will exchange with the Igepal
polarization set to~45° relative to the pump. After the sample, the hydroxyl group so that, instead of studying only water, the
components of the probe with polarization parallel and perpendicular experiment also has a contribution from the hydroxyl group of
to the pump are selected to avoid depolarization effects due to opticsIgepal. This is a real effect, but it will only be significant for

in the beam patf Polarizers set to parallel and perpendicular are yery small reverse micelles, in which the number of surfactant

rotated into the beam using a computer controlled wheel. Scans altematmolecules is comparable to the number of water molecules. For
between parallel and perpendicular to reduce effects of long-term Iaserthe Wo =

drift. After th i half | N larization of = 7 reverse micelle studied here, there are 7 water
nft. After the polarizers, a haft wave plate rotates .t e polarization o molecules per surfactant molecule, which means there are 14
each component to 45prior to the entrance slit of a 0.25 m

monochromator so that both parallel and perpendicular polarization water hydroxyl grogps for each_lgepal hydroxyl group. Statisti-
scans experience the same diffraction efficiency from the monochro- Cally, the contribution to the signal from a water OD stretch
mator grating. The spectrally resolved puspobe signal is detected ~ Will outweigh the Igepal hydroxyl OD by a factor of 14. So,
by a 32 element HgCdTe detector. Great care is taken to ensure thathe contribution from the Igepal hydroxyl group shouldb#&%
the probe intensities for both parallel and perpendicular components Of the signal for theng = 7 reverse micelle.
are the same on a given pixel of the array detector to avoid the  Therefore, comparing 4 nm AOT and Igepal reverse micelle
consequences of the mildly nonlinear response of HgCdTe with \yater nanopools to understand the effects of interfacial differ-
increasing intensity” ences on the dynamics of the confined water is appropriate and
essentially the only size that can provide well-defined results
to answer the question of whether or not interfacial charges
Igepal surfactants have a head group composed of an alcohobictate the dynamics of confined water. A single counter
tethered by a polyether chain to the nonpolar tail. AOT, on the example is sufficient to demonstrate that interfacial charges are
other hand, has a sulfonate head group with a sodium counterionnot solely responsible for confinement effects on water dynam-
Empirical formulas relating the size of the AOT and Igepal ics.
reverse micelles as a functionw§ were used to determine the A. IR Spectroscopy. The IR spectrum of water is very
amount of water necessary to create micelles of the same sizegensitive to the local environment of the water molecules,
For AOT reverse micelles witlwp between 2 and 20, the  particularly the strength and type of the hydrogen bonds and
diameter of the water pool is given by the equatiahor = the local electric field4445 Figure 1 shows the background-
(0.29vp + 1.1) nm** SANS experiments on Igepal reverse subtracted IR spectra of the OD stretch of HOD in the= 7
micelles prepared using the same method employed here givegepal reverse micelle, they = 10 AOT reverse micelle, and
the following relationship for the size of the water podt = bulk water for comparison. The spectrum of the OD stretch in
(0.38wo + 1.40) nm?® Although Igepal reverse micelles were  |gepal reverse micelles (maximum at 2522 djries between
not studied for sizes smaller thag = 10 the data demonstrate  that of bulk water (maximum at 2509 c#) and the AOT
that reverse micelles somewhat smaller thar= 10 will be reverse micelle spectrum (maximum at 2537 &rBoth reverse
stable and their sizes will follow the same linear relationsRip.  micelle water spectra are blue-shifted compared to bulk water,
In addition, MD simulations on AOT and Igepal type surfactants pyt the AOT spectrum is shifted to even higher frequency than
show similar ellipticity characteristics for reverse micelles made the Igepal spectrum. In addition, both reverse micelles have
from both surfactants with sizes smaller than= 103749We water spectra that are8% broader than that of bulk water.
have prepared Igepal reverse micelles with= 7 and smaller. Piletic et al. recently showed that the IR spectra of the OD
Forwo = 7, the equation predicts an Igepal reverse micelle gyetch in the water nanopool of various sizes of AOT reverse
nanoscopic water pool with the same size as the A@F 10 micelles can be reproduced with great accuracy (peak position,

reverse micelle, that i) = 4 nm. A diameter of 4 nm was jine width, and shape) using a weighted sum of the spectra of
chosen because in previous studies of nanoscopic water in AOT,

