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We study the hydration of protons in liquid water using TeraHertz time domain spectroscopy
and polarization-resolved femtosecond mid-infrared pump-probe spectroscopy. We observe that
the addition of protons leads to a very strong decrease of the dielectric response of liquid water
that corresponds to 19±2 water molecules per dissolved proton. This depolarization results from
water molecules (∼4) that are irrotationally bound to the proton, and from the motion of water
(corresponding to the response of ∼15 water molecules) involved in the transfer of the proton charge.

Protons in hydrogen-bonded networks play an impor-
tant role in many fundamental and technological pro-
cesses in chemistry, physics and biology. Examples in-
clude acid-base reactions, proton exchange membranes
and transmembrane proton pumps. One of the remark-
able properties of protons in aqueous solutions is the
anomalously high mobility [1]. This has been attributed
to the Grotthuss mechanism, which differs from the typ-
ical Stokes mass diffusion for ion transport. The Grot-
thuss mechanism is based on the efficient interconversion
between the Eigen complex, H3O+, and the Zundel com-
plex, [H2O· · ·H· · ·H2O]+, which constitutes the proton
charge transport [2–6]. Here, the proton shuttles to an
adjacent water molecule by interconversion of a hydrogen
bond and a covalent bond. Hence the charge, rather than
the mass, of the proton is transferred, making proton con-
ductivity significantly larger than that of other ions [1].
Molecular Dynamics simulations showed that the H3O+

complex typically has a coordination number of 3, as op-
posed to 4 for pure water [2–4]. This means that the
presence of the proton causes a structural rearrangement
of the hydrogen bond network. Both theory and experi-
ment have found indications that the interaction between
protons and the solvating hydrogen bond network has a
long range character. Simulations using Multistate Em-
pirical Valence-Bond analysis have indicated that proton
transfer couples to hydrogen bond dynamics of large wa-
ter clusters of at least three hydration shells [8–11].
The hydration of the proton has also been studied with
different experimental techniques including infrared and
far-infrared spectroscopy [12–19]. These studies have ar-
rived at very different values for the number of water
molecules affected by the proton, ranging from ∼6 to
∼100. This wide range of values may be traced to several
drawbacks of previous techniques that have been applied
to measuring the effect of the proton on water. In the
infrared, the aqueous proton gives rise to broad struc-
tureless bands, from which it is very difficult to deduce
information about the water structure. Far-infrared mi-
crowave spectroscopy is in principle very well suited to
study the effects of ions on the structural dynamics of wa-
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ter, as has been demonstrated for different salts [12, 20–
24]. However, for the study of the effect of the proton
on water this technique is not well suited, because the
mobility of the proton leads to very strong absorption
and loss of signal at microwave frequencies. This prob-
lem is much less severe at higher frequencies, because the
absorption due to charge mobility is inversely propor-
tional to the probing frequency. Recently, the technique
of TeraHertz time domain spectroscopy (THz-TDS) [25–
27] has been developed, and it was shown that this tech-
nique is ideally suited to study water structure and dy-
namics [28–30]. Here we use this technique in combina-
tion with polarization-resolved femtosecond mid-infrared
pump-probe spectroscopy to study the effects of the pro-
ton on the structural dynamics of water.
The THz-TDS setup is based on THz generation and de-
tection in ZnTe non-linear crystals, using 800 nm pulses
with a duration of ∼ 150 fs. The time dependent elec-
tric field strength of the THz pulses (∼ 1 ps) that are
transmitted through the sample are measured by means
of electro-optic sampling with a variably delayed pulse
of 800 nm light with a duration of ∼ 150 fs in a sec-
ond ZnTe crystal. THz-TDS provides the frequency-
dependent complex dielectric response of a sample ε̂(ω).
We determine the complex dielectric response of water
around protons. To isolate specifically the effect of the
proton, we measure the difference between the dielec-
tric response of an acid (e.g. HCl) and its accompanying
salt (e.g. NaCl) for different acid-salt combinations. This
way, we can correct the data for the contribution of the
anions on the water solvent. We employ a mechanical de-
vice that alternatively positions two samples (a salt and
an acid solution in cuvettes that have chambers with an
optical path length of 103 ± 0.5 µm) in the THz beam.
This approach minimizes the effect of fluctuations in THz
intensity and temperature as noise sources.
The polarization-resolved femtosecond mid-infrared
pump-probe setup is based on a number of non-
linear conversion steps using femtosecond pulses centered
around 800 nm. Pump-probe measurements are per-
formed using a strong pump pulse (∼ 5 µJ) with a du-
ration of ∼ 200 fs that is centered around 3380 cm−1,
resonant with the OH-stretch vibration of HDO. We use
isotopic dilution (4 % H2O in D2O) to avoid the mea-
sured signals being affected by resonant energy transfer.
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The pump labels specifically oriented water molecules
with a vibrational excitation. The subsequent vibrational
and orientational relaxation is monitored using a weak
(∼ 20 nJ) probe pulse, centered at 3430 cm−1. Using
this technique, we can readily determine the decay of the
anisotropy R = ∆α‖−∆α⊥

