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Identifying Eigen-like hydrated protons
at negatively charged interfaces
Eric Tyrode 1*, Sanghamitra Sengupta 1 & Adrien Sthoer 1

Despite the importance of the hydrogen ion in a wide range of biological, chemical, and

physical processes, its molecular structure in solution remains lively debated. Progress has

been primarily hampered by the extreme diffuse nature of the vibrational signatures of

hydrated protons in bulk solution. Using the inherently surface-specific vibrational sum fre-

quency spectroscopy technique, we show that at selected negatively charged interfaces, a

resolved spectral feature directly linked to the H3O+ core in an Eigen-like species can be

readily identified in a biologically compatible pH range. Centered at ~2540 cm−1, the band is

seen to shift to ~1875 cm−1 when forming D3O+ upon isotopic substitution. The results offer

the possibility of tracking and understanding from a molecular perspective the behavior of

hydrated protons at charged interfaces.
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The hydrated proton (H+) in concert with the OH−, is
arguably the most important ion in aqueous solution,
playing a prominent, if not, vital role in a variety of bio-

logical, chemical, and geological processes. It represents the
essence of a concept as widely used and popularized as pH, and is
obviously fundamentally involved in all acid/base chemistry.
Despite recent experimental1–7 and theoretical advances4,8–10, a
comprehensive molecular understanding of hydrated protons in
solution remains elusive. Vibrational spectroscopy, being sensitive
to hydrogen bond strength and dynamics, has been the method of
choice for determining the molecular structure of the hydrated
proton10. However, concentrated acid solutions give rise to
extremely diffuse vibrational signatures that extend over at least
2000 cm−1 4,10, a fact that reflects the wide-ranging molecular
distortions expected in the structural motifs, but at the same time
makes the bands challenging to assign to specific species or
conformers. In this sense, the structure of the hydrated proton in
terms of Eigen11 (H9O4

+), Zundel12,13 (H5O2
+) or more delo-

calized motifs continues to be lively debated10. An important
improvement in our understanding came from gas-phase studies
of clusters of hydrated protons H+(H2O)n cryogenically cooled to
20 K1,2,14. The clusters limit the motifs accessible to the proton,
generating well-resolved IR spectral features that have been
directly linked to Zundel and Eigen structures, and are also used
as a benchmark for testing the accuracy of different computa-
tional methods8,10,15. Though useful, the results from low-
temperature gas-phase clusters are not necessarily transposable
to condensed phases at ambient conditions6,16. At room tem-
perature, we require background subtraction and the deconvo-
lution of vibrational spectral features to obtain indirect
information of the structural motifs4,15,16. A precious insight has
been provided by ultrafast two-dimensional infrared (2D-IR)
spectroscopy, where by connecting the coupled resonances at
different frequencies, distinct species have been identified in
solution6,7. The current consensus leans towards the proton in
the bulk liquid being primarily hydrated by two flanking water
molecules in a Zundel-like configuration4,7.

The scenario can be different at surfaces. The orientational
constraints and asymmetric environment imposed by the interface
may reduce the number of structural possibilities, and conse-
quently, result in more resolved features. Vibrational sum fre-
quency spectroscopy (VSFS), a second-order non-linear optical
technique with an intrinsic surface specificity, offers the opportu-
nity to yield vibrational spectra from molecules at interfaces17.
Under the electric-dipole approximation, VSFS only detects
molecules with a net polar orientation, which are typically found in
the noncentrosymmetric environment of an interface18. The air/
liquid surface of concentrated acid solutions has been the subject of
several VSFS studies19–23, but they have primarily focused on the
OH stretching region of interfacial water molecules (>3000 cm−1).
Although some of the spectral changes observed, particularly at
~3200 cm−1, were linked to the hydrated proton21, other inter-
pretations associate them instead to an increased number of pro-
bed water molecules in the diffuse double layer, which extends
upon charging of the surface22,24. With the exception of a couple of
studies on neat acid solutions20,25, where no resolved resonant
features were detected, the proton continuum region (<3000 cm−1)
on surfaces has largely been neglected.

Here, we use VSFS to probe the proton continuum spectral
region of negatively charged liquid/vapor interfaces and identify
resolved features associated with hydrated protons having a
preferred orientation. The charged surfaces consist of Langmuir
monolayers exposing either carboxylic acid or sulfate groups to
solution. The associated negative surface potential results in
surface hydronium ion concentrations that are orders of magni-
tude higher than in the bulk, making the spectral features

detectable at ambient pH. From the analysis of the VSF spectra at
different polarization combinations and comparison with gas-
phase cluster, 2D-IR, and Raman/IR MCR studies, we assign the
band observed at ~2540 cm−1 to the antisymmetric stretch of an
Eigen-like species.