Aerosol OT, Igepal CO 520, isooctane, cyclohexarkexane, RO,

I1l. Results and Discussion
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wp = 10 peak falls in between the peak positions of the two
1.0 - .\~ AOT RM w; = 10 other spectra. The broadening occurs becauseanthe 10

r \ ) Igepal RM w, =7 spectrum is the sum of the two other spectra, one at higher
frequency and one at lower frequency. The Igepal= 7
spectrum has the same characteristics; it is shifted from and
broader than the bulk water spectrum. However, as seen in
Figure 1, the shift of the water in the Igepal spectrum is smaller
than for AOT although the two reverse micelles have the same
size water nanopool.

The presence of ionic sulfonate groups in AOT may explain
the greater blue spectral shift of water in the AOT reverse
micelle compared to water in the Igepal reverse micelle. Many
anions including sulfonate groups are known to perturb the

11 : — hydrogen-bonding network of water in their first solvation shells
2350 2400 2450 2500 2550 2600 2650 2700 causing a blue-shift in the absorption freque#t$£5° Some

frequency (cm”) cations, including Mg", can induce a red-shift in _the absprption
Figure 1. Linear IR spectrum of water in the = 10 AOT reverse micelle frequefncy’ but Omta et al. have shown that SOdI.um cations have
(dashed line), theu, = 7 Igepal reverse micelle (dash-dot line), and bulk ~ Very little effect on the spectrum and dynamics of water.
water (solid line). Bergstian and co-worker found that when the-@ group of

. . ) an HOD molecule formed a hydrogen bond with a sulfonate

bulk water and the smallest reverse micelle studied= 2,in  group, its distribution of absorption frequencies was centered
which essentially all of the water molecqles are associated Wlth at 2605 crml. In comparison, water in an AOTgw= 2 reverse
the sulfonate head group$.The experiments and analysis pjcelle absorbs at-2575 cnrt. However, this value includes
demonstrated that for any size, the spectrum is composed of a4t the G-D groups that are hydrogen bonded to sulfonate

core spectrum (bulk water spectrum) and a shell region groups and the ©D groups hydrogen bonded to other water
(spectrum ofwp = 2, water associated with head groups). molecules.

Vibrational population relaxation was observed to be biexpo- |, terms of the coreshell model, the sulfonate groups in
r_1entia|. For any size reverse mice_,lle, the biexponential p_op_ula- AOT can play a role in the increased blue shift of the water
tion decay was found to be the weighted sum of the core lifetime gpectrum relative to Igepal because the absorption spectrum of
(bulk water, 1.7 ps) and the shell lifetime(= 2 lifetime, 5.2y ater molecules hydrating the sulfonate groups (shell) is blue-
ps). However, the same study established that dynamicsgpified. In the coreshell model, the shift of the water spectrum
involving hydrogen bond structural evolution, such as orienta- rises because the spectrum is the sum of the spectra of water
tional relaxation and spectral diffusion, could not be described mpjecules associated with the head groups (the shell) and water
in terms of two distinct subensembRsThe dynamics of the  mqjecules away from the head groups (the core). In AOT reverse
core and shell regions are coupled through the hydrogen bondpicejles, the spectrum of the shell waters is shifted substantially
network rendering their dynamics dependent on the propertiesy, the pjue of the core water spectrum so the combined spectrum
of both regions. The important results from the study of AOT g pjue-shifted. The spectrum of the Igepal shell waters is
showed that spectra and vibrational lifetimes are local observ- ,nknown and may include contributions from water hydrogen
ables that depend on the distinct environments associated Withbonding to both the ether moieties and the alcohol group of the
the core and §hel|, whereas observables that.depend on hydrogengepm head group. However, the smaller blue-shift of the Igepal
bond dynamics are not separable by region. Dokter et al., spectrum is consistent with different interactions between the

studying HOD in RO in AOT reverse micelles, found evidence \yater molecules and the head groups in Igepal as compared
through a frequency-dependent study that water molecules,y;in AOT.

