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CHAPTER 3

Structure and dynamics of water in nonionic
reverse micelles1

We study the structure and reorientation dynamics of nanometer-sized water
droplets inside nonionic reverse micelles (water/ Igepal-CO-520/ cyclohexane)
with time-resolved mid-infrared pump-probe spectroscopy and small angle X-ray
scattering (SAXS). In the time-resolved experiments we probe the vibrational
and orientational dynamics of the OD groups of Igepal reverse micelles to which
a small amount of D2O has been added. We find that even small reverse
micelles contain a large fraction of water that reorients at the same rate as
water in the bulk, which indicates that the polyethylene oxide (PEO) chains of
the surfactant do not penetrate into the water volume. We also observe that
the confinement affects the reorientation dynamics of only the first hydration
layer. From the temperature dependent surface-water dynamics we estimate an
activation enthalpy for reorientation of 45 ±9 kJ.mol−1 (11 ±2 kcal.mol−1),
which is close to the activation energy of the reorientation of water molecules
in ice.

1 Adapted from T. H. van der Loop, M. R. Panman, S. Lotze, J. Zhang, T. Vad, H. J. Bakker,
W. F. C. Sager,and S. Woutersen, “Structure and dynamics of water in nonionic reverse micelles:
a combined time-resolved infrared and small angle X-ray scattering study”, J . Chem. Phys. 137,
044503 (2012)
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3.1 Introduction

Water confined in nanometer-sized volumes can be found in many biological sys-
tems. Well-known examples include water between lipid layers [1] and in protein
pumps. [2, 3] Understanding the effect of confinement on the properties of water
is crucial in explaining the function of certain proteins. [4] This can be understood
by the fact that the structure and dynamics of proteins are strongly coupled to
the dynamics of the surrounding water molecules. Reverse micelles, self-assembled
structures of isolated surfactant coated water droplets, are a convenient model sys-
tem for studying water in nanoconfinement. [5] Furthermore, reverse micelles can
promote the synthesis of nearly monodisperse nanoparticles of controlled size. [6, 7]
In some examples of nanoparticle synthesis, the use of reverse micelles even allows
for the control of crystal structure. [8] These remarkable properties additionally
stress the relevance of studying these versatile systems.

The addition of water to a two-component reverse micellar system, i.e. surfac-
tant self-assemblies in an apolar solvent, leads to an uptake of water molecules in
the hydrophilic interior of the reverse micelles and finally to thermodynamically
stable water-in-oil (w/o) microemulsions, in which nanosized water droplets are
stabilized by a saturated surfactant monolayer. The properties of these systems,
such as water droplet size, shape, polydispersity and droplet interaction, as well
as their single phase existence regions, depend besides composition mainly on the
elastic properties of the interfacial surfactant layer. These elastic properties have
been described in terms of a preferred curvature (radius of spontaneous curvature)
and film stiffness (rigidity constants for mean and Gaussian curvature). They
are, for a given surfactant and oil, influenced by parameters such as temperature
and/or salt concentration of the aqueous phase. [7, 9–13] In principle, spherical
water droplets exist over a certain range of composition and formulation variable
space. Their size has been found to depend linearly on the ratio between water
and surfactant and can thus be easily tuned, where the molar ratio is commonly
defined as

w0 =
[H2O]

[Surfactant]
. (3.1)

However, one should keep in mind that if the radius of the spherical droplets does
not correspond to the radius of spontaneous curvature, the droplets are subject to
size and/or shape transformation that will finally lead to phase separation. If the
radius of spontaneous curvature is smaller than the droplet radius, the droplets
will shrink by expelling water into an excess water phase (solubilisation boundary
limit). If the interfacial film is less curved towards water, the droplets will adapt to
the preferred curvature by changing their interaction from repulsive to attractive
[11, 12] and/or by forming more and longer cylinders, [13] whereby interconnected
cylindrical networks will separate into a bilayer phase.

Reverse micellar systems can be prepared with ionic or nonionic surfactants.
The type of surfactant used determines the overall properties of the ternary surfac-
tant system. For instance, ionic and nonionic microemulsions reveal an opposite
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phase behavior with temperature. The dominant factor that influences the prop-
erties of the interfacial surfactant layer is temperature for nonionic surfactants and
salt concentration for ionic surfactant systems. [14] Ionic reverse micelles or w/o
microemulsions have been more extensively investigated. In this context, how-
ever, it is important to realize that ionic reverse micelles intrinsically carry a large
counterion concentration, which decreases with increasing amount of added water
and is thus inversely proportional to w0. For instance, an ionic reverse micelle
with w0 = 5 has a counterion concentration as high as 11 molal (0.56 molal at
w0 = 100), reaching salt concentrations that are known to drastically affect the
dynamics of water. [15, 16] In ionic reverse micelles the effect of confinement on
the dynamics of water thus cannot be independently studied, especially for small
w0.