Results
Carboxylic acid Langmuir monolayers. The starting point is the
conventional homodyne SF spectra at the liquid/vapor interface
of an arachidic acid Langmuir monolayer on a sodium chloride
aqueous subphase at ambient pH (Fig. 1). The twenty carbon long
fatty acid forms an insoluble monolayer that exposes the car-
boxylic acid headgroups to solution, and the hydrophobic alkyl
chains towards the gas phase. The packing density can be varied
by moving the barriers of the Langmuir trough. The spectra
presented have been collected at a constant surface pressure of
20 mNm−1, where the monolayer is found well-packed in a tilted
condensed phase with an average area per molecule of 20 Å2, as
can be deduced from the surface pressure vs. molecular area
isotherm (see Supplementary Note 1 and Supplementary Fig. 1).
Although the intrinsic pKa of these fatty acids is similar to that of
shorter chain carboxylic acids (i.e., pKa ~5), at the surface, when
only the pH determining ions are present in solution, the
apparent pKa is ~10.826. The negative charge and accompanying
surface potential result in surface proton concentrations that
are several orders of magnitude higher than in the bulk. More-
over, the charging behavior upon addition of monovalent ion
salts to solution has been shown to be consistent with the
Gouy–Chapman theory for concentrations ≤50 mM26,27.

Several molecular structural details of the interfacial region can
be extracted from the spectra collected at the two different
polarization combinations (i.e., SPS and SSP) shown in Fig. 1. The
sharp peaks found between 2050 cm−1 and 2250 cm−1 are all
linked to the alkyl chain of the fatty acid, and are primarily
stretching modes of the terminal methyl group26. The absence of
features from CD2 groups, indicate that the monolayer is
conformationally well-ordered in an all-trans configuration28,
consistent with the high packing densities of the tilted condensed
phase. At lower frequencies, the peak at ~1720 cm−1 observed in
both polarization combinations, is assigned to the C=O stretch of
the uncharged form of the carboxylic acid headgroup26,29. The
spectra show no features linked to the charged carboxylate
moieties, which are expected at ~1408 cm−1 and ~1535 cm−1 26.
At pH ~6 and a NaCl concentration of 1 μM, the carboxylate
modes are below the detection limit, yet the monolayer is
expected to be ~0.5% deprotonated, as estimated from the
Gouy–Chapman model26. Nevertheless, despite the relatively
small surface charge (i.e., ~−4 mCm−2), the low ionic strength of
the subphase ensure a substantial surface potential that is in the
order of ~−200 mV26. At higher frequencies, between 3100 cm−1

and 3650 cm−1, the OH stretching bands from water in the
interfacial region are apparent (the OH stretch from the hydrogen
bonded carboxylic acid gives rise to a weak broad band centered
at ~2900–2950 cm−1 30). The signal primarily originates from
water molecules directly interacting with the carboxylic acid
headgroup26,31, with only a small contribution, if any, from water
molecules in the diffuse double layer. At 1 μM the Debye length
(i.e., ~300 nm) is significantly longer than the non-linear
coherence length of the experimental geometry (Δkz−1 ≈ 50 nm),
and most of the signal generated within the diffuse double layer
cancels due to destructive interference32,33.

Spectral features of hydrated protons at charged interfaces.
Central to this study is the band observed at ~2540 cm−1 in the
SPS spectrum (Fig. 1b), which is located far from any vibrational
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mode expected from the fatty acid or aqueous subphase, but
within the proton continuum range of concentrated acid
solutions10,20,25. To confirm that the observed vibrational mode
involves the displacement of an OH bond, isotopic substitution
experiments were performed using D2O. The two times heavier
deuterium atoms cause the vibrational frequencies to shift within
the harmonic level towards lower energies by a factor of ~1.36.
The SF spectrum of an equivalent fatty acid monolayer on a D2O
solution collected under the SPS polarization combination is
shown in Fig. 2. In the spectrum, the broad water band that was
in the case of H2O originally centered at ~3600 cm−1 is seen, as
expected, to red-shift to ~2650 cm−1 in D2O. More interestingly,
a peak resolved at ~1875 cm−1 proves that the ~2540 cm−1 band
indeed involves an OH stretching vibration. Compared to the OH
stretches of water, typically observed between 3000 cm−1 and
3600 cm−1, the significant red-shift of the ~2540 cm−1 band,
indicates that the OH bonds are more strongly hydrogen-bonded,
as is usually the case of water molecules surrounding the
proton4,14.