associated with the head groups reoriented more slowly than g vjiprational Lifetime. Like the IR spectrum, the vibra-
those in the coré? The difference in these results from those jonq) ifetime is sensitive to the local environment of the excited
of Piletic et al. was attributed to the greater inhomogeneous gp stretcht2-16 Vibrational relaxation occurs because of
broadening of OH compared to OD, which allowed greater fjctyating forces acting on the oscillatér;54 and the rate of
spectral isolation of water molecules interacting with the head \;iprational relaxation depends strongly on the availability of
groups. _ _ lower-energy inter- and intramolecular modes to dissipate the
_The Igepal reverse micelles have not been subjected t0 ay;prational energy? Different hydroxyl stretch frequencies will
similar spectral analysis as the size and shape of the smalles}equire different amounts of energy to be dissipated in a

reverse micelles are not characterized, and the spectrum of very,ompination of internal and intermolecular degrees of freedom.
small reverse micelles would be dominated by the head group
hydroxyls. However, it is likely that the same considerations (46

. : . . (47
are responsible for the spectral shift and increased line width (48
of the IR spectrum of water in the Igepal reverse micelle that (49
have been shown to describe the spectra of water in AOT reverse
micelles. One of the key observables in AOT was the broadening (51
of the spectrum for sizes in between the extremes of pure water(s2
and the smallest AOT reverse micelle. Both water and AQT ~ (33) Oxtoby, D. W.Adv. Chem. Phys1981 47, 487-519.

(54) Kenkre, V. M.; Tokmakoff, A.; Fayer, M. DJ. Chem. Phys1994 101,
= 2 spectra are narrower than tivg = 10 spectrum, and the 10618.
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The vibrational population relaxation and the HOD orienta- 1.00 g
tional relaxation were measured using ultrafast IR ptipiobe A
experiments. The pumfprobe signal decays were measured
with the probe polarization parallel to the pump polarization
(Iy) and perpendicular to the pump polarizatidn)( With an

accurate measurement &f and I, vibrational population g Loenal w. = A _
. e . . . . = OT wy,= 10
relaxation,P(t) (lifetime) is obtained using E 0.10 | EPHM S
P(t) =1,+ 25 1) E/ [

and the orientational relaxation(t) (anisotropy) is given by

r@t) =(,— 1/(1,+ 21 = 0.4C\(1) 2) 001F
PR ISPV NV TNV NN N (NN MU N NUN NU S
where Cy(t) is the second Legendre polynomial orientational 12 3 45 6 7 8 9 10111213
correlation function. Vibrational relaxation in water leads to a t (ps)

deposition of heat in the sample, which causes a shift in the _ . I - . _

. . . . Figure 2. Semilog plot of the vibrational lifetime of water in tlvey = 10
absorption spectrum and a long-lived signal. This effect has beenaot reverse micelle and the, = 7 Igepal reverse micelle. The solid lines
well documented in both bulk water and reverse micelles and are the biexponential fits to the experimental data.
is corrected for here using the standard procedure described in
the referencek?16.55.56

