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ABSTRACT: Protonated water clusters that are hydrogen-
bonded to a neutral benzene molecule are a reductionist model
for protons at hydrophobic surfaces, which are of fundamental
importance in biological energy transduction processes. Of
particular interest is the protonated water dimer (“Zundel
ion”) on benzene, whose gas-phase messenger IR spectrum has
been previously interpreted in terms of an asymmetric binding
of the protonated water dimer to the benzene ring through a
single water molecule. This “standing Eigen” isomer has a
hydronium core. We have found an alternative “crouching
Zundel” isomer, which attaches to the benzene ring symmetrically via both of its water molecules. When Ar-tagged, it has an IR
spectrum in much better agreement with experiment than the standing Eigen isomer, particularly at the lower frequencies. These
conclusions are based on static harmonic (and anharmonic) normal-mode analysis using density functional theory with various
(dispersion corrected) functionals and particularly on dynamic anharmonic spectra obtained from the dipole autocorrelation
functions from classical ab initio molecular dynamics with the BLYP, PBE, and B3LYP functionals. Possible implications to
protons on water/organic-phase interfaces are discussed.

■ INTRODUCTION

Protons in aqueous solutions participate in a myriad of acid−
base and enzymatic reactions, in processes such as corrosion,
acid-rain formation, and charge conduction in putative
hydrogen cells. In living cells (or organelles within), the
interface between hydrophobic membranes and the aqueous
phase is pivotal in energy transduction processes. Energy (from
metabolism or light absorption) drives membranal proton
pumps, and the pH gradient is then utilized to synthesize ATP.1

Recent experiments suggest that the pumped protons may be
conducted in the water layer along the water−oil interface for
long distances, but the forces that hold them there remain an
enigma.2,3 A simple Gaussian-exponential function describes
the time-dependence of the membranal proton migration-
release processes.4 Experiments5 and simulations6,7 show that
water surface is acidic, that hydronium ions migrate also toward
water−organic solvent interfaces8 where there is a slight
preference for the positive charge to delocalize between two
water molecules (the “Zundel cation”, H5O2

+).9 However,
simulations do not yet reproduce the long proton retention
times on the surface that are coupled to its fast diffusion
therein.10

Conceptually, at least, protonated water clusters in the gas-
phase may correspond to elementary molecular components of
aqueous acidic solutions.11 Their study has gained momentum
following the development of the “messenger” method, where
gas-phase cluster ions are “tagged” by noble gas atoms (e.g., Ar)
that photodissociate upon absorption of an infrared (IR)
photon, so that the mass-spectrometric abundance of the

daughter ion reports on the IR absorption probability.12

However, the correspondence between cluster and liquid
structures turns out not to be as simple as anticipated. For
example, in liquid water the triply hydrated hydronium,
H3O

+(H2O)3 (the “Eigen cation”), is thought to be the
dominant protonated water structure, which is stabilized by
static and dynamic distortions (the “special pair dance”).13 It
was natural to expect that the protonated water tetramer,
H+(H2O)4, forming in the molecular beams, is a prototype
Eigen cation. This is indeed how all its predissociation IR
spectra have been interpreted.12,14−19 Yet there remained
unassigned IR peaks below 2000 cm−1, which are typical to a
shared proton in the Zundel cation.14,15,20 Ab initio molecular
dynamic (AIMD) simulations recently showed that these peaks
could be accounted for with a linear 4-water chain isomer,
which has a Zundel rather than an Eigen core.21 For the
protonated water pentamer, a linear isomer was again required
to explain the bands below 2000 cm−1, and it has a central
H3O

+ moiety with bond lengths intermediate between those of
an Eigen and Zundel cations (the “E-Z cation”).22 Thus, for
small clusters in the gas phase, perhaps due to limited solvation,
a shared-proton state might be more prevalent than in bulk
water.
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With the vision of eventually explaining proton solvation at
aqueous hydrophobic interfaces, Duncan and collaborators
have conducted a seminal study of the IR spectra of
protonated-water benzene (bz) clusters, H+(H2O)n(bz)m, n
and m = 1, ..., 4.23 We focus herein on the H+(H2O)2(bz)
cluster, to which a single Ar atom was attached in the mass-
spectrometric experiments. It was noted that this cluster has
spectral features akin to the Zundel cation and was therefore
suggested that it constitutes a “zundel ion attached to neutral
benzene via a π-hydrogen bond”.23 On the basis of optimized
quantum chemistry structures with either density functional
theory (DFT) with the B3LYP functional or the second order
Møller−Plesset (MP2) perturbation method, this water−bz
attachment was conceived to occur via a single water hydrogen,
similar to Figure 1C. However, it was noted that the proton
between the two water oxygen atoms (to be denoted by H*) is
not equally shared between them as in the Zundel cation but is
rather close (1.046 Å, MP2) to the water attached to the bz