For nonionic surfactants with, e.g., an ethylene glycol (ethylene oxide or oxyethy-
lene) chain as the hydrophilic moiety, the water in the reverse micellar interior is
not perturbed by charges. In general, the (complex) temperature dependence of
the interaction between water and ethylene oxide is responsible for the rich phase
behavior that this type of nonionic surfactant systems display. [17]

There are numerous techniques available to study different properties of reverse
micellar systems. The size and structure of reverse micelles can be resolved with
neutron [18] and X-ray [19, 20] scattering. Terahertz spectroscopy in reverse
micelles has revealed the low vibrational modes characteristic for confined water.
[21] These modes are size-dependent and support the idea of a behavior specific
to water in nanoconfinement. NMR has also proven to be a valuable tool for
measuring the effect of confinement on the rotational dynamics by means of a
molecular probe. [22] Probe molecules are also used in optical techniques. [23, 24]
Optical techniques have the advantage of having long lived excited-states, thus
creating a large time window for dynamic measurements. However, the difficulty
with using molecular probes lies in determining where the molecule is located
inside the reverse micelle, thus making it challenging to determine which part of
the water in the reverse micelle is being probed. [25]

The rotational dynamics of water molecules can be observed using time-resolved
polarization-dependent vibrational pump-probe spectroscopy. This is achieved by
measuring the anisotropy decay of the OD- or OH- stretch vibration. Terahertz
studies have shown that reorientation of water is isotopically invariant. [26] The
reorientation of water molecules in ionic reverse micellar systems has previously
been studied by measuring the anisotropy decay for different surfactants and mi-
celle sizes. [27–32] These studies have revealed that water in reverse micelles can
be well described by a two-species model that is comprised of “free” water that
behaves like water in the bulk, and water that resides on the inner surface of the
reverse micelles. For example, in sodium bis(2-ethylhexyl) sulfosuccinate (AOT)
reverse micelles the reorientation time of the surface-bound water molecules at
room temperature was found to be much slower, >16 ps, [27, 30] than that of
bulk water, which is around 2.5 ps. [33–35]

In nonionic reverse micelles, similar observations have been made. [30–32]
Water, in this case, can also be described by a surface and a core component.
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Scheme 3.1: Igepal CO-520 surfactant molecule, pentaoxyethylene nonylphenylether.
The alkyl chain is branched.

O OHC9H19
5

Although these studies nicely show a similarity between ionic and nonionic sys-
tems, [30] a comprehensive study of the size and temperature dependence of the
water dynamics in nonionic reverse micelles is still lacking. In this paper, we study
the size and temperature dependence of the structure and dynamics of Igepal (see
Figure 3.1) reverse micelles by combining SAXS measurements and time-resolved
infrared spectroscopy.

3.2 Experimental

The small-angle X-ray scattering (SAXS) measurements were performed at the
European Molecular Biology Laboratory (EMBL) X33 beamline at the Doris III
storage ring (Deutsches Elektronen Synchrotron (DESY), Hamburg, Germany).
The reverse micellar samples were filled into a 100 µL thermostated flat in-air cell
with mica windows. The composition and temperature of the samples are listed
in Table 3.1. The data were recorded between 293 and 320 K using a 1M Pilatus
detector (DECTRIS) at a sample-to-detector distance of 2.7 m and a wavelength
of 0.15 nm, covering a range of momentum transfer of 0.1 ≤ q ≤ 4 nm−1

(q = 4π sin(θ)/λ is the modulus of the scattering vector, 2θ is the scattering angle
and λ is the wavelength). After normalization to the intensity of the transmitted
beam the collected data were radially averaged. [36] The solvent was subtracted
prior to data analysis.