For the OD stretch of HOD in bulk water, the vibrational —_ 3P A b (ps) i & (ps)
lifetime is virtually wavelength independent because of ex- lgepal 0.55+0.01 12+01 0.51+0.01 3.2£0.1
tremely fast spectral diffusion that allows water molecules to Q/C;tTer %%Oi 0.01 117; 8'1 0.26+0.01 5.2+0.1
sample almost all possible hydrogen-bonding configurations on ' T
a fast time scale compared to the vibrational lifetihe In a
heterogeneous system like a reverse micelle, distinct environ-
ments (shell and core) interconvert slowly. The slow intercon-
version makes it possible to observe distinct vibrational lifetimes
associated with the multiple environmeftsThis slow inter-
conversion between different environments in AOT reverse
micelles has been observed in MD simulati8hsthe MD
simulation found that the residence time for water at the interface
of an AOT wp = 10 reverse micelle is between 18 and 34 ps
depending on the proximity to the sulfonate head groups. For
AOT reverse micelles, the coreshell model, with its two
subensembles, was sufficient to fit the biexponential vibrational

population decay for every size reverse micelle studied. The k
component becomes greater relative to the fast component. (The

fast component was fixed at the vibrational lifetime of the OD . . ) .
stretch in bulk water (1.7 ps), and the slow component was fixed yvavelength dependence of the data will be discussed in detail

at the vibrational lifetime of the OD stretch of HOD in thg na sgbsequent publica.tion.) In the comhell model, .a blger

— 2 reverse micelle (5.2 pd) The fact that the AOT population detectlpn wavelength will reflect more of the shel! V|brat|on§I
decays can be fit with these two numbers demonstrates thatrelaxatlon. In AOT, the slower component of the biexponential
exchange of water molecules between the shell and core regionsOlecay was shown fo be the shell compont_ant. .

is much slower than 5 ps because fast exchange would produc% The fast component of the Igepal populatlon_ decay is a_ctually
averaging of the two decay times. Figure 2 is a semilog plot of aster than that of bulk yvater. In the populgtlor! relax.atlt.)n of
the vibrational population relatiorR(t), of the OD stretch in the OD stretch of HOD in AQT, the core V|brat|onall "f?“me.
the two types of reverse micelles. The solid lines are the best- V2> taken to be that of bulk water. However, the lifetime is

fit biexponential decays. The fitting parameters are listed in sensitive to the local enwr_onment experlenped by the OD. If
Table 1. the core-shell model applies to the water in Igepal reverse

The first important observation is that the vibrational popula- micelles, the results suggest that the core water has relaxation

tion decay of the OD stretch in the Igepal water nanopools is pathways available to it that are not available in the core of

also biexponential. However, the vibrational lifetime of water AOT or bylk water. V|brz?1t|onal relaxation is very sensitive to
the coupling of the relaxing mode to other discrete modes and

(55) Steinel, T.; Asbury, J. B.; Fayer, M. D. Phys. Chem. 8004 108 10957~ to the low-frequency continuum of states associated with the
10964.

(56) Rezus, Y. L. A.; Bakker, H. J. Chem. Phy2005 123 114502-114507. medium?25%61 For example’ a Shortening of the vibrational

(57) Eaves, J. D.; Loparo, J. J.; Fecko, C. J.; Roberts, S. T.; Tokmakoff, A.; lifetime of bulk water was observed upon lowering the tem-
Geissler, P. LProc. Natl. Acad. Sci. U.S.£005 102 13019-13022. B

(58) Fecko, C. J.; Eaves, J. D.; Loparo, J. J.; Tokmakoff, A.; Geissler, P. L. perature toward the freezmg poFﬁt.
Science2003 301, 1698-1702.

(59) Asbury, J. B.; Steinel, T.; Kwak, K.; Corcelli, S.; Lawrence, C. P.; Skinner, (61) Moore, P.; Tokmakoff, A.; Keyes, T.; Fayer, M. D. Chem. Phys1995

Table 1. Vibrational Population Relaxation Parameters

in thewp = 7 Igepal reverse micelle is faster on both time scales
than water in the AOT reverse micelle. A biexponential fit gives
time constants of 1.2 and 3.2 ps. Although the numbers are
somewhat different, the biexponential vibrational population
relaxation observed in Igepal has the same basic nature as in
AOT, which is distinct from the single exponential observed in
bulk water.

