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Abstract

Understanding the structure and dynamics of water’s constituent ions, proton and hydroxide, has 

been a subject of numerous experimental and theoretical studies over the last century. Besides their 

obvious importance in acid-base chemistry, these ions play an important role in numerous 

applications ranging from enzyme catalysis to environmental chemistry. Despite a long history of 

research, many fundamental issues regarding their properties continue to be an active area of 

research. Here, we provide a review of the experimental and theoretical advances made in the last 

several decades in understanding the structure, dynamics, and transport of the proton and 

hydroxide ions in different aqueous environments, ranging from water clusters to the bulk liquid 

and its interfaces with hydrophobic surfaces. The propensity of these ions to accumulate at 

hydrophobic surfaces has been a subject of intense debate, and we highlight the open issues and 

challenges in this area. Biological applications reviewed include proton transport along the 

hydration layer of various membranes and through channel proteins, problems that are at the core 

of cellular bioenergetics.

1 Introduction

It has been known for more than a century that protons (H+) and hydroxide (OH−) ions in 

aqueous solutions are critical in a wide variety of industrial, biological, and environmental 
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processes. 1–3 Driven by this appreciation, much work has been devoted to understanding the 

molecular-scale structure and dynamics of H+ and OH− in aqueous environments.4–6 Despite 

extensive efforts, achieving detailed, molecular-scale insight has been challenging, partly 

because the structure and dynamics of protons and hydroxide ions is inextricably linked with 

the hydrogen bond (HB) dynamics of water, and thus, insight into the former requires a 

detailed understanding of the latter. Driven, in part, by massive improvements in 

computational and experimental techniques, the last 20 years have seen a dramatic 

enhancement in our understanding of both systems. In this paper we review these 

fundamental developments.

We begin by briefly describing the founding experiments of the field. These observations 

strongly suggested that H+ and OH− are unlike other ions in water: e.g., their solvation and 

transport properties differ dramatically. To understand how molecular-scale structure 

controls these macroscopic effects, experimental and theoretical tools are required that allow 

interrogation of molecular-scale structure and dynamics of both ions. Partly in an effort to 

develop such tools, numerous experimental and theoretical studies of gas-phase charged 

clusters have been conducted. Because these systems are cold and contain only small 

numbers of water molecules, experimental observables, most notably the infrared (IR) 

spectrum, are hopefully straightforward to interpret and computation is possible at very high 

levels of theory.

Armed with the insights from cluster studies, we next discuss computational and 

experimental studies of H+ and OH− in bulk liquid water. On the theoretical front, we review 

results from semiempirical and ab initio molecular dynamics (AIMD) methodologies 

concerning the solvation patterns of these ions and, particularly, the abnormal proton 

mobility occurring via a chain of proton transfer (PT) events. Although most simulations of 

the H+ and OH− treat the nuclei classically, there is a growing appreciation of the role of 

nuclear quantum effects (NQE) in hydrogen-bonded systems, and we highlight the 

importance of some these effects. On the experimental side, we emphasize the ability of 

femtosecond time-resolved IR spectroscopy to directly probe the dynamics of H+ and OH− 

in real time. These are complemented by time-resolved fluorescence techniques that can 

monitor excited photoacids transferring their proton to the water solvent or a base molecule 

over 3–5 orders of magnitude in time and intensity.

Because water structure and dynamics at interfaces and in one-dimensional channels differ 

significantly from that in the bulk liquid, it is expected that H+ and OH− structure and 

dynamics in such systems, which depend on that of the water solvent, should also differ 

from those in bulk water. To highlight these issues, we first review studies of H+ and OH− at 

extended hydrophobic surfaces, where we will show that the interpretation of experimental 

results at short-length scales near interfaces is extremely challenging. We will then briefly 

review the importance of understanding the structure and dynamics of protons in biological 

systems, such as membranes and transmembrane proteins. In spite of this wide range of 

different systems, the basic observation of abnormally fast proton transport through the HB 

network appears to carry over from bulk water to biological systems.
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2 Structure and Dynamics of H+ and OH− in Bulk Water

2.1 Foundational Experiments

The first studies addressing the dynamics of PT between water molecules were experimental 

measurements of ionic conductivities, from which it was possible to derive the mobility of 

protons and hydroxide ions in water.7–10 Results from the first half of the previous century 

are summarized in textbooks, for example, by Robinson and Stokes.11 They reveal 

anomalously high mobilities (3.62 × 10−3 cm2 V−1 s−1 for H+ and 1.98 × 10−3 cm2 V−1 s−1 

for OH− at room temperature) as compared to other ions. For example, the mobilities of Rb+ 

and Cs+ are just 22% that of the proton. The hydroxide anion also shows an abnormally high 

mobility, though to a lesser extent than the proton:11 at room temperature, its mobility is 

57% that of a proton, while the mobility of Br− is 39% that of OH−.

Further information about the dynamics of the solvated proton was obtained in the 1960s by 

nuclear magnetic resonance (NMR) measurements of acidic and basic aqueous solutions 

performed by Meiboom.12 Since the chemical shift of the proton is highly sensitive to the 

local environment, the resonance frequencies of the excess proton and water hydrogen atoms 

are slightly different. While this technique has only millisecond time resolution, a careful 

analysis of the line shape using a very simple model for the line width (i.e., the NMR 

relaxation time) as a function of solution pH and temperature suggested that protons in bulk 

water move on a picosecond time scale, in good agreement with the proton mobility 

measurements. The mobility can be extracted by combining the Nernst and Einstein 

equations without assuming anything about the characteristic jump length of the proton. At 

room temperature, the results of this type of analysis give a PT time of 1.7 ps in acid 

solutions and 4.7 ps in bases.12 This study has been extended to obtain the temperature 

dependence of these rate constants.13 The measured Arrhenius plots gave low activation 

enthalpies, 2.4 and 2.1 kcal mol−1 for H+ and OH−, respectively. These values are similar to 

the enthalpy of the HB in bulk liquid water (2.6 kcal mol−1, according to some Raman 

measurements)14 and smaller than the activation enthalpy (4.5 kcal mol−1) for the dielectric 

relaxation of water (see ref 15).

To summarize, early experiments suggested that the proton and hydroxide are unique among 

ions in aqueous solution with regard to their high mobilities. To understand why this is so 

requires development of a molecular-scale treatment of the solvated proton and hydroxide 

structures and an examination of how they change in time. The development of theoretical 

and computational tools that allow this insight have benefitted enormously from 

experimental work on gas-phase clusters.

2.2 Gas Phase Experiments and their Theoretical Interpretation

2.2.1 Infrared Spectra of Protonated Water Clusters—Much effort has been put 

into studying both neutral and charged water clusters, particularly in the context of 

interpreting infrared (IR) spectra, since it is easier to disentangle the molecular origins of 

specific modes of systems with a relatively small number of degrees of freedom. The 

difference in the IR spectra of liquid water and acidic water is quite featureless, with wide 

bands that are difficult to assign to particular conformers (see section 2.3.4 below). In 
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contrast, gas-phase protonated water clusters at low temperatures exhibit sharp IR features 

that may help disentangle the convoluted liquid spectrum.

Attempts to describe the molecular structure of the proton in water have typically revolved 

around two structural motifs proposed by Eigen and Zundel. Eigen viewed the proton as 

localized on a single water molecule,16,17 with the resulting H3O+ being further solvated by 

three water molecules, yielding H3O+(H2O)3, the Eigen cation, E. In contrast, Zundel 

advocated18 a structure proposed earlier by Huggins,19 in which the proton is equally shared 

between two water molecules (H5O2 +, the Zundel cation, Z), which he believed gave rise to 

the broad IR continuum in concentrated acids. The isolated Z and E cations are depicted in 

Figure 1 by structures A and C, respectively.

An experimental breakthrough occurred with the introduction of the predissociation 

messenger method by Lee and collaborators,21 which was subsequently perfected by the 

Johnson group using an argon messenger technique, where Ar atoms are weakly bound to 

the ultracold water clusters.20,22 These Ar atoms are shaken off after an infrared photon is 

absorbed, and the daughter cluster is detected with a mass spectrometer. Using this highly 

sensitive technique, the IR spectra of the H5O2 + and H9O4 + structures (and the other 

clusters in Figure 1) were measured.

In the protonated water dimer, i.e. the Zundel complex, the features of the shared (excess) 

proton were clearly identified around 1050 and 1760 cm−1. The first corresponds to the 

proton rattling between the two oxygen atoms. The second mode involves strong coupling of 

the proton motion to the HOH bending of the flanking water molecules. Before proceeding, 

we present a brief overview of theoretical methods used for vibrational spectroscopy 

calculations as applied to protonated water clusters. Recent reviews (specifically, for 

biological molecules) are available.23,24

The accuracy of all computational methods depends sensitively on the accuracy of the 

interaction potential (the “potential energy surface”, PES). Empirical force fields currently 

do not have spectroscopic accuracy, since most do not account explicitly for polarizability, 

which is particularly important for floppy systems like clusters. Thus, we only consider 

“first-principles” PES calculated by solving the Schrödinger equation for the electrons using 

either wave functions or density functional theory (DFT).

We broadly divide the computational methods into “static” and “dynamic”. Static methods 

utilize the PES only near its global minimum. High-level quantum chemistry methods can be 

utilized in these types of calculations. If the potential is expanded up to quadratic terms, the 

second derivatives of the potential can be used to find harmonic normal modes (NMs) and 

their characteristic frequencies. Expanding up to quartic terms enables a perturbation 

expansion around the harmonic solution, which corrects the frequencies and intensities for 

anharmonicities. This is the idea behind the second-order vibrational perturbation theory 

(VPT2) method, which gives quite accurate frequencies provided a sufficiently accurate 

quantum chemistry method is used and the quartic approximation for the potential is valid. It 

may nevertheless break down for very floppy and very anharmonic modes. Signs of a 

suspicious VPT2 output can be infinite anharmonic intensities (often due to energetic 
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degeneracies), unexpectedly large anharmonic frequency shifts, or imaginary frequencies. A 

competing methodology used less frequently for clusters, and extensively for biomolecules, 

is the vibrational self consistent field (VSCF) method.24 It is based on a separability ansatz 

for the vibrational wave function and a mean field approximation in which each vibrational 

mode feels an averaged interaction due to all other modes.

Dynamic methods use the whole PES, namely, all the regions accessible energetically at a 

given energy or temperature. A time-dependent trajectory of all atoms is used to calculate 

the dipole moment autocorrelation function (DACF), whose Fourier transform (FT) yields 

the IR spectrum. Thus, this method inherently includes all anharmonic effects, including 

conformational changes and temperature effects not sampled in the 0 K spectrum. In 

addition, the bands are expected to widen with increasing temperature as more nuclear 

configurations become accessible to the simulation, an effect commonly referred to as 

thermal broadening. An accurate depiction of such effects therefore depends on the ability to 

calculate the full PES in all the nuclear degrees of freedom.

For small clusters, a large number of ab initio points on the PES can be calculated and fit to 

an analytical function. Alternately, ab initio molecular dynamics (AIMD), particularly the 

so-called Born-Oppenheimer molecular dynamics (BOMD) method, solves the whole 

electronic problem for each nuclear configuration along the trajectory of the nuclei and 

calculates the required forces using the Hellman-Feynman theorem. This usually cannot be 

done with a very high level quantum chemistry method, and one typically uses DFT 

techniques. The computational efficiency is because the electronic density is a function of 

only the three Cartesian coordinates and not of all the nuclear degrees of freedom of the 

system. However, the accuracy is limited by the suitability of the exchange “density 

functional”. In addition, the nuclear dynamics is classical, so that NQE, which is important 

for light atoms like hydrogen, are not included. A somewhat older AIMD approach is the 

Car-Parrinello molecular dynamics (CPMD),25 which propagates the initial electronic wave-

function together with the nuclei using a “fictitious mass” for the electrons. DACF spectra 

have also been computed with the CPMD method. Besides using DFT, there are also other 

methods for determining the electronic structure and IR spectrum, such as self-consistent 

tight-binding DFT (SCC-DFTB), which allows for much more exhaustive statistical 

sampling than DFT.26

The comparison between the different methods is summarized in Table 1. It is seen that no 

single method suffices for capturing all the aspects of the vibrational spectrum, so that a 

combination of static and dynamic methods may be recommended. An exception is perhaps 

the multiconfiguration time-dependent Hartree method (MCTDH), which solves the time-

dependent nuclear Schrödinger equation on an ab initio generated PES. It is mentioned in 

passing that DFT-BOMD and DFT-CPMD can be coupled with methods such as ring-

polymer molecular dynamics (RPMD), which allow for an explicit inclusion of quantum 

dynamics and hence, in principle, allow for the computation of IR spectra with NQE.27 All 

of these types of calculations are, however, very computationally expensive.

For the H5O2 + cluster, CPMD yielded spectra agreeing semiquantitatively with experiment.
28,29 Yet full quantitative agreement in the peak positions of the spectra between 
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experiments and theory was obtained when all the 15 nuclear degrees of freedom were 

treated quantum mechanically using the MCTDH method.30 In particular, the 1047/928 cm
−1 doublet was shown to be a Fermi resonance between the proton transfer mode (PTM) and 

a combination band. This result is not easily obtained from AIMD, which normally produces 

only fundamentals, and when combination bands and overtones appear, they are of 

extremely weak intensities. However, the computational effort invested in this MCTDH 

project is so great31 that full-dimensional MCTDH calculations were not done for clusters 

larger than H5O2 +. For larger systems, partial-dimensionality MCTDH calculations can be 

performed, but then some of the vibrational modes are not reproduced.32,33

In larger protonated water clusters, H+(H2O)n, multiple isomers may exist like in bulk water. 

The existence of both Z and E cations was demonstrated for the protonated water hexamer.34 

Thus, some researchers consider n = 6 as the smallest n for which multiple isomers coexist 

in the molecular beam. This has been contested for both the tetramer35 and pentamer.36 Of 

particular interest is the protonated water tetramer (n = 4), by consensus the E cation in 

Figure 1C. This is the lowest-energy isomer for n = 4. Its computed spectrum exhibits strong 

absorption near 2850 cm−1 due to the stretch vibrations of the three hydrogen-bonded OH 

moieties but not the Zundel-type lower energy bands near 1050 and 1760 cm−1. These latter 

features could be reproduced with DACF/AIMD computations for a linear four-water isomer 

that harbors a Z core in its center (Figure 2).35 Its “dangling” (non-hydrogen-bonded) OH 

stretch appears above 3500 cm −1. Red-shifted from it is the OH stretch of the hydrogen-

bonded OH moieties (Z1a), and, finally, the shared proton (Z0) that contributes at two above-

mentioned frequencies.