ring. Thus, this complex is more accurately described as a
hydronium (H3O

+) solvated by bz, H2O, and Ar, namely an
Eigen cation with three different first-shell ligands. We call it a
“standing Eigen” (sE) isomer because the protonated water
dimer stands on the bz ring through only one of its water
molecules.
The experimental IR predissociation spectrum (Figure 3 of

ref 23) showed two pronounced bands below 2000 cm−1 that
might be typical to the Zundel cation, though somewhat blue-
shifted (1488 and 1820 cm−1). This experimental spectrum is
reproduced in Figure 2A below. The IR spectrum of the sE
isomer was calculated with the DFT/B3LYP and MP2 quantum
chemistry methods in the harmonic approximation. This did
not yield any sizable peaks below 2000 cm−1 (compare with
Figure 2D), in contrast to the experiment. In addition, the
calculation produced a strong shared-proton (H*) peak at 2260
cm−1, which is “far from any measured band”.23 It was assumed
there, but not demonstrated, that the inclusion of anharmo-

Figure 1. Optimized geometry of the H5O2
+−benzene cluster, with and without Ar, optimized in Gaussian 09 using DFT with five different

(dispersion corrected) functionals, and MP2(fc), combined with the same 6-311+G(d,p) basis set. The clusters are (A) H5O2
+(bz) and (B−F)

H5O2
+(bz)Ar. The isomers found by geometry optimization are (A and B) cZ from PBE or BLYP; (C) sE from PBE0, B3LYP, M06-2x or MP2(fc);

(D) E-Z from BLYP or B3LYP; and (E and F) top views of (C) and (D), respectively. Diatomic distances (in angstroms) and triatomic angles (in
degrees) are given in the following notation: PBE, [PBE0], (BLYP), <B3LYP>, {M06−2x}, and “MP2(fc)”. H-bond distances are given next to the
dashed gray lines (blue line when the cutoff is exceeded). Oxygens colored red and Ar cyan. Panel (B) also labels (in blue) the five hydrogen atoms
of the Zundel moiety.
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nicities will down-shift the experimental shared-proton band to
1488 cm−1. We will argue below that such a shift is excessive for
an OH bond whose length is under 1.05 Å.
In order for the H5O2

+ moiety to behave as a (nearly)
symmetric Zundel cation, it should be placed symmetrically on
the bz ring, with one hydrogen-bond (H-bond) for each of its
two water molecules. Indeed, we have found such an isomer
when either the PBE or BLYP (rather than the B3LYP)
functionals are utilized in the DFT optimization, see Figure 1,
panels A and B. The central shared proton (H*) is now placed
(nearly) symmetrically between the two oxygen atoms, leading
to the “crouching Zundel” (cZ) isomer.
If the distinction between these two isomers can be projected

into the liquid phase then the first might foster an Eigen ion at
the interface, whereas the second suggests the predominance of
the Zundel cation there. Due to this possibly significant
distinction, we were motivated to investigate the IR spectra of
both isomers theoretically, by computing both their static,
normal-mode spectra (without and with anharmonic correc-

tions) and their dynamic (and hence inherently anharmonic)
spectra.
For floppy systems such as H-bonded clusters, normal-mode

spectra may be problematic because the system does not
possess a single deep minimum around which it oscillates but
rather meanders over a relatively flat landscape. This is better
sampled by molecular dynamics (MD) trajectories, from which
a dipole-moment autocorrelation function can be calculated
and Fourier transformed to yield the IR spectrum.24 While
empirical force fields are not spectroscopically accurate, AIMD
simulations in which one solves the electronic Schrödinger
equation every time step (usually at the DFT level) do produce
sufficiently accurate forces for solving the Newton equations for
the nuclei.25 This has been applied, for example, to protonated
peptides26−28 and medium-sized protonated water clus-
ters11,21,22,29−31 with encouraging results.
Here we show that, in contrast to the static ab initio spectra,

DACF from AIMD simulations (at 50 K) consistently point to
cZ as the dominant isomer, and its IR spectrum is in
semiquantitative agreement with experiment.