The peak position lies within the range generally assigned to
embedded Eigen-like structures (i.e., an H3O+ core, symmetri-
cally solvated by three water molecules)1,4,6,14. However, this
classification is controversial given the extremely diffuse vibra-
tional signature of the hydrated proton in bulk solution4,7.
Although the cryogenically cooled cluster behavior cannot be
readily extrapolated to the bulk liquid at room temperature, their
resolved features provide useful insight. The charged delocalized
Eigen cation H3O+(H2O)3 shows a characteristic peak centered at
~2660 cm−1, unambiguously assigned to the doubly degenerate
antisymmetric OH stretch of the Eigen core1,3,9,14,34. This band is
also observed in larger gas clusters displaying an Eigen-like motif
where the hydronium core is predominantly symmetrically
solvated (i.e., H+(H2O)n= 9–12), and remains detectable in even
bigger clusters (i.e., n= 24), though contributions red-shifted by
up to ~600 cm−1 also become apparent in the spectra1,35. In
contrast, when the proton is shared by two water molecules in a
Zundel-like arrangement (H2O---H---OH2)+, vibrations invol-
ving the core proton in the cluster are further red-shifted by more
than 1000 cm−11,10.

Additional experimental information regarding the assignment
and also molecular orientation of the hydrated proton at the

surface can be extracted from the SF spectra gathered at different
polarization combinations36,37. The hydrated proton feature is
strongly observed in the SPS spectrum, but besides a weak non-
resonant background it is essentially absent in the PPP
polarization combination (Fig. 3a). This is consistent with the
band being assigned to an antisymmetric OH stretch of the C3v

symmetry H3O+ in the Eigen core, with its C3 axis aligned at, or
close to the surface normal, as shown in the theoretical
orientational analysis presented in Fig. 3b. The curves depict
the expected variations in relative intensities as a function of the
tilt angle for the polarization combinations SPS, SSP, and PPP,
assuming a delta and a narrow Gaussian distribution of angles
(see Supplementary Note 2 for details). However, though the
experimental intensity in SSP is significantly weaker than for SPS
(Fig. 3a), it is not negligible as predicted by the theoretical
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analysis for low tilt angles (Fig. 3b). The discrepancy can be
accommodated by considering potential contributions from
the symmetric stretch of the C3v Eigen core, which when aligned
close to the surface normal, should be preferentially observed
in the SSP polarized spectra (see Supplementary Note 2 for
details)36,38. Although the symmetric stretch has not been
experimentally resolved in any of the previous IR cluster studies,
it has been theoretically estimated to lie just ~38 cm−1 red-
shifted3, overlapping39, or even blue-shifted1 relative to the
antisymmetric mode, with a cross-section that is almost two
orders of magnitude lower than for the degenerate antisymmetric
stretch9,40. Given that the SF intensity has a square dependence
on the IR and Raman transition moments36,37, the significantly
lower IR cross-section will have an obvious effect on the intensity
of the symmetric stretching mode. Moreover, even though the
mode is expected to be stronger in Raman, due to the non-
Condon effect4,41, the contribution of the IR component relative
to that of Raman in the SF cross-section, becomes more
important at the lower OH stretching frequencies of the Eigen
core. Consequently, both elements (i.e., low IR cross-section,
and non-Condon effect), indicate that the SF cross-section of the
H3O+ symmetric stretch will be significantly lower than for the
antisymmetric mode.

Fatty sulfate monolayers. To further extend the implications of
the results, spectra were also collected at negatively charged
surfaces that have as chargeable groups other functionalities than
the carboxylic acid moiety. The SPS polarization SF spectrum of a
twenty-carbon fatty sulfate Langmuir monolayer is presented in
Fig. 4. At the pH and selected surface pressure of the experiment,
the fatty sulfate monolayer is found in a liquid expanded phase.
With an intrinsically lower pKa the fatty sulfate, even at pH 3.8,
is substantially more deprotonated, but also shows a higher affi-
nity for the other monovalent counterions (see Supplementary
Note 1 for details). The presence of the hydrated proton peak at

~2540 cm−1, proves that it is not unique to surfaces displaying
charged carboxylic acid groups.