More recent hole-burning experiments show that only one isomer is present.6 VPT2 

anharmonic calculations for the E and Z isomers (Figure S1 of ref 6), at the B3LYP/

6-31+G(d) level of theory, exhibit good agreement with experiment for the E but not the Z 

isomer spectrum. Aside from the problem that the VPT2 quartic ansatz might not be suitable 

for the Z isomer, which is likely too floppy (e.g., undergoing cis-trans isomerization), the 

use of DFT with a small basis set forsakes the relative advantage of VPT2 over AIMD. It 

remains to be shown that the VPT2 spectra do not change when computed with more 

accurate methods that account for electron correlation, as well as with larger basis sets, 

which are critical when using VPT2.37

Unlike the protonated tetramer, the protonated trimer (n = 3) can have only one isomer, 

which is linear. In the experiment, a prominent peak near 1880 cm−1 is observed.38 VSCF 

calculations20 reproduce it at 1984 cm−1, while AIMD calculations39 position this peak at 

around 2400 cm−1. Since anharmonicity is already taken into account and VSCF, which 

solves a quantum mechanical vibrational problem, generates a considerably red-shifted 

frequency compared to AIMD, an intriguing possibility is that the experimentally observed 

large red shift is due to NQE39 within a “mega-Zundel” cation in which two protons are 

delocalized over three water molecules. The shift may also be sensitive to the Ar binding 

site; note that in the VSCF calculations of this trimer,20 argon atoms were not included. 

Similar behavior has been proposed for the protonated water trimer in benzene and 

dichloroethane solutions (see Figure 20 of ref 40), concluding that “contrary to general 
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expectation, neither E- nor Z-type ions are present. Rather, the core species is the H7O3 + 

ion”.40

Recently, the IR spectrum of the “magic number” cluster, n = 21 (magic number clusters 

have noticeably larger abundance in the mass spectrum than their neighbors), has been 

studied. Its predissociation spectrum was recently measured with enhanced detail6,41 and 

interpreted as resulting from an E cation localized on the surface of the 21-water cluster. The 

main peaks of the experimental spectra appear to be reproduced quite well by anharmonic 

VPT2 calculations, although, as mentioned earlier, the broadening of the spectra is not 

captured with these approaches. It should be noted that in these calculations, only the Eigen 

isomer contributes to the spectra.

Whether or not a single isomer contributes to the IR spectra in the magic number cluster will 

require theory and simulations where broadening effects on the spectra are explicitly taken 

into account. In this regard, it is curious to observe that a closer inspection of this spectrum 

reveals peaks near 2300 and 1900 cm−1, which are seen in the trimer but not in other 

clusters.20 Besides the broadening coming from thermal fluctuations, there is also the 

question of the role of NQE. Although the dominant molecular structure may remain as 

Eigen-like, the effect of quantum fluctuations from this structure on the spectra remains an 

open question. Since in the trimer the proton is more delocalized, one possibility is that the 

proton on the cluster’s surface may involve quantum mechanical delocalization over several 

water molecules. We mention this possibility without direct computational support at this 

point since an accurate modeling of the full quantum dynamics at the ab initio level remains 

quite challenging for large protonated clusters. As we will show later, the necessity of such a 

treatment is anticipated, since nuclear quantum effects have already been shown to 

significantly enhance the delocalization of protons in numerous hydrogen-bonded systems.
30,42–46

Despite the importance of NQE, it should be mentioned that the classical treatment of the 

nuclei for calculating spectroscopic features remains a valuable tool in unraveling the 

molecular origins underlying the spectra. In particular, besides the quantum treatment of the 

nuclei, there are also other approximations, such as the quality of the electronic structure 

method as well as the role of adequate sampling of the configurational space, which can also 

affect the IR spectra. For example, for the protonated ammonia dimer it has been argued that 

only quantum dynamics (MCTDH) can explain the IR spectrum,32,33 but recent classical 

AIMD simulations allowed the assignment of all of the fundamental peaks in this spectrum 

as well as some of the combination bands.47

2.2.2 Hydroxide Water Clusters—The properties of OH− clusters, OH−(H2O)n, have 

also been addressed in several studies, although not as extensively as clusters containing the 

excess proton. The electronic structure of the hydroxide is rather peculiar compared to that 

of the proton, because it is characterized by a “ring” of electron density around the OH− axis 

on the oxygen side, to which different numbers of water molecules (typically 3, 4, or 5) may 

form a HB (Figure 3 in ref 48). This is analogous to the crescent of electron density (the 

“negativity track”) between the lone pairs of a water molecule to which two or three water 

molecules may HB.48,49 The presence of a “ring” of electron density poses challenges for 
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the calculation of the solvation structure of OH−, since it is capable of adopting a much 

wider array of solvation structures. Concomitantly, the observed structures were found to 

depend quite sensitively on the density functional employed.4,50

Small gas-phase OH−(H2O)n clusters (n ≤ 5) have been studied both theoretically51 and 

experimentally.52,53 It was found that up to n = 3 the water ligands enter into the first 

solvation shell of the hydroxide anion, but the fourth water enters already into the second 

solvation shell, donating HBs to two of the water molecules in the first shell (and possibly 

accepting a HB from the third one). Rather large clusters are required for a fourth water 

molecule to enter the first solvation shell. For example, quantum chemistry calculations of 

Bankura and Chandra have shown how OH− solvation changes with cluster size.54 In small 

clusters with less than 16 water molecules, OH− mostly resides on the surface, tending to 

accept three HBs through its oxygen atom, whereas in larger clusters the ion has an 

increasing propensity to accept four HBs. For n = 20, Bankura and Chandra found an 

internalized state, where the hydroxide also donates a HB through its hydrogen atom.4 

However, their AIMD simulations indicated that this structure “melts” at room temperature, 

and the hydroxide moves to the surface of the cluster.54

A recent study used DACF from AIMD simulations (“dynamic spectra”), as well as normal-

mode analysis, to determine the IR spectra of OH−(H2O)20 of different motifs corresponding 

to local minima on the potential energy surface where the hydroxide ion can be either on the 

surface or buried in a cavity (i.e., the H atom of the OH− is either pointing to the vacuum or 

to the cluster).55,56 Interestingly, the potential energy of the motif where the OH− accepts 

three HBs and is surface-bound (3A0DS; see Figure 4) is quite similar to the energy of an 

OH− that is buried and accepts four HBs (4A1DB there). In the IR spectrum of 3A0DS 

(Figure 5), the stretch modes appear to mix with the bend mode due to the presence of a very 

strong HB that is donated to the OH−, leading to a peak that is centered around but broader 

than the bend mode at 1600 cm−1. On the other hand, the broad continuum between 1500 

and 3000 cm−1 appears to come from clusters with the hydroxide ion having different local 

solvation environments (see Figure 4). Unfortunately, IR experiments on large hydroxide ion 

clusters have not been performed, so that one-to-one comparisons with calculations cannot 

be currently done. However, the spectra obtained for the different types of hydroxide ion 

structures determined with AIMD appear to account for the spectra that are experimentally 

observed for concentrated NaOH solutions.57,58

2.3 Proton and Hydroxide Ions in Bulk Liquid Water

Armed with insights from cluster studies on proton and hydroxide structural motifs, we next 

return to the central motivation outlined above: understanding why protons have an 

anomalously high mobility in liquid water relative to other cations and why the activation 

enthalpy for proton transport appears to be correlated with the energetics of HB breakage. In 

what follows, we first discuss conceptual models for proton transport in liquid water and the 

degree to which they account for these observations and then review work that explicitly 

probes proton and hydroxide mobility in simulation and experiment.
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2.3.1 Interpretations of Experimental Data—The anomalously high proton mobility 

in acid solutions implies that it cannot be described by hydrodynamic diffusion.2,59–61 In 

order to relate the experimental mobilities discussed earlier to a molecular picture of PT, 

structural information about the solvated proton and hydroxide is required. In 1905, Danneel 

explained proton mobility in water as occurring along onedimensional water chains, 

followed by water rotation (“turn”) to allow the next proton transfer.62 Thereby he revived 

the 1806 model of Grotthuss for water (OH, as then believed) electrolysis as parallel rows of 

O and H atoms, exchanging partners and moving to the positive and negative electrodes, 

respectively.2,63 Today the term “Grotthuss mechanism” is used for any proton-hopping 

mechanism, regardless of whether it occurs along “water wires” in confined environments or 

in the bulk. In addition, there is a smaller component of “vehicular diffusion”, namely, 

hydrodynamic motion of the protoncarrying water complex.

In bulk water, where there are many potential pathways for proton migration, there is no 

need to wait for Danneel’s “turn” step, which could make the migration quite slow. Early 

interpretations of the conductivity data were based on a scenario of a rotating hydronium or 

water molecule. In 1928, Hückel suggested that after a water molecule picks up a proton to 

become H3O+ it rotates to deliver the proton to a neighboring water molecule.64 This 

rotation requires cleaving of the three HBs to the hydronium, each considerably stronger 

than a water-water HB.65,66 In 1933, Bernal and Fowler suggested, instead, that a water 

molecule rotates in the solvation shell of the hydronium until it acquires the right orientation 

to pick up the proton.67 This, again, requires cleavage of several HBs. Subsequently, in 

1958, Eigen and De Maeyer16 proposed that the protonic charge fluctuates quickly back and 

forth within a finite hydrogen-bonded complex (such as a water wire) and that the 

reorientation of water molecules at the periphery of this complex is required for diffusion. 

They termed the restructuring of HBs as “structural diffusion”.16 Because all of these 

models for proton transport require the breaking of more than one bulk water HB, the low 

activation enthalpy from the NMR studies of Luz and Meiboom13 suggests that one must 

look elsewhere.

Agmon proposed a model for proton mobility that does not require HB cleavage in the first 

solvation shell of H3O+, hence explaining its low activation energy discussed above.59 In 

this picture, the Grotthuss mechanism in bulk liquid water involves an E cation “resting 

state” that is converted by second-shell HB loss to a Z intermediate, which by second-shell 

HB formation is in turn converted to an E cation centered on a neighboring water molecule 

(Figure 6). In this “E–Z–E mechanism”, the activation enthalpy for proton mobility equals 

approximately the strength of one HB in bulk liquid water, because the broken HB is in the 

second solvation shell of the H3O+ cation, unlike first-shell HBs that are considerably 

stronger (about twice the enthalpy, according to ref 65).

2.3.2 Numerical Simulations—Proton motion via structural diffusion involves the 

breakage and formation of covalent bonds. In order to model this type of process with an 

atomistic simulation, electronic degrees of freedom must be explicitly described, making it 

computationally very challenging. The CPMD method25 provided, for the first time, a way 

to achieve this description of the electronic degrees of freedom, thereby offering much 
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needed insights into the molecular mechanism of proton and hydroxide diffusion in liquid 

water.

2.3.2.1 Hydronium: The first CPMD simulations of an excess proton in liquid water 

consisted of a proton in a periodic box of 32 water molecules simulated for a couple of 

picoseconds.60,69 These early calculations provided a first glimpse into the two postulated 

dominant structures of the excess proton in water, namely, the E and Z cations. In particular, 

the simulations showed that the E cation involved an H9O4 + complex including the 

hydronium and three tightly bound water molecules. It could easily convert into the Z cation, 

since the proton rattled on the femtosecond time scale with one particular neighboring water, 

closest to the hydronium, referred to as the “special pair”. These simulations revealed the 

detailed solvation environment of the E and Z cations as seen in the O*-H radial distribution 

function (RDF), where O* is the oxygen atom that hosts the excess proton (Figure 7).69 

These results showed that the O*−H covalent bonds in the hydronium are slightly longer 

(and weaker) as compared to bulk water, whereas the OH peak for the Z cation is split, 

indicating that the average OH+ distances in the H2O-H+-OH2 complex are not precisely 

equal. Additionally, the oxygen atoms of both the E and Z cations are weaker acceptors of 

HBs compared to neutral water. Besides characterizing structural properties, these 

simulations showed that proton transport in liquid water16 proceeds via an interchange of E 

and Z forms.59

Subsequently, the understanding of the specific microscopic details of the Grotthuss 

mechanism has undergone significant refinement due to both the advancement in numerical 

algorithms and computational resources allowing for bigger and longer AIMD simulations 

and the development of sophisticated empirical potentials capable of modeling chemical 

reactions. In particular, later CPMD simulations run for over 70 ps showed that the E–Z–E 

mechanism also involved concerted HB dynamics, whereby the E cation begins to accept a 

HB from a nearby water molecule while simultaneously (within 50 fs) the proton accepting 

water loses one of its acceptor HBs70 (see Figure 8).

Extracting dynamical properties such as diffusion constants requires averaging over long 

time scales. Hence, using CPMD to characterize proton transport is still computationally 

expensive. One way to circumvent this problem is to turn to empirical-based potentials that 

allow for the dissociation and formation of bonds.

The most popular approach is the multistate empirical valence bond (MS-EVB) 

methodology, where a certain number of valence bond states define the main chemical 

groups, and the potential energy surface along radial or angular coordinates is fitted to ab 

initio data.5,71–73 For the H+ in water, the longer simulation times of MS-EVB offered 

additional insight into the transport mechanism. For example, they revealed that the 

hydronium resting state involves, besides proton rattling, an exchange of the special partner 

among the three water ligands in the first solvation shell68 driven by the HB cleavage event 

envisioned in ref 59 (see Figure 6). This “special pair dance” (SPD) scenario is depicted 

schematically in Figure 9.
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The average time constant for special partner exchange was found to be 40 fs from classical 

MS-EVB simulations and 45 fs when the nuclei were quantized, as deduced from the plateau 

in Figure 7B of ref 68. Because the time scale for PT is a few picoseconds, the hydronium 

undergoes dozens of partner exchange events before a Z intermediate is formed and PT takes 

place. These can involve just two partners for a while, and only after several cycles one of 

them gets replaced by the third partner. This leads to oscillatory motion of the excess charge 

(between the two partners) with a period of about 90 fs (twice 45 fs), corresponding to about 

360 cm−1, which might give rise to an IR band at the indicated frequency (the “SPD band”).

While conventional IR measurements do not easily get below 500 cm−1, recent terahertz 

Fourier transform infrared (FTIR) measurements on concentrated aqueous HCl and HBr 

solutions by Decka et al.74 have located a band at 340 cm−1, which they assigned to the SPD 

(Figure 10). They find for this mode a relaxation time of 60 fs, close to the theoretical values 

quoted above. As depicted in Figure 9, the SPD is controlled by cleavage of a second-shell 

HB. These HBs become a few percent stronger in heavy water (as deduced from the 2% 

increase in the heat of vaporization of D2O compared to H2O). Hence, one expects the SPD 

to slow down slightly in heavy water. Indeed, Figure 10 shows a few percent red shift of the 

SPD band upon deuteration.

