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ABSTRACT: The transport of protons in nanoconfined environ-
ments, such as in nanochannels of biological or artificial proton
conductive membranes, is essential to chemistry, biology, and
nanotechnology. In water, proton diffusion occurs by hopping of
protons between water molecules. This process involves the
rearrangement of many hydrogen bonds and as such can be
strongly affected by nanoconfinement. We study the vibrational
and structural dynamics of hydrated protons in water nanodroplets
stabilized by a cationic surfactant using polarization-resolved
femtosecond infrared transient absorption spectroscopy. We
determine the time scale of proton hopping in the center of the
water nanodroplets from the dynamics of the anisotropy of the
transient absorption signals. We find that in small nanodroplets
with a diameter <4 nm, proton hopping is more than 10 times slower than in bulk water. Even in relatively large nanodroplets with a
diameter of ∼7 nm, we find that the rate of proton hopping is slowed by ∼4 times compared with bulk water.

■ INTRODUCTION

Proton transfer in nanoconfined water is a process of
paramount importance in biological and man-made systems,
in particular in the generation and storage of energy.1−4 Energy
is stored in cells by proton transfer through the nanochannels
of mitochondrial membranes, and the flow-back through these
channels is coupled to the generation of ATP. In bulk liquid
water, proton diffusion occurs through the so-called Grotthuss
mechanism,5 which implies that the proton does not move as a
particle, but that rather its charge is being transferred between
hydrogen atoms located on different water molecules.
In several theoretical studies, it was found that the transfer of

the proton charge in liquid water results from the
interconversion between H9O4

+ Eigen proton-hydration
structures located at different positions in the liquid, with
Zundel H5O2

+ proton hydration structures acting as short-
living intermediates.6−9 However, recent ab initio molecular
dynamics (AIMD) simulations of the vibrational spectrum of
acid water indicated that the Zundel species is in fact quite
prominently present in acid water.10−13 This notion was
confirmed in a two-dimensional infrared spectroscopy study by
Fournier et al.,14 in which it was shown that the proton in
aqueous solution forms a single spectroscopically distinct
species, which can best be described as an asymmetric Zundel
structure.
Proton transfer in liquid water is intimately connected to the

reorganization of the hydrogen-bonded network of the water
solvent. As the properties of water in nanoconfinement such as
the polarity and self-diffusion are different from bulk,15,16 it is
to be expected that nanoconfinement of the water matrix will

strongly affect the rate and mechanism of aqueous proton
transfer. Very suitable systems to study the effect of
nanoconfinement on the dynamics of water and aqueous
protons are reverse micelles: water nanodroplets in an apolar
matrix that are stabilized by surfactant molecules with a polar
head and an apolar tail. The diameter of the water nanodroplet
(dw) can often be varied over a quite large range by varying the
hydration ratio w0 = [H2O]/[surfactant]. Reverse micelles have
thus been used to study the effect of nanoconfinement on the
release and solvation of protons by photoacid molecules.17−21

In these studies it was found that the proton release occurs
much slower in nanoconfined water than in bulk. These results
indicate that nanoconfinement strongly affects aqueous proton
transfer. Unfortunately, a detailed understanding of the effect
of nanoconfinement on proton transfer in these studies is
complicated by the fact that the observed proton-release
dynamics also rely on the water solvation dynamics of a
relatively large conjugate photobase and that the photoacid
molecules are often not uniformly distributed over the water
nanodroplet.22

The anionic Aerosol OT (dioctyl sulfosuccinate, AOT) is an
ideal surfactant to create reverse micelles over a wide range of
sizes. AOT reverse micelles have thus been widely used to
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study the effect of nanoconfinement on the dynamics of liquid
water.23−25 For the study of nanoconfinement on aqueous
proton transfer, AOT reverse micelles are less suitable because
the protons will strongly interact with the negatively charged
sulfonate groups of the surfactant molecules.26−28