Discussion
In contrast to bulk studies, the VSF results presented show
compelling evidence of a narrow spectral feature linked to a
specific hydrated proton configuration. The negative charge and
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asymmetric environment imposed by the interface are key ele-
ments for this distinction. Under the electric-dipole approxima-
tion, VSFS only detects molecules with a net polar orientation
that have vibrational modes that are simultaneously Raman and
IR active18,36. This typically reduces the number of bands
resolved when compared with the linear vibrational spectro-
scopies. Moreover, the surface electric field associated with the
negatively charged interface plays a fundamental role, as it not
only causes a substantial increase of the surface concentration of
hydrated protons, but also has a direct influence on the adopted
configuration and its average net orientation. For instance, the
VSF spectrum of pure water, as well as that of solutions of HCl at
pH 2, and HBr at pH −0.3, show no resolved resonant features in
the proton continuum range20,25, highlighting the importance of
having a (partly) charged Langmuir monolayer for detecting the
hydrated proton at the surface.

From the observed peak position and polarization dependence,
together with the insight provided by the experimental and the-
oretical studies on small cold clusters, the ~2540 cm−1 can be
assigned to the degenerate antisymmetric OH stretch of the H3O+

core in an Eigen-like configuration, where the three OH are
equivalent (i.e., C3V symmetry). The center position is also in
agreement to that proposed from calculated IR and Raman
spectra for structures that can be classified as Eigen-like4. The
orientational analysis for the antisymmetric stretch presented in
Fig. 3b, suggest that the principal axis of the H3O+ core should be
oriented close to the surface normal. Although the net polar
orientation can not be directly obtained from the homodyne SF
spectra presented42, the three hydrogens will most certainly be
directed towards the negatively charged interface.

Interestingly, the Eigen-like VSF signal can be detected in fatty
acid monolayers when the bulk hydronium ion concentration is
just in the order of a few micromolar or less (i.e., pH ~6). At the
negatively charged surface, however, the proton concentration is
orders of magnitude higher. At low ionic strengths the charging
behavior of the monolayer can be accurately predicted using the
Gouy Chapman model26, thus the surface concentration of H3O+

can be estimated to be ~2.5 mM in the presence of 1 μM NaCl
in the subphase (see methods). At higher monovalent salt
concentrations, despite an increase of the percentage of depro-
tonation of the fatty acid monolayer26, the surface proton

concentration is predicted to decrease due to a lowering of the
surface potential as shown in Fig. 5a. In qualitative agreement
with this prediction, VSF measurements carried out at higher
ionic strengths show that the intensity of the H3O+ antisym-
metric stretch indeed decreases with the concentration of NaCl in
the subphase, at least up to 0.1 mM (Fig. 5b). The VSF intensity
depends on the number of contributing oscillators squared, as
well as their average orientation and distribution36,43. Provided
the latter two remain constant, the VSF intensity is thus expected
to be particularly sensitive to the surface concentration of Eigen-
like protons (i.e., N2 dependence). In fact, although the trends are
systematically reproduced, significant variations in the absolute
intensities of the hydrated proton band were observed in multiple
repeat experiments. Ascribed to small variations in solution pH
due to CO2 absorption from the atmosphere, a detailed analysis of
these fluctuations is clearly warranted but remain beyond the
scope of this work.

The SF signal from the hydrated proton could, in principle,
originate from Eigen-like species located in direct proximity
to the interface, or further away within the diffuse double
layer32,44. However, the fact that the Eigen band is more
strongly observed on a 1 μM NaCl subphase than at higher salt
concentrations (Fig. 5b), suggests that the origin is from close
proximity to the interface. Had the signal been generated from
within the diffuse double layer, due to destructive interference,
it would have increased with ionic strength in the concentration
range considered as experimentally confirmed elsewhere when
probing water molecules in the diffuse layer26,45 (i.e., the Debye
screening length at 1 μM NaCl is significantly longer than the
non-linear coherence length of the SF process32,33). Given that
the Eigen-like proton is symmetrically hydrated, one possibility
is that the hydrated proton forms a solvent separated ion pair46

with the charged carboxylate and sulfate headgroups. None-
theless, the hydrated proton must also interact with other
competing counterions present at the interface. For the fatty
acid monolayers, the proton has a significantly higher affinity
than other monovalent cations such as Na+ to interact with the
carboxylate headgroup47. This is not the case for the sulfate
headgroup48, where the presence of sodium counterions in
the subphase could have a detrimental effect on the measured
H3O+ core signal.
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In summary, a resolved spectral feature assigned to the anti-
symmetric OH stretch of the H3O+ core in an Eigen-like con-
figuration has been identified at negatively charged interfaces
exposing carboxylic acid and sulfate headgroups to solution. The
fact that Eigen-like protons can be detected in a biologically
relevant pH range, may offer novel perspectives for understanding
essential physiological functions involving proton interactions
with cell membrane interfaces10. The presence of a band linked to
the charge carrier opens a window of opportunities for potentially
tracking the behavior of hydrated protons in a variety of condi-
tions and systems. Moreover, VSFS could also be used in its phase-
sensitive42, and time-resolved configurations49,50, to extract
additional information including absolute polar orientation and
vibrational dynamics. We anticipate that Eigen-like protons are
not necessarily the only structural motifs with a preferred orien-
tation that can be found at an interface, but at given conditions,
other configurations, in particular, Zundel-like hydrated protons
could well be the preferred species. It is hoped that the informa-
tion provided here may stimulate theoretical and simulation stu-
dies of hydrated protons at charged interfaces.

