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Nature of hydrated proton vibrations revealed by nonlinear spectroscopy of acid water nanodroplets†
Oleksandr O. Sofronova and Huib J. Bakker∗a

We use polarization-resolved femtosecond pump-probe spectroscopy to investigate the vibrations of hydrated protons in
anionic (AOT) and cationic (CTAB/hexanol) reverse micelles in
the frequency range 2000-3500 cm−1 . For small AOT micelles the
dominant proton hydration structure consists of H3 O+ with two
OH groups donating hydrogen bonds to water molecules, and one
OH group donating a weaker hydrogen bond to sulfonate. For
cationic reverse micelles, we find that the absorption at frequencies
>2500 cm−1 is dominated by asymmetric proton-hydration
structures in which one of the OH groups of H3 O+ is more weakly
hydrogen-bond to water than the other two OH groups.
In aqueous solution, the proton (H+ ) exists in the form of
extended dynamic hydration structures. These hydration structures rapidly interconvert, thus facilitating fast diffusion of the
proton charge. 1–3 Multiple experimental and theoretical studies
conclude that the preferential proton hydration structure is a dis6–9 cation, or an
torted H3 O+ (H2 O)3 Eigen 2–5 or H5 O+
2 Zundel
intermediate structure showing both Eigen and Zundel character 10–14 . Which of these hydration structures is predominantly
present in aqueous media, is still under debate.
To obtain the pure spectrum of the hydrated proton in aqueous solution one would have to subtract the spectral response of
water molecules that are not participating in proton hydration.
Unfortunately, it is not possible to determine the absorption spectrum of the hydrated proton without any ambiguity because the
fraction of water molecules that is not affected by proton charge
is not precisely known. By subtracting the maximum possible amplitude of the water spectrum without the appearance of negative
signals, we obtain the infrared spectrum shown in Fig. 1A, that
forms an approximation of the infrared spectrum of the hydrated
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proton.
The infrared absorption spectrum of the hydrated proton in
aqueous solution (black line in Fig. 1A) shows a broad absorption
continuum at frequencies <3000 cm−1 . Most of the studies assign
the high frequency part (>2000 cm−1 ) of this continuum to the
OH-stretch vibrations of the hydrated proton, the band centered
at ∼1750 cm−1 to the bending vibrations of the hydrated proton,
and the broad band at 1200 cm−1 to the proton transfer mode –
i.e. the shuttling vibration of the central proton in a Zundel-type
4,7,14,15
H5 O+
2 configuration.
The OH-stretch absorption appears as a nearly flat signal in
the frequency range of 2000-2500 cm−1 and a broad band at
higher frequency with a maximum at ∼3000 cm−1 . Studies of
small protonated water clusters show that the OH-stretch vibrations of strongly hydrogen bonded OH-groups are shifted to lower
frequencies with respect to the OH stretch vibrations of water
molecules. 16–18 When the positive charge resides on a hydrogen
atom, the corresponding OH-group becomes more polar, which
increases the hydrogen-bond interaction and leads to a shift of
the OH-stretch vibration to lower frequency. Hence, one of the
possible interpretations of the extremely broad OH-stretch spectrum of hydrated protons is that this spectrum results from the
existence of a large variety of (transient) structures with different
geometries and charge distributions.
Here we study the vibrational spectrum and the structure of hydrated protons in water nanodroplets of reverse micelles. Reverse
micelles are widely used as nanoreactors for proton-mediated
processes, such as acid catalyzed polymerization. 19–21 Besides
this, reverse micelles have important advantages for a femtosecond infrared spectroscopic study of proton solvation in liquid water. First, they allow the preparation of samples with an overall
low water concentration, which is useful in view of the strong absorption of the molecular vibrations of water. At the same time,
the spectroscopic properties of water in nanodroplets are more
similar to those in bulk water, than the properties of isolated
water molecules or small water clusters. Second, the nonpolar
solvent, which forms the continuous phase of the microemulsion,
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Fig. 1 (A) Fourier-transform infrared spectra of neat water (blue), HBr solution (red) and their weighted difference (black). (B) Zoomed in spectra
of the hydrated proton in bulk aqueous solution (green) and in CTAB (red) and AOT (black) reverse micelles.