The behavior of water in Igepal reverse micelles is consistent
with the core-shell model used to describe the population
relaxation in AOT?* The data presented in Figure 2 was taken
near the peak of the Igepal spectrum. As the detection
wavelength is tuned to the blue, the amplitude of the slow

J. L.; Fayer, M. D.J. Chem. Phys2004 121, 1243}-12446. 103 3325.
(60) Asbury, J. B.; Steinel, T.; Stromberg, C.; Corcelli, S. A.; Lawrence, C. P.; (62) Woutersen, S.; Emmerichs, U.; Nienhuys, H.-K.; Bakker, Hhys. Re.
Skinner, J. L.; Fayer, M. DJ. Phys.Chem. 2004 108 11071119. Lett. 1998 81, 1106.
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The IR spectra and the vibrational lifetimes provide informa- 0.40
tion on the local, essentially static core and shell structures of @ !
water in reverse micelles. As discussed in the next section, the 0.35
hydrogen bond network dynamics of the water nanopools is )
not the same as that of bulk water in either A®®r Igepal. ? :

C. Orientational Relaxation. The dynamics of the hydrogen 8 030}
bond network of water molecules can be probed using the IR _‘% [
pump-probe anisotropy decay of the OD stretch, which § 025[
measures the orientational relaxation dynamics of the Wagér. ! T
The anisotropy decay is directly related to the second Legendre = i
polynomial correlation functiorCx(t) (see eq 2). The anisotropy ~ 020 i
decay of water in a reverse micelle is sensitive to the dynamics i
of the hydrogen bond network because the hydrogen bonds place 0151k
significant restrictions on the orientational freedom of water b '
molecules. Both the short and long time scale orientational 0.35 i aay
motions of water in small reverse micelles deviate from those &
observed in bulk water. Following an ultrafast inertial compo- 0.30 - “';\ .
nent, the decay of orientational anisotropy in bulk water is single 0.25

exponential whereas it is biexponential for small AOT reverse
micelles4 1517

For a molecule to undergo full orientational randomization,
a global restructuring of the hydrogen bond network is required,
that is, hydrogen bonds must break and reform with a new
geometry. Theoretical models can be applied to provide a
physical picture for the anisotropy decay of water in confined
environments. The wobbling-in-a-cone model, followed by ———
complete orientational relaxation, can describe the dynamics 2 t(pg)
observed in AOT reverse micell&s!564Wobbling-in-a-cone
describes the short-time angular relaxation that is limited by Figure 3. (a) Orientational relaxation (anisotropy decay) of water in the
the intact hydrogen bond network. On a longer time scale, Wo = 10 AT reverse micellec), and thewo = 7 Igepal reverse micelle

(@). Solid lines are biexponential fits to the data. (b) Orientational relaxation

hydrogen bond network restructuring leads to complete orien- of the two reverse micelles (AOTE, Igepal -®) with bulk water ¢) and
tational randomization. Recently, the wobbling-in-a-cone model neat Igepal &) for comparison. Note the different vertical scales for the
followed by jump reorientatidi¥6 for the long-time decay of ~ Wo graphs.
the anisotropy was used to analyze the orientational relaxation rapje 2. Orientational Relaxation Parameters
of water molecules confined in Nafion membraleand in

0.20
0.15
0.10
0.05

r(?) - anisotropy

0.00 i

. . . . sample a 71 (pS) & 72 (ps)
concentrated salt solutioA3.MD simulations have provided
: . : Ilgepal  0.10£0.01  1.5+0.2  0.24+0.01 2141
evidence at a molecular level for these reorientation mecha- ;o7 012+ 001  14+02  0.95+0.01 294 1
nisms%-%7 The purpose of this paper is to compare the water 0.36+ 0.01 2.6+0.1

orientational motions of water molecules in two types of reverse

micelles. Detailed discussions of the anisotropy decay of HOD 3b shows the anisotropy decays of the two reverse micelles in
in AOT reverse micelles of various sizes have been published