∆α‖+2∆α⊥
, where ∆α‖ and ∆α⊥ are the

pump-induced change in absorption with the polariza-
tion of the pump pulse parallel and perpendicular to the
probe pulse, respectively. The exponential decay of the
anisotropy gives the (second order) reorientation time of
the excited water molecules. As will be shown below, this
parameter is important for the analysis of the dielectric
response of protons in water.
We employ THz-TDS in the region between 0.3-1.2 THz
to examine the hydration of protons in liquid water. Up
to a frequency of 1.2 THz, the dielectric response is dom-
inated by dielectric relaxation [31]. The dielectric re-
laxation response of water ε̂(ω) contains information on
how well the permanent dipoles associated with water
molecules can keep up with oscillating fields of a certain
frequency. For pure water at room temperature, ε̂(ω)
can be described with the well-known double Debye re-
laxation model [25–27, 31]:

ε̂(ω) =
S1

1 + iωτD
+

S2

1 + iωτ2
+ ε∞ (1)

Here, the first (main) term represents the dielectric
relaxation process with amplitude S1 = εS − ε1 and a
time constant of τD ∼ 8 ps (the Debye time) at room
temperature. The Debye time describes the cooperative
reorganization of water solvent molecules. The second
(smaller) term has an amplitude S2 = ε1 − ε∞ and a
(shorter) timescale τ2. Finally, ε∞ represents the dielec-
tric constant in the high frequency limit, εS is the static
dielectric constant and the vacuum permittivity is given
by ε0.

When ions are added to water, the dielectric response
changes. First of all, the dielectric response includes a
contribution from the conductivity of the charged ions.
Secondly, ions may affect both the Debye time τD and
the amplitude of the relaxation process S1 of the water
molecules surrounding the ions. The latter occurs when
ions form strong bonds with water molecules that, as a
result, can no longer participate in the relaxation process.
Strong hydration therefore leads to a lowering of the re-
laxation amplitude S1, i.e. to a depolarization effect. We
determine how the presence of protons affects the dielec-
tric relaxation parameters by measuring the differential
dielectric response for the following acid-salt combina-
tions: HCl-NaCl, HCl-KCl, HCl-CsCl, HCl-LiCl, HClO4-
NaClO4 and HI-NaI. The concentrations were varied be-
tween 0.25 and 1.0 mol/kg. We use molality (mol/kg) to
keep the amount of water in each sample constant.
As a typical measurement, we show the transmitted THz
pulses through an empty cuvette and through cuvettes
filled with a 1 mol/kg solution of HCl and a 1 mol/kg
solution of NaCl in pure water, see Fig. 1(a). The acid
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FIG. 1: (a) THz pulses as transmitted through an empty cu-
vette and through cuvettes filled with a 1 mol/kg solution of
NaCl and HCl, respectively. (b) Extracted dielectric function
of 1 m HCl and 1 m NaCl. The thick lines that go through
the data points are a fit to eq. 1 with S1 for the salt fixed to
its literature value [20]. The thin lines represent the dielec-
tric response after it has been corrected for the conductivity
contribution. (c) Differential dielectric response ∆ε̂ for 1 m
HCl-NaCl, with the fit according to eq. 2.

solution has a somewhat higher absorption and refraction
than the salt solution. This is caused by the proton con-
ductivity, which is 5 times larger than that of the sodium
ions. We analyze the data in the frequency domain us-
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ing Fresnel equations [32]. Using the independently de-
termined cuvette responses, we extract the dielectric re-
sponse of the two samples separately.
The dielectric responses of the 1 mol/kg HCl-NaCl acid-
salt combination and the differential response are shown
in Fig. 1(b-c), respectively. To quantify the effect of
the presence of the proton on the water structure and
dynamics, we examine the differential dielectric response
∆ε̂ (HY-XY) for each acid-salt (HY-XY) combination.
We use the following equation to model the differential
dielectric response:

∆ε̂(ω) =
∆S1,H −∆S1,X

1 + iωτD
+

σHY − σXY

iωε0
+ ∆(S2, ε∞) (2)

In this equation ∆S1,H and ∆S1,X represent the pro-
ton and the cation effect on the pure water parameter
S1, respectively. The second term is concerned with
the difference in conductivity of the acid σHY and salt
σXY solutions. Following [20–22, 24] we assume no fre-
quency dependence of the conductivity σ. The last term
∆(S2, ε∞) takes into account the different effects that the
proton and the cation have on the relaxation process with
amplitude S2 and on ε∞. These effects are an order of
magnitude smaller than the effects on S1.
To arrive at eq. 2, we have made the assumption that
the Debye reorientation time τD is the same for acid
and salt solutions with the same anion. This assump-
tion is corroborated by (i) microwave measurements of
dielectric relaxation that have indeed indicated that τD

is mainly affected by the presence of anions and not
cations [20, 21, 24] and by (ii) polarization-resolved fem-
tosecond pump-probe measurements in the mid-infrared.
This measurement technique has proven to be capable
of probing the effect of cations and anions on the water
reorientation [33]. The results in Fig. 2 show that the
reorientation time τR ∼ 1

3τD is indistinguishable for 0:4,
1:3 and 2:2 aqueous solutions of HClO4:NaClO4 with a
constant anion concentration of 4 mol/kg. Since the con-
centration of anions is kept constant, we isolate the effect
of the proton. We do not probe water molecules that are
in close proximity of the anion, since these can be re-
solved spectrally [33].