MS-EVB simulations also revealed that a successful PT event (in which the proton is 

eventually transferred to one of the special partners) requires collective solvent fluctuations 

involving the reorganization of the second-shell water molecules around the Z cation.75 

These help destabilize the proton on the previous oxygen center while stabilizing it on the 

new oxygen center, sometimes before the transfer actually occurs (“presolvation”). The 

participation of so many water molecules in the Z cation dynamics leads to a wide 

distribution of its lifetimes (averaging to 380 fs).75 Indeed, another terahertz time-domain 

spectroscopy study has found that the addition of protons to water leads to a very strong 

decrease of the water dielectric response, corresponding to about 19 water molecules per 

dissolved proton.76 This is about the number of water molecules involved with the Z 

complex up to its second hydration shell (see Figure 14 in ref 75).

Thus far, proton diffusion was described as hopping from one molecule to the next in a 

stepwise fashion. In confined environments, such as carbon nanotubes and biological 

membranes, extended chains of water molecules (water wires) provide pathways for 

concerted proton jumps; PT in these systems is not stepwise.77 Recently, AIMD simulations 

have found evidence for the presence of water wires that allow for concerted proton hopping 

events across several HBs in liquid water.61 The fluctuations of the wires play an important 

role in triggering these events. For example, it has been shown that for the recombination of 

the hydronium and hydroxide ions, namely, the time-reversed process of ionization,78 the 

collective compression of three HBs forming a wire between the ions was needed to trigger a 

concerted PT event.77

The HB network of liquid water is made up of a distribution of closed rings with specific 

directional correlations of waters within the rings, leading to different types of topological 

patterns; see Figure 11 showing two six-membered rings. The proton also participates in 

several closed rings, the segments of which create the architecture for water wires leading to 
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more complex proton-hopping mechanisms. Rather than occurring at a constant frequency, 

there are periods of rapid succession of PT events (“bursts”), separated by quiescence 

(“rest”) periods during which few such events occur; see Figure 12 for an example of such a 

trajectory. Regions of the HB network where the proton is surrounded by a fewer number of 

rings tend to result in longer traps. The burst activities involve two or three rapid protons 

hopping over several HBs through the water wires, facilitated by the collective compressions 

of these wires, as illustrated in Figure 13. The concerted motion of two protons can occur 

when successive HBs along the proton wire decrease by about 0.25 Å. In the discussions 

below, we will make reference to a PT coordinate, δ, that corresponds to the difference in 

distance between the transferring proton and the oxygens it is connected to; therefore, when 

the PT coordinate is 0, the proton is equally shared between the waters.

This type of analysis makes clear that determining the reaction coordinates associated with 

PT is very complex. For example, a recent AIMD study79 has found that the presence of the 

burst and rest states correlates with the presence or absence of a fourth water molecule 

(4WM) donating a HB to the hydronium oxygen atom (Figure 14a). When such a bond 

exists the burst probability is high (b). When the 4WM is further away from the hydronium 

(c), the latter is stabilized and few PT events occur.

Along similar lines, recent work has highlighted the importance of the umbrella inversion 

mode of the hydronium ion in PT in bulk water. Molecules such as ammonia and hydronium 

can turn inside out, and this inversion mode leads to a characteristic signature in the IR 

spectrum.32–35 Figure 15 examines the role of the inversion mode for a situation where the 

hydronium is trapped in one part of the HB network, making it easier to focus the analysis 

on the motion of the proton between two water molecules only. Since inversion occurs on a 

faster time scale than solvent reorganization, the position along this coordinate change the 

PT potentials quite significantly. Because the PT barriers change quite substantially as a 

function of the inversion coordinate, they can couple with features such as the burst and rest 

behavior. More work is needed to understand how all these various coordinates couple 

together to form the Grotthuss mechanism.

Although we have focused on simulation results coming from AIMD and MS-EVB 

approaches, there are also efforts placed in developing more sophisticated empirical water 

potentials that allow its dissociation.81–88 Some of these models capture many of the 

features observed in the AIMD and MS-EVB simulations. The reader is referred to those 

references for more details.

2.3.2.2 Hydroxide: As for clusters, the structural and dynamical properties of OH− in bulk 

water are less well understood than those of H+, partly because anionic species are more 

challenging to model with DFT. Before the first CPMD simulations of OH− in water, the 

Grotthuss diffusion of the OH− was thought to be a mirror image of that of the proton, 

implying that it would only accept three HBs.89 Later, X-ray diffraction and core level 

electron spectroscopy experiments indicated that the OH− could accept four HBs and 

possibly even donate a weak HB, thus yielding a hypercoordinated species. In their CPMD 

simulations, Tuckerman and co-workers48 found that the dominant state of OH− was the 

hypercoordinated species that accepts four HBs in a square planar arrangement, as illustrated 
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in Figure 16. The hopping mechanism involved a decrease of the coordination number of the 

hydroxide to form the short-lived transient species shown in the bottom panel of Figure 16. 

In this transient species, the OH− accepts three HBs and donates a weak HB, thus forming a 

locally tetrahedral environment.60

Subsequently, it was found that three popular (generalized gradient) density functionals, 

BLYP, PW91 and HCTH, yield qualitatively different solvation structures, diffusion 

constants, and molecular mechanisms for OH− migration in water.4,50 For example, BLYP 

yields a diffusion constant of 1.92, PW91 gives 18.5, and HCTH gives 0.14, in comparison 

to the experimental value of 5.3 (all in units of 10−9 m2 s−1). Clearly more work is needed in 

this area, for example, with the use of multireference ab initio and quantum Monte Carlo 

calculations, which will allow for a more rigorous treatment of electron correlation effects.

2.3.3 The Importance of the Nuclear Quantum Effects (NQE)—In most of the 

previously discussed studies, the electrons were treated quantum mechanically (i.e., by 

solving the electronic Schrödinger equation at some level of approximation), whereas the 

nuclei were treated classically (i.e., the evolution of their position in time was computed 

from Newton’s equations of motion). This may not always suffice. For example, the zero 

point energy of the O-H stretch mode in liquid water is about 0.2 eV, which is significant 

compared to the thermal energy at room temperature (k B T = 0.026 eV). The effects of NQE 

in bulk liquid water are reflected in the significant broadening of the O-H radial distribution 

function compared to what one observes when the nuclei are treated classically.90,91

A first-principles quantum mechanical treatment of both the electrons and nuclei for protons 

in liquid water can be achieved by the use of ab initio path integral molecular dynamics 

(PIMD) simulations, which are computationally quite expensive. Over a decade ago, 

Tuckerman and Marx performed the first ab initio PIMD simulations of the excess proton 

and hydroxide ion in liquid water.48,92 The zero-point energy of the proton significantly 

lowered the barrier for transition between the E and Z cations to a point that the Z cation was 

no longer a true intermediate in the interconversion between these two states. Similarly, for 

the hydroxide ion, PIMD simulations also lowered the barrier, by ~1 kcal mol−1, for the 

motion of the proton hole along the HB where PT occurs (see Figure 17). In addition, it was 

found that in the classical simulations PT occurred over a narrower range of OH− 

orientations, as compared with the PIMD studies.

These earlier PIMD studies were limited by short simulation times and small system sizes. 

The design of more sophisticated and efficient algorithms to treat both electrons and nuclei 

quantum mechanically has resulted in more numerical studies examining the role of NQE in 

various hydrogen-bonded systems.93–95 These studies showed, for example, that NQE 

strengthen strong HBs and weaken the weak HBs,94 and that in both bulk liquid water and 

confined water NQE cause proton delocalization over several water molecules, partly 

washing away the distinction between the E and Z cations.95

Evidence for proton delocalization can be seen in Figure 18, which shows the probability of 

finding a particular protonated “cluster” in acidified bulk water.45 Unlike in classical 

simulations, in simulations including NQE the proton can sometimes delocalize over more 
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than two water molecules, moving without requiring the correct presolvation at all places in 

the network. Although the probability of finding the proton delocalized over three water 

molecules is still small, the difference compared to the classical simulations is statistically 

significant. The role of these rare fluctuations on proton dynamics and hence the diffusion 

constant remains an open issue.

2.3.4 Time-Resolved IR Studies—As presented above, our current understanding of 

the specific molecular configurations and structures has relied on input from simulations and 

experiments. In the gas phase, such protonated water clusters have been identified primarily 

by infrared spectroscopy (section 2.2). However, the interpretation of the IR spectra in the 

liquid phase is a major challenge. This is due to the large number of hydrogen-bonding 

configurations, which give rise to very broad and rather featureless absorption bands, as well 

as the ultrafast dynamics that drives the interchange between these configurations and 

contributes to the observed line shapes. Especially remarkable is the growth of a continuum-

like absorption spanning almost the entire mid-IR region (see Figure 19) when protons are 

added to water.18

However, by combining our knowledge from the cluster experiments discussed earlier (e.g., 

Figure 2) with results from ab initio calculations and liquid phase simulations,
22,28–30,34,96–98 the absorption in several spectral regions can be correlated to vibrations of 

different solvation structures (Figure 19). The Z complex gives rise to the characteristic 

absorption features at 3200 cm−1 (O-H stretch vibration of the flanking water molecules), at 

1760 cm−1 (HOH bending motion of the flanking water molecules coupled to excess proton 

oscillations between them), and at 1150 cm−1 (proton-shuttling motion), whereas the E 

structure shows an absorption peak around 2700 cm−1 (O-H stretch vibration). Distortions of 

the Eigen geometry with one shortened HB lead to absorption frequencies that span the 

entire range between 1000 and 3200 cm−1 giving rise to the acid continuum absorption.35,97

Deeper experimental insight into the structures and dynamics of solvated protons and 

hydroxide ions requires a combination of structural sensitivity with time resolution in the 

same experiment. The advent of ultrafast lasers made it recently possible to perform ultrafast 

(femtosecond) IR measurements with a time resolution that suffices to resolve the fast 

fluctuations of the HB network that drive the structural changes. A number of experiments 

have been performed on acids and bases using transient absorption IR100 and two-

dimensional infrared (2DIR) techniques,57,101 with the goal of identifying different solvation 

structures and determining their persistence time and rate of interchange.

Woutersen and Bakker performed two-color transient absorption experiments on isotopically 

dilute acid solutions, finding evidence for an ultrafast interconversion between E and Z 

species on a time scale of <50 fs.100 By exciting the O–H stretch vibration of the Eigen core 

at 2935 cm−1 with a femtosecond infrared pulse, an instantaneous response of the Zundel 

species was observed (Figure 20). In the left panel of Figure 20, the absorption spectrum of 

an isotopically diluted (H:D = 1:20) solution of 5 M HCl in water is shown. In the right 

panel the responses at 2850 and 3300 cm−1 are shown as a function of delay between the 

excitation and the probing pulses. It is seen that the excitation of the vibrations of the E 

structure leads to a direct response at ~3300 cm−1, which is associated with water molecules 

Agmon et al. Page 14

Chem Rev. Author manuscript; available in PMC 2020 September 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



flanking the Z proton. The quasiinstantaneous rise of this signal indicates that the 

interconversion between E and Z takes place on a time scale of <50 fs.

More recent experiments on solvated protons and hydroxide ions employed ultrafast 2DIR 

spectroscopy, where the temporal evolution of the induced vibrations can be monitored as a 

function of an excitation and a probe frequency.57,101 The frequency correlation spectra 

obtained with this technique contain information about the inhomogeneous broadening of 

the IR absorption peaks, which is crucial for identifying the different solvation species 

contributing to these broad spectral features. Additionally, information about the dynamics 

of chemical exchange processes can be obtained by analyzing a series of 2D spectra with 

varying time delays. Measurements of isotopically dilute HOD in NaOD/D2O solutions 

revealed strong evidence for the formation of a Z-like transition state (H3O2 −) during the 

proton transfer reaction which persists on a 110 fs time scale.57 The identification of this 

transition species is based on the observation of a fast-decaying off-diagonal broadening of 

the 2D line shape in the spectral region of the O-H stretch vibration of the solvating HOD 

molecules. The interpretation was supported by calculations of vibrational frequencies of the 

[DO-H-OD]− complex during the PT event using MS-EVB simulations.

In a subsequent 2DIR study on this system, the temporal evolution of the cross-peak regions 

(off diagonal regions) that report on the proton/deuterium exchange processes between 

different deuterated water and hydroxide species was analyzed in more detail. In order to 

extract the molecular dynamics of these exchange processes, a model for calculating 2D line 

shapes was constructed that includes the most significant effects contributing to the 2DIR 

spectra.101 Fitting the model parameters to the experimental data, a lower limit of the proton 

transfer time in basic solutions of approximately 3 ps was extracted, in good agreement with 

the results of the conductivity studies discussed earlier.

Even with the additional information content of a 2DIR spectrum, unambiguous 

identification of specific solvation structures can be challenging. One approach to this 

problem is to recognize that if a specific solvation structure is present, all modes associated 

with it must appear in the spectrum and could be coupled (i.e., apparent as off-diagonal 

cross-peaks in a 2D spectrum). One example of this is the stretch and bend vibrational 

modes of a Z complex. In order to perform such experiments, a very broad spectral 

bandwidth, which spans the entire mid-IR region, has to be probed because of the 1500 cm−1 

separation of these modes. The development of broadband 2DIR has made these 

measurements possible.102

In studies of HCl/H2O solutions using this broadband method, it was indeed possible to 

identify the spectral signature of H5O2 +.99 By analyzing the region of the stretch-bend 

crosspeaks in the 2D spectra, it could be shown that the spectral feature at 1760 cm−1 is 

coupled to O-H stretch frequencies in the range between 3000 and 3200 cm−1 (Figure 21). 

This observation confirms that both vibrations stem from the same molecular species, 

namely the Z complex of the solvated proton. By analyzing time-dependent shifts of this 

cross-peak, a lower bound of 480 fs for the persistence time of the Z complex could be 

extracted, suggesting a rather stable Zundel species. At first glance, this observation seems 

to contradict the ultrashort lifetimes of protonated water structures found in the transient 
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absorption measurements.100 However, it is possible that the results from the transient 

absorption measurements report on fast structural fluctuations, whereas the recent 2DIR 

results describe only the long-range PT events.99 This may be in accord with MS-EVB 

simulations that found a wide distribution of lifetimes for the Z complex mediating PT in 

water: from ca. 50 fs to over 1 ps (Figures 9 and 7, respectively, in ref 75). With 2DIR it 

should also be possible to identify cross-peaks for the E cation,103 allowing for a more 

quantitative identification of the Z and E cations in liquid water than ever before.