Methods
Materials and preparation of solutions. NaCl (99.999% trace metal basis, Merck)
was baked at 500 °C for 1 h in order to remove traces of organic contaminants. HCl
36.5% (99.999% trace metal basis, Alfa Aesar), deuterium oxide (D 99.9%, <0.8 μS
cm−1 in conductivity, Cambridge Isotope Laboratories, Inc., MA, USA), chloro-
form (anhydrous grade, stabilized with ethanol, Merck), methanol (anhydrous,
99.8%, Merck), eicosanoic-d39 acid (97%, dAA for deuterated arachidic acid,
Merck), and sodium eicosyl sulfate (>95%, Santa Cruz Biotechnology, TX, USA)
were used as received. The electrolyte solutions were prepared by serial dilution in
either D2O or ultrapure water from an Integral 15 Millipore system (resistivity of
18.2 MΩ.cm and TOC < 3 ppb). The solvents used for the fatty acid and fatty
sulfate spreading solutions consisted of pure chloroform, and a mixture of
chloroform-methanol in a 10:1 proportion, respectively.

Langmuir trough. The monolayers were formed by spreading a few microliters of
the fatty acid or fatty sulfate solutions on the surface of the subphase placed in a
Langmuir trough (KSV NIMA, Finland, 195 mm length, 50 mm width, and 4 mm
in depth). After a waiting time of at least 10 min to ensure full solvent evaporation,
the monolayers were compressed at a rate of 5 mm per minute. The surface
pressure was measured using a paper Wilhelmy plate. All the VSF experiments
were carried out a constant surface pressure and temperature of 22.0 ± 0.5 °C. For
the fatty acid case, the surface pressure was 20 mN m−1 (~20 Å2 per molecule),
while for the fatty sulfate it was set to 2.5 mNm−1 (~65 Å2 per molecule). See
Supplementary Note 1 for additional details.

VSF spectrometer. The femtosecond spectrometer has been described in detail
elsewhere51, and only a brief description of the key features is given here. The
tuneable IR (~100 fs and 1 kHz) and visible pulses (805 nm, tuneable beam shaper,
>20 ps long) are focused at the sample position in a co-propagating geometry at
angles of incidence of 55° and 70°, and pulse energies of ~4 mJ cm−2 and ~12 mJ
cm−2, respectively. The spectrometer features a high degree of automation that
accommodates for measurements in a broad spectral region from 1000 cm−1 to
4000 cm−1. The spectra were recorded under the polarization combinations SSP
(S polarized SF, S polarized visible, and P polarized IR beams), SPS, and PPP, and
normalized by the non-resonant SF response from a gold substrate. The spectra
presented in n.u. units have been normalized to the intensity of the CD3 symmetric
stretch in the SSP spectra, and can be directly compared.

Surface hydronium concentration from the Gouy–Chapman theory. The proton
concentration at the surface [H+]0 depends on that in the bulk [H+]∞, as well as
the surface potential ψ0,

Hþ½ �0 ¼ Hþ½ �1exp
�eψ0

kT

� �
ð1Þ

where e, k, and T are the elemental charge, the Boltzmann factor, and temperature,
respectively. The surface potential is in turn related to the degree of dissociation a
of the carboxylic acid monolayer (α), and equilibrium constant Ka for the reaction
HA↔A−+H+,

Ka ¼ A�½ �0 Hþ½ �0
HA½ �0

¼ α

1� α
Hþ½ �1exp

�eψ0

kT

� �

! ψ0 ¼ kT
e

ln Hþ½ �1� lnKa � ln
1� α

α

� �� � ð2Þ

The surface potential ψ0 also depends on the concentration of ions in solution
[NaCl]∞, and the surface charge density σ (i.e., the degree of deprotonation),
through the Grahame equation52:

σ ¼ αe
AM

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8εε0kT

p
sin h

eψ0

2kT

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NaCl½ �1

q

! ψ0 ¼
2kT
e

arc sin h
αe=AMffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

NaCl½ �18εε0kT
p

 ! ð3Þ

where ε and ε0 are the dielectric constants of water and vacuum, respectively, and AM

is the area per molecule (~20 Å2 per molecule). The surface potential is determined
by simultaneously solving Eq. (2) and Eq. (3) and setting the pKa to 526.