Here we study the vibrational and structural dynamics of
hydrated protons in water nanodroplets of cationic reverse
micelles using polarization-resolved femtosecond infrared (fs-
IR) transient absorption spectroscopy. We use a positively
charged surfactant system consisting of CTAB (cetyltrimethy-
lammonium bromide) and hexanol, where the addition of
hexanol as a cosurfactant allows to prepare much more stable
and monodisperse nanodroplets.29,30 Recent small-angle
neutron scattering (SANS) studies29 showed that water
nanodroplets stabilized by these surfactants in an apolar
solvent have an ellipsoid shape with an axial ratio between 1.7
for small nanodroplets (w0 < 17) and 1.1−1.3 for large
nanodroplets (w0 > 20). Since the shape is near-spherical, we
will further use the diameter dw of a sphere of equal volume to
refer to the size of the studied nanodroplet (for details, see the
Methods section). In microemulsions, the reverse micelles
move and collide, which can result in intermicellar exchange.
However, these processes take place on a much slower time
scale (typically microseconds) than the time frame of our
experiments (picoseconds). Hence, in our experiment, the
emulsion of reverse micelles can be considered to be a static
system.
In cationic reverse micelles, excess protons will not bind to

the positively charged surfactants, which implies that the
protons will be well embedded and hydrated in the core of the
nanodroplet. We can thus measure the “pure” effect of
nanoconfinement, with very little influence of the surface of the
nanoconfined region. We observe that nanoconfinement leads
to a very strong slowing down effect on the rate of aqueous
proton transfer. Even for relatively large nanodroplets with a
water pool diameter of 7.4 nm, proton transfer occurs ∼4 times
slower than in bulk water.

■ RESULTS
In Figure 1A, we show Fourier transform infrared (FTIR)
absorption spectra of neat water nanodroplets and nano-
droplets containing a 7 M HBr solution. We vary the ratio w0 =
[H2O]/[surfactant] between w0 = 12 and w0 = 40,
corresponding to a variation in nanodroplet diameter of 2.2−
7.4 nm (see Methods). The presence of excess protons in the
nanodroplets is observed to yield a broad continuous
absorption at frequencies below 2800 cm−1, similarly as has
been observed for bulk liquid water. The broad featureless
absorption at 2000−3000 cm−1 has been assigned to the OH-
stretch vibrations of different proton hydration structures,
whereas the absorption band observed at 1750 cm−1 is usually
assigned to the bending vibrations of these structures.31−33

In Figure 1B, we zoom in on the absorption continuum of
the hydrated proton OH-stretch vibrations. The spectrum is
nearly flat below 2500 cm−1 and increases in amplitude for
frequencies above 2500 cm−1. The absorption spectrum of the
nanodroplets is quite similar to the absorption spectrum of
bulk acid water.
To study the dynamics of the hydrated proton we measure

transient absorption spectra following the excitation of the
proton OH-stretch continuum with an intense 100 fs infrared
pulse centered at 2600 cm−1. Figure 2A shows the resulting
isotropic transient absorption spectra of hydrated protons in dw

Figure 1. (A) Linear infrared absorption spectrum of the water
nanodroplets (dw = 2.2 nm) with (red) and without (blue) protons.
The 2800−3100 cm−1 spectral region is not accessible because of the
strong absorption of CH-stretch vibrations. (B) Comparison of the
OH-stretch continuous absorption of the hydrated proton in
nanodroplets of different diameters and in bulk water. In these
spectra, the neat water contribution is subtracted.

Figure 2. (A) Isotropic transient spectra of the acid water (7 M HBr)
nanodroplets (dw = 2.2 nm) following excitation at 2600 cm−1. The
lines are the result of the fit. The dashed box highlights the part of the
spectrum that corresponds to the response of water molecules in the
outer hydration shells of the proton. (B) Spectral components
obtained from the fit of the transient spectral dynamics.
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= 2.2 nm nanodroplets at different time delays between the
excitation and detection pulses, ranging from 0.26 to 5 ps. At
all delay times, the spectra consist of a weak and broad
negative signal below 2800 cm−1, a much more intense
negative signal centered at ∼3300 cm−1, and a positive
absorption change above 3500 cm−1. This shape of the
transient absorption spectrum is observed for all studied
nanodroplet sizes (Figures S1, S2). The 2800−3000 cm−1