2.3.5 Excited State Proton Transfer by Proton Mobility and Water Wires—
Another active area of research involves the mechanisms of PT occurring upon electronic 

excitation, namely, excited state proton transfer (ESPT). When a molecule capable of 

releasing a proton after absorbing a photon (e.g., a photoacid) is excited, the emitted proton 

goes either to the solvent (ESPT to solvent, “by proton mobility”) or to another molecule (a 

base) that serves as a proton acceptor (“by water wires”). These processes are of practical 

interest in initiating chemical reactions, such as polymerization, by a photon-induced pH 

jump. ESPT also offers a convenient way of studying fundamental issues in PT reactions 

that are initiated, synchronously, by a laser pulse.

Photoacids are dye molecules that decrease their pK a value upon photoexcitation.104,105 A 

typical ROH photoacid might have a hydroxy group coupled to an electronic π-system. An 

example is 2-naphthol (Figure 22), the pK a value of which decreases from 9.5 in the ground 

state to 2.8 in its first excited singlet state, S1. The secret behind photoacidity is 

intramolecular charge transfer (ICT) in S1, from the proximal ring that harbors the OH 

substituent to the distal ring, stabilizing the RO− product of the ESPT reaction.106 In 

“superphotoacids”, such as 5,8-dicyano-2-naphthol, electron-withdrawing substituents on 

the distal ring further stabilize the negative charge.107,108 ICT makes dissociation in the 

excited-state more downhill, shifting the anion fluorescence to the red (lower energies) as 

compared with the acid. Such “dual emission”, consisting of two fluorescence frequencies 

(wiggly arrows in Figure 22), is the hallmark of ESPT.

2.3.5.1 ESPT to Solvent: Water is a receptive solvent to protons. Therefore, a relatively 

weak photoacid, like 2-naphthol, will transfer its proton to water (on the 100 ps time scale) 

but not, for example, to alcohols. Stronger photoacids dissociate faster (the fastest known to 

date is about 100 fs in water) and are capable of emitting protons to alcohols and other 

nonaqueous solutions.107–109 Proton dissociation occurs adiabatically, leaving behind an 

excited anion. However, it is not necessarily irreversible, which would lead to exponential 

decay of the excited ROH fluorescence. Attracted by the charged RO– base, the proton may 

recombine adiabatically on the S1 potential energy surface several times before its eventual 

escape.

The ensuing reversible geminate recombination process can be described quantitatively by a 

reversible diffusion model,110,111 involving a spherically symmetric, time-dependent 

Smoluchowski equation with “back-reaction” boundary conditions (Figure 23).112 The 

parameters in this approach include the proton diffusion coefficient (taken from the 

conductivity measurements discussed above), its Coulomb attraction with the excited anion 

(determined from the solvent dielectric constant), and the two rate coefficients (for proton 
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dissociation and recombination). The long-time behavior is a t −3/2 decay of the ROH signal 

(a straight line on a log–log scale), reflecting the probability of the random walker (the 

proton) to return to the origin of its random walk (the excited anion).

This behavior for ESPT kinetics has been verified after the detection technique was 

upgraded from streak-cameras to time-correlated single-photon counting.113 Stronger 

photoacids are monitored nowadays using the up-conversion technique, because they emit 

their proton on a much faster time scale. For example, the time-resolved fluorescence of the 

dye dubbed QCy7 is due to proton ejection to water in about 0.5 ps.114 The asymptotic 

power-law behavior shown in Figure 23 is modified upon moving from pure water to more 

complex systems, such as water in reverse micelles,115 mesoporous surfaces,116 or near 

proteins undergoing conformational changes.117

One wonders whether spherically symmetric diffusion for a single translational coordinate 

(the proton–photobase separation, r) is not an oversimplified model for PT reactions in 

liquids.115 In comparison, molecular simulations follow the location and velocity of every 

atom, so one may search for an analogous mechanism there. For simplicity, let us consider 

H3O+ as the proton donor. Then, from a given trajectory of protonated water one may 

compute a correlation function, c(t), that depicts the probability of the excess proton to 

reside at time t on the same H3O*+ oxygen, O*, to which it was bound at t = 0.118 The result 

in Figure 24 shows similar behavior to the experimental t −3/2 asymptotic decay. However, it 

fits a slightly more complex model, with a distance-dependent diffusion coefficient, D(r), for 

the relative H+O* motion. At small separations D(r) diminishes, reflecting the stronger HBs 

near the excess charge (cf. the O0O1 HB in Figure 6).65

2.3.5.2 ESPT to Base: The PT reaction from a photoacid (HPTS) to an accepting base 

(acetate) in liquid water has been studied with femtosecond mid-IR laser pulses.119–125 In 

this approach, PT is probed by detecting the vibrational resonances of the photoacid, the 

conjugate photobase, the hydrated proton, and the accepting base with time-delayed infrared 

probe pulses. Thereby a complete picture of the PT reaction can be obtained. The time the 

proton needs to leave the photoacid is detected by measuring the responses of the photoacid 

and its conjugate photobase. The uptake of the proton in water is detected by measuring the 

transient response of the hydrated proton, and the arrival at the base is detected by 

measuring the vibrational response of the conjugate acid of the accepting base (acetic acid).

In Figure 25, the vibrational response of the proton/deuteron vibrations is shown as a 

function of delay with respect to the excitation of HPTS for different acetate base 

concentrations. The PT reaction is observed to be highly nonexponential, which can be 

explained by the presence of a distribution of acid-base distances in solution before the 

excitation by the pump pulse.119–125 PT will be fast if the nearest accepting base is close to 

the excited photoacid and slow when the nearest base is separated by many water molecules.

The distribution of reaction rates for different photoacid-base separations has been modeled 

in different ways. In one approach, the generation and reaction rate of each water-separated 

acid-base complex was described independently from the other acid-base complexes, which 

results in a large number of independent rate constants.119–121 In another approach, the PT 
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dynamics is described with a model in which the PT rate coefficient decreases by the same 

factor for every additional water molecule separating the acid from the base.122,123,125 For 

the acetate base it was found that, at a concentration of 1 M, most PT events take place in 

reaction complexes in which the photoacid and the acetate base are separated by two or three 

water molecules.

The comparison of the left and right panels of Figure 25 shows that PT to the base has a 

significant kinetic isotope effect (KIE) of 1.5 (note the difference in horizontal time axes). 

This KIE suggests that the reaction rate is not determined by diffusion of the base, as 

proposed earlier.126,127 In such a scenario, one would expect to find a KIE of ~1.2, the ratio 

of the viscosities of D2O and H2O. A KIE of 1.5 is very similar to that of the mobility of 

free hydrated protons/deuterons in H2O/D2O. This supports PT via a Grotthuss-type 

conduction mechanism. The PT from the photoacid to the base thus likely involves 

conduction via short-lived wires of water molecules connecting the photoacid and the base 

(short time scale) or that the proton is first transferred to water and later taken up 

(scavenged) by the base (longer time scales). At low concentrations and for weak bases, it 

was shown that the second conducting channel becomes more pronounced,128 indicating that 

the pK a difference between acid and base plays a role in determining the strength of the 

water wires connecting them.128

The temperature dependence of photoacid to base PT kinetics is shown in Figure 26.124 A 

generalized Smoluchowski model is capable of fitting this data over the whole time regime 

(fs to ps). Smoluchowski theory129,130 treats the irreversible reaction A + B → products, for 

a single, static A molecule surrounded by a uniform distribution of B molecules. The 

survival probability of A (i.e., the probability that it has not reacted with any of the B’s by 

time t) is then calculated from the probability distribution of an AB pair, p(r,t). The latter 

obeys a spherically symmetric diffusion equation with a “sink term”, k(r), depicting PT 

within an AB pair separated by distance r. For very short times (say, t < 1 ps) diffusion can 

be neglected, and then p(r,t) = exp[−k(r)t] is a function of the distance, r, at which the pair 

was “born”. Those born at short separations give rise to the sharp initial decay seen in Figure 

26. The slowing down at longer times is due to pairs born at larger distances that require 

mass diffusion to bring them to distances amenable to PT.

Interestingly, the fit to the experimental data reveals an inverse temperature dependence of 

k(r), which decreases with increasing temperature, T. This suggests concerted proton 

translocation along water wires: raising T disrupts the wires, rendering concerted PT less 

probable. Unlike proton hops between water molecules, here proton translocation involves a 

strong driving force from the photoacid to the acetate base. These scenarios have been tested 

by first-principles simulations of model acid-base pairs131 (or just proton–base pairs),132 

finding evidence for both concerted and stepwise acid-to-base PT along water wires in liquid 

water. Concerted proton translocation occurs when the water molecules along the water wire 

are all four-coordinated, so that they cannot stabilize the proton as a transient hydronium 

cation.
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3 H+ and OH− at Extended Hydrophobic Interfaces

Reducing the dimensionality of the liquid from the bulk (3D) to an extended surface (2D, 

with a radius of curvature that is larger relative to molecular dimensions) has notable effects 

on the properties of the excess proton and hydroxide ion. In general, it is thought that 

chemical reactivity occurs more readily at an interface than in a bulk phase. Since OH− and 

H+ are involved in numerous biochemical reactions, it is also useful to understand the 

interfacial structure and dynamics of H+ and OH− and how this might be relevant in 

biological systems. We address the first question in this section, while the function of 

protons in a related biological system (the membrane/water interface) is considered in the 

next section. Despite the significance of the interfacial structure of acidic and basic aqueous 

solutions in contact with hydrophobic phases, virtually every aspect of the structure and 

dynamics of the excess proton and hydroxide ion at hydrophobic interfaces is either 

contentious or incompletely understood. In the following, we review experimental and 

theoretical views that have attempted to shed light on the structure of acidic and basic 

solutions in contact with hydrophobic materials. In contrast to the previous sections of this 

review, far fewer studies have been conducted on this topic. For example, even the question 

whether excess protons and hydroxide ions reside at the interface and under which 

conditions is heavily debated, let alone what will be the exact structure. For this reason, after 

reviewing the literature, we end this section with a discussion of challenges.

3.1 Experimental Probes for H+ and OH− on Surfaces

3.1.1 Macroscopic Measurements—Surface tension measurements probe the 

equilibrium reversible work needed to create a unit surface area of liquid/vapor interface 

from bulk water and are therefore in general sensitive to changes in both the bulk and 

surface structure of water. Solubility and partitioning data provide information about the 

exclusion or accumulation of solutes near a homogeneous nonpolar/water interface. The 

surface tension of the air/neat water interface is 72.7 mN m−1 at 293 K and varies weakly 

between pH 3 and 10 on the addition of acid or base (i.e., between 72.6 and 72.9 mN m−1).
133 With continued addition of acid below pH 1, the surface tension reduces to 71.4 mN m
−1, and with addition of base above pH 13, it increases to 73.4 mN m−1.133’134 In 

comparison, adding 1 M of NaCl to neat water increases the surface tension to 74 mN m−1. 

Surface tension and solubility data for NaOH and HCl in water (for ionic strengths >0.1 M) 

were analyzed in the framework of a two-state approximation, in which water in contact 

with air was divided into a bulk water and a surface water region, with each having a certain 

concentration of ions. Partitioning coefficients for H+ and OH− of 1.5 and 0.5 for the air/

water interface and 0.6 and 0.9 for the toluene/water interface, respectively, were obtained.
135 In the absence of additional information, these observations suggest that at sufficiently 

low pH the excess proton tends to adsorb to the air/water interface, while at sufficiently high 

pH the OH− is excluded from it. For the oil/water interface, both ionic species appear to be 

repelled from the interface at high pH, but OH− less so than H+.

Because we wish to gain insight into the presence of charged species at an interface, one 

might expect electrokinetic mobility to also offer insight into proton and hydroxide 

interfacial abundance. In such measurements, the mobility of bubbles, droplets, or particles 
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in an electric field is measured. The mobility is proportional to an electrostatic potential, the 

ζ-potential, which is generally interpreted as the potential at the edge of the diffuse electric 

double layer.136 Indeed, many years137 of electrokinetic measurements on air138 and N2 139 

bubbles, oil droplets,139,140 or extended hydrophobic surfaces all tell a similar story: that the 

air/water or oil/water interface has a vanishing ζ-potential at pH ≈2–3. With increasing pH, 

the ζ-potential becomes increasingly negative, indicating that the interface retains negative 

charge. This behavior is observed for many compounds,138,141 some of which are 

represented in Figure 27. If the excess proton or OH− are the only charged moieties in the 

system, it is natural to interpret these measurements as indicating that OH− adsorbs with a 

free energy of adsorption of 12–20 k B T to the air/water interface: the air(hydrophobic)/

water interface is strongly basic.142,143 Beattie et al. have argued that there is no discrepancy 

between the surface tension and electrokinetic measurements by noting that the surface 

excess of H+ and OH− is coupled via the autodissociation constant of water and the Gibbs 

adsorption equation, and that they both change in similar but opposite ways when the pH is 

altered (provided that charge neutralization occurs via counterions whose nonideality can be 

described by bulk activity).133 For strongly acidic/basic solutions (at pH <1 and >13, i.e., 

those that have a pH-dependent surface tension), it is not clear that this is a reasonable 

assumption.144 However, even for solutions at more moderate pH values, much recent work, 

discussed in detail below, suggests that interface-induced ion pair formation may occur. 

Such effects imply that even at relatively low bulk concentrations, the analysis of the 

electrokinetic mobility data may need to be revisited. It is also worth noting that a recent 

measurement of the potential of the quiescent air/water interface using a Kelvin probe by 

Shapovalov and co-workers found essentially no surface potential change between pH 4 and 

9.145 However, as noted by the authors, despite experimental care, such measurements are 

susceptible to possible contamination by impurities that may suppress an otherwise changing 

surface potential.

Clearly, part of the difficulty in this discussion is that one is attempting to infer molecular-

scale interfacial properties, the surface excess of H+ or OH−, from macroscopic observables. 

Presumably, application of experimental techniques that allow extraction of molecular-scale 

observables of the interfacial excess proton or OH− might help clarify the appropriate 

molecular level interpretation of these macroscopic observables.