■ METHODS
The geometry of the H+(H2O)2(bz) cluster, with and without
an attached argon atom, was first optimized with the Gaussian
09 program package,32 starting from two initial guesses for the
cluster geometry: a “standing Eigen” (sE) isomer, with only one
of the H5O2

+ H atoms H-bonding to the bz ring, and the
“crouching Zundel” (cZ) isomer, with one H atom from each of
the two water molecules attached to two para carbon atoms of
the bz ring.
In DFT, we have used five (dispersion corrected) func-

tionals: PBE-D3,33 PBE0-D3,34 BLYP-D3,35 B3LYP-D3,36,37

and M06-2x.38 In addition, a MP2 calculation with frozen core
[MP2(fc)] was performed. The Pople 6-31G(d) basis set was
used for preoptimization.
Three isomers were thus generated (see Results). To confirm

their stability, all three were reoptimized with the 6-311+G-
(d,p) basis set. No further isomers were thus obtained. Tight
convergence criterion was used for the SCF procedure and
ultrafine grid for two-electron integrals and their derivatives.
The optimized structures are shown in Figure 1, with
coordinates detailed in Tables S1−S16 of the Supporting
Information.
The (static) harmonic and anharmonic spectra were then

calculated at each of the above optimized geometries with the
corresponding quantum method (Tables S17−S32 of the
Supporting Information). As reported elsewhere,39 augmenta-
tion of the basis set from 6-31+G(d) to 6-311+G(3df,3pd) is
not crucial for the evaluation of the anharmonic IR spectra of
the protonated water trimer and tetramer. Consequently, the 6-
311+G(d,p) basis should be sufficiently accurate to describe
our system.
Anharmonic frequency analysis was based on the second-

order vibrational perturbation theory (VPT2).40 While the
determination of harmonic normal-mode frequencies requires
the force constant matrix (second partial derivatives of the
potential), VPT2 requires partial derivatives up to the fourth
order. For floppy systems, it does not always converge.
Classical AIMD simulations were performed in the CP2K/

Quickstep software package,41 see http://www.cp2k.org/
quickstep. This code describes the electronic structure using
DFT with a mixed Gaussian and plain wave basis. Three
functionals were tested, PBE, BLYP, and B3LYP, all with

Figure 2. Infrared spectrum of the protonated water dimer−benzene
cluster. (A) Experimental Ar-tagged spectrum at 50 K. Data from ref
23 (Figure 3). (B−E) Harmonic normal-mode IR spectra calculated in
Gaussian 09 with the indicated quantum chemistry methods (for the
optimized geometries obtained with the same respective methods and
shown in Figure 1). (B and C) The crouching Zundel isomer (B) with
and (C) without an attached Ar atom, from the PBE-D3 (black line)
and BLYP-D3 (red line) functionals. (D) The standing Eigen isomer
from B3LYP-D3 (blue line), MP2(fc) (magenta line), PBE0-D3
(orange line), and M06−2x (cyan line). (E) The E-Z isomer from
BLYP-D3 (red line) and B3LYP-D3 (blue line). Peak frequencies, in
cm−1, are noted for the 9 bands listed in Table 2 and Tables S34 and
S35 of the Supporting Information.
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Grimme’s third generation dispersion correction (DFT-D3).42

The augmented triple-ζ valence polarization (aug-TZVP) basis
set with the corresponding Goedecker-Teter-Hutter (GTH)
pseudopotentials43 were used for all atoms except Ar, for which
the DZVP-GTH basis set was used. The plane wave energy
cutoff was set to 300 Ry. Self-interaction correction (SIC) was
applied with the Martyna-Tuckerman Poisson equation
solver.44 The orbital transformation (OT) method was applied
for faster convergence,45 with the convergence criterion of 1 ×
10−5 a.u. at every MD step.
In the PBE and BLYP simulations, the time step was set to