We extract the depolarization effect of the proton
∆S1,H for each acid-salt combination using eq. 2. The
fit results for the 1 mol/kg solutions of HCl and NaCl
are shown in Fig. 1(c). We have first fit the dielectric
response of the salt solution to obtain τD and use this
number to fit the differential dielectric responses to eq.
2. We use data from the literature for the conductiv-
ity of the solutions and for the depolarization effect of
the cation ∆S1,X. The data for the salt solutions are
taken from GHz dielectric relaxation measurements by
Buchner et al. [20–22, 24]. We show the results for
the depolarization effect of protons, ∆S1,H, in Fig. 3.
The data are independent of the details of the different
cations and anions, showing the validity of our approach
to isolate specifically the effect of the proton on the water
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FIG. 2: The decay of the anisotropy R is independent of
the proton:cation ratio, corroborating the assumption that
τD remains the same for protons and anions.

response.
For all measurements with different acid-salt combina-
tions the value of ∆S1 is negative. This finding is in line
with the results of microwave dielectric relaxation mea-
surements [20–22]. In these measurements it was found
that cations have a depolarization effect. This is partially
due to the excluded volume of the ions and partially due
to strong irrotational bonds between water molecules and
the cations. Smaller and multivalent cations typically
have a stronger hydration and hence larger depolarization
effect. Our results show that protons induce an anoma-
lously large depolarization effect. We extract the number
of affected water molecules NH around protons through
[34] [35]

NH(c) = (cs − S1 + ∆S1,H

S1
c0)/c (3)

In this equation c is the concentration of protons, cs

is the concentration of solvent water molecules in the
solution and c0 represents the concentration of water
molecules of pure water. Furthermore S1 corresponds
to the relaxation amplitude of pure water and ∆S1,H to
the depolarization effect of protons. Using our results
for the depolarization effect of protons, we find that for
protons in water NH ≈ 19±2. Surprisingly, this number
is even larger than the strongly hydrating cation Mg2+,
which has been found to immobilize ∼10 water molecules
[23].
The depolarization effect of the proton likely has a very
different origin from that of for instance Mg2+. For
cations like Mg2+, the depolarization results from the
immobilization of nearby water molecules. This effect
will also occur for protons, but for the proton an addi-
tional effect occurs: the depolarization is also the result
of the motion of water molecules associated with the mo-
tion of the proton charge. A charge (the proton) that
moves in the driving electric field (the THz pulse) causes
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FIG. 3: The depolarization induced by protons for differ-
ent proton concentrations. Each data point corresponds to
a differential measurement for an acid-salt combination. The
dashed line is a linear fit to all data points. The slope is a
direct measure for the number of water molecules that is af-
fected by the presence of the proton. Above concentrations of
1.5 mol/kg the relation becomes non-linear, indicating over-
lapping hydration layers [29, 30].

the surrounding water molecules to rotate [36]. The di-
rection of this rotation has an opposite sign compared
to the direction of the electric field, hence resulting in a
decrease in the dielectric relaxation amplitude. We fol-
low [20] to calculate the effect of this kinetic depolar-

ization, which is proportional to the solution conductiv-
ity with a prefactor that depends only on the dielectric
properties of the pure solvent. We find that the kinetic
depolarization corresponds to the response of 15±2 wa-
ter molecules. The remaining depolarization effect of ∼4
water molecules is likely due to water molecules that are
irrotationally bound by the proton. This number of ∼4
bound water molecules corresponds well to the so-called
Eigen H9O4

+ hydronium complex that is found in MD
simulations [2–4]. Our findings experimentally confirm
the results of recent simulations [8, 11], which showed
that a small number of very strong hydrogen bonds are
present directly around the protons and that the rate-
limiting step for proton transport is the collective reor-
ganization of a larger number of water molecules.
The observation that a large number of water molecules
are involved in aqueous proton transport has important
consequences for proton hydration and transport in sys-
tems in which the number of water molecules is limited,
as is for instance the case in confined systems. Examples
of these systems are protons confined in micelles and pro-
tons in membranes and transmembrane proton pumps.
Based on the present observations, we expect that the
bulk mechanism of proton transfer is not possible in these
systems and that a different, modified mechanism of pro-
ton transport is employed.
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