can act as a heat bath that accepts the energy dumped in the sample by exciting the water molecules in the reverse micelles with a
laser pulse. This energy uptake by the nonpolar solvent reduces
the signal contribution of the isotropic response of the heating of
water. All these factors make reverse micelles a favorable system
to study the vibrational spectrum of hydrated protons.
The drawback of reverse micelles as a model system to study
the vibrational response of hydrated protons is that the solvation of chemical species and the dynamics of chemical processes
can be different from bulk solutions. This difference can originate either from the special solvent properties of the confined
water or from specific interactions with the molecular groups of
the surfactant molecules located at the surface of the water nanodroplet. 22,23
In Fig. 1B we show the linear infrared absorption spectrum
of hydrated protons in anionic (AOT as surfactant) and cationic
(CTAB as surfactant) reverse micelles, in the frequency range
2000-2800 cm−1 . The infrared spectrum of hydrated protons in
cationic reverse micelles resembles closely the spectrum of hydrated protons in bulk water, probably because the protons are
repelled by the positive charges of the surfactant, with the result
that the protons reside predominantly in the bulk-like core of the
water nanodroplet. For the anionic reverse micelles we observe
a strong additional absorption band at ∼2200 cm−1 . Interestingly, the absorption spectrum of the cationic reverse micelles and
bulk water also shows the presence of a weak absorption band
at ∼2350 cm−1 . This band is not an artifact of the subtraction
procedure. In fact, a strong band near this frequency has been
observed by Fournier et al. in a two-dimensional infrared (2D-IR)
spectroscopic study of aqueous HCl solutions. 8
A highly suitable technique to study the structure and dynamics of hydrated protons in different environments is femtosecond
nonlinear vibrational spectroscopy. This technique has been used
to study the vibrational relaxation dynamics of the bending and
OH-stretch vibrations of small protonated water clusters in polar solvents (acetonitrile 24–26 and dimethyl sulfoxide 27 ). These
studies showed that the vibrationally excited states of proton hydration structures relax with a time constant T1 <100 fs, leading
to ultrafast heating of the direct environment of the proton. The
vibrational relaxation is followed by a slower process of in which
the heat is redistributed over the solution.
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Femtosecond nonlinear vibrational spectroscopy has also been
used to study the OH-stretch vibrations of the asymmetric Zundelcation in water, in particular to investigate the properties of the
proton transfer mode. 7,8 It was shown that the experimental data
can be well explained with an asymmetric quartic potential for
this vibration. Fournier et al. 8 used polarization-resolved femtosecond nonlinear vibrational spectroscopy to study the orientation of hydrated proton bending modes with respect to the proton
transfer mode and the OH-stretch modes. In another study 28 the
anisotropy dynamics of the bending modes of the hydrated proton were measured, and used to estimate the proton transfer time
in water. Recently, we used single-color polarization-resolved
femtosecond nonlinear vibrational spectroscopy to study the OHstretch vibrations of hydrated protons in nanoconfined aqueous
environments 29 We observed that nanoconfinement leads to a
strong slowing down of aqueous proton transfer.
Here we use two-color polarization-resolved femtosecond nonlinear vibrational spectroscopy infrared (fs-IR) pump-probe spectroscopy to investigate the structure-spectrum relation of the OHstretch vibrations of proton solvation structures in liquid water.
We perform these experiments for protons in reverse micelles (microemulsions), i.e. water nanodroplets in an apolar solvent that
are stabilized by anionic (AOT) and cationic (CTAB/hexanol) surfactants.
In our pump-probe experiments we excite OH-stretch vibrations of the proton hydration structures with an intense midinfrared pulse. The excited stretch vibrations of OH-groups that
carry a significant amount of the proton charge relax on sub-100
fs time scale by transferring the vibrational energy to the adjacent hydrogen bonds. 24–26,28 This process results in a “locally hot
state”, in which the hydrogen bonds in the local proton hydration
structure are weakened due to the dumped energy, similarly to
the effect of thermal heating. This non-equilibrium state typically
persists for picoseconds before the excess energy is equilibrated
over a bigger volume. The locally hot state has an absorption
spectrum different from that of the hydrated protons in the equilibrium state. We measure this absorption change with a weaker
probe pulse delayed in time.
In Fig. 2 we show the isotropic transient absorption spectra for
hydrated protons in anionic (A) and cationic (B) reverse micelles
of different size following the excitation at 2600 cm−1 . At this