i 14—16 i i i i
previously- A discussion of the anisotropy decay for various Igepal. It is clear that the water in the reverse micelles have

sizes of Igepal reverse micelles will follow in a later publication. similar dynamics, both of which are much slower than bulk
Figure 3a shows the anisotropy decays of the OD stretch of \yater. A comparison with neat Igepal provides evidence that
HOD in the water nanopoolsi(= 4 nm) in AOTw, = 10 and the reorientational dynamics measured for the Igepal reverse
lgepalwp = 7 reverse micelles at the same wavelength, 2539 mjcelle are not dominated by the Igepal hydroxyl groups. The
cm™?, close to the peak of both spectra. The orientational key point here is that the orientational relaxation in Igepal water
relaxation dynamics in these two reverse micelles are very nanopools is very different from that of bulk water and very
similar. The decays in both samples are biexponential with a similar to AOT water nanopools even though Igepal has a

comparison to the anisotropy decays of bulk water and neat

fast component of-1.5 ps and a slow component 620 ps
(see Table 2 for fit parameters). (There is also an ultrafast inertial
component that decays completely #200 fs and is hidden
beneath the nonresonant solvent signal (not shé®ynhn

nonionic head group.

In the reverse micelles, the short-time component of the
biexponential has been attributed to wobbling-in-a-cone, that
is, a sampling of a limited range of angles (the coreJhe

contrast, bulk water’s anisotropy decays as a single exponentialangmar range is initially restricted by the hydrogen bond

of 2.6 ps (following the ultrafast inertial componettf3Figure

(63) Rezus, Y. L. A.; Bakker, H. J. Chem. Phy2006 125 144512-144519.

(64) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4546-4559.

(65) Laage, D.; Hynes, J. Bcience2006 311, 832-835.

(66) Laage, D.; Hynes, J. Proc. Natl. Acad. Sci. U.S./£2007, 104 11167
11172.

(67) Ohmine, I.; Saito, SAcc. Chem. Red.999 32, 741-749.
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network. At short times, orientational diffusion is limited by
the constraints of the initial hydrogen bond network connectivity.
A water molecule is only able to sample the angular space
allowed within its initial local hydrogen bond network geometry.
Full orientational randomization can only occur through relax-
ation of the angular restrictions by hydrogen bond breaking and