0.2 fs to account for the fast hydrogen atom motions, which
had masses of 1 amu. For B3LYP simulations (which require
considerably longer computer times), the time step was 0.5 fs
and all hydrogen masses were set to 2. The OH frequencies
were then scaled by the square-root of the OD/OH reduced
mass ratio,11,21 (2 × 17/18)1/2 = 1.37. At each time step, the
interatomic forces were computed from the electron density
using the Hellmann−Feynman theorem, and the atoms then
propagated classically, by solving Newton’s equations in this
force field.
The initial coordinates for the simulations were taken from

the Gaussian 09 optimizations described above. The accuracy of
the initial structures is not crucial here because they were
subsequently equilibrated in CP2K for at least 6 ps in the
canonical (NVT) ensemble. The target temperature was 50 K
(the temperature estimated for the molecular beam),
maintained by the Nose−́Hoover chains thermostat.46 After
equilibration, each trajectory was continued for up to 20 ps in
the microcanonical (NVE) ensemble. To better sample the
initial conditions, a second NVE trajectory was started from the
coordinates obtained 1 ps before the end of the NVT
equilibration trajectory. Coordinates and velocities from each
production run were saved every time step to ensure that the
spectra at high frequencies do not get distorted.
The IR absorption coefficient was computed from the

autocorrelation function (ACF) of the system’s dipole moment
time (t) derivative, ⟨μ̇(0)μ̇(t)⟩ (DACF), by taking its temporal
Fourier transform. Thus, the spectrum obtained contains
anharmonic effects that are generated as the trajectory moves
on the (anharmonic) multidimensional potential energy
surface.24,25 Noise is reduced by averaging together the
normalized spectra from each pair of trajectories that were
started from different initial conditions. Missing from the
picture, of course, are nuclear quantum effects because of the
use of Newton’s equations. The main effect involves the XH
zero-point energy (here X = O or C) that is sometimes
qualitatively accounted for by simply raising the temperature. In
addition, a frequency-dependent nuclear “harmonic quantum
correction” factor was applied to the computed IR intensities.47

The vibrational frequencies were not corrected by any empirical
factor.
In order to identify the absorption frequencies of the four

water hydrogens and the shared one, H*, partial velocity
autocorrelation functions (VACF) were calculated for each, by
restricting the Fourier transform to the velocity of the specified
H atom (the velocity is proportional to μ̇ when interatomic
charge transfer can be neglected).25 See earlier work for a
similar VACF application to protonated water clusters.11,21,22

■ RESULTS
The main results of this work are the static and dynamic IR
spectra of the H+(H2O)2(bz) cluster generated by Gaussian 09

and CP2K/AIMD, respectively. In both methods, we use
predominantly DFT, with the above-mentioned functionals. In
the static approach we also use the MP2(fc) method. These
results are compared below with the experimental spectrum.

Optimized Geometries. As discussed above, the prepar-
atory step for both methods involves generation of optimized
molecular geometries in Gaussian 09 (Figure 1). Here we note
that different functionals yield different isomers: (1) starting
from the cZ isomer, the generalized gradient approximation
(GGA) functionals (BLYP-D3 and PBE-D3) yield the cZ
isomer (see Figure 1A). In contrast, the hybrid-GGA
functionals (B3LYP-D3, PBE0-D3, and M06-2x) and the
MP2(fc) method yield structures with an Eigen core. The
fact that for these functionals cZ converged to a geometrically
difference isomer (sE), rather than a cZ isomer with slightly
different positions of the atoms, may indicate that cZ does not
exist as a local minimum on the potential energy surface for
these functionals. The sE structures obtained, Figure 1(panels
C and E), are similar to those reported by the Duncan group,23

with one H atom of the Eigen core attached to two adjacent bz
carbon atoms, and its other two H atoms are H-bonded to an
Ar atom and a water molecule. However, B3LYP-D3 yields an
isomer that seems to be an intermediate between the sE and cZ
isomers: one water molecule forms a bifurcated H-bond to two
adjacent bz carbon atoms, while the other water molecule is
close to the bridging position of the cZ isomer (see Figure 1,
panels D and F). This new isomer is thus denoted E-Z. We
note that an E-Z type isomer has previously been detected in
the protonated water pentamer.22 (2) Starting from the sE
isomer, the PBE-D3 functional still converges to the cZ
structure. In contrast, B3LYP-D3, PBE0-D3, M06-2x, and
MP2(fc) yield the sE isomer, whereas BLYP-D3 yields the E-Z
isomer.
The energies of the isomers are given in Table 1. Energies

obtained in different methods are not really comparable.
However, a sense of the energetic difference between isomers
can be obtained by comparing the two BLYP and two B3LYP
isomers (these are the only methods where we obtained more
than a single global minimum). It can be seen that the E-Z
isomer is higher in energy than either the sE and cZ isomers,
although by only a small amount (<0.1 kcal/mol). It thus
appears that sE and cZ are nearly isoenergetic, while E-Z is a
kinetic intermediate connecting them.