Fig. 2 Isotropic transient absorption spectra of hydrated protons (A) in anionic reverse micelles and (B) in cationic reverse micelles and in bulk
aqueous solution. Excitation frequency νex =2600 cm−1 , pump-probe delay time Tw =0.3 ps; the spectra are scaled for better comparison.

frequency we only excite OH-stretch vibrations in the core of the
hydrated proton and not those of water molecules outside this
core. In the frequency region of 2000-2800 cm−1 the transient
spectra consist of a broad negative absorption change (for the
details and the additional spectra see Experimental section and
Figs. S1-S4 in the Supplementary Information).
The transient spectrum of the hydrated protons confined in anionic micelles shows two strong bands centered at ∼2250 cm−1
and ∼2600 cm−1 , which resemble the structure of the linear infrared spectrum of anionic micelles (Fig. 1B). For the hydrated
protons in cationic micelles we observe a similar absorption spectrum. It can be also subdivided into two signatures: a band at
∼2350 cm−1 and a slope at higher frequency (>2500 cm−1 ),
which is the low-frequency tail of an intense band at frequency
>2800 cm−1 .
For hydrated protons in anionic reverse micelles there is a clear
gradual change in the transient spectra with the increase of water content. The low-frequency band shifts from ∼2250 cm−1 to
∼2350 cm−1 , and the high-frequency band grows with respect to
the low-frequency band. These spectral changes can result from
different possible localization of the hydrated protons in the water pool.
In AOT-stabilized water nanodroplets protons can be solvated
both in the core of the water pool and at the water-AOT interface. The sulfonate group of the AOT surfactant is negatively
charged and thus a substantial fraction of the protons will be solvated in the vicinity of the sulfonate groups and/or substitute the
sodium cations in the Stern layer. 30,31 For small micelles (w0 =1)
all protons are inevitably located close to sulfonate groups of the
AOT surfactant. With increasing micelle size the probability for
protons to be hydrated in the center core of the nanodroplet increases.
We find that the transient spectrum of the larger anionic reverse micelles (w0 =3) can be constructed as a weighted sum of
the transient spectrum of the smallest anionic reverse micelles
with w0 =1 and that of the cationic reverse micelles of similar
size (Fig. 3), reflecting that in large anionic micelles a fraction
of the protons is close to, and strongly interacting with the AOT
surfactants, while another fraction is located in the center core of
the water nanodroplet. This result demonstrates that the spectroscopic response of hydrated protons in the center of the anionic

reverse micelles resembles that of hydrated protons in cationic
reverse micelles.

Fig. 3 Transient spectra of hydrated protons in small anionic reverse
micelles (red line) and in cationic reverse micelles (blue line), the weighted
sum of these two spectra (black dashed line) and the transient spectrum
of hydrated protons in large anionic reverse micelles (black solid line).