region is not accessible due to the high absorbance of the alkyl
chains of the surfactant molecules.
First, we focus on the high-frequency part of the transient

spectrum (highlighted in Figure 2A, Figure S3). The observed
strong negative absorption change and smaller positive
absorption change at higher frequency is a typical signature
of the hot ground state of the OH-stretch vibration of water
that results from the transfer of vibrational energy to low-
frequency degrees of freedoms (e.g., hydrogen bonds)
following the relaxation of the excited OH stretch
vibration.34−36 This process results in a blue shift of the
OH-stretch absorption spectrum, which is similar to the effect
of increasing the temperature of the sample.37

In the first picosecond after the excitation, the hot ground-
state spectrum grows in amplitude and shifts to higher
frequency. After 1 ps the signal slowly decays reaching a
constant level after ∼50 ps. We fit these spectral dynamics with
a cascade kinetic model consisting of three states. From the fit,
we obtain the spectral components shown in Figure 2B. The
first state has a red-shifted transient spectrum with a minimum
at ∼3200 cm−1 and decays with a time constant of 280 ± 50 fs
to the second state. The second state has a transient spectrum
with a minimum at ∼3300 cm−1 and slowly decays to the third
state with a transient spectrum of similar shape but with a
reduced amplitude. The time constant of the latter relaxation
process depends on the nanodroplet size.
A pump pulse centered at 2600 cm−1 cannot excite water

OH-stretch vibrations near 3300 cm−1. The observed early
time transient spectral response near 3300 cm−1 (red spectrum
in Figure 2B) is thus the result of ultrafast energy relaxation of
the initially excited OH stretch vibration of hydrated protons,
leading to heating of water molecules that are close to the
excited OH stretch vibration. These water molecules are close
to the positive proton charge and thus will have relatively

strong hydrogen bonds and a red-shifted absorption spectrum
compared to water molecules in bulk liquid water. The
subsequent transition from the red to the green transient
spectrum can be assigned to energy transfer from water
molecules close to the initially excited core of the hydrated
proton, to water molecules further away. These latter water
molecules will have weaker hydrogen bonds and thus a more
blueshifted absorption spectrum. The final slow decay of the
green to the blue transient spectrum corresponds to the
dissipation of the heat to surfactant molecules and the oil
phase (i.e., cooling of the water nanodroplet). This process
leads to a decrease of the amplitude of the transient absorption
spectrum. The dynamics of this latter process are non-
exponential and depend on the nanodroplet diameter.38,39

In Figure 3, we show transient absorption spectra at
frequencies <2800 cm−1 for different nanodroplet sizes. This
part of the spectrum corresponds to the OH-stretch vibrations
of the core of the proton hydration structures, that is, OH-
vibrations for which the H atom carries a significant fraction of
the excess positive proton charge.40

Since at very short delay times we already observe a strong
heating signal from water molecules (Figure 2), we conclude
that excited OH-stretch vibrations at 2600 cm−1 relax ultrafast
within the time resolution (∼100 fs) of the experiment. This
means that the transient spectra at frequencies <2800 cm−1 are
not due to the population of the excited v = 1 state of the OH
vibrations but rather reflect a local heating effect on the
absorption spectrum of the proton hydration structure.
The spectral dynamics are observed to be nonexponential,

showing a fast and a slow processes. We fit these dynamics
with the same three-level model used to fit the high frequency
part of the spectrum shown in Figure 2. The first decay with a
time constant of 280 ± 50 fs again reflects the energy
equilibration with the proton hydration structure and the
second much slower decay the cooling of the whole
nanodroplet.
The amplitude of the transient absorption spectra increases

for frequencies >2500 cm−1, an effect that is also observed in
the linear infrared absorption spectra (Figure 1B). Interest-
ingly, the lower-frequency region of the transient spectra is not
as featureless as the corresponding frequency region in the
linear absorption spectrum. The transient absorption spectra