Table 1. Energy (in Units of Hartree) of the sE, cZ, and E-Z
Isomers of the H+(H2O)2(bz)Ar Cluster Obtained from
Gaussian 09 using DFT with Five Different Functionals and
the MP2(fc) Method, All with the 6-311+G(d,p) Basis Seta

method isomer energy ZPE energy + ZPE ΔE

PBE-D3 cZ −912.44435 0.15628 −912.28807
BLYP-D3 cZ −912.99023 0.15566 −912.83457 0
BLYP-D3 E-Z −912.99017 0.15573 −912.83443 0.085
B3LYP-D3 sE −913.15352 0.16048 −912.99305 0
B3LYP-D3 E-Z −913.15355 0.16062 −912.99293 0.073
PBE0-D3 sE −912.51351 0.16178 −912.35174
M06−2x sE −912.93056 0.16221 −912.76835
MP2(fc) sE −911.45418 0.16181 −911.29236

aZPE represents the harmonic zero-point energy. ΔE is the energy
difference (including ZPE) between isomers obtained at the same
theory level (in kilocalories/mol).
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The observation of essentially isoenergetic isomers suggests a
flat potential energy surface with shallow minima. In such a case
there could be many local minima, not all captured by an
optimization procedure that starts from only three initial
structures. The quantum chemistry packages do not provide a
simple method for a more thorough conformational search, and
it is not needed here because such a search is more naturally
performed by MD simulations that, given sufficiently long
simulation time, will sample all conformations below a
prescribed energy.
The dynamical results are indeed more consistent. As the sE

or cZ structures are equilibrated in CP2K (at 50 K), both end
in the cZ geometry. In particular, when starting from a sE
isomer (with the terminal water in either a cis or trans position),
in three different density functionals, the geometry always
changed to that of the cZ isomer. Interestingly, the E-Z isomer
often appears as an intermediate between these two limiting
structures (or as a fluctuation of the cZ isomer). This is
demonstrated in movie files S1−S5 of the Supporting
Information. Thus, dynamically there is only one isomer, cZ,
and it is not the one assumed in the literature.23

Finally, it is amusing to note in these movies how the sE
isomer, before reverting to the crouching position, executes
several “walking” steps on the bz carbon skeleton. This occurs
by first forming a “bifurcated” H-bond, in which a single water
hydrogen donates a H-bond to two adjacent carbon atoms.
When one of these cleaves, the sE isomer is often found
standing on a different carbon atom.
Static Spectra. Figure 2 shows the computed harmonic IR

spectra of the three isomers in comparison to the experimental
spectrum shown in panel A. The normal-mode spectrum of the
sE isomer is obtained using DFT with the PBE0-D3, B3LYP-
D3, and M06-2x functionals, as well as MP2(fc), see panel D.
There are shifts of up to 280 cm−1 between methods (attesting
to the limited accuracy of the DFT functionals), but otherwise
the spectra are similar to each other and to the results shown in
Figure 3 of ref 23. These spectra seem to be quite remote from
the experimental spectrum.
The harmonic spectra of the cZ isomer with and without Ar

(panels B and C, respectively), was obtained with the BLYP-D3
and PBE-D3 functionals. The spectra from these 2 functionals
are similar, with the BLYP-D3 spectrum slightly closer to the
experimental spectrum. The spectra for the E-Z isomer, as
obtained with the BLYP-D3 and B3LYP-D3 functionals, are
shown in panel E. Again, they are similar to each other, with
BLYP-D3 slightly closer to the experimentally detected bands.