3.1.2 Molecular-Scale Measurements—Probing OH− and the excess proton at the 

air/water interface experimentally is challenging in part because one needs to distinguish 

these moieties at the interface from the much larger number of both species in the adjoining 

bulk liquid phase. The laser-based techniques of second-harmonic generation (SHG) and 

vibrational sum frequency generation (SFG) spectroscopy are interface-specific by their 

symmetry selection rules (see, for example, the review by Lambert and co-workers for 

details146) and are thus conventional methods to address this problem. SFG/SHG 

spectroscopy is sensitive to both vibrational resonance (SFG) and electronic resonances 

(SHG) of interfacial species, as well as interfacial molecular order (orientational correlations 

along the surface normal of all active species, SFG as well as resonant and nonresonant 

SHG). As such, a variety of possible changes in spectral observables, such as frequency and 

intensity of resonances and their change with polarization of the optical beams as a function 
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of pH, might be expected. Petersen and Saykally conducted resonant SHG experiments on 

surfaces of strongly acidic and basic solutions.147,148 These measurements probed interfacial 

OH− via its charge transfer band, and the excess protons, via resonant excitation of 

counterion charge transfer bands (in absence of a direct resonance on H+). The results are 

consistent with a scenario in which interfacial adsorption of the excess proton from strongly 

acidic solutions is energetically favorable, while in strongly basic solutions, OH− adsorption 

is either weak or unfavorable. In contrast, a nonresonant SHG study149 of the hexadecane/

water interface found that the SHG intensity increases above pH 9 and levels off from 10 to 

12, whereas the signal from NaCl solutions remained flat throughout this region (see Figure 

28A). This signal was interpreted by the authors to be the result of the increasing order of 

interfacial water with pH increasing from 8 to 10. One possible cause of such increasing 

order could be adsorption of OH−, which increases the interfacial electrostatic field and 

hence increases the order of water molecules.149

Several authors have measured or attempted to compute the SFG spectrum of the air/water 

interface, since the interfacial OH stretch response should contain details about the excess of 

H+/OH− ions.150–153 The direct detection of the interfacial excess proton or OH− via their 

characteristic vibrational resonances is in principle possible, since both species give rise to 

distinct spectral features in both IR20,57 and Raman spectroscopy. Within the OH stretch 

response, as discussed above, increasing H+ concentrations lead to an increase in intensity in 

the red part of the spectrum, while basic solutions display an increasing spectral intensity on 

the blue side as well as a narrow resonance at ~3625 cm−1 (~2705 cm−1) for H2O (D2O).154 

SFG results for strongly (pH <2) acidic solutions at the air/water interface are consistent 

with a scenario in which the excess proton is present at the interface. In basic solutions, 

interfacial water order decreases and OH− is, at most, only weakly adsorbed. Similar to the 

SHG measurements on both the air/water and hexadecane/water interfaces, SFG 

measurements at the air/water interface do not find a significant signal change that is 

attributable to interfacial H+/OH− at pHs at which electrokinetic measurements are made, 

which suggests that the surface should be strongly charged (i.e., pH 6–9).

The planar CCl4/water interface was measured by Richmond and co-workers using SFG 

spectroscopy for aqueous phases at pH 9.87 and 2.45 and under pH-neutral conditions.155 

Here, as can be seen from Figure 28B, at high pH there are changes in the blue part of the 

spectrum, while at low pH there are changes in the red part of the spectrum. As described 

above, these observations are consistent with the presence of H+/OH− at low/high pH at the 

air/water interface but are indirect (the subtle changes in line shape observed may also have 

other origins). SFG spectra from octadecyltrichlorosilane (OTS)/water films were also 

shown to change as a function of bulk pH156,158 (Figure 28C). The main features that 

change with pH are the broad OH stretch band around 3200 cm−1, which increases with pH, 

and the phase difference between the imaginary and real part of the OH and the CH modes 

of the OTS molecules (not shown in the figure). In the first study of this system by Ye et al., 

these pH-dependent changes were attributed to changes in water structure involving defects 

in the monolayer.158 Subsequently, Tyrode and Liljeblad,159 monitoring the quality of OTS 

monolayer formation via advancing, retreating, and static contact angle measurements, 

confirmed that the peak intensity around 3300 cm−1 likely originates from defects in the 

OTS monolayer (although they did not address the pH dependence of their response). In a 
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subsequent paper from the Shen group on the pH dependence of the silica/OTS/water 

interfacial OH stretch response, the influence of monolayer defects on the spectral response 

was not considered.156 Instead the observed spectral changes were attributed to water 

structure changes with H+/OH− adsorption at low/high pH with OH− adsorption being more 

favorable (see Figure 28C). The planar polydimethylsiloxane (PDMS)/water interface was 

investigated as a function of pH by Bakker and co-workers. They found a similar trend as on 

the OTS/water interface: an increasing SFG signal with increasing pH.160 While the line 

shape of the spectral response also appears to be pH-dependent, the low spectral resolution 

made it difficult to correlate their observations with interfacial H+ or OH− populations.

While most electrokinetic measurements have been performed on bubbles or droplets, most 

SHG/SFG measurements have been performed on planar interfaces. In an attempt to remove 

any possible differences in the acid/base properties of hydrophobic/water interfaces as a 

result of interfacial curvature, SFG scattering and electrokinetic measurements were 

performed on the same (hexadecane) droplet system.161 While this particular study found 

behavior similar to that observed in Figure 27 for the electrokinetic measurements, in the 

high-frequency range at high pH values (9, 12.5), no change in the SFG intensity was seen 

(see Figure 28D). To summarize, while interfacial populations of H+/OH− at low/high pH at 

hydrophobic/water interfaces are consistent with most SHG/SFG measurements of these 

systems, the great majority of measurements find little or no change in spectral response 

from pH 2 to 9, a pH range over which most electrokinetic measurements find a large 

change in surface potential.

In addition to these all-optical probes, surface-specific information has been gained by 

applying synchrotron-based X-ray photoemission spectroscopy (XPS) to liquid water 

microjets. In contrast to SFG/SHG spectroscopy, the surface sensitivity in these experiments 

is limited by the mean free path of electrons in liquid water, which is a function of electron 

kinetic energy. Hence it can be tuned by changing the incident photon energy, enabling one 

to extract a “surface” and “bulk” signal from the same measurement.162 In spite of the 

different probing depths of the all-optical and XPS approaches, the latter experiments tell a 

story similar to that of the former, as probed both via the OH− 2pπ valence electron and O 

1s core electron response; these results suggest that OH− is either not enriched or weakly 

repelled from the air/water interface at elevated pH.163

Similar to the all-optical SHG measurements, X-ray-based probes can also be applied to 

probe the interfacial activity of H+/OH− indirectly, through the presence of counterions. In 

an example of this approach, XPS spectra (of the carbon 1s orbital) collected from solutions 

of formic, acetic, and butyric acid strongly suggest that both formic and acetic acids exist at 

the interface as fully protonated species (at the half-equivalence point) while butyric acid 

coexists with butyrate.164 Collectively, these measurements thus suggest that adsorption of 

the excess proton at the air/water interface is favorable: the air/water interface is acidic. 

While in this case the counterion was the acid’s conjugate base, in a subsequent study, the 

XPS spectrum of iodine in solution at pH values of 1, 6.8, and 13 (pH adjusted by HCl/

NaOH) was concluded to suggest that interfacial concentrations of iodide were enhanced at 

both pH extremes.165 On the basis of complementary molecular dynamics simulation, these 

measurements were taken to suggest that interfacial populations of I− are enhanced at low 

Agmon et al. Page 22

Chem Rev. Author manuscript; available in PMC 2020 September 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



pH because of the surface activity of the excess proton and at high pH by a salting-out effect 

from OH− in bulk (see Figure 29). Along similar lines, Shapovalov et al. have recently 

performed total reflection X-ray fluorescence measurements of solutions containing RbBr, at 

pH values of 4, 6, and 9, and found essentially no preferential enrichment of either species, 

suggesting that both the excess proton and OH− at most weakly adsorb to the interface at 

these pH values.145

In addition to probing the presence of H+/OH− at the air/water interface via their optical 

response, one might also utilize mass spectrometric techniques. Recently, Colussi and 

coworkers have performed electrospray ionization mass spectrometry on liquid jets of 

heptanoic acid solutions.166 In their experiments, systems in which the acid is dissolved in 

the aqueous solution used to form a liquid jet and those in which the acid is deposited via the 

gas phase on the jet’s surface are probed via electrospray mass spectrometry.166 By 

comparing the two types of samples, they conclude that, as a function of bulk pH, the 

surface population of heptanoate is enhanced relative to that of the bulk. On the basis of 

cluster calculations, the authors then suggest that such surface excess is only possible if OH− 

is enhanced at the air/water interface at nearneutral pH: the air/water interface is basic. 

Whether this novel approach directly or indirectly probes interfacial H+/OH− still remains an 

open question. In particular, the relative time scales of autoionization and diffusional 

equilibrium at the interface remain unclear. Furthermore, the similarity between the 

electronic and dielectric properties of neat interfacial water and those inferred from the 

presence of interfacial carboxylate also remains an open question.167

3.2 Theoretical Description

Proton adsorption at the air/water interface has been modeled coarsely by Levin and co-

workers employing polarizable anion dielectric continuum theory (PA-DCT), in which the 

excess proton is treated as a point charge.168,169 In this model, proton adsorption is the result 

of a square well potential positioned at ~1 HB length from the interface. Given this ansatz, a 

square well potential chosen so as to give a proton adsorption free energy of −7.5 kJ/mol 

results in calculated surface tensions that reproduce the experimental values for solutions of 

most hydrohalous acids. While useful, it is clear that such an approach assumes a lack of 

specific proton/anion interactions that for some systems is not correct, as discussed below.

Clearly, the first step toward studying surface partitioning of OH− or the excess proton from 

an atomistic simulation perspective is to develop an appropriate model for both species. As 

discussed above, developing such a model for the bulk is already challenging. This challenge 

is amplified at the air/water, and indeed all, extended interfaces. Molecular dynamics 

simulations used to study the air/water interface need to be larger than those appropriate for 

bulk properties and must additionally sample slower interfacial structural degrees of freedom 

and therefore have to be simulated longer. A variety of workers have modeled the proton 

using classical fixed charge or polarizable models. Because such models are not reactive, 

typically such analyses assume that the proton exists in its E form.170–172 In this spirit, 

initial work by Dang found that the adsorption of the E cation is not favorable at the air/

water interface.170 However, other polarizable force fields suggest that H3O+ has a favorable 

free energy of adsorption of ~12.6 kJ mol−1.172 Jungwirth and co-workers have recently 
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demonstrated that the favorability of E cation adsorption at the air/water interface sensitively 

depends on the interaction of the hydronium oxygen with adjoining water molecules.171 If 

the hydronium accepts a weak HB, the free energy of adsorption is substantially less 

favorable. However, as discussed above, an essential feature of the excess proton in bulk 

water is its structural flexibility. As confinement to a two-dimensional surface will likely 

influence these structural dynamics, there is little evidence that a single E form is an 

appropriate description.

To address this limitation, a variety of workers have applied MS-EVB models designed to 

capture the E–Z interconversion. Notably, Voth and co-workers have demonstrated that 

excess proton adsorption at the air/water interface is favorable by 2.1–8.4 kJ mol−1 

(depending on the model parametrization).173–175 The excess proton in their model is 

slightly delocalized. As a result, Z is more favorable at the interface than in the bulk. 

Köfinger and Dellago reached similar conclusions with a differently parametrized MS-EVB 

model.176 Neither of these models, however, explicitly account for electronic polarization. 

Wick developed such an MS-EVB variant and found that explicitly accounting for 

polarizability results in an essentially flat potential of mean force as the proton is brought 

from the bulk to the interface (see Figure 30); i.e., surface adsorption of the proton is not 

favored.177 A more recent study with a new MS-EVB model indicates that the proton is 

found to be attracted to the air-water interface and that this is driven by favorable enthalpic 

contributions. In contrast, the hydroxide ion is repelled from the interface.178

There have been several studies examining H+ and OH− near water/hydrophobic interfaces 

from AIMD simulations. Such simulations are computationally demanding, and as a result, 

initial efforts by Buch et al.179 and Kudin and Car180 did not quantify the proton’s free 

energy of adsorption. On the basis of limited statistics, the former found the excess proton to 

preferentially absorb to the air/water interface, while the latter found that both the H+ and 

OH− interact strongly with a hydrophobic surface. Potentials of mean force for adsorption of 

the excess proton at the air/water interface have been calculated in more recent work.181,182 

While the exchange/correlation functionals employed in the two studies differed, neither 

work found proton adsorption to be favorable, and the former found a 7.5 kJ mol−1 barrier 

for surface adsorption.

Several groups have also examined adsorption of OH− at the air/water interface using 

empirical potentials.172,183 In general, these works find that OH− at the interface is 4.8–16.7 

kJ mol−1 less stable than in the bulk. MS-EVB models [also called MS-RMD (reactive 

molecular dynamics)] developed in different ways find qualitatively similar but 

quantitatively different results: OH− at the interface is 0–10.5 kJ mol−1 less stable than in the 

bulk.184 Similar AIMD simulations predicted a 0.5 kcal mol−1 stabilization of OH− at the 

air/water interface.182,185

3.3 Challenges for Interfacial Studies

From the previous sections, it is clear that there are a number of experimental findings that 

suggest contradictory interfacial affinities of OH−/H+. Partially, this can be ascribed to 

differences between the methods. First there is the sample preparation: given that planar 

surfaces typically have a small surface to volume ratio, it is possible that impurities from the 
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bulk phase (water, oil, solid film) influence the outcome of the experiment. Such an effect of 

impurities is to be suspected when subsequent experiments render different results or when 

they change over time.186 Using an aqueous solution of nanodroplets/particles or bubbles in 

water in combination with an overall small volume can reduce this problem, but this also 

depends on the chosen chemicals, preparation procedure, and chemical purity. SHG149 and 

SFG187 measurements can detect the surface influence of impurities down to micromolar 

concentrations. On the basis of these data, it is reasonable to assume that negligibly 

detectable impurity-related changes occur when >99.8% pure oils are used. In addition, 

defects in supported films159 or imperfect wetting in the case of oils188 can have a 

significant influence on the experimental outcome and thus complicate the interpretation of, 

for example, the data reported in Figure 28A.

Second, method-related differences in the experimental observables can also play a role, for 

example, the probing depth of XPS, SHG, and SFG is not the same. Pulsed IR and 800 nm 

laser radiation can influence monolayer structure.189

Also, as nicely illustrated by Figure 28B,C, deconvoluting the spectral response of the 

excess proton or hydroxide ion from the broad OH stretch feature of interfacial water is not 

trivial. A third issue concerns the physical interpretation of experimental observables. 