Data availability
The datasets generated during and/or analyzed during this study are available from the
corresponding author on reasonable request. The specific data used for plotting the
Figures in the article can also be found in a Supplementary Dataset.

Received: 23 August 2019; Accepted: 6 January 2020;

References
1. Headrick, J. M. et al. Spectral signatures of hydrated proton vibrations in water

clusters. Science 308, 1765–1769 (2005).
2. Fournier, J. A. et al. Vibrational spectral signature of the proton defect in the

three-dimensional H+(H2O)21 cluster. Science 344, 1009–1012 (2014).
3. Wolke, C. T. et al. Spectroscopic snapshots of the proton-transfer mechanism

in water. Science 354, 1131–1135 (2016).
4. Daly, C. A. et al. Decomposition of the experimental raman and infrared

spectra of acidic water into proton, special pair, and counterion contributions.
J. Phys. Chem. Lett. 8, 5246–5252 (2017).

5. Stoyanov, E. S., Stoyanova, I. V. & Reed, C. A. The structure of the hydrogen
ion (Haq

+) in water. J. Am. Chem. Soc. 132, 1484–1485 (2010).
6. Thämer, M., De Marco, L., Ramasesha, K., Mandal, A. & Tokmakoff, A.

Ultrafast 2D IR spectroscopy of the excess proton in liquid water. Science 350,
78–82 (2015).

7. Fournier, J. A., Carpenter, W. B., Lewis, N. H. C. & Tokmakoff, A. Broadband
2D IR spectroscopy reveals dominant asymmetric H5O2

+ proton hydration
structures in acid solutions. Nat. Chem. 10, 932–937 (2018).

8. Kulig, W. & Agmon, N. A. ‘clusters-in-liquid’ method for calculating infrared
spectra identifies the proton-transfer mode in acidic aqueous solutions. Nat.
Chem. 5, 29 (2012).

9. Yu, Q. & Bowman, J. M. High-level quantum calculations of the IR spectra of
the Eigen, Zundel, and Ring isomers of H+(H2O)4 find a single match to
experiment. J. Am. Chem. Soc. 139, 10984–10987 (2017).

10. Agmon, N. et al. Protons and hydroxide ions in aqueous systems. Chem. Rev.
116, 7642–7672 (2016).

11. Eigen, M., Maeyer, L. D. & Bernal, J. D. Self-dissociation and protonic charge
transport in water and. Proc R Soc London. Ser. A 247, 505–533 (1958).

12. Zundel, G. & Metzger, H. Energiebänder der tunnelnden Überschuß-Protenon
in flüssigen Säuren. Eine IR-spektroskopische Untersuchung der Natur der
Gruppierungen H5O2

+. Z. Phys. Chem. 58, 225–245 (1968).
13. Janoschek, R., Weidemann, E. G. & Zundel, G. Calculated frequencies and

intensities associated with coupling of the proton motion with the hydrogen
bond stretching vibration in a double minimum potential surface. J. Chem.
Soc. Faraday Trans. 69, 505–520 (1973).

14. Okumura, M., Yeh, L. I., Myers, J. D. & Lee, Y. T. Infrared spectra of the
solvated hydronium ion: vibrational predissociation spectroscopy of mass-
selected H3O+.(H2O)n.(H2)m. J. Phys. Chem. 94, 3416–3427 (1990).

15. Reed, C. A. Myths about the proton. the nature of H+ in condensed media.
Acc. Chem. Res. 46, 2567–2575 (2013).

16. Stoyanov, E. S., Stoyanova, I. V. & Reed, C. A. The unique nature of H+ in
water. Chem. Sci. 2, 462–472 (2011).

17. Du, Q., Freysz, E. & Shen, Y. R. Surface vibrational spectroscopic studies of
hydrogen bonding and hydrophobicity. Science 264, 826–828 (1994).

18. Shen, Y. R. & Ostroverkhov, V. Sum-frequency vibrational spectroscopy on
water interfaces: polar orientation of water molecules at interfaces. Chem. Rev.
106, 1140–1154 (2006).

19. Baldelli, S., Schnitzer, C. & Shultz, M. J. The structure of water on HCl
solutions studied with sum frequency generation. Chem. Phys. Lett. 302,
157–163 (1999).