The SAXS data were fitted with a model function based on Vrij’s analytical
solution for a multicomponent system of hard spheres. [37–39] Since the electron
densities of water and ethylene glycol as well as of the nonylphenol tail and cy-
clohexane are similar, the part of the spherical reverse micelles that contributes
to the scattering is the headgroup shell and interior water, while the tail shell is
invisible to X-rays. The structure parameters characterizing the system are the
concentration c◦, the radius r◦, the polydispersity parameter σ◦ of the log-normal
size-distribution and the surface to surface distance D◦. D◦/2 is equal to the
thickness of the hydrophobic layer around the reverse micelle, see Figure 3.11.
The scattering curves are carefully checked to exclude attractive interactions and
contributions stemming from cylindrical scatterers, especially at low temperatures
and higher w0.

All time-resolved measurements were carried out with an amplified Ti:Sapphire
system described in Section 2.1.1. The cross-correlation of the pump and probe
pulse in InAs shows a FWHM of 150 fs. The polarization-dependent vibrational
dynamics of the OD-stretch of 10% HDO in water in reverse micelles was measured
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by exciting the samples to the v = 1 state of the OD-stretch mode with a mid-IR
pulse resonant with the OD-stretch vibration. To exclude long time effects due to
heating the samples were circulated with a Verder 2030 pump.

The transient absorption decay of the OD-stretch was measured for a series
of reverse micelles. Samples consisting of water, cyclohexane, and Igepal CO-520
had molar water surfactant ratios w0 of 2.5, 5, 8, 12.5 and 15 and were prepared
by a combination of pipetting and weighing. The samples were prepared such
that cyclohexane (spectroscopic grade) always amounted 0.8 to the total mass.
D2O (99.9%) was ordered from Eurisotop, all other chemicals were purchased
from Sigma-Aldrich. All samples were prepared with demineralized Milli-Q water,
stored at 6◦C and measured within a week after preparation.

The temperature was controlled to within 1 K using a TE TC-48-20 thermostat
in combination with heat rods connected to the sample. The temperatures in
the sample cell were calibrated with an infrared camera (FLIR ThermaCAM R©
E2). Steady-state infrared spectra were acquired on a Bruker Vertex 70 FTIR
spectrometer. Reference samples were made with pure H2O and subtracted from
HDO:H2O micelle spectra to obtain the OD-stretch spectra.

Water fractions w0 were verified from the ratio between the absorption of the
bending mode of H2O and two vibrational peaks that belong to Igepal (see Fig-
ure 3.1). The micelle steady-state infrared spectra between 1560 and 1680 cm−1

for different reverse micelle sizes can be well fitted by a weighted sum of the ab-
sorption spectra of neat Igepal and water:

Amicelle(ν,w0) = N(f(w0)AH2O(ν) +AIgepal(ν)), (3.2)

where A is the absorbance between, N a normalization constant and f(w0) the
ratio absorption of Igepal and H2O. From a series of spectra with known w0 we
find that f(w0) is directly proportional to w0

f(w0) = aw0, (3.3)

with a = 0.078(3). The calibration line was used to verify w0 in situ.
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Figure 3.1: Left: Steady-state absorption of micelle samples, neat Igepal and H2O.
Right: Calibration line that allows for an estimation of w0 from the steady-state
infrared spectrum.The slope a is found to be 0.078(3)

Table 3.1: Structure parameters obtained from the refinement of the SAXS scattering
curves using a multicomponent model for hard spheres at different w0 and tempera-
ture. The reverse micelles are characterized by the droplet radius r◦ and polydispersity
parameter σ◦ of the log-normal size distribution. The surface-to-surface distance D◦
corresponds to twice the shell thickness built up by the surfactant tails. cw is the
mass fraction of water plus surfactant.

w0 5 8.6 12.3 18.4 5

T(K) 303 313 320

cw 0.159 0.175 0.191 0.216 0.159
r◦ [nm] 2.91 (1) 3.66 (1) 4.27 (1) 5.79 (1) 3.03 (1) 3.12 (1)

σ◦ 0.177 (1) 0.168 (1) 0.130 (1) 0.145 (2) 0.174(1) 0.177(2)
D◦
2

[nm] 0.91(1)

3.3 Results and Discussion

Figure 3.2 displays SAXS curves for reverse micelles with a w0 of 5, 8.6, 12.3 and
18.4 at 303 K. The shape of the scattering curves clearly indicates the spherical
nature of the reverse micelles. With increasing w0 the minimum shifts to smaller
scattering vectors q revealing larger droplet sizes. This is also reflected in an
increase in the scattering intensity at low q, as the forward scattering scales with
the square of the droplet volume. The scattering curves are analyzed using a model
function based on Vrij’s analytical solution for a multicomponent hard sphere
system. [36, 37, 40] The results from the structural refinement are shown in Table
3.1. Since the electron density of the nonylphenyl surfactant tail is similar to that of
cyclohexane, the X-rays see only droplets made up of the ethylene oxide head group
moiety and the interior water. Plotting the obtained radius r◦, versus w0 thus gives
the length of the ethylene oxide chain lh as intercept (see inset of Figure 3.2). The
value of 1.8(2) nm corresponds to an extended chain (zig-zag) configuration with a
length of 3.5 per monomer, which is expected for short ethylene oxide chains. [41]