Surface tension measurements are often thought to report on the properties of the surface 

state of water, but they equally report on properties of the bulk state of water.190 

Electrokinetic mobility data are interpreted to report on a surface potential using typically a 

point charge to replace the particle. It can also be shown that an E field across a particle with 

oriented water molecules generates a gradient in the chemical potential. Similar to the 

osmotic force, this gradient can lead to particle motion.191 Also, mean field modeling of a 

hydrophobic surface with mobile charge and displaying a significant slip (relevant for the oil 

and gas bubbles as described above) shows that compared to hydrophilic interfaces smaller 

charges lead to larger mobility and thus electrokinetic potentials.192 Clearly, the final verdict 

has not been given here, but it may well be possible that the surface charge necessary to 

predict the high electrokinetic mobility is much lower than what is commonly expected. For 

example, more sophisticated interfacial descriptions, such as a charge transfer mechanism 

instead of adsorbed ionic species, may rationalize the pH dependence.161,193,194

Another interpretational controversy might arise from the assumption that the excess proton 

and OH− adsorb independently. Recent work has highlighted that for many solutions the 

counterion (anion for the excess proton and cation for OH−) determines the stability of the 

interfacial excess proton and OH−.182,195,196 For example, in X-ray photoemission 

measurements and ab initio molecular dynamics studies of the air/water interface of nitric 

acid solutions, it was found that the undissociated acid is substantially more energetically 

favorable at the air/water interface than both the H3O+…NO3 − contact ion pair (CIP) and 

the fully dissociated forms.197,198 Recent work calculating a potential of mean force from ab 

initio dynamics simulations quantifies this effect and confirms earlier qualitative conclusions 

from previous, less extensive, ab initio molecular dynamics studies: the molecular form is 

approximately 4 kcal mol−1 more stable than the CIP and more than 5.5 kcal mol−1 more 

stable than the fully dissociated form.182,199,200 Along similar lines, combined X-ray 

absorption measurements and ab initio molecular dynamics simulations have been taken to 
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suggest that HCl forms persistent CIPs in solution over a wide range of acid concentrations.
201,202 A recently calculated ab initio potential of mean force suggests similar structures 

exist at the air/water interface: here the H3O+…Cl− CIP is 0.6 kcal mol−1 more stable than 

the molecular acid.202 Such contact ion pair formation appears to be consistent both with 

molecular beam measurements at the solution/vapor interface203 that have found slow 

isotope exchange between vapor-deposited DCl and H2O and with VSF measurements that 

find essentially no interfacial molecular HCl at virtually all bulk concentrations.204

From a physical point of view, there is an increasing awareness that the potential of mean 

force for ion pair formation and acid deprotonation may differ significantly at the air/water 

and hydrophobic/water interface from that in bulk water. While such phenomena are clearly 

important chemically, e.g., effectively HNO3 is a dramatically weaker acid at the air/water 

interface than in the bulk, their quantification may help to reconcile apparent inconsistencies 

between experimental observables. For example, undissociated acids/bases do not contribute 

to interfacial charging and thus will drastically decrease interfacial water ordering and the 

free energy of adsorption of subsequent counterions relative to their dissociated analogs. The 

exploration of such phenomena is in its infancy. X-ray photoemission measurements as a 

function of ion concentration and ion pair are capable of providing such insight as SFG 

measurements provide information about the internal vibrations. In the latter case, 2D IR-

SFG measurements applied to intramolecular vibrations may provide similar insight into 

interfacial ion clustering and dynamics as that gained from 2D IR measurements in bulk (see 

discussion of both points elsewhere in this issue), although, with the average duration of the 

experiment being several hours, it may require heroic efforts in terms of purity and system 

stability.

To summarize, the behavior of water at hydrophobic interfaces in the context of the 

propensity for it to attract hydronium or hydroxide ions remains a hotly debated issue. Given 

experimental and simulation-based local probes, the pH-dependent surface charge at the air/

water interface inferred from bubble and droplet surface potential measurements is difficult 

to understand. As mentioned in the above paragraphs, it may well be that the standard 

interpretation205 needs adjustment. Ideally, experiments on the hydrophobic/water interface 

that provides simultaneous insight into surface charging and the interfacial structure of all 

constituents under conditions of controllable shear would be very insightful. Sum frequency 

scattering measurements combined with electrokinetic mobility measurements provide one 

ingredient to further build upon,161 as well as SFG experiments in microfluidic devices 

probing hydrophilic interfaces under shear.206 Combining surface charge and surface 

structure under carefully explained slip conditions would go a long way in clarifying some 

of the inconsistencies, as would further work on interpretational questions related, for 

example, to the probing depth of the various nonlinear optical methods. In addition, 

combining XPS and SHG/SFG experiments might help to disentangle the molecular 

structure of acidic, neutral, and basic aqueous interfaces.

4 Protons at the Membrane/Water Interface

In the previous section, we discussed the propensity of protons and hydroxide ions for 

hydrophobic surfaces like the air/water interface. Most of the evidence in this context 
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suggests that the binding free energy of protons to these interfaces is comparable to thermal 

energy at room temperature. In the current section, we discuss the properties of protons at 

the membrane/water interface, where apparently the propensity for protons appears to be 

significantly larger. This increased affinity is one of the many consequences of a profoundly 

altered interface structure: the hydrophobic membrane interior is shielded from water by 

polar moieties (e.g., carbonyl groups) and most often also by charged groups (e.g., 

phosphate moieties) (Figure 31), which are both able to attract protons. Second, membrane 

lipids are strongly hydrated, as indicated by the high penalty for removing all water 

separating lipid bilayers; e.g., an energy of 5 kcal per mole of lipid molecules is needed to 

bring egg phosphatidylcholine bilayers into contact.207

The more favorable binding free energy of protons to the water/membrane interface than to 

the air/water one enables membrane interfaces to act as proton pathways; i.e., protons are 

thought to move along membranes via a hopping mechanism. This is markedly different 

from proton diffusion in biological aqueous solutions, which usually contain buffers in 

concentrations that exceed the free proton concentration by orders of magnitude. Thus, 

under physiological conditions, proton transport through the bulk does not occur via a 

protonhopping mechanism but via the (much slower) diffusion of buffer molecules that carry 

the protons.

By providing the shortest pathway and the fastest means of transport, membrane surfaces 

gain special importance in bioenergetics: the first step in energy transduction in biological 

systems (e.g., photosynthetic bacteria, mitochondria) is proton pumping across a membrane 

by a specialized protein (e.g., bacteriorhodopsin, cytochrome c oxidase), creating a pH 

gradient that in a second step can be utilized to synthesize ATP (the energy “currency” of the 

cell) or provide the driving force for membrane transport (e.g., ion pumps, protein 

translocation channels).3 The pumped protons may not be immediately released into the bulk 

of the aqueous phase but may migrate in the confinement of the membrane/water interface 

toward the proton-consuming membranal proteins, where they energize an enzymatic 

reaction, e.g., ATP synthesis. Such a link between sites of proton release and proton 

consumption is thought to be more efficient than the exchange via diffusion through the 

liquid bulk.208 It also implies that pH does not equilibrate even in the small volume of the 

mitochondria. This offers the possibility of locally regulating the proton transmembrane 

chemical potential. For example, the proton transporter UCP4 (uncoupling protein 4) 

prevents excessive transmembrane pH differences, thereby limiting the production of 

reactive oxygen species by proton pumps.209

The molecular mechanism of proton movement in the confinement of near-membrane water 

layers is not well understood. For a long time, surface protons were considered to either hop 

between titratable membrane moieties210,211 or along a HB network involving both titratable 

groups and interfacial water molecules.212 The hypotheses came from experiments that were 

carried out with either lipid monolayers213 or membrane fragments of purple bacteria.214,215

4.1 Proton Movement along Lipid Monolayers

In the early experiments by Teissie et al., protons were injected into the aqueous phase 

below a lipid monolayer, and their travel time was derived from the pH-dependent decline in 
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fluorescence intensity of lipid anchored dyes at a distance of several centimeters.213 In the 

absence of the phosphatidylethanolamine monolayer, this time became significantly longer, 

as judged from the fluorescence of water-soluble dyes. The interfacial proton surface 

diffusion coefficient, D p, in the presence of phosphatidylethanolamine monolayers, 

appeared to be larger than the proton diffusion coefficient in pure water. It varied between 

1.5 × 10−4 216 and 2 × 10−3 cm2 s−1.213,216 This large variability suggested that convection, 

due to a rather large injection volume, may have influenced the results.217

Long-distance interfacial proton movement was also debated because the early experiments 

revealed no evidence for the delayed proton surface-to-bulk release that it requires.217 That 

is, subsequent to their permeation through a lipid bilayer, weak acids dissociated adjacent to 

the membrane surface and buffer molecules from the bulk solution appeared to immediately 

pick up the released protons. In contrast, protons released by more hydrophobic weak acids 

first traveled over the bilayer surface and continued migrating along the lipids that covered 

the Teflon support before being observed in the bulk by double-barreled ion-selective 

microelectrodes.218 The second barrel of the microelectrodes was sensitive to Ca2+ that 

these weak acids (i) picked up in exchange at one interface for twice as many released 

protons and (ii) released at the opposite interphase. In contrast to the H+ release, the Ca2+ 

release was limited to the bilayer part of the membrane.

Support for a delayed proton surface-to-bulk release came also from measurements of the 

equilibrium electrical conductance of the aqueous layers in the immediate vicinity of a 

monolayer surface.217 Two platinum electrodes enclosed the monolayer and reached a few 

millimeters into the aqueous phase. They revealed a much lower conductivity in the absence 

of the lipid monolayer.219 These conductivity data translate into an increase in proton 

concentration from 2.6 × 10−6 M in the bulk to 0.18 M in a 1 nm thick volume element 

adjacent to a phosphatidylethanolamine monolayer! The calculations assume that (i) only 

short-range interaction forces may keep the proton at the bilayer surface and (ii) the protons 

retained bulk mobility.

However, it is questionable that protons were the only charge carriers that contributed to the 

electrical conductivity in the immediate vicinity of the lipid monolayers. The projected huge 

increase in proton surface concentration219 is in sharp contrast to (i) pH profiles that were 

reported by lipid-anchored pH-sensitive dyes at distances between 0.2 and 1.3 nm from the 

membrane surface,220 and (ii) direct measurements of the protonation rate of a fluorophore 

by fluorescence correlation spectroscopy.221 It appeared to be equal for dyes that were 

anchored to an uncharged lipid bilayer and dyes that were placed into the bulk solution (for 

pH <7).221

Taken together, the controversially discussed monolayer experiments did not conclusively 

demonstrate proton migration along the monolayer/water interface. Additional experimental 

evidence was required to demonstrate that the membrane surface may serve as a proton 

pathway. Experiments carried out with bacterial membrane fragments provided some of the 

missing pieces.
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4.2 Proton Diffusion along Bacterial Membrane Fragments

Long-range proton transfer was found along the surface of purple membrane fragments.
214,215 Protons that were photo-released to one (the extracellular) side of the membrane 

fragment by the integral membrane protein bacteriorhodopsin arrived at surface-bound pH-

dependent dyes at the other (cytoplasmic) side of the fragment earlier than at aqueous dyes 

(pyranine) in the surrounding solution.214,215 Different D p values were calculated from 

proton’s travel time and the dimensions of the membrane fragments: D p varied from 1 × 

10−6 214 to 3 × 10−5 cm2 s−1.214,215 This discrepancy is not the only weak point of these 

experiments: long-range proton transfer is only one possible interpretation of the data. A 

transient deprotonation on the cytoplasmic surface could also explain the observations.222

In order to remove this ambiguity, proton movement around a bacteriorhodopsin-lipid–

detergent micelle was measured with lipids of different pK a values. Accordingly, cysteine-

anchored pH-dependent dyes demonstrated a pK a-dependent change in signal amplitude 

that was taken as evidence for lateral diffusion along surface-bound buffer groups.210 

However, this conclusion is also not unambiguous, because the travel time around the 

micelle should have increased with pK a. That is, if the protons would have moved by 

hopping from one headgroup to the next, their migration time should have depended on their 

dwell time on the lipid head groups, as the latter increases rapidly with the headgroup’s pK 

a.223,224 The fact that an invariant Dp was observed in these experiments210 could mean that 

(i) the proton does not travel along lipid head groups, or (ii) the system was out of 

equilibrium, or both.

4.3 Proton Migration along Lipid Bilayers

Assuming that protons move along the membrane surface by jumping between titratable 

lipid head groups (Figure 31), the lateral diffusion constant, D p, was predicted from 

measurements211 of the rate constant k off for proton exchange between a pH-dependent 

fluorescent dye and the surrounding head groups as: 211

Dp = koffl2/4 (1)

where l is the average distance between two lipid molecules. To derive k off, lipid vesicles 

were subjected to fluorescence correlation spectroscopy and the fluctuations attributable to 

dye protonation were observed. For vesicles made of phosphatidic acid, D p amounted to 

only 2 × 10−7 cm2 s−1.211 Thus, it was 1 or 2 orders of magnitude smaller than proton 

diffusivity adjacent to bacterial membrane fragments (compare section 4.2). The difference 

cannot be attributed to membrane proteins, as D p on top of planar phosphatidylcholine 

bilayers was also much larger.218

In order to obtain the D p value for planar lipid bilayers, protons were photoreleased from a 

hydrophobic membrane-bound caged compound225 in a small membrane patch.225 

Membrane-anchored, pH-sensitive fluorescent dyes indicated the arrival of the protons at a 

distant membrane patch (Figure 32). The proton travel time between both sites was 

measured. D p calculations were undertaken by a Monte Carlo algorithm that revealed a 

satisfactory fit to the experimental fluorescence kinetics for D p = 5.8 × 10−5 cm2 s−1.218
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It is impossible to explain the 2 orders of magnitude difference between measured218 and 

predicted211 D p values as originating from the acidity of the lipid headgroups, because D p 

appears to be independent of the pK a.226 This is best demonstrated by comparing proton 

mobilities on top of phosphatidyl ethanolamine (PE) and phosphatidylcholine (PC) bilayers. 

Assuming a diffusion-limited protonation reaction with the on-rate k on = 2 × 1010 s−1 M
−1 223 and pKa values of 9.6227 and 2.5223 for PE227 and PC,223 respectively, we find k off 

values of 2 × 10(10-9 6) s−1 ≈ 5 s−1 and 2 × 10(10-25) s−1 ≈ 6.3 × 107 s−1 and the 

corresponding D p values of ~10−14 and ~10−7 cm2 s−1, respectively (Figure 31). Using the 

assay depicted in Figure 32, Springer et al. measured similar rates of proton diffusion for 

compositionally different lipid bilayers.226 Fitting a system of reaction-diffusion equations 

to the experimental data was successful provided that an energy barrier that impedes proton 

surface to bulk release was artificially introduced. This procedure did not confirm the 

predicted 7 orders of magnitude difference between the Dp values.226 It revealed a 2-fold Dp 

difference between PC and PE, indicating that the model of proton hopping between 

titratable residues along the membrane surface is invalid.226 Instead, proton surface 

migration is likely to occur along ordered waters of membrane hydration.