20. Levering, L. M., Sierra-Hernández, M. R. & Allen, H. C. Observation of
HYdronium Ions at the air−aqueous acid Interface: vibrational spectroscopic
studies of aqueous HCl, HBr, and HI. J. Phys. Chem. C. 111, 8814–8826 (2007).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-14370-5

6 NATURE COMMUNICATIONS |          (2020) 11:493 | https://doi.org/10.1038/s41467-020-14370-5 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


21. Tarbuck, T. L., Ota, S. T. & Richmond, G. L. Spectroscopic studies of solvated
hydrogen and hydroxide ions at aqueous surfaces. J. Am. Chem. Soc. 128,
14519–14527 (2006).

22. Gopalakrishnan, S., Liu, D., Allen, H. C., Kuo, M. & Shultz, M. J. Vibrational
spectroscopic studies of aqueous interfaces: salts, acids, bases, and nanodrops.
Chem. Rev. 106, 1155–1175 (2006).

23. Tian, C., Ji, N., Waychunas, G. A. & Shen, Y. R. Interfacial structures of acidic
and basic aqueous solutions. J. Am. Chem. Soc. 130, 13033–13039 (2008).

24. Johnson, C. M. & Baldelli, S. Vibrational sum frequency spectroscopy studies of
the influence of solutes and phospholipids at vapor/water interfaces relevant to
biological and environmental systems. Chem. Rev. 114, 8416–8446 (2014).

25. Sengupta, S., Moberg, D. R., Paesani, F. & Tyrode, E. Neat water–vapor
interface: proton continuum and the nonresonant background. J. Phys. Chem.
Lett. 9, 6744–6749 (2018).

26. Tyrode, E. & Corkery, R. Charging of carboxylic acid monolayers with
monovalent ions at low ionic strengths: molecular insight revealed by
vibrational sum frequency spectroscopy. J. Phys. Chem. C. 122, 28775–28786
(2018).

27. Sthoer, A., Hladilkova, J., Lund, M. & Tyrode, E. Molecular insight into
carboxylic acid-alkali metal cations interactions: reversed affinities and ion-
pair formation revealed by non-linear optics and simulations. Phys. Chem.
Chem. Phys. 21, 11329–11344 (2019).

28. Tyrode, E. & Hedberg, J. A comparative study of the CD and CH stretching
spectral regions of typical surfactants systems using VSFS: orientation analysis
of the terminal CH3 and CD3 groups. J. Phys. Chem. C. 116, 1080–1091
(2012).

29. Tang, C. Y., Huang, Z. & Allen, H. C. Binding of Mg2+ and Ca2+ to palmitic
acid and deprotonation of the COOH headgroup studied by vibrational sum
frequency generation spectroscopy. J. Phys. Chem. B. 114, 17068–17076 (2010).

30. Johnson, C. M., Tyrode, E., Baldelli, S., Rutland, M. W. & Leygraf, C. A
vibrational sum frequency spectroscopy study of the liquid-gas interface of
acetic acid-water mixtures: 1. surface speciation. J. Phys. Chem. B. 109,
321–328 (2005).

31. Reddy, S. K. et al. Bulk contributions modulate the sum-frequency generation
spectra of water on model sea-spray aerosols. Chem. 4, 1629–1644 (2018).

32. Gonella, G., Lütgebaucks, C., de Beer, A. G. F. & Roke, S. Second harmonic
and sum-frequency generation from aqueous interfaces is modulated by
interference. J. Phys. Chem. C. 120, 9165–9173 (2016).

33. Hore, D. K. & Tyrode, E. Probing charged aqueous interfaces near critical
angles: effect of varying coherence length. J. Phys. Chem. C. 123, 16911–16920
(2019).

34. Schwarz, H. A. Gas phase infrared spectra of oxonium hydrate ions from 2 to
5 μm. J. Chem. Phys. 67, 5525–5534 (1977).

35. Fournier, J. A. et al. Snapshots of proton accommodation at a microscopic
water surface: understanding the vibrational spectral signatures of the charge
defect in cryogenically cooled H+(H2O)n=2–28 clusters. J. Phys. Chem. A. 119,
9425–9440 (2015).

36. Wang, H.-F., Gan, W., Lu, R., Rao, Y. & Wu, B.-H. Quantitative spectral and
orientational analysis in surface sum frequency generation vibrational
spectroscopy (SFG-VS). Int. Rev. Phys. Chem. 24, 191–256 (2005).

37. Lambert, A. G., Davies, P. B. & Neivandt, D. J. Implementing the theory of
sum frequency generation vibrational spectroscopy: a tutorial review. Appl.
Spectrosc. Rev. 40, 103–145 (2005).