209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop

3.3 Results and Discussion 29

Figure 3.2: Small-angle X-ray scattering
curves (scattering intensity versus the modu-
lus of the momentum transfer vector q) from
reverse micelles for a w0 of 5, 8.6, 12.3 and
18.4 at 303 K. Successive scattering curves
are displaced upwards by one logarithmic unit
for better visualization. The shape of the
curves is typical for spherical scatterers. The
scattering data were fitted with a multicom-
ponent model for hard spheres. The fits are
shown as solid lines and the refined param-
eters are presented in Table 3.1. The in-
set displays the linear dependence of the ra-
dius r◦ on w0. Linear regression (red line)
gives the proportionality factor (a = 0.21(1)
nm) as the slope and the length of the ethy-
lene oxide chain (head group shell thickness
lh = 1.8(2) nm) as the intercept.

From the slope, the proportionality factor a for the linear scaling of the reverse
micelle radius with w0 is obtained, resulting in a = 0.21(1) nm. The length of
the hydrophobic surfactant tail is retrieved from the half of the droplet surface to
surface distance D◦ (D◦/2 = 0.91(1) nm), see Figure 3.11. For reverse micelles
with w0 = 5 the temperature dependence of the structural parameters has been
investigated. With increasing temperature the spherical droplets increase slightly
in size, while the droplet concentration decreases (see Table 3.1). This can be
explained by an increased monomer concentration of the surfactant in cyclohexane
at higher temperature, leaving less surfactant for stabilizing the interface between
water and oil. At lower temperatures, below 298 K, an attractive interaction
between the droplets has to be taken into account (sticky hard sphere potential
[38]).

Figure 3.3 shows the OD-stretch absorption spectrum of 10% deuterated Igepal
CO-520 and HDO in water for several reverse micelle sizes. Part of the infrared
absorption in the reverse micelles arises from the OD-group of the surfactant. As
reported before, [42] when decreasing the micelle size, the peak maximum shifts
to higher frequencies. This can be explained by a weakening of the hydrogen bond
network [43] and will be further discussed in the context of the time-resolved data.

Figure 3.4 shows a typical isotropic time-dependent transient absorption spec-
trum of a w0 = 5 sample for several time delays with respect to the pump pulse.
The spectrum shows a positive and a negative feature. The negative absorption
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Figure 3.3: The OD-stretch absorption spectrum of HDO:H2O in Igepal reverse
micelles for different w0 values, and the OD-stretch spectrum of neat isotopically
dilute Igepal CO-520, al recorded at 303 K. The micelle spectra were obtained by
subtracting a reference micelle solution of pure H2O.

Figure 3.4: Isotropic transient spectrum of the OD-stretch at different time delays
in reverse micelles of w0 = 5 at 303 K. Solid lines are a global fit through the data
points described in the the text.

change on the blue side of the spectrum is a result of depopulation of the v = 0
state and v = 1 → 0 stimulated emission. The positive absorption change on the
red side of the spectrum is a result of induced absorption of the v = 1 → v = 2
state. The signal decays on a picosecond time scale due to vibrational relaxation.
A small residual offset is observed at long time delays, and is due to a pump-
induced heating of the sample. [44] The effect is small compared to the total
signal, and is much smaller than it is in bulk water. [34] This difference in the
heating effect is due to the large excitation volume in the reverse micellar sam-
ples: the water fraction in reverse micelles is essentially diluted by cyclohexane.
This results in a lower energy density upon vibrational excitation and allows for
a more effective dissipation of the energy compared to water in the bulk. As can
be seen in Figure 3.5, the rise and decay of the delay scans at 2442 and 2458
cm−1 clearly show a multi-exponential character. In Figure 3.6 the normalized
transient response is plotted at probe frequency of 2484 cm−1. The logarithmic
inset shows that, also at this higher frequency, the response is multi-exponential.
For increasing reverse micelle size the contribution of the fast component becomes
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Figure 3.5: Isotropic transient decay curves of the OD-stretch for several frequencies
for w0 = 5 at 303 K. At long time delay, a small residual frequency-dependent value
is observed. The non-monotonic decay between 2442 and 2458 cm−1 reveals the
multi-exponential character of the data. The curves are a global fit through the data
points described in the text.