Figure 3. Isotropic transient spectra of acidic CTAB reverse micelles of different diameters and a bulk solution of HBr (7 M) in water following
excitation at 2600 cm−1. The lines are the result of a fit of the kinetic model described in the text.
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show a distinct band at 2350 cm−1 region. This band is not the
result of nanoconfinement, as it is also present in the transient
spectrum of the hydrated proton in bulk liquid water.
The response of the hydrated proton is anisotropic: the

absorption change measured with a probe pulse that is
polarized parallel to the polarization of the pump is larger than
the absorption change measured with a probe pulse that has a
perpendicular polarization. To quantify these observations we
calculate the anisotropy value, which is the normalized
difference between the absorption changes in parallel and
perpendicular polarizations (see Methods section).
In Figure 4A, we show the anisotropy dynamics of the

transient absorption signal at 2600 cm−1 following excitation
with a pump pulse centered at 2600 cm−1, for acidic water
nanodroplets of different sizes and for acidic bulk water. The
corresponding transient absorption signals measured in parallel
and perpendicular polarization configuration are shown in
Figure S4. The dynamics of the anisotropy of the signal
measured with the same excitation and detection frequencies
represents the reorientation of the transition dipole moments
of vibrations absorbing at that frequency.
For bulk water, we observe a decay of the anisotropy with a

time constant of 1.6 ± 0.2 ps, which is in excellent agreement
with the proton hopping time derived from NMR experi-
ments41 (see also Supporting Information, Figure S5). The
anisotropy decay is much slower for the nanodroplets and
strongly slows down with decreasing size of the nanodroplet.
For the smallest nanodroplets (dw = 2.2 nm), the anisotropy
does not decay at all within the accessible time window. For
this nanodroplet size, even a small rise of the anisotropy is
observed, which we can explain from the contribution of
protonated hexanol molecules that have a slightly higher
anisotropy and of which the transient absorption signal decays
somewhat slower than that of hydrated protons (see
Supporting Information, Figures S6, S7). For the larger
nanodroplets (dw ≥ 3.0 nm), the contribution of protonated
hexanol is too small to significantly affect the anisotropy
dynamics. For the large nanodroplets (5.2 and 7.4 nm), we
extracted effective decay times of anisotropy of 13 ± 3 ps and 7
± 1 ps, respectively. In Figure 4B, we present the anisotropy
decay time constant as a function of the inverse nanodroplet
diameter.

■ DISCUSSION

The anisotropy represents the average relative orientation of
the transition dipole moment of the probed vibration with
respect to the transition dipole moment of the excited

vibration. For a single, well-localized vibration the initial
value R0 of the anisotropy is expected to be 0.4. When the
absorption bands of strongly coupled vibrations with different
orientation of their transition dipole moment overlap, the
anisotropy rapidly decays, often even within the time
resolution of the experiment. This is for instance observed
for the symmetric and antisymmetric OH-stretch vibrations of
water molecules in acetonitrile.42 In the case of rapid
randomization of the vibrational excitation in a planar
symmetric molecular structure like the H3O

+ cation, the
value of R0 is thus expected to be 0.1. The initial value of
anisotropy R0 can thus be interpreted as the level of
degeneracy of the vibration. The observed R0 values of 0.2−
0.25 (Figure 4A) are below 0.4, which indicates, that the OH-
stretch vibrations of the hydrated proton have a certain degree
of degeneracy. These values are also higher than 0.1, which
indicates that the probed OH-vibrations are more restricted in
orientation than in an ideal planar symmetric H3O