The transient absorption spectrum of small AOT reverse micelles shows great similarity with the linear infrared spectra of
concentrated solutions of ethanesulfonic acid (Fig. S5). From
this similarity we conclude that the two bands at 2250 cm−1 and
2600 cm−1 can be assigned to a heteromolecular proton solvation complex. This complex can be seen as a contact ion pair
+
[RSO−
3 –H3 O (H2 O)n ], in which the proton charge is shared by
water molecules and an anionic sulfonate group. Raman 32 and
NMR 33 experiments suggest that the basicity of alkanesulfonates
in solution is similar to that of water. Hence, we expect that in the
+
solvation complex [RSO−
3 –H3 O (H2 O)n ] the proton will be delocalized over the water molecules and the sulfonate group. The infrared spectra of concentrated ethanesulfonic acid solutions (Fig.
S6) show that at a concentration ratio EtSO3 H:H2 O=1:1 about
85% of the acid is deprotonated, which indicates that the water molecules have a slightly stronger basicity than the ethane+
sulfonate anion. Thus, we expect that in [RSO−
3 –H3 O (H2 O)n ]
complexes the proton charge is mostly delocalized over the water
molecules.
In Fig. 4 we present the anisotropy of the transient absorption signal for anionic and cationic reverse micelles as a function
of micelle size. For cationic reverse micelles the anisotropy at
2300 and 2600 cm−1 becomes lower with increasing micelle size.
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This trend agrees with the facts that for bulk acid solutions the
anisotropy value is lower (∼0.15 at 2600 cm−1 29 ), and that the
core of the nanodroplet is expected to become increasingly bulklike with increasing micelle size. For the anionic reverse micelles
the anisotropy is low for the smallest reverse micelle with w0 =1,
and increases with the size of the nanodroplet. This latter trend
can be explained from the increasing contribution of the signal
from the protons in the center core of the nanodroplet. As illustrated in Fig. 3, the signal of the anionic reversed micelles
becomes increasingly similar to that of cationic reverse micelles
with increase reverse micelle size.
The anisotropy represents the average relative orientation of
the probed vibration with respect to the excited vibration. Here
we see that the excitation at ∼2600 cm−1 results in different
anisotropy values at 2300 and 2600 cm−1 , both in anionic and
cationic reverse micelles, which implies that different vibrations
with differently oriented transition dipole moments are being
probed.

Fig. 4 Anisotropy of the low frequency band and the high frequency band
following the excitation of each of them measured for cationic (A) and
anionic (B) reverse micelles. The size of a CTAB cationic micelle with
w0 =12 is approximately the same as that of an AOT anionic micelle
with w0 =3. Anisotropy is obtained as R=(∆αk − ∆α⊥ )/(∆αk + 2∆α⊥ ),
where ∆αk and ∆α⊥ are transient absorption signals measured in parallel
and perpendicular polarization combination, respectively (see Supporting
Information for the details). Straight lines are guides to the eye.

When pumping and probing at the same frequency, the initial anisotropy value R0 represents the degeneracy of the vibration. For a non-degenerate vibration, the initial anisotropy value
is 0.4. The fact that we observe lower initial anisotropy values
indicates that the probed vibrations possess a certain degree of
degeneracy. 29 The anisotropy is observed to be lower for lowfrequency vibrations, indicating that the lower-frequency vibrations are more degenerate than the higher-frequency vibrations.
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For the cationic reverse micelles the anisotropy is independent
of the excitation frequency and is determined only by the degeneracy of the probed vibration. This is a consequence of the very
weak absorption of the 2350 cm−1 band in the infrared spectrum.
A pump pulse centered at 2300 cm−1 thus mostly excites higher
frequency vibrations centered at 2800-3000 cm−1 . The relatively
high anisotropy value of the transient absorption signal probed at
2600 cm−1 indicates that a large fraction of these high-frequency
vibrations is quite well localized on a single OH-group.
For the anionic reverse micelles (Fig. 4B) we observe the lowest
anisotropy for νex =2250 cm−1 and ν pr =2250 cm−1 , and the highest anisotropy for νex =2600 cm−1 and ν pr =2600 cm−1 . In this
case the absorption bands of the low- and high-frequency vibration are of approximately equal strength, and the signal at each
of the excitation/probing frequencies of 2250 and 2600 cm−1 will
contain contributions of both bands. The highest anisotropy is
thus observed when the less degenerate vibration with its absorption band centered at 2600 cm−1 is both excited and probed.
The interpretation of the transient spectra of protons in cationic
and anionic reverse micelles is aided by the comparison with infrared photodisocciation (IRPD) spectra of small hydrated proton
clusters at low temperatures. This comparison should be carried
out with some care, as the vibrational frequencies of hydrated
protons in liquid water are subject to fast fluctuations of significant amplitude that result in a strong broadening of the vibrational bands compared to what is observed for small clusters at
low temperatures. However, it has been observed that the vibrational spectra of hydrated proton clusters show a distinct structure that strongly depends on the hydrogen-bond structure of the
first hydration shell. 17 Hence, if the liquid phase spectrum shows
characteristic features that agree with the observations for particular hydrated proton clusters, it appears quite likely that the first
hydration shell in the liquid phase possesses a similar structure as
those clusters.
IRPD experiments on protonated water clusters showed that
in a perfectly symmetric D3 O+ (D2 O)3 structure, the absorption
bands of the three OD-stretch vibrations of the central D3 O+ moiety overlap, constituting a single broad absorption band. 17 Addition of a hydrogen-bond accepting molecule to one of the D2 O
molecules of the cluster makes this molecule a stronger hydrogen bond acceptor, thus distorting the C3v symmetrical structure
and resulting in a split of the single broad OD-stretch band of
D3 O+ . 16,17,34,35
A similar split of the OH absorption band of the H3 O+ core
is observed if one of the OH groups is more weakly hydrogen bonded than the other two OH groups. The limiting case
of such an asymmetric structure is the protonated water trimer
H2 O–H3 O+ –H2 O, in which two OH-groups of the H3 O+ core are
hydrogen bonded to H2 O molecules and one OH-group is non
bonded. Such H7 O+
3 structures were observed for hydrated super
acids in crystals and in nonpolar solvents. 36–39
These properties of asymmetric hydrated proton structures have been studied in detail in IRPD experiments on
the protonated water trimer (H3 O+ (H2 O)2 ), 18,40 pentamer
(H3 O+ (H2 O)4 ), 13,35 and hexamer (H3 O+ (H2 O)5 ) 16 . For the
pentamer H3 O+ (H2 O)4 bands at ∼2600 cm−1 and ∼2800 cm−1