Figure 3.6: Normalized transient absorption for reverse micelles of different size at
2484 cm−1 and 303 K (residual thermal signal subtracted). The inset shows the
logarithm of the transient absorption signal.

smaller.

In contrast to earlier studies, [30, 31] our measurements are carried out over a
frequency range that extends further into the lower part of the OD-stretch spec-
trum. At these lower frequencies we observe an additional fast component that
is faster than the T1 of bulk water. A previous study [30] assumed Igepal-OD to
have a slower T1 than that of bulk HDO:H2O. We argue that, instead of a slow
component, the transient response of Igepal-OD is actually this fast component
at lower frequencies. First of all, the relative contribution of this fast component
depends inversely on the size of a reverse micelle, as can be seen in Figure 3.6
(and will later on be confirmed by the global analysis of the spectral components,
which are plotted in Figure 3.8). This size-dependence of the fast component is ex-
pected for the Igepal-OD response, as the amount of Igepal-OD groups compared
to the HDO molecules increase for smaller reverse micelles. Secondly, the lifetime
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associated with the fast component agrees very well with earlier measurements on
other alcohols. Ethanol-OD in ethanol-OH has an OD-stretch T1 of 800 fs [45] and
methanol-OD in methanol-OH of 500 fs, [46] both of which agree well with the
810 fs for the fast component that we observe. To confirm our hypothesis, that
the fast component is due to Igepal, we also measured the transient response of
the OD-stretch vibration in neat Igepal, which reveals a similar fast component of
1.2 ps.

We model the OD-stretch response of the reverse micelles as the sum of three
contributions [30]: bulk water HDO, surface water HDO and the OD group of
Igepal. Surface water is expected to have a slightly slower T 1 than bulk water.
To reduce the number of free parameters, four simplifying assumptions are made.
Firstly, surface and bulk water are assumed to have the same absorption spectrum.
Secondly, temperature-dependent bulk lifetimes for reorientation and population
relaxation are used from literature [35] to describe the bulk component. Thirdly,
the bulk fraction S is assumed to be temperature independent. The SAXS mea-
surements reveal that the size of the reverse micelles changes only slightly as a
function of temperature (see Table 3.1). Finally, the model includes an offset at
long time delays to account for heating. This gives us the following expression for
the isotropic absorption change:

∆A(ν,w0,T , t) = A(ν,T ) e−t/T1:i(T )

+B(ν,T ) [S(w0)e
−t/T1:b(T )

+(1− S(w0))e
−t/T1:s(T )]

+C(ν,T ) , (3.4)

where A(ν,T ) and B(ν,T ) are the size- and temperature-dependent spectra of
Igepal-OD and HDO, C(ν,T ) is the temperature effect T1:i(T ), T1:b(T ), and
T1:s(T ) are temperature-dependent relaxation times of Igepal, bulk water and
surface water, respectively. S(w0) is the fraction of bulk water. The population
relaxation data could be well described by assuming the same rate for the decay
of the induced absorption as for the decay of the bleaching. This is in agreement
with previous studies. [27, 31]

Having multiple spectrally overlapping species present renders the anisotropy-
decay dependent on the vibrational lifetimes. [27, 30, 47] However, because we
are measuring the anisotropy at frequencies at which the contribution of the fast
component (Igepal) is very small, and due to the intrinsic fast population relax-
ation of Igepal-OD, the contribution of Igepal-OD can be neglected. Therefore, the
anisotropy decay in the region between 2544 and 2570 cm−1 is analyzed by only
two components, surface water and bulk water, yielding the following expression
for the anisotropy decay:
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Table 3.2: Fit results from globally fitting the size and temperature dependence of
the isotropic vibrational decay and the anisotropy. The bulk T1, T1:b and the bulk
reorientation time τb are taken from bulk measurements. [35] The T1:i and T1:s are
the T1’s of surfactant and surface water, respectively and S is the fraction of HDO
that behaves as bulk water.