To explain these results, two different migration models were proposed (Figure 33). 

According to the first model, proton surface-to-bulk release is irreversible.228 That is, once a 

proton has left the surface, the probability of its return to the membrane surface is negligibly 

small. The second model envisions a quasi-equilibrium process; i.e., the released proton is 

allowed to return multiple times to the membrane surface.229

The Gibbs activation energy ΔG‡ for proton surface-to-bulk release was considered to be on 

the order of 10 k B T in the quasi-equilibrium model.229 The alternative model of an 

irreversible proton release from the membrane surface returns an off-rate on the order of 0.5 

s−1.228 In the frame of transition state theory for rate processes at surfaces, such an off-rate 

would correspond to ΔG‡ = -kBT ln(koff/ν 0) ≈ 30 k B T, if one assumes the value ν 0 ≈ 1013 

s−1 for the attempt frequency. Such an immense energy barrier cannot be explained by 

hydrogen bonding. An entropic barrier would be required. So far there is no experimental 

proof in favor of either model.

However, the hypothesis of an entropic component is favored by the observation of 

interfacial proton migration along the decane/water interface.230 In these experiments the 

protons were microinjected close to the decane/water interface and their arrival at a distant 

spot was observed (Figure 34). Indeed, both Dp and k off differed surprisingly little from the 

respective values measured at the membrane/water interface,230 supporting the idea that the 

protons migrate along ordered interfacial water molecules. Such ordering was observed 

adjacent to lipid membranes as well as in the vicinity of organic solvents such as decane by 

vibrational sum frequency generation spectroscopy.231

The importance of interfacial proton movement was demonstrated by measuring the PT rate 

into the catalytic site of a proton pump.232 The proton-coupled electron transfer was 

accelerated 7-fold when the pump cytochrome c oxidase (from Rhodobacter sphaeroides) 

was moved from a detergent solution into lipid vesicles (Figure 35). The membrane-

accelerating effect was completely suppressed when the surface-exposed titratable residue 
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(glutamic acid) of the pump at position 101 was mutated to a nontitratable residue (alanine). 

The result suggested that Glu101 establishes a protonic contact between the 

intraproteinaceous proton pathway and the membrane surface.232 That is, protons that 

accumulated on the membrane surface rushed directly into the proton channel of the proton 

pump.

4.4 Molecular Dynamics Simulations of Proton Movement along Membranes

Computational approaches using the MS-EVB model suggested that some of the interfacial 

protons are stabilized by charged or dipolar lipid moieties, i.e., by carbonyls or phosphate 

groups. Proton release from these groups was so slow that the hydrated proton essentially 

followed the lipid motion.233,234 A second, more mobile fraction of surface protons was also 

found to be incapable of efficiently linking the membranal proton source and sink because it 

readily equilibrated with the bulk; i.e., the mobile protons were released from the interfacial 

region in less than 1 ns.234

Classical molecular dynamics simulations observed a much longer residence time of mobile 

protons on the membrane surface.235 The Grotthuss proton-shuttling mechanism was 

included in the calculations by means of the HYDYN protocol. That is, a Monte Carlo 

criterion was used at regular intervals for the selection of a proton acceptor in the vicinity of 

a proton donor.235 In these simulations, restricted diffusion of (i) lipid-bound protons or (ii) 

protons that were entrapped inside small water clusters, was interrupted by occasional 

proton excursions into the bulk that allowed for long-range diffusion intervals. With a 

diffusion constant of about 10−6 cm2 s−1, overall proton mobility was more than 1 order of 

magnitude smaller than in comparable experimental systems.218,226

Ab initio simulations revealed a more reasonable agreement with experiment.230 However, 

the immense computational effort has so far restricted the simulations to the decane/water 

interface. Its simple structure allowed answering the question about how the requirements 

for proton attraction and high proton transport rate, which at first glance appear conflicting, 

may be simultaneously realized. The 75 ps long simulations show that the protons in direct 

contact with the hydrophobic liquid are immobile.230 However, the protons in the second 

water layer are mobile and the in silico mobility is compatible with the D p of the in vitro 

measurements.230 The conclusion from these simulations is that fast proton migration occurs 

along the ordered waters of hydration. Interestingly, the same mode of transport, i.e., 

hopping along hydrogen-bonded water wires, has long been accepted as the preferential 

mode of proton movement through membrane channels, within carbon nanotubes236,237 or 

through a protein.238

4.5 Proton Transport through Membrane Channels

The involvement of the proton jump mechanism along water wires was first shown in 

experiments with gramicidin-A channels.239 These are small pentadecapeptides from 

Bacillus brevis that span the membrane upon dimerization at their N-termini. They conduct 

monovalent cations like protons, sodium, and potassium ions.240 In response to an osmotic 

gradient, water flows through the channel and drags solvated cations with it.241 Since this 

mechanism is cation-specific, a membrane potential builds up. This so-called streaming 
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potential is missing when sodium or potassium ions are replaced by protons.239 It was 

concluded that protons are transported along water wires. That is, a proton jumps on to a 

water molecule at one end of the channel and due to the Grotthuss mechanism, another 

proton jumps off at the other end.239 It is important to note that the ability of a membrane 

channel to conduct protons cannot be derived from the mere presence of a continuous row of 

water molecules in its lumen. For example, water channel proteins that belong to the 

aquaporin family exclude protons with an astonishing selectivity: The water-to-proton ratio 

is higher than 109:1.242,243 The transport mechanism of aquaporins is reviewed in an 

accompanying paper in this issue.

On the other hand, there are proton-selective channels that are commonly unable to transport 

water, like the proton channel formed by the M2 protein from influenza A244 or the voltage-

sensitive HV1 channel.245 Their selectivity filter consists of titratable amino acids that 

protrude into the lumen, thereby physically occluding the channel. The water column in 

these channels is divided into two parts and the protons are handed over from one column to 

the other by one intervening amino acid244 or by a pair of amino acids.245 The inclusion of 

amino acids into the proton-conducting wire of HBs (see Figure 36) has the peculiar effect 

that proton conductivity depends only weakly on the proton concentration in the outside 

solution. While there is no problem in measuring single channel openings for gramicidin 

channels at acidic pH,246 the conductance of proton-selective channels remains so small that 

electrophysiological recordings of single channels cannot be performed. The only report of 

single voltage-gated HV1 proton channels indicated a pH-dependent conductivity of 38140 

fS.247 In contrast, fluorescence measurements of intravesicular pH changes estimated the 

conductivity of reconstituted channels to be on the order of 0.1 fS.248

5 Conclusions and Perspectives

In this review, we have provided a summary of both the experimental and theoretical 

progress made in understanding the structural and dynamical properties of protons and 

hydroxide ions in different aqueous environments. We began with a discussion of efforts 

made in disentangling the spectroscopic origins of protonated/deprotonated water clusters: 

Does the lowest energy isomer dominate at low temperatures, or is a mixture of isomers 

responsible for the observed IR spectra? These seemingly simple molecular systems still 

pose challenges especially from the view of the ability of theoretical models to reproduce 

features of the experimental IR spectra. Methods that provide excellent results for other 

systems are often ambiguous for these clusters, which exhibit a high degree of 

anharmonicity due to coupling between the vibrational modes. This can result in rather 

intense combination bands and Fermi resonances that render the assignment difficult. Both 

dynamic methods such as AIMD as well as static anharmonic approaches like VPT2 have 

challenges in reproducing these types of features. The hope is that a quantum mechanical 

treatment encompassing the nuclear degrees of freedom could provide the ultimate 

assignments, yet due to steep computational costs, this has been demonstrated only for the 

smallest system namely, the protonated dimer.

In liquid water, progress has been made in quantifying the structural diffusion process 

commonly referred to as the Grotthuss mechanism, such as via the special pair dance and the 
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E–Z–E mechanism. The complementary role of proton wires has been demonstrated for 

proton transfer in the bulk, for H+/OH− recombination and photoacid-to-base PT. Yet, 

fundamental issues are still debated, e.g., whether the E or Z forms (to an extent that 

protonated water can be approximated by these structures) dominate the acidic solutions. 

Time-resolved 2DIR offers new avenues for approaching this question, e.g., by direct 

monitoring of intermode couplings in the time domain.

For the hydroxide ion, even the coordination number remains debated, and different DFT 

functionals provide different results. Modeling the proton and hydroxide ions remains 

challenging also because their physical and chemical properties are inherently quantum 

mechanical, involving both the electronic and nuclear degrees of freedom. In particular, the 

importance of quantum fluctuations of the nuclei will be an important issue to consider in 

future studies.

The propensity of hydronium and hydroxide ions for the air/water or membrane/water 

interfaces remains an extremely muddy area with inconsistent and contradictory views 

coming from experiments and as well as theory. We have highlighted the challenges 

underlying the interpretations of various experiments and also proposed a possible way 

forward. From the computational side, besides exploring many fundamental questions 

regarding the structure and dynamics of protons and hydroxide ions at the air/water 

interface, as has been done in the bulk, the development of highly accurate dissociable 

empirical potentials that will allow for modeling of electrokinetic phenomena while at the 

same time allowing for spontaneous autoionization is certainly needed.

The computational challenges involved in elucidating the structure of the proton at the 

membrane/water interface are even larger. So far, there is no clear picture as to what 

constitutes the barrier opposing proton surface-to-bulk release. It is only clear that a proton’s 

residence time at titratable residues is not compatible with fast surface proton migration. 

Further experimental and theoretical work is needed to reveal whether proton surface 

diffusion occurs either totally decoupled from the bulk or under conditions of rapid 

equilibrium between bulk and surface protons.

Besides the fascinating properties of the proton at the membrane/water interface, there are 

many other exciting problems in biophysics where both the thermodynamics and kinetics of 

proton transfer play an important role. Hydrogen-deuterium isotope exchange to probe the 

solvent accessibility of amide groups in proteins;249 ground- and excited-state proton 

transfer in biological systems, such as green fluorescent protein,250 amyloid proteins251 and 

enzymes;252 and, finally, the molecular origins of pKa shifts of amino acids253 are some of 

the many situations where both experimental and theoretical research is currently an active 

area of investigation.
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Figure 1. 
Minimum-energy structures of small protonated water clusters, calculated at the MP2/aug-

cc-pVDZ level of theory and possibly detected in the low-temperature IR spectra of ref 20. 

Structure A is the Zundel cation, C is the Eigen cation, D is an Eigen cation with one water 

molecule in its second solvation shell, and E is a Zundel cation with a complete first 

solvation shell. F and G are ring structures harboring a Zundel ion. Reprinted from ref 20 

with permission. Copyright 2005 American Association for the Advancement of Science.
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Figure 2. 
Ar-predissociation IR spectrum of the H+(H2O)4 cluster at 50 K (black line),20 compared 

with simulated spectra (AIMD dipole autocorrelation) for the branched E isomer (blue) and 

a linear isomer with a Z core (red).35 The labels a, s, and b (in black) on the experimental 

spectrum mark the antisymmetric and symmetric stretching and the bending band 

(respectively) of water molecules that do not donate any HB. The computed stretching bands 

of hydrogen-bonded OH moieties are denoted (in color) by E or Z (the isomer) with a 

numerical subscript (0, 1, or 2) for the solvation shell around the excess proton; see Figure 3 

below for the detailed notation. Z2,a and Z2,s are the antisymmetric and symmetric stretching 

modes of the dangling hydrogens in the second shell, while Z1a and Z1b refer to the bonded 

and dangling OH in the first shell of the Z cation. Adapted from ref 35. Copyright 2014 

American Chemical Society.

Agmon et al. Page 49

Chem Rev. Author manuscript; available in PMC 2020 September 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 3. 
Schematic depiction of the different proton classes of the E and linear Z cations of the 

protonated water tetramer whose IR spectra are shown in Figure 2
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Figure 4. 
Six motifs illustrating the amphiphilic character of the OH ion: (a) 3A0DS, (b) 4A0DS, (c) 

4A0DB, (d) 4A1DB, (e) 5A0DS, and (f) 5A1DB. The number in front of A refers to the 

number of HBs that the hydroxide accepts, while the number in front of D refers to whether 

it donates a HB or not. Finally, the B and the S describe whether it is a buried or a surface 

state. Reproduced from ref 55 with permission. Copyright 2015 American Chemical Society
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Figure 5. 
Computed linear response theory IR spectra of hydroxide clusters shown earlier (a, left) 

between 1500 and 3200 cm−1 and (b, right) between 3400 and 3800 cm −1. Color codes 

adopted here are the following: 3A0DS (black, labeled 3AS), 4A0DB (red, labeled 4AC), 

4A0DS (dashed violet, labeled 4AS), 4A1DB (dotted blue), and finally 5A1DB (green). The 

spectra for the neutral water cluster are shown with black dashed lines. For clarity, the 

clusters contributing to the band between 1600 and 2500 cm−1 are explicitly labeled as 3AS 

(3A0DS), 4AC (4A0DB), and 4AS (4A0DS). Reproduced from ref 55 with permission. 

Copyright 2015 American Chemical Society
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Figure 6. 
Schematic depiction of the E–Z–E mechanism. Left: Oxygen 0 is the hydronium, and 

oxygen 1 is in its first solvation shell, accepting a HB (A1) from the second solvation shell. 

Center: The Zundel intermediate. Right: A new hydronium centered on oxygen 1. 

Reproduced from ref 68 by permission. Copyright 2008 American Chemical Society
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Figure 7. 
O*−H radial distribution functions of the H9O4 + (dotted line) and H5O2 + (solid line) 

structures of H+ in liquid water. The O* atoms correspond to the oxygen atoms hosting the 

proton. The dashed line gives the O–H radial distribution functions for pure water. 

Reproduced from ref 69 with permission. Copyright 1995 American Institute of Physics
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Figure 8. 
Snapshots of an example proton-transfer event from the CPMD simulations. O* is blue, 

other oxygen atoms are red, hydrogen atoms are white, and HBs are purple. Panels a-d show 

how the PT step involves an almost simultaneous decrease and increase of the coordination 

number of the proton accepting and proton donating water molecules, respectively. 