where the band at 2600 cm−1 is assigned to the near-degenerate
symmetric and antisymmetric vibrations of the two relatively
strongly hydrogen bonded OH-groups of H3 O+ , and the band at
2800 cm−1 is assigned to the stretch vibration of the less strongly
hydrogen-bonded OH group. 13 Furthermore, it is observed that
with increasing difference in hydrogen-bond strengths of the
three OH groups of the central H3 O+ ion, the band at 2600 cm−1
shifts to lower frequencies (∼2400 cm−1 for H3 O+ (H2 O)5 and
1900-2300 cm−1 for the extremely asymmetric H3 O+ (H2 O)2 ),
and the band at 2800 cm−1 shifts to higher frequencies (∼3000
cm−1 for H3 O+ (H2 O)5 and ∼3600 cm−1 for the free OH-group of
H3 O+ (H2 O)2 ).
The spectra of acid water in anionic and cationic micelles show
similar spectral characteristics as the clusters. The spectra of protons in AOT reverse micelles contain two bands at 2250 cm−1
and 2600 cm−1 . The band at 2250 cm−1 , that the anisotropy
measurements show to represent a more degenerate vibration,
matches well with the bands at 1900-2600 cm−1 observed in
IRPD experiments. Therefore, we assign this band to the degenerate symmetric and antisymmetric OH-stretch vibrations of two
strongly hydrogen-bonded OH groups of the central H3 O+ ion of
the proton hydration structure. The band at 2600 cm−1 , that the
anisotropy measurements show to represent a less degenerate vibration, can be assigned to the stretch vibration of the third, less
strongly hydrogen-bonded OH group of the central H3 O+ ion of
the proton hydration structure.
For AOT micelles with low water content (low w0 ), the asymmetry in the proton hydration structures likely results from the
interaction of the central H3 O+ ion with sulfonate (SO−
3 ) groups.
In several theoretical calculations it was shown that the most
favorable hydration structure of sulfonic acids is formed by the
+
41–44 In this complex, the sulfonate
[RSO−
3 –H3 O (H2 O)2 ] motif.
group is a weaker hydrogen bond acceptor than the two H2 O
molecules. Hence, the band at 2600 cm−1 can be assigned to
the OH groups that is more weakly hydrogen bonded to sulfonate, and the band at 2250 cm−1 can be assigned to the two
other OH-groups that are more strongly hydrogen bonded to water molecules. The degeneracy of the stretch vibrations of the
strongly hydrogen-bonded OH groups results in a low anisotropy
value of ∼0.1, in agreement with our observations for the lowfrequency band. Due to the relatively high concentration of AOT
molecules, most of which interact with sodium cations, the two
water molecules accepting the two stronger hydrogen bonds from
H3 O+ most likely donate hydrogen bonds to sulfonate groups of
other AOT molecules.
The proton hydration structures in cationic reverse micelles are
also largely asymmetric, which is demonstrated by the relatively
high anisotropy value of ∼0.25 observed at 2600 cm−1 . This
high anisotropy value indicates that the absorption at frequencies >2500cm−1 is dominated by proton-hydration structures for
which one of the three OH groups of the H3 O+ core is more
weakly hydrogen bonded than the other two OH groups.
We propose that the weak absorption band at 2350 cm−1 observed for acid cationic reverse micelles and acid bulk water originates from a (near-)symmetric [H3 O+ (H2 O)3 ] complex. Replac−
+
ing the SO−
3 group in the asymmetric [RSO3 –H3 O (H2 O)2 ] com-