T(K) w0 T1:b(ps)
35 τb(ps)

35 T1:i(fs) T1:s(ps) τs(ps) S

303 15
1.88∗ 1.97∗ 809(6) 3.71(3)

8.3(4) 0.65(1)
303 8 17.9(4) 0.69(1)
303 5 28.0(3)

0.51(1)313 5 1.95∗ 1.71∗ 831(25) 3.53(7) 12.4(2)
323 5 2.07∗ 1.27∗ 729(30) 3.2(1) 9.6(2)

*= fixed parameter

RHDO(t,w0,T ) = Ro(ν,w0)

× S(w0)e
−t/T1:b(T )−t/τb(T ) + (1− S(w0))e

−t/T1:s(T )−t/τs(T )

S(w0)e−t/T1:b(T ) + (1− S(w0))e−t/T1:s(T )
.

(3.5)

In this equation, Ro(ν,w0) is the anisotropy at t = 0, which theoretically should
be 0.4. R◦ Values slightly lower than 0.4 can be observed due to the libra-
tional motion of the OD-strech in the first 100 fs. [48] τb(T ) and τs(T , ν) are
the temperature-dependent reorientation times of bulk and surface water, respec-
tively. Because the anisotropy decay RHDO(t,w0,T ) and the isotropic vibrational
relaxation ∆A(ν,w0,T , t) are both dependent on the T1’s of surface and bulk wa-
ter, the anisotropy and population relaxation were analyzed together in a single
global fit. We find that in order to obtain a proper fit, the surface water reorienta-
tion time must be allowed to be size-dependent. All time constants were treated as
global parameters over the measured frequency range. All time constants except
for the surface reorientation were assumed to be size independent. The bulk water
fraction S was assumed to be temperature independent.

Figure 3.7 shows the experimentally observed anisotropy decay and the global
fit for three different w0’s at 303 K, and for w0 = 5 at three different temperatures:
303, 313 and 323 K. The time constants, bulk water fractions and the anisotropy
at t = 0 obtained from the global fit are shown in Table 3.2.

The frequency-dependent pre-factors can be plotted as difference absorption
spectra of the individual contributions at t = 0. The spectra of the contributions
of the Igepal-OD, HDO and the heat at t = ∞ effect are plotted in Figure 3.8
as A(ν), B(ν) and C(ν), respectively. Note that the relative Igepal contribution
compared to HDO increases for decreasing reverse micelle size. This confirms our
assignment of the fast component to the Igepal OD-stretch.
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Figure 3.7: Anisotropy decay RHDO for reverse micelles of different size, a) w0 = 5,
8 and 15 at 303K, and temperature, b) w0 = 5 at 303, 313 and 323 K. The plotted
anisotropy is the average anisotropy between 2544 and 2570 cm−1.The corresponding
fit curves from the global analysis are plotted. The shaded region represents the
standard deviation of the fit function. We observe heteroscedasticity in the anisotropy
because the signal gets smaller due to vibrational relaxation.

Interestingly, we find that the temperature dependence of the anisotropy can
only be fitted if the surface water reorientation is allowed to change with the size
of the reverse micelle w0. This suggests that the surface water reorientation is
curvature dependent. Smaller reverse micelles (stronger curvature) show slower
surface reorientation.

The temperature dependence of the reorientation time constant allows for an
estimation of the activation energy of the reorientation of a water molecule at the
surface by assuming an Arrhenius dependence. Figure 3.9 shows an Arrhenius plot
of the reorientation rates for bulk water obtained from previous studies [35] and of

surface water. From least-squares fits values of ∆H‡
bulk = 17.4 ±0.7 kJ.mol−1(4.15

±0.16 kcal.mol−1) and ∆H‡
surface= 45 ±9 kJ.mol−1 (11 ±2 kcal.mol−1) were ob-

tained. The large uncertainty is a result of the small number of data points. Our
surface reorientation-rate measurements are, unfortunately, restricted to a small
temperature range. For temperatures lower than 303 K the rate is too slow to be
resolved whereas above 323 K the system reaches the solubilization limit boundary
of the reverse micellar phase, at which water is expelled from the reverse micelles.
This difference in ∆H‡ values for the reorientation of bulk water and surface water
suggests that the slower water reorientation on the surface is not only a result of
reduced rotational freedom, i.e. an entropic effect, [49] but is also a result of an
increased enthalpy barrier.