Taken together, these spectra point to the cZ or E-Z isomers as
the dominant structures in the molecular beam, with the
relative success of the BLYP functional attributed to a
cancelation of errors.
Without the attached Ar atom (panel C), the cZ isomer

maintains the C2 symmetry of the isolated Zundel cation.
48 Its 9

normal modes originating from the 5 H5O2
+ hydrogen atoms (3

× 5 − 6 = 9) are shown in Figure S11 of the Supporting
Information, with assignments summarized in Table 2. These
modes are adjusted to conform to the constraint of the bz
plane. The highest four are contributed by the 4 water OH
stretching modes. But instead of the primary coupling being
between two H atoms of the same water molecule, as in the
isolated Zundel cation, the dominant couplings here are
intermolecular, between the free H atoms (H1 and H2) and
between those H-bonded to the bz ring (H3 and H4).
The remaining 5 bands have frequencies below 2000 cm−1,

and they all involve the shared proton, H*. It can move either
perpendicular to the bz ring (hence also perpendicular to the
O−O axis), modes ν5 and ν7, or parallel to it (but still
perpendicular to the O−O axis), modes ν6 and ν8. These four
modes are coupled to the bending motion of the 4 water
hydrogens as listed in Table 2. Then there is a single mode, ν9,
which is dominated by pure H* motion parallel to the O−O
axis and is hence usually called the “proton transfer mode”. Of
these 5 bands, only two have high intensity: the proton transfer
mode at 1082 cm−1 and the ν6 mode at 1678 cm

−1, in which all
5 hydrogens move in concert.
With the symmetry breaking due to Ar attachment, each of

the 4 outer hydrogens vibrates at a different frequency and they
become nearly decoupled from each other. This is verified by
the harmonic normal model analysis, shown in Figure S12 of
the Supporting Information. The four highest-frequency
normal modes, ν1-ν4, become almost local modes. The
remaining 5 low frequency modes, that involve the excess
proton, correlate with those shown in Table 2 with just small
frequency shifts. An exception is the proton transfer mode, that
shifts due to the Ar perturbation from 1082 to 1375 cm−1. It
likely corresponds to the experimental peak at 1488 cm−1.
However, the system under consideration is highly

anharmonic due to its floppy H-bonds. This effect must be
accounted for. Therefore, we have also conducted anharmonic
VPT2 calculations, shown in Figures S1−S8 and Tables S17−
S32 of the Supporting Information. VPT2 often gives an
improved description of spectra, such as recently demonstrated
for the H+(H2O)21 cluster.39,49 Here, however, unreasonably

Table 2. Frequencies (in Inverse Centimeters) and Assignments for the Harmonic Normal Modes of the cZ Isomer of the
H5O2

+(bz) Cluster (Excluding Benzene Modes), Obtained Using DFT/PBE-D332a

mode wavenumber hydrogens assignment

ν1 3705 H1, H2 sym. OH stretch
ν2 3703 H1, H2 asym. OH stretch
ν3 3362 H3, H4 sym. OH stretch
ν4 3312 H3, H4 asym. OH stretch
ν5 1740 H*, H3, H4 H* perp. to bz ring, H3, H4 gerade
ν6 1678 all H* paral. to bz ring, ungerade water bend
ν7 1550 all H* perp. to bz ring, gerade water bend
ν8 1345 H*, H3, H4 H* paral. to bz ring, H3, H4 ungerade
ν9 1082 H* excess proton mode

aThese frequencies correlate with the nine highest energy modes of the gas-phase Zundel cation (i.e., they are not coupled to bz hydrogen modes).
The dominant H5O2

+ hydrogen atoms contributing to each mode are listed, using the notations of Figure 1B. See Figure S11 of the Supporting
Information.
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large red-shifts are observed (also, blue shifts), occasionally
accompanied by huge intensities. In addition, some of the low
(harmonic) frequencies become imaginary in the VPT2
calculation [see footnote (28) in ref 39].
In particular, the H* band of the sE isomer at 2354 cm−1

(B3LYP) shifts all the way to 1490 cm−1, and its amplitude
becomes near infinite (see Figure S4 and Table S23 of the
Supporting Information). While some red-shift was indeed
anticipated,23 the huge amplitude signals the possible break-
down of the perturbation expansion.
To check whether such a large shift is plausible, we consider

the dependence of the OH frequency (νOH) on its average
bond length (rOH). The (nonlinear) dependence of the
harmonic force constant on bond length is known as Badger’s
rule.50,51 However, for OH bonds over a limited range, a nice
linear dependence is observed52 (see the straight line in Figure
3). Considering protonated water clusters, we find that the data
(●) for H3O