plex by H2 O is thus proposed to lead to the merging of the two
bands at 2250 cm−1 and 2600 cm−1 into a single band at 2350
cm−1 . This interpretation is supported by the observation that
the anisotropy of the transient absorption signal at 2350 cm−1
has a value of ∼0.1 (Fig. 4A), which is the value that would result from the complete randomization of a vibrational excitation
in a plane. Hence, an anisotropy value of ∼0.1 corresponds well
to the case of 3 near-degenate OH vibrations of a planar, symmetrically hydrogen-bonded H3 O+ core.
It is clear from the linear infrared spectrum of acid cationic reverse micelles and acid bulk water that the band at 2350 cm−1
is relatively weak, which implies that only a small fraction of
the proton hydration structures will be symmetric. Most of the
proton-hydration structures in acid cationic reverse micelles and
acid bulk water will thus be asymmetric, as illustrated by the
strong absorption near 2800 cm−1 . The large abundance of asymmetric proton hydration structures can be explained from the fact
that in the studied cationic reverse micelles and bulk water the
proton hydration structures are surrounded by a large number
of water molecules and counterions (second and third solvation
shells), that show a large variation in composition and hydrogenbond structure, thus inducing a large variation in the strengths of
the hydrogen bonds of the three OH groups of the central H3 O+
core.

Conclusions
In summary, we investigated the OH-stretch absorption spectrum
of hydrated protons in cationic and anionic reverse micelles with
linear infrared absorption spectroscopy and femtosecond transient absorption spectroscopy. The vibrational spectrum of hydrated protons in small anionic AOT reverse micelles shows two
distinct bands at 2250 and 2600 cm−1 . These two bands correspond to two different vibrations of the same proton hydration structure. The anisotropy of the bands shows that the lowfrequency vibration is more degenerate than the high frequency
vibration. Comparing our results with the results of studies of
small hydrated proton clusters and studies of hydrated sulfonic
acids, we assign the two bands to OH stretch vibrations of the
+
H3 O+ core of a [RSO−
3 –H3 O (H2 O)2 ] complex. The band at 2600
−1
cm is assigned to the stretch vibration of the OH group that
is more weakly hydrogen bonded to sulfonate, and the band at
band at 2250 cm−1 is assigned to the two other OH-groups that
are more strongly hydrogen bonded to water molecules.
For acid cationic reverse micelles and acid bulk water we observe a weak band at 2350 cm−1 . We propose that this band
corresponds to a symmetric [H3 O+ (H2 O)3 ]. Hence, replacing
the SO−
3 group by H2 O leads to the merging of the two bands
at 2250 cm−1 and 2600 cm−1 into a single band at 2350 cm−1 .
The symmetric complex constitutes only a minor fraction of the
proton-hydration complexes in acid cationic reverse micelles and
acid bulk water. Most of the complexes are asymmetric protonhydration structures for which one of the three OH groups of the
H3 O+ core is more weakly hydrogen bonded than the other two
OH groups.
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