Dynamics of Nanoscopic Water ARTICLES

reformation in a different configuration. The complete orien- demonstrate that the perturbation of the hydrogen bond network,
tational relaxation probably arises from jump reorientié# which is responsible for the distinct dynamics of nanoscopic
rather than Gaussian diffusion, which is the usual description water, is not strongly dependent on the presence of charges at
of orientational relaxation in simpler liquids. The rate of the interface. Rather, the differences between nanoscopic water
complete orientational relaxation by jump reorientation depends and bulk water are determined by the fact that the water is
on the jump angle and the jump rate, both of which are influenced by the interface on a nanometer length scale, and
determined by the nature of the hydrogen bond network. therefore, small confined systems display water dynamics that
Basically, there are orientational motions that are restricted by are distinct from the bulk. This should also be true for water
the hydrogen bond network and occur on a time scale fasterwithin a few nanometers of an interface, such as a cell
than hydrogen bond breaking. For orientational excursions thatmembrane, regardless of whether it is charged or neutral.
are greater than the angular cone allowed by the initial local The dynamics shown in Figure 3 are very similar, but they
hydrogen bond network geometry to occur, hydrogen bonds are not identical. The results at very short time suggest that
must break and reform. The reformed network must have a there is a somewhat larger inertial decay (the vertical intercept)
different configuration with the OD bond vector pointing in a for Igepal. The rest of the dynamics for the two systems are
new direction. This shift in direction is one of many angular quite similar (see Table 2). Some differences would be expected
jumps that randomize the orientation. because the interfaces are not identical; hence, there will be
The fact that orientational relaxation in thet nm diameter differences in the interfacial water structures that will propagate
nanopools of water in AOT and Igepal reverse micelles is very through the hydrogen-bonding network. However, the results
similar in the two nanoscopic systems and is very different from show that the interfacial differences do not play a central role
that of bulk water demonstrates that the hydrogen bond in determining the hydrogen bond dynamics of the confined
dynamics of nanoscopic water reflects the impact of confinement water. At the interface, the water geometry will not be that of
by an interface rather than the presence or absence of chargebulk water. This difference will propagate into the core,
at the interface. Both the sulfonate head groups of AOT and influencing hydrogen bond network dynamics.
the alcohol head groups of Igepal form hydrogen bonds with ~ Several groups have found that the polyether groups in Igepal
water. In both cases, the restricted orientational geometry andreverse micelles are somewhat hydratett.Molecular dynam-
dynamics at the interface propagate into the core of the reverseics simulations? as well as electron spin and fluorescence
micelle because of the connectivity of the hydrogen bond probes’! show that the polyether chains interact with water,
network. The result is a significant alteration of the hydrogen although the dominant portion of the water is segregated into
bond network dynamics as observed by the change in orienta-the central water pool. The presence of a water nanopool
tional relaxation compared to bulk water whether or not there containing most of the water in small Igepal reverse micelles
are interfacial charges. The influence on the dynamics in ionic has been confirmed by SANS d&faThe partial hydration of
reverse micelle systems is, therefore, not predominantly anthe polyether chains may influence the structure of the Igepal
electric field effect produced by charged groups. reverse micelle interface making it structurally distinct from the
Several MD simulations have produced results similar to the closely packed arrangement of the AOT head groups. The result
experimental data for models of several types of reverse is that the nature of the combined cehell hydrogen bond
micelles, as well as hydrophobic caviti®£9.21.690n the basis network is not the same in the two types of reverse micelles,
of the slowing of the orientational relaxation even when the giving rise to somewhat different hydrogen bond dynamics and,
walls of the cavity were hydrophobic, Senapati et al. concluded therefore, mildly different orientational relaxation dynamics.
that both hydrogen bonding to the interface and a confined It is possible to observe some differences between water in
geometry play a major role in slowing the water dynandics. AOT and Igepal reverse micelles that will be discussed in detail
The uncharged hydrophobic interfaces that have been simulatedn a subsequent publication. As the detection wavelength is
are quite different from the nonionic reverse micelles studied shifted substantially to higher frequency than the center of the
experimentally here. Igepal spectrum, the anisotropy develops a very slow, apparently
Whereas the spectra and the vibrational population relaxation constant component. Dokter and co-workers have also observed
can be described in terms of a cetghell model, in which the & slow component in the high-frequency regions of HOD in
observables are determined by the sum of the observables foP20 confined in AOT reverse micellé8.They attribute this
water molecules in the interfacial boundary layer and in the slow component to an ensemble of water molecules that is
core of the reverse micelles, the dynamics of the hydrogen bondstrongly hydrogen bonded to the sulfonate head groups. In
network are not separable in the same maAh&he core and Igepal, the nature of the interface is different from AOT and
shell regions, though physically distinct, are intimately connected the slow component may come from several sources. One source
through the hydrogen bond network. Although the detailed is the hydroxyl group of the Igepal surfactant. Figure 3b shows
structure of water associated with the head groups is unknown,that, after a fast inertial decay, virtually no reorientation occurs
it is safe to say that the arrangement of water molecules in afor the hydroxyl group of neat Igepal. Physically, this observa-
shell of waters at the interface will differ substantially from tion makes sense since the hydroxyl group is bound to a long
bulk water. Because core waters are hydrogen bonded toSUrfaCtant molecule that will reorient very S|OW|y. AIthough the
interfacial waters, the rearrangements responsible for orienta-hydroxyl group of Igepal may play a large role in the anisotropy
tional relaxation in small reverse micelles require motions that decay for small reverse micelles, as the number of water
depend on both regions. The results shown in Figure 3