38. Tyrode, E., Johnson, C. M., Baldelli, S., Leygraf, C. & Rutland, M. W. A
vibrational sum frequency spectroscopy study of the liquid-gas interface of
acetic acid-water mixtures: 2. orientation analysis. J. Phys. Chem. B. 109,
329–341 (2005).

39. Yu, Q. & Bowman, J. M. Classical, thermostated ring polymer, and quantum
VSCF/VCI calculations of IR spectra of H7O3

+ and H9O4
+ (Eigen) and

comparison with experiment. J. Phys. Chem. A. 123, 1399–1409 (2019).
40. Duong, C. H. et al. Tag-free and isotopomer-selective vibrational spectroscopy

of the cryogenically cooled H9O4
+ cation with two-color, IR–IR double-

resonance photoexcitation: isolating the spectral signature of a single OH
group in the hydronium ion core. J. Phys. Chem. A. 122, 9275–9284
(2018).

41. Corcelli, S. A. & Skinner, J. L. Infrared and Raman line shapes of dilute HOD
in liquid H2O and D2O from 10 to 90 °C. J. Phys. Chem. A. 109, 6154–6165
(2005).

42. Shen, Y. R. Phase-sensitive sum-frequency spectroscopy. Annu Rev. Phys.
Chem. 64, 129–150 (2013).

43. Bain, C. D. Sum-frequency vibrational spectroscopy of the solid/liquid
interface. J. Chem. Soc. Faraday Trans. 91, 1281–1296 (1995).

44. Wen, Y.-C. et al. Unveiling microscopic structures of charged water interfaces
by surface-specific vibrational spectroscopy. Phys. Rev. Lett. 116, 016101
(2016).

45. Schaefer, J., Gonella, G., Bonn, M. & Backus, E. H. G. Surface-specific
vibrational spectroscopy of the water/silica interface: screening and
interference. Phys. Chem. Chem. Phys. 19, 16875–16880 (2017).

46. Marcus, Y. & Hefter, G. Ion pairing. Chem. Rev. 106, 4585–4621 (2006).
47. Sthoer, A. & Tyrode, E. Interactions of Na+ cations with a highly charged fatty

acid langmuir monolayer: molecular description of the phase transition. J.
Phys. Chem. C. 123, 23037–23048 (2019).

48. Reardon, E. J. Dissociation constants of some monovalent sulfate ion pairs at
25.deg. from stoichiometric activity coefficients. J. Phys. Chem. 79, 422–425
(1975).

49. Inoue, K.-i et al. Efficient spectral diffusion at the air/water interface revealed
by femtosecond time-resolved heterodyne-detected vibrational sum frequency
generation spectroscopy. J. Phys. Chem. Lett. 7, 1811–1815 (2016).

50. McGuire, J. A. & Shen, Y. R. Ultrafast vibrational dynamics at water interfaces.
Science 313, 1945–1948 (2006).

51. Liljeblad, J. F. D. & Tyrode, E. Vibrational sum frequency spectroscopy studies
at solid/liquid interfaces: influence of the experimental geometry in the
spectral shape and enhancement. J. Phys. Chem. C. 116, 22893–22903 (2012).

52. Israelachvili, J. N. Intermolecular and Surface Forces. 3rd edn. (Elsevier, 2011).

Acknowledgements
This work is financially supported by the Swedish Foundation for Strategic Research
(SSF) through the program “Future Research Leaders-5”, and the Swedish Research
Council (VR). We thank Ali Hassanali for extended and insightful discussions, and
Robert Corkery and Istvan Furo for constructive feedback on the manuscript text.

Author contributions
E.T. designed research. E.T, S.S. and A.S. performed research and analyzed data. E.T.
wrote the article.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-14370-5.

Correspondence and requests for materials should be addressed to E.T.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-14370-5 ARTICLE

NATURE COMMUNICATIONS |          (2020) 11:493 | https://doi.org/10.1038/s41467-020-14370-5 | www.nature.com/naturecommunications 7

https://doi.org/10.1038/s41467-020-14370-5
https://doi.org/10.1038/s41467-020-14370-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Identifying Eigen-like hydrated protons at�negatively charged interfaces
	Results
	Carboxylic acid Langmuir monolayers
	Spectral features of hydrated protons at charged interfaces
	Fatty sulfate monolayers

	Discussion
	Methods
	Materials and preparation of solutions
	Langmuir trough
	VSF spectrometer
	Surface hydronium concentration from the Gouy–nobreakChapman theory

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