+. Thus, in
line with previous experimental14 and theoretical6−8 works, we
conclude that the proton hydration structure can be described
as an asymmetric Eigen or Zundel structure.
The decay of the anisotropy reflects the randomization of

the orientation of the transition dipole moment of the probed
vibration. In the measurements of Figure 4A, the anisotropy is
due to a local heating effect on the O−H stretch vibrations
absorbing at 2600 cm−1. This anisotropy can potentially decay
as a result of three different processes: (1) diffusion of the
locally dissipated heat to other proton hydration structures that
were not excited and that have OH vibrations absorbing at
2600 cm−1 with a random orientation; (2) molecular rotation
of the OH groups of the hydrated proton structure absorbing
at 2600 cm−1; (3) structural reorganization of the proton
hydration structure as a result of which other, nearby O−H
stretch vibrations with different orientations acquire absorption
at 2600 cm−1. This latter process would imply a transfer of the
proton charge to another position in the liquid (i.e., a proton
jump).
Heat diffusion does not require a restructuring of the

hydrogen bonds of the proton hydration structure. For the
hydration shells of hydroxide ions, it was found that heat
diffusion constituted the dominant mechanism, leading to
decay of the anisotropy of the signal of the hydration shell of
the hydroxide.43 The importance of heat diffusion was evident
from the fact that the rate of anisotropy decay was observed to
increase with increasing hydroxide concentration (i.e.,
decreasing average distance between the hydroxide solvation
complexes). We find that for bulk acid solutions, the

Figure 4. (A) Anisotropy of the transient signal at 2600 cm−1 as a function of delay time for acidic CTAB reverse micelles of different sizes and a
bulk HBr (7 M) solution, plotted on a logarithmic scale. The straight lines represent exponential fits to the anisotropy decays. (B) Proton hopping
time extracted from anisotropy dynamics as a function of the inverse water nanodroplet diameter. The straight solid line serves as a guide to the eye.
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anisotropy dynamics does not depend on the proton
concentration (see Supporting Information, Figure S5),
which shows that heat diffusion does not form a significant
contribution to the decay of the anisotropy. This finding agrees
with the results of a previous study by Carpenter et al.44 of the
anisotropy dynamics of hydrated protons in bulk water. It
should also be noted that the global thermalization of the
excitation energy (second relaxation process), that is the result
of heat diffusion, leads to a nearly zero transient absorption
signal at 2600 cm−1 (Figure 3). This means that for the
nanodroplets the signal resulting from heat diffusion forms a
negligible (isotropic) contribution to the observed total
transient absorption signal at 2600 cm−1. Hence, heat diffusion
leads to a decay of the total transient absorption signal at 2600
cm−1, but as this decay leads to an almost complete vanishing
of the transient absorption signal, it will have very little effect
on the dynamics of the anisotropy of the remaining signal at
2600 cm−1.
In bulk liquid water, the molecular reorientation of OH

groups occurs with a time constant of ∼2.5 ps.45,46 This
reorientation involves a reorganization of the hydrogen-bond
network as a result of which the hydrogen bond of the probed
OH group is broken and transferred via an intermediate state
consisting of a bifurcated hydrogen bond to a hydrogen bond
to another water molecule. For strongly hydrogen-bonded OH
groups absorbing at 2600 cm−1, this process is expected to be
much slower than for the OH groups in bulk liquid water. It
should further be noted that reorientation of the originally
excited OH group at 2600 cm−1 results in a new hydrogen-
bonded structure in which the rotated OH group likely absorbs
at a different (higher) frequency and in which other OH
groups acquire absorption at 2600 cm−1. In this case, molecular
reorientation is the same process as structural reorganization of
the hydrogen-bond network in which the absorption at 2600
cm−1 is transferred to OH stretch vibrations different from the
originally excited OH stretch vibration.
The reorganization of the hydrogen-bond structure can thus

lead to proton transfer and a decay of the anisotropy. A
prerequisite for the latter is that the net orientation of the new
OH stretch vibrations absorbing at 2600 cm−1 differs from the
orientation of the excited OH group. These new OH stretch
vibrations are the water-like OH groups that before the
hydrogen-bond reorganization absorb at frequencies 3000−
3700 cm−1 (Figure 2) and that are directly affected by the
vibrational energy relaxation and dissipation of the excited OH
stretch vibration at 2600 cm−1. We observe the anisotropy of
the transient absorption signal of these OH groups to be zero
(Figure S3), which means that these OH groups have no net
orientation with respect to the excited OH vibration at 2600
cm−1. Hence, irreversible transfer of the proton charge to
other, nearby OH groups will convert the initial anisotropic
signal at 2600 cm−1 into an isotropic signal at this frequency
and thus will lead to a decay of anisotropy.
The assignment of the anisotropy decay to the structural