(70) Allen, R.; Bandyopadhyay, S.; Klein, M. Langmuir200Q 16, 10547

10552.
(68) Ivanov, E. N.Saiiet Phys. JETPL964 18, 1041-1045. (71) Caldararu, H.; Caragheorgheopol, A.; Vasilescu, M.; Dragutan, I.; Lem-
(69) Senapati, S.; Berkowitz, M. LJ. Phys. Chem. 2004 108 9768-9776. metyinen, H.J. Phys. Chem1994 98, 5320-5331.
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molecules in the reverse micelle increases, the contribution to  The infrared absorption spectrum of the hydroxyl stretch and
the signal from the Igepal hydroxyl groups becomes small. This the vibrational population relaxation in both types of reverse
is the case for the Igepal reverse micelles studied here. Anothemicelles differ from bulk water. The general nature of the
likely source contributing to the slow anisotropy decay detected differences for the two reverse micelles is the same, the spectra
in larger reverse micelles at bluer wavelengths is water hydrating are blue-shifted relative to bulk water, and the vibrational
the polyether groups of Igepal. Experiments have shown that population relaxation is biexponential rather than the single-
these groups are somewhat hydrated and isolated water mol-exponential decay found for bulk water. Although the nature
ecules may become trapped between surfactant moleculesof the differences from bulk water are the same, AOT has a
making it difficult for reorientation to occur on the experimental  |arger spectral blue-shift, and its biexponential population decay
time scale. Although the degree of hydration of the head group’s has longer components of 1.7 and 5.2 ps compared to Igepal’s
polyether moiety as the size of the reverse micelle increases is1.2 and 3.2 ps. These two observables were discussed using
not well known, preliminary orientational relaxation experiments  the core-shell model In terms of the core shell model, these
show that, for Igepal reverse micelles upwe = 25, there  ohservables are local and might be expected to be influenced
appears to be a persistent long-lived component in the anisotropymore by the particular details of the interfacial properties.
decay. The sizable long-lived component is consistent with In contrast, orientational relaxation of water in the nanopools

significant_hydration of the polyether groups for large Igepal depends on the global dynamics and structure of the hydrogen
reverse micelles. bond network. The orientational relaxation of water in the
IV. Concluding Remarks nanopools of both types of reverse micelles is distinct from that
The question of the influence of nanoscopic confinement on o;[l))(l:rl]ker\:\tliaatle (;'e2:;fp;nsgltll(a\:vggiaﬁglgrgogntsrs;:vtsot;gf ii'g%'ﬁé
LZ%LV;?; ?g::gﬁf:l Egzgpggrsar:flcvia?gs Otf)eiﬁg s;jn(:réess?ze : (Z)gf the gliffgrences in their head group inte.rfacesZ orientgtiqnal
nm) in two types of reverse micelles, AOT and Igepal. It is relaxation in the AOT and_ Igepal reverse micelles is very similar
well documented that the dynamics of water in confined but very different from either bulk wgter or neat Igepal. Dc.)es.
environments, near interfaces, and in the solvation shell of ionsthe interface matter? Yes. D_oes the interface need to be ionic
differ from the dynamics of bulk water. A persistent question to matter? No.f. The eerrlmentgl r.esults demonstLat(;a that
surrounding the study of water in confined environments or near Ea”OSCOF"C confinement has a major impact on water hydrogen
interfaces has been, “is it thgesenceof or the nature of the ond network dynamics regardless of the nature of the interface.
confining interface that has the largest effect on the dynamics
of the water molecules?” AOT has an ionic head group whereas
Igepal’s head group is nonionic. Therefore, the nature of the
water interface is substantially different in the two types of
reverse micelles. By studying the properties of water in the same
size nanopools with and without ions, the issue of confinement
vs the nature of the interface was examined. JA073977D
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