From size-dependent anisotropy measurements it can be observed that the
amount of bulk water increases with the size of the reverse micelle. Since we know
from the SAXS measurements the shape/geometry of the reverse micelles, and how
their radius increases with w0, we can estimate the layer thickness of the surface
water. Taking a sphere of bulk water with a layer of surface-water of thickness d,
one obtains the following expression for the fraction of bulk water S with respect
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Figure 3.8: Spectra of the fast, slow and
the residual signal amplitudes, A(ν), B(ν)
and C(ν), respectively plotted for increas-
ing reverse micelle size. Relatively, B(ν)
decreases with reverse micelle size and
A(ν) increases with reverse micelle size.
The dashed line is the sum of all three
contributions. The shaded region at high
frequencies indicates the frequency range
that is used to construct the anisotropy of
Figure 3.7. Top is w0 =5, middle is w0

=8 and bottom is w0 =15.

to the total amount of water as function of radius r:

S =
4
3π(r − d)3

4
3πr

3
(3.6)

= 1− 3

(
d

r

)
+ 3

(
d

r

)2

−
(
d

r

)3

. (3.7)

The radius of a reverse micelle scales linearly with w0:

r = aw0, (3.8)

and the bulk fraction can be written as a function of w0 as

S(w0) = 1− 3

(
d

aw0

)
+ 3

(
d

aw0

)2

−
(

d

aw0

)3

. (3.9)
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Figure 3.9: Arrhenius plot of the reorientation rate of water vs. reciprocal tempera-
ture. The red data points are from surface water and the blue are of bulk water taken
from reference [35].

Fitting the expression for S(w0) to the experimentally observed values of S gives
a value for d/a of 1.1(3), see Figure 3.10. Using the proportionality constant
a = 0.21(1) nm obtained from the SAXS measurements, we can estimate that the
thickness of the water layer is 2.4(4) Å. This corresponds to the size of a water
molecule (2.8 Å [50], the O-O distance in liquid water) suggesting that only the
outermost layer of water molecules are affected by confinement.

The conformation of the hydrophilic PEO chain in nonionic reverse micelles is
still a matter of controversy. [23, 31, 51, 52] Numerous papers depict the structure
of a nonionic reverse micelle. Mostly, they show that the PEO chain penetrates
the water volume and dangles freely in the water body. [31, 52] We can test
this hypothesis with our measurements: for reverse micelles with w0 = 5 there
are twice as many oxygen lone pairs available from the Igepal molecules as there
are water molecules (5 ether groups per Igepal × 2 number of lone pairs per ether
/5 water molecules per Igepal). This would imply that if the hydophillic chains
would completely penetrate the reverse micellar interior, all water molecules would
be perturbed. The interior of the reverse micelle would behave like an aqueous
polymer solution due to the dangling PEO chains. From the anisotropy decay and
the model that we use, we can conclude that this is definitely not the case. In
contrast, we find a significant amount of unperturbed water that still behaves like
bulk water. Other studies, in particular NMR experiments and vibrational energy
relaxation of probe molecules, support this observation. [23, 51] From our study
we conclude that there is no water between the PEO chains, for these small reverse
micelles as represented in Figure 3.11. However, we observe that for w0 = 15,
S deviates a lot from the fit. This suggests that modeling the surface water as a
layer on a sphere does not hold for large w0. A possible explanation is that the
polyether glycol chains are hydrated for large w0 and therefore would give rise to
a bigger surface water fraction. This hypothesis would have to be confirmed by
further experiments. Nanocavities containing bulk-like water were also found for
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Figure 3.10: Bulk water fraction S versus reverse w0 and the micelle radius r◦.
The data is fitted with the single-parameter function S(w0), see equation 3.9. The
shaded area indicates the size-dependent uncertainty of the fit function S(w0) for one
standard deviation in the fit parameter d, as obtained by propagating the uncertainty
of the fit parameter. S for w0 =2.5 and 12.5 were analyzed separately using the
lifetimes obtained from the global fit.

lh

r0

dD0/2

Figure 3.11: Representation of the structure of an Igepal reverse micelle. The sur-
factant molecules form a saturated monolayer around the interior water droplets.
Polyether glycol chains are stretched into zigzag configuration [41] and do not or
hardly penetrate the water volume. Oxygen, carbon and hydrogen atoms are shown
as black, red and white dots, respectively.