reorganization of the hydrogen-bond network, leading to
irreversible proton transfer, agrees with the results of a recent
fs-IR spectroscopy study by Carpenter et al.44 In this latter
study, the transient signal of the OH-bending vibration of
proton hydration structures following its excitation at 1750
cm−1 was measured. The observed anisotropy dynamics
yielded an upper limit for the proton hopping time of 2−2.5
ps. This time constant agrees quite well with the time constant
of 1.6 ± 0.2 ps that we observe for the decay of the anisotropy

for bulk water and is consistent with previous experimental and
theoretical works.5,47,48 An experimental difference with the
study of Carpenter et al.44 is that we measure the anisotropy
dynamics of the response of the OH-stretch vibrations of the
hydrated protons. This has as an advantage that the observed
transient absorption response does not show any contribution
of ordinary water molecules, as the OH vibrations of these
molecules absorb at frequencies >2900 cm−1. For the bending
region, there is not such a clear separation of the bending
modes of the proton hydration structures (centered at 1750
cm−1) and water molecules (centered at 1650 cm−1).
For the 5.2 and 7.4 nm nanodroplets, we extracted the decay

times of the anisotropy of 13 ± 3 ps and 7 ± 1 ps, respectively.
Thus, even in large nanodroplets with a water pool diameter dw
= 7.4 nm, the proton hopping occurs ∼4 times slower than in
bulk water. We observe a clear increase of the proton hopping
time when decreasing the nanodroplet diameter (Figure 4B);
however, the uncertainty of the values for dw < 4 nm does not
allow us to quantify this dependence. The lack of decay of the
anisotropy of the smaller nanodroplets (dw = 2.2 nm; 3.0 nm)
in our time window of ∼6 ps, shows that for these water
nanodroplets, the proton transfer is slowed by more than a
factor of 10 in comparison to bulk liquid water. This slowing
down of proton transfer in nanoconfined water is in qualitative
agreement with the results of previous studies of photoacid
dissociation in reverse micelles that were stabilized with
anionic (AOT = sodium dioctyl sulfosuccinate) and nonionic
(BRIJ-30 = polyoxyethylene(4)lauryl ether) surfactants. In
these studies, a strong slowing down of the proton release with
decreasing nanodroplet size was observed.17−21 However, the
strong dependence of the photodissociation on the dynamics
of solvation of the photoacid and the conjugated base does not
allow for a quantitative comparison of these results to the
proton hopping dynamics studied here.
The effect of nanoconfinement on the proton transfer rate

depends on the dimensionality of the nanoconfinement.
Recent studies of proton transfer in water nanotubes49,50

(two-dimensional confinement) and water layers51 (one-
dimensional confinement) showed that the proton mobility
is not very different from bulk water in the dimensions that are
not confined. Apparently, the fact that the hydrogen-bond
network of water is still extended in one or two dimensions
allows for a relatively high mobility of the proton in those
dimensions. In the case of water nanodroplets (three-
dimensional confinement), the proton can only move in
dimensions that are confined, and the effect on the proton
mobility in these dimensions is much higher than in the
unconfined dimensions of water layers and water nano-
channels.
An interesting question is how the observed strong decrease

of the proton transfer rate upon three-dimensional nano-
confinement in CTAB reverse micelles can be explained. This
slowing down cannot be explained from surface effects. It was
shown with small-angle neutron scattering (SANS) experi-
ments that the shape of the studied nanodroplets is nearly
spherical or only slightly ellipsoidal.29 For such a shape, only a
small part of the water molecules will be in close contact with
the surface effects (∼20% of the volume for a droplet with a
diameter of 7.4 nm). The limited effect of the surface is further
confirmed by the low fraction of water molecules showing a
slower vibrational relaxation as a result of their location near
the surface of the reverse micelle (see Supporting Informa-
tion).
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The strong slowing down of the proton transfer can also not
be explained from ordering of water molecules by the field of
the electric double layer at the charged surface of the
nanodroplets. Vibrational sum-frequency generation experi-
ments have shown that the effect of water ordering near
charged surfaces is strongly suppressed for salt solutions.52−54