+ and the E-Z isomer of the H+(H2O)5 cluster fall
nearly on this line, whereas data for the Zundel cation
constitute (nonlinear) extrapolation thereof. From the
correlation, one expects that for rOH* = 1.046 Å (the MP2
distance in the sE cation), the frequency would be about 2500
cm−1. It should not shift all the way to 1500 cm−1, and hence,
the VPT2 result is of suspicious validity for this band.
Since VPT2 is sensitive to the quality of the grid, we

reoptimized and performed VPT2 anharmonic frequency
analysis on Ar-tagged sE isomer at the B3LYP-D3/6-311+G-
(d,p) level, by setting the grid to 199974 (the value of ultrafine
grid is 99590) and the threshold for 2-electron integral accuracy
to 10−12 (the default value is 10−10). However, this refinement
did not improve the anharmonic features. Large shifts, huge
intensities, and imaginary frequencies still appear in the
anharmonic IR spectrum (see Table S33 and Figure S9 of
the Supporting Information). Conventional normal mode
spectra therefore cannot reliably account for the anharmonicity
here, and we switch to describe the dynamic results.

Dynamic Spectra. In the dynamic approach,24 one replaces
the perturbation analysis of the potential near its global
minimum with a trajectory that samples the portion of the
potential that is accessible at the given total energy. The total
dipole moment of the system is computed every time step. Its
dot-product with its initial value (the DACF) is averaged and
Fourier transformed to yield a dynamic IR spectrum which, by
construction, includes anharmonic effects.
The AIMD spectra of the Ar-tagged cZ isomer with the PBE-

D3, BLYP-D3, and B3LYP-D3 functionals are shown in Figure
4, panels B, C, and E, respectively. As already noted, the sE
isomer converts to a cZ already in the equilibration step (for all
three functionals), so there is only one isomer to be studied
here. For all three functionals, the spectra are in semi-
quantitative agreement with each other and with the
experimental spectrum in panel A. In the high frequency
region, above 3000 cm−1, the IR spectrum from the B3LYP-D3
functional exhibits the best agreement with the experimental
spectrum. There is the high-frequency triplet of peaks (blue-
shifted by about 200 cm−1 as compared with the experimentally
observed bands) and then the single peak around 3200 cm−1

Figure 3. Dependence of OH stretch vibrational frequency, νOH, on its
equilibrium (average) bond distance, rOH. Line is the best fit result for
neutral molecules:52 rOH(Å) = 1.226−7.29 × 10−5νOH(cm)

−1. ● are
data for gas-phase protonated water clusters, as follows: for H3O

+, rOH
= 0.974 Å (experimental)53 and νOH = 3514 cm−1 (asymmetric
stretch).54 For H5O2

+, rOH = 1.1938 Å [CCSD(T)(FULL)]55 and νOH
= 1047 cm−1 (Ne tagged).15 For the E-Z pentameric cation,22 rOH ≈
1.11 Å and νOH = 1490 cm−1 [Ar tagged H+(H2O)5].

14

Figure 4. Dynamic IR spectra of the benzene-Zundel cluster: (A) The
experimental photodissociation spectrum. Data from ref 23 (Figure 3).
(B−E) Theoretical IR spectra of the “crouching Zundel” isomer
obtained by averaging the (normalized) Fourier transforms of the
DACF’s from two AIMD/DFT production runs (of the indicated time
lengths). (B) PBE-D3 functional for trajectory segments at T = 50 and
65 K. (C and D) BLYP-D3 at 50 K, with and without the Ar-tag,
respectively (a single 20 ps trajectory was calculated here). (E)
B3LYP-D3 at 50 K. Indicated peak frequencies are in inverse
centimeters.
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corresponding to the π-hydrogen bond observed experimen-
tally at 2970 cm−1. Most significant is the shared-proton region
between 1000 and 2000 cm−1. Here, all functionals show two
clear peaks (around 1150 and 1700 cm−1) that roughly
correspond to the experimental ones at 1488 and 1820 cm−1.
Thus, these dynamic anharmonic spectra corroborate our
earlier conclusion from the static harmonic spectra that the
experimentally observed spectrum is preferably attributed to
the cZ isomer.
As a reference, we also show in Figure 4D the AIMD

spectrum of the untagged cluster. What is especially evident
here is that the peaks below 2000 cm−1 are similar to those of
the bare Zundel cation,14,15,20,48 so that the bz ring is a small
perturbation for the shared-proton dynamics.
VACF Peak Assignments. To aid in assigning the

vibrational bands of the dynamic spectra, we have calculated
from our AIMD trajectories also the (partial) velocity
autocorrelation functions (VACF’s) for each of the five H5O2