209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop

38 Structure and dynamics of water in nonionic reverse micelles

water-tetraethyleneoxide binary mixtures at concentrations that are comparable
to the small w0 values. [53]

It is interesting to note that whereas the steady-state absorption spectrum
shows a blue shift with decreasing micelle size, the transient spectra show no
significant shift, 3.8. We believe this can be explained by a difference in the
OD-stretch transition-dipole moments of water and Igepal. The total OD-stretch
response arises from the OD-stretch of Igepal at low frequency and HDO at higher
frequency. Reducing the micelle size (by decreasing w0) has two effects: an in-
crease of the Igepal contribution (at low OD-stretch frequency), and a blue shift
of the water OD-stretch mode due to weakening of the hydrogen bonds in smaller
micelles. [42, 47]. These counteracting effects can lead to different net results
in the steady-state (linear) absorption spectrum and the nonlinear transient ab-
sorption spectrum if the OD-stretch transition-dipole moments µOD of HDO and
Igepal are different: in the linear spectrum the contributions of the two species
(water and Igepal) scale with µ2

OD, whereas in the nonlinear pump-probe spectrum
they scale with µ4

OD. It is difficult to determine µOD experimentally for Igepal in
the reverse micelles, because of overlap of water and Igepal bands. Determin-
ing the Igepal transition-dipole moment from the integrated OD-stretch band of
neat Igepal is not possible, because the average hydrogen-bond strength in neat
Igepal is much less than in Igepal bound to water (as can be derived from the
high OD-stretch frequency of neat Igepal, see Fig. 3.3). To get an estimate for
the ratio of the water and Igepal OD-stretch transition-dipole moments in the
reverse micelles, we can compare the experimentally determined µOD of liquid
MeOD and HDO in H2O, [54, 55] The ratio of these transition-dipole moments
is µOD,MeOD/µOD,HDO = 13.9/9.3. We may thus expect that Igepal contributes
much more strongly (approximately 2.2 times as much) to the nonlinear spectrum
than to the linear absorption spectrum. This will counteract the blue shift of the
water contribution with decreasing micelle size, so that the micelle size will have
less effect on the nonlinear spectrum than on the linear spectrum.

When comparing the steady-state spectrum of Igepal OD-stretch (Figure 3.3)
with the Igepal contribution in the time-resolved data in the reverse micelles (Fig-
ure 3.8) a spectral shift is observed between the two. This discrepancy can be
explained as follows. In neat Igepal the OD group can only donate a hydrogen
bond to another Igepal molecule. However in reverse micelles, Igepal can both ac-
cept and donate hydrogen bonds to neighboring water molecules. This difference
in local environment strongly affects the vibration of the alcohol group. For ex-
ample, the hydrogen bond acceptor-bound alcohol groups red-shift only 100 cm−1

compared to monomer alcohols. However, acceptor and donator bound alcohol
groups red-shift 300 cm−1 compared to monomer alcohols. [56]

3.4 Conclusion

At low frequencies (around 2460 cm−1) we observe the response of the OD groups
of the Igepal surfactant that show a fast vibrational relaxation with a time con-
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stant of 800 fs. At a higher frequency of (around 2520 cm−1) we observe the
response of both the bulk-like water and the surface-bound water, showing vi-
brational relaxation time constants of 1.9 and 3.6 ps (at 300 K), respectively.
The reorientation data was modeled with a fast reorientation time constant τb,
set to the bulk value of water, and a fitted slow reorientation time constant τs
which was assigned to surface water. From the size- and temperature-dependent
measurements we conclude that the bulk water fraction is relatively large and,
therefore, the PEO chains do not penetrate into the water volume. Since SAXS
measurements confirmed the spherical nature of the reverse micelles and allow us
to determine the proportionality factor between their interior water pool size and
w0, we show that the layer of slow reorienting surface water is approximately as
thick as one water molecule (2.4(4) Å).

The temperature-dependence of the surface reorientation time provides an es-
timate for the enthalpy barrier for the reorientation of surface water. We find
∆H‡

surface of 45 ±9 kJ.mol−1, which is close to the barrier of ice at 54 kJ.mol−1

[57] and of water at protein surfaces. [58] The dynamics of proteins are highly
coupled to the dynamics of their surrounding water molecules. It was previously
shown that water on reverse micellar surfaces, acting as model system for water
around proteins, reorients slower than in the bulk. [29, 47] Our results show that
surface water reorientation is an activated process, and that the energy barrier
is significantly larger than in bulk water. Therefore, the slowing down of surface
water at the nonionic reverse micellar surface is not only an effect of a reduc-
tion of entropy, but also is also a result of a change in the enthalpy barrier. The
more detailed picture of the surfactant/water interface (depicted in Figure 3.11)
obtained from our experiments should deepen the understanding of many physical
and chemical processes in neutral reverse micelles. Well known examples of such
processes include the solubilization of proteins or other (ionic) species, and crys-
tallization pathways in reverse micelles and their influence on the morphogenesis
of nanocrystals.
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