Already at a bulk concentration of 0.5 M NaBr, the ordering of
water near a CTAB monolayer is suppressed by an order of
magnitude.52 Thus, having an even higher ionic strength in the
HBr containing reverse micelles, we do not expect significant
ordering of water molecules beyond one molecular layer from
the interface. This notion is confirmed by molecular dynamics
simulations of nanodroplets stabilized by charged surfactants,
which show that the fraction of water molecules whose motion
is restricted by the electric dipole moment alignment
corresponds to an interfacial layer of only ∼0.3 nm thickness
(one molecular layer).55,56

The slow proton transfer can also not result from the high
concentration of bromide ions. To study the potential effect of
bromide ions on the rate of proton transfer, we measured the
proton hopping rate for different concentration of HBr in
reverse micelles of two different sizes (see Figure S8) and in
bulk solutions (see Figure S5). In neither case did we observe a
significant effect of the concentration of HBr on the proton-
transfer rate, which demonstrates that the slowing down of the
proton transfer in water nanodroplets is not due to the high
concentration of counterions.
Reverse micelles have also been used to study the effect of

nanoconfinement on the reorientation dynamics of water
molecules.25,57−59 In these studies, it was found that
nanoconfinement slows down the average reorientation of
the water molecules, but not to the extent that we observe here
for the proton transfer. For 7.4 nm nanodroplets, the
reorientation time is expected to increase by ∼25% only,
while the proton transfer time is observed to increase by a
factor of 4.
The large difference in the effect of nanoconfinement on

aqueous proton transfer in comparison to water molecular
reorientation may be explained from the fact that proton
transfer involves a much larger reorganization of the hydrogen-
bond network than molecular reorientation.49,60,61 Proton
transfer involves an extended reorganization of the hydrogen-
bond structure in which many water molecules and ions have
to reorganize to allow for stabilization of the charges. This
highly collective process will get frustrated if there is not
enough space. In a recent molecular dynamics simulations
study, it was found that the proton transfer in nonionic reverse
micelles slows down primarily because the dynamics of the
water hydrogen-bond network are significantly hindered.62 An
additional effect may be a long-range disruption of the
hydrogen-bond network. Cringus et al.39 found that
intermolecular vibrational coupling between the water
molecules in the core of AOT-stabilized water nanodroplets
is strongly suppressed because of a disrupted hydrogen bond
network. Car−Parrinello molecular dynamics simulations63,64

show that water molecules that donate only one hydrogen
bond or no hydrogen bond at all, cannot efficiently accept the
proton due to their reduced basicity. As a result, the number of
possible proton transfer pathways decreases and the average
residence time of the proton at each water molecule increases.
In conclusion, we studied the vibrational and structural

dynamics of proton hydration structures in bulk water and
water nanodroplets that are stabilized with the cationic

surfactant CTAB (cetyltrimethylammonium bromide) and
hexanol, using polarization-resolved fs-IR spectroscopy. We
observe that excitation of the OH-stretch vibrations of the
hydrated proton at 2600 cm−1 results in long-living anisotropic
absorption changes that largely decay as a result of proton
hopping. For bulk acidic water proton hopping occurs with a
time constant of 1.6 ps, in agreement with previous results. We
observe the proton hopping to be ∼4 times slower for
nanodroplets with a diameter of 7.4 nm and more than 10
times slower for nanodroplets with a diameter <4 nm. We thus
find that nanoconfinement of liquid water strongly affects the
rate of aqueous proton transfer, in contrast to other properties
of water, like the reorientation of the water molecules. We
hope that these results will stimulate new theoretical work to
explain the exceptionally strong effect of 3D nanoconfinement
on the rate of aqueous proton transfer.