Reproduced from ref 70 with permission. Copyright 2009 American Physical Society
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Figure 9. 
Schematics of the special pair dance around a central hydronium ion (magenta-colored 

oxygen atom). The special partner, depicted as a triply coordinated water ligand, is 

interchanged following HB cleavage and formation events. Reproduced from ref 68 with 

permission. Copyright 2008 American Chemical Society
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Figure 10. 
Comparison of the effective ionic extinctions of HCl in H2O and DCl in D2O showing a 

slight red shift of the high-frequency resonance (from 340 to 320 cm −1, arrows) that is 

ascribed to the SPD. Reproduced from ref 74 with permission. Copyright 2015 Royal 

Society of Chemistry
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Figure 11. 
Panels A and B show two directed six-membered rings obtained in liquid water. The ring in 

A is composed exclusively of water molecules that accept and donate a HB (DA waters), 

while that in B contains one water that donates two HBs (DD) and another that accepts two 

HBs (AA). The directional correlations within rings change, depending on the size and 

number of DD-AA pairs within the ring and create the architecture for water wires. The 

number of DD-AA pairs in the rings is quantified with the order parameter S1. Panel C 

shows the distribution of the S1 showing that most rings have one DD-AA pair. Reproduced 

from ref 61 with permission. Copyright 2013 National Academy of Sciences
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Figure 12. 
Burst and rest behavior of the proton is shown for one trajectory. The y axis depicts the 

distance that the proton jumps with respect to a reference starting point at the beginning of 

the trajectory. The motion of the proton goes through periods of bursts (B), where it can 

jump rather long distances due to correlated proton hopping, followed by resting periods 

(R). Reproduced from ref 61 with permission. Copyright 2013 National Academy of 

Sciences
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Figure 13. 
Coupling between the average of two consecutive PT coordinates on the x-axis and the sum 

of the two HBs (the O–O distances) along which the PT events occur.61 The double PT is 

coupled to the compression of the proton wire. Reproduced from ref 61 with permission. 

Copyright 2013 National Academy of Sciences
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Figure 14. 
Fourth water molecule (4WM) influence on PT burst dynamics. Panel a defines the distance, 

d, and angle, θ, between the 4WM hydrogen atom, the hydronium oxygen atom, and the 

normal to the plane of the H3O+ hydrogen atoms. Panel b shows the probability distribution 

in the (d,θ) plane during burst periods, while panel c shows it during rest periods. 

Reproduced from ref 79 with permission. Copyright 2015 Institute of Physics
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Figure 15. 
Potential of mean force along the PT coordinate for three conformations of the inversion 

position of two water molecules between which the protons move. The snapshots on top of 

the free energy profiles are representative of the typical configurations used to generate these 

profiles. In all cases, we see that there is a tendency for the proton to be most localized on 

the left water, although the barriers associated with PT are on the order of k B T. In panel a 

the lone-pairs of both oxygen atoms face upward, while in panel b left is up-inverted and 

right is down-inverted. This leads to quite a drastic change in the activation barrier for PT. 

On the other hand, in panel c the left water is down-inverted while the right is up-inverted. 

This introduces some additional roughness in the profile that is absent in both panels a and b. 

Reprinted from ref 80 with permission. Copyright 2014 Elsevier
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Figure 16. 
Representative resting and active states of OH− in bulk water, OH−(aq), within the 

dynamical hypercoordination mechanism (ref 4). The resting state (top) is the majority 

complex, with four HBs accepted by O* in an essentially square-planar arrangement. The 

active state (bottom) is a short-lived transient complex with three HBs accepted by O* and 

an additional HB donated by H’ in a locally tetrahedral arrangement. O*, in yellow, is the 

oxygen atom identified as the OH− ion and H’ is the hydrogen atom attached to it. Electron 

density is depicted by the purple blobs. Note the ring of negative charge around O*,48 
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resembling the crescent of negative charge connecting the two lone pairs of a water 

molecule.49 Reproduced from ref 48 with permission. Copyright 2002 Nature Publishing 

Group
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Figure 17. 
Canonical (Helmholtz) free energy profile at 300 K along the proton transfer coordinate δ of 

the OH− and H+ systems (left and right panels, respectively) in bulk water (top) and the gas 

phase (bottom). Dashed lines depict the classical canonical ensemble, while solid lines are 

from the quantum simulations. Note that the thermal energy is kBT ≈ 0.59 kcal/mol at 300 K 

Reproduced from ref 4 with permission. Copyright 2010 American Chemical Society
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Figure 18. 
Histogram of the number of constituents for the cluster containing the excess proton for 

three quantum simulations (red, blue, and purple dashed lines) and one classical simulation 

(black line). Here, a cluster corresponds to a motif built using a criterion based on the PT 

coordinate that connects species with high coordination numbers (see ref 45 for details) and 

that identifies the excess proton as localized on a cluster of n water molecules. Quantum 

fluctuations of the proton lead to situations where it is delocalized over more than two water 

molecules, most notably n = 3 and 4. Reproduced from ref 45 with permission. Copyright 

2014 American Chemical Society
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Figure 19. 
FFT-IR spectra of water (blue line) and 4 M HCl (red line) with assignments of the different 

spectral regions to different structures of the solvated proton (cartoons). The vibrational 

modes shaded in green involve the excess proton (purple color), whereas the vibrations in 

bulk/flanking water molecules are shaded in red. Details of the assignments are discussed in 

the text. Reproduced from ref 99 with permission. Copyright 2015 American Association for 

the Advancement of Science
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Figure 20. 
Left panel: Infrared spectrum of a 5 M solution of HCl:DCl in HDO:D2O, with a H:D ratio 

of 1:20. The bars indicate the frequency regions of the O–H-stretching modes of the E (I) 

and Z/E (II) structures. Right panel: Absorption change as a function of delay after resonant 

excitation (at 2935 cm−1) of the proton O–H stretch vibrations of the E structure. The 

absorption change is shown for two probing frequencies, one resonant with the E (I) 

structure and one resonant with the Z and E (II) structures. The time constants are 120 fs and 

0.7 ps for the dotted curve and 130 fs and 0.8 ps for the solid curve. From ref 100 with 

permission. Copyright 2006 American Physical Society
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Figure 21. 
Shape and time evolution of the stretch–bend cross-peaks following decomposition 

(Reproduced from ref 99. Copyright 2015 American Association for the Advancement of 

Science). (A) Presentation of the three dominant components for 2DIR spectra of 4 M HCl 

for waiting times (time elapsed after excitation) of τ2 = 50 and 600 fs. Grid lines illustrate 

the Zundel (red) and water (blue) peak frequencies. (B) Projections of the stretch–bend cross 

peaks onto one frequency axis: ω1 for stretch (υ) and ω3 for bend (δ). These bleach signals 

are inverted to present a positive spectrum. (C) Evolution of the peak frequency of the 

Zundel stretch–bend cross peak in ω1 with waiting time. The blue dotted line indicates the 

asymptotic value
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Figure 22. 
Forster cycle of 2-naphthol.104 The photoacid in its ground state (bottom left) is 

photoexcited (usually to S2 and then relaxing very fast to S1), ejects a proton to water 

(reversibly) to produce the conjugated photobase (upper right), and then decays radiatively 

(wiggly arrow), and also nonradiatively (not indicated), to form the ground-state RO− base. 

The latter picks up a proton from solution and reprotonates (irreversibly) to regenerate the 

ground-state photoacid. Reproduced from ref 106 with permission. Copyright 2005 

American Chemical Society
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Figure 23. 
First reported power-law kinetics in ESPT to water,110111 from 8-hydroxypyrene-1,3,6-

trisulfonate (HPTS) that was irradiated with a picosecond laser. The time-resolved 

fluorescence signal from the undissociated photoacid, detected by a streak-camera apparatus 

and corrected for its radiative lifetime, is depicted by dots. Irreversible proton dissociation 

would give rise to a single exponential decay, which is not the observed behavior. The 

reversibility of the reaction leads, in conventional chemical kinetics, to biexponential decay 

(upper dashed line) that does not fit the data at long times. The solution of the time-

dependent Smoluchowski equation with reversible boundary conditions (convoluted with the 

instrument response function, lower dashed line) is depicted by the full line that goes 

through the data points. Its (analytically derived) asymptotic power-law behavior is the 

straight dotted line. Reproduced from ref 110 with permission. Copyright 1988 American 

Institute of Physics
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Figure 24. 
Simulated (MS-EVB3) time evolution of the probability of the excess proton to reside on the 

oxygen atom (O*) to which it was initially bound (full lines), depicted on a log-log scale. A 

biexponential (dashed magenta line) clearly does not fit the data. A model with a fixed 

(small, D0, or large, D∞) diffusion constant also misses the data (dashed red lines). A model 

in which the diffusion constant increases (from D0 to D∞) as a function of r is in 

quantitative agreement with these simulations. Reproduced from ref 118 with permission. 

Copyright 2010 American Chemical Society
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Figure 25. 
Response of the proton/deuteron vibrations as a function of the pump-probe delay for 

solutions of 10 mM HPTS and 1, 2, and 4 M acetate in (a) H2O and (b) D2O. In the insets, 

the response measured in the first 20 ps is shown, illustrating the highly nonexponential 

character of the PT reaction. The solid lines are calculated using a conduction model in 

which the rate of transfer decreases by a constant factor for every additional water molecule 

in the short-living hydrogen-bonded water wire connecting the acid and the base. 

Reproduced from ref 123 with permission. Copyright 2008 American Chemical Society
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Figure 26. 
Time-resolved infrared signal from excited HPTS in D2O at 5 °C, at different acetate 

concentrations (symbols). Full lines are fits to the extended Smoluchowski model in which 

k(r) has a Gaussian-like distance dependence. Reproduced from ref 124 with permission. 

Copyright 2009 American Chemical Society

Agmon et al. Page 74

Chem Rev. Author manuscript; available in PMC 2020 September 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 27. 
ζ-potential of oil droplets140139 and air138 and N2 139 bubbles as a function of pH. pH 

control is achieved by adding either HCl or NaOH. The pH of the potential of zero charge is 

between 2.5 and 4.5
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Figure 28. 
pH-dependent SHG and SFG data for various interfaces: (A) pH-dependent nonresonant 

SHG intensity measured from the planar hexadecane/water interface (Reproduced from ref 

149 with permission. Copyright 2015 Royal Society of Chemistry.); (B) SFG spectra 

obtained from the CCl4/water interface (Reproduced from ref 155 with permission. 

Copyright 2001 American Association for the Advancement of Science.); (C) SFG spectra 

as a function of pH from the OTS/water interface [for pH values of 11 (squares), 7.8 

(triangles), 6 (stars) and 2.3 (crosses)] (Reproduced from ref 156 with permission. Copyright 

2009 Elsevier.); and (D) SFG scattering intensities from hexadecane nanodroplets in water 
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as a function of pH (Reproduced from ref 157 with permission. Copyright 2014 the National 

Academy of Sciences)
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Figure 29. 
XPS spectra of 0.5 M LiI aqueous solutions in the indicated energy range. Clearly, as 

illustrated in the inset, I− surface propensity is enhanced in non-neutral solutions. 

Reproduced from ref 165 with permission. Copyright 2011 American Chemical Society
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Figure 30. 
Potentials of mean force calculated using an MS-EVB model of the proton with and without 

polarizability. Clearly accounting for polarizability creates a proton whose adsorption at the 

air/water interface is dramatically less favored. Reproduced from ref 177 with permission. 

Copyright 2012 American Chemical Society
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Figure 31. 
Proton transfer to a lipid-anchored pH-sensitive dye. In equilibrium, the residence time of a 

proton on titratable residues can be calculated. If it was a determinant of proton mobility, the 

surface diffusion constants of protons on different lipids should differ by orders of 

magnitude
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Figure 32. 
Measurements of D p. (Left) A horizontal planar lipid bilayer is placed on top of an inverse 

fluorescent microscope. A UV-flash releases the protons within the red area from a 

membrane-bound caged compound.225 (Upper right) Proton arrival at a distant site (blue) is 

indicated by the drop in fluorescence intensity (blue line) of a lipid-anchored pH-dependent 

dye (excited in the green area). Photorelease of fluorescein from a caged compound in the 

red area and its fluorimetric detection in the blue area yielded a much slower diffusion 

constant (green line), indicating that fluorescein diffusion occurred via the aqueous bulk 

(Right upper panel taken from ref 218 with permission. Copyright 2003 Cell Press). Proton 

shuttling by buffer molecules would have yielded equally slow kinetics
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Figure 33. 
Gibbs activation energy ΔG‡ for proton surface-to-bulk release depends on whether the 

detached proton is irreversibly lost from the surface (left panel) or allowed to return to the 

surface (right panel). The term R1 accounts for the two models in the equation for proton 

surface diffusion: σ(x,t) = σo + A/(4πDt) exp(-x 2/(4Dt)R1 where σ(x,t), σ 0, A, and D are 

the are the proton surface density as a function of both time t and the distance x from the 

proton source, the initial proton surface density, a constant, and the proton surface diffusion 

coefficient, respectively. R1 = exp(-tk off) for irreversible proton loss228 and R1 = (1 + [(πDt)
−1/2/L0]a)−1 in quasi-equilibrium, where L0 and a are the distance over which surface and 

bulk protons are coupled and the dimensionality of the space orthogonal to the membrane 

surface where the detached protons diffuse (should be equal to 1), respectively.229
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Figure 34. 
Observation of interfacial proton migration along the decane/water interface. (A) Protons 

were microinjected via a glass pipet and their arrival at a distant spot was indicated by the 

pH response of sparsely located amphiphilic dye molecules.230 (B) If the proton was 

traveling 100 μm by diffusion via bulk, proton microinjection to the surface should have 

decreased the pH from 6.3 to 5.3 in the buffer volume (V =2 nL) occupying the half-sphere 

beneath the water/decane interface. Taking into account the buffer capacity of 0.06 mM, this 

would have required 0.06 mM × 2 nL = 1.2 × 10−13 mole of protons. (C) Since only 2 × 

10−16 mole of protons was injected, the protons must have moved within a thin layer (V =5 

pL) adjacent to the interface to elicit the recorded pH drop 100 μm away from the source
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Figure 35. 
One of the proton pathways in cytochrome c oxidase is wired via an acidic residue (Glu101) 

to the membrane surface. The proton influx H+ M via the membrane surface exceeds several 

times the proton transfer H+ D of the detergent-solubilized cytochrome c oxidase; serCuA, 

heme a, heme a3, and CuB are redox-active cofactors, and residue Lys362 (hydrogen bonded 

via a water molecule to SerI299) is a key element of the proton pathway. Reproduced from 

ref 232 with permission. Copyright 2010 National Academy of Sciences
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Figure 36. 
Homotetrameric proton channel formed by the M2 protein from influenza A. His37 mediates 

the shuttling of protons across a central barrier between the N- and C-terminal aqueous pore 

regions. Two of the four histidines and tryptophans are shown. Upon PT to the inter-residue 

HB, the transition from the locked to the open conformation takes place.244
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Table 1
Comparison of Different Computational Methods for Vibrational Spectroscopy

method anharmonic effects temp effects NQE

static harmonic NM no no yes

VPT2 quartic no yes

VSCF yes no yes

dynamic DFT-BOMD yes yes no

DFT-CPMD yes yes no

MCTDH yes yes yes
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