■ METHODS
Sample Preparation. Nanodroplets were prepared by

mixing n-hexane, 1-hexanol, cetyltrimethylammonium bromide
(CTAB), water, and hydrobromic acid solution (48%) and
stirring for 5 min. All the chemicals were purchased from
Sigma-Aldrich. The concentrations of CTAB (0.11 M) and 1-
hexanol (0.61 M) were the same for all microemulsions and
yielded a ratio [hexanol]:[CTAB] = 3:1 in micellar phase.65,66

Water and hydrobromic acid were added to obtain the desired
w0 = ([H2O]+[HBr])/[CTAB] ratio and a concentration of
HBr of 7 M in the nanodroplets. Without HBr this procedure
yields nearly spherical monodisperse nanodroplets with a water
pool diameter dw = 0.26 × w0 (nm).29,65,66 We estimate the
size of the water nanodroplets with a particular w0 to become
1.4 ± 0.2 times smaller when the water is replaced by an
aqueous 7 M HBr solution, which implies that dw = 0.19 × w0
(nm) (see Supporting Information, Figure S9). We also
performed experiments with a lower HBr concentration (3 M).
The results of these experiments are similar to those of the 7 M
solution, but with a smaller signal-to-noise ratio (Figure S8).
The samples were contained in a sample cell consisting of two
2 mm thick calcium fluoride windows separated by a 50−200
μm spacer. All the measurements were performed at 23 °C.
No unexpected or unusually high safety hazards were

encountered.
Polarization-Resolved fs-IR Measurements. The two-

color fs-IR experiments were performed with independently
tunable pump and probe pulses. The details of the setup have
been described before.67 Briefly, 800 nm output (3.3 mJ) of a
Ti:sapphire regenerative amplifier (Coherent) pumped two
independent optical parametric amplification (OPA) processes
followed by the mixing of signal and idler in a silver gallium
disulfide crystal (AGS) produce mid-infrared excitation and
detection pulses. The excitation pulses with an energy of 15 μJ,
100 fs pulse duration, and a full width at half-maximum
(fwhm) of 160 cm−1, were tuned to 2600 cm−1. The detection
pulses (0.3 μJ, 60 fs, 250 cm−1 fwhm) of tunable frequency
were sent through a delay stage to introduce a variable time
delay with respect to the pump. We used a single-color pump−
probe setup for the anisotropy measurements at 2600 cm−1. In
this setup, a commercial OPA in combination with difference-
frequency mixing of the signal and idler was pumped by an
ytterbium-based laser (Light Conversion, 1030 nm, 0.4 mJ).
This system produced mid-IR pulses with fwhm = 120 cm−1

and a duration of 200 fs, which were split into pulses of
energies 4 μJ (excitation) and 0.2 μJ (detection) at the sample
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position. In both setups every second excitation pulse was
mechanically chopped. The excitation and detection beams
were focused and overlapped in the sample. To correct for
pulse-to-pulse fluctuations a reference beam was split off from
the detection beam, and transmitted through the sample but
not in overlap with the excitation beam. After the sample, the
detection and reference beams were dispersed by a
monochromator and measured with a mercury−cadmium−
telluride (MCT) array detector, yielding the transient
absorption spectrum as a function of the detection frequency.
The absorption change spectrum was measured with both
parallel and perpendicular polarization of the detection beam
with respect to the polarization of the excitation beam. From
these measurements we construct the isotropic signal Δαiso =
(Δα∥ + 2Δα⊥)/3 and anisotropy R = (Δα∥ − Δα⊥)/(Δα∥ +
2Δα⊥). For the anisotropy measurements, the accessible time
window is determined by the decay rate of the isotropic signal.
In our experiments, the anisotropy can be measured accurately
up to 6−10 ps, depending on the size of the nanodroplet.
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