+

hydrogens, Fourier transforming them to elucidate the IR
bands to which each proton contributes. Figure 5 shows the
results for the Ar-tagged cluster for the two DFT functionals

(BLYP-D3 and PBE-D3) in its two columns (left and right,
respectively). The top row shows the full DACF spectrum
(Figure 4) for the Ar-tagged cZ cation. The five rows below it
show the (Fourier transformed) partial VCAF’s of the 5
hydrogens, color coded as indicated on the stick structures of
this cluster. Focusing on the BLYP results (left column), we see
that they can be ordered by their red-shifted OH band as
follows: Dangling (non-H-bonded) OH1 at 3628 cm−1; OH2···
Ar at 3518 cm−1; OH3···bz on the Ar-free side at 3345 cm−1;
OH4···bz on the Ar-tagged side at ca. 3129 cm−1; and shared
proton, O···H*···O, near both the 1700 and 1200 cm−1 DACF
bands.
The fact that the shared proton does not absorb at only a

single frequency has been noted before.11,21,22 The above
ordering follows the order of increasing OH bond lengths in
Figure 1B, although the differences there are not always
significant enough to explain the shifts quantitatively. This
assignment is also in agreement with the normal-mode analysis
from Table 2 and Figure S11 of the Supporting Information.

Figure 5. Simulated AIMD/DACF IR spectrum of the “crouching Zundel” isomer of the H5O2
+(bz)Ar cluster (top panel) is decomposed into the

contributions from the 5 water hydrogen atoms using partial VACF analysis. Shown are DFT results with (A) the BLYP-D3 functional and (B) the
PBE-D3 functional. The hydrogens are identified by the color code in the structures depicted between the two columns. A similar analysis of the
cluster without Ar is shown in Figure S10 of the Supporting Information.
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■ DISCUSSION AND CONCLUSIONS

A protonated water dimer on a benzene molecule can assume
two main geometries, perpendicular and parallel to the aromatic
ring. In the perpendicular geometry, only one of the water
molecules contacts the benzene ring. It has a structure similar
to H3O

+ (that is solvated by three ligands) and hence described
by us as a “standing Eigen” cation. This is the only isomer
previously considered to exist in the molecular beam.23

In the parallel geometry both water molecules contact the
benzene ring. Hence the protonated dimer is solvated
symmetrically and the excess proton is equally shared in this
“crouching Zundel” isomer. Although not previously consid-
ered, it appears to agree best with the experimental IR spectrum
of the H5O2

+(bz)Ar ion. This is based on computations of both
static and dynamic spectra for these isomers.
DFT calculations with Gaussian 09 optimize to the sE isomer

with some DFT functionals and to the cZ isomer with others.
Occasionally, two local minima are found. The second one is
then a third isomer with structure intermediate between the
Eigen and Zundel isomers (and hence termed E-Z). MP2 also
favors the sE isomer. However, in the dynamic simulations, we
always obtain the cZ isomer, whose fluctuations likely
encompass also the E-Z structure. Possibly it gains extra
stability (lower free energy) by proton delocalization within its
Zundel core.
The static harmonic spectra of the cZ isomer are in better

agreement with the experimental spectrum than those of the sE
isomer. VPT2 anharmonicities in this case are suspect because
for some of the dominant modes they result in excessive shifts,
imaginary frequencies or huge intensities. However, in the MP2
anharmonic spectrum for the sE isomer, only few low frequency
modes are problematic (Tables S31 and S32 of the Supporting
Information) and agreement with the experiment is rather good
(Figure S8 of the Supporting Information). Judging from this
VPT2 result, the sE isomer might also be present in the
molecular beam.
However, a more reliable method for treating anharmonic-

ities in this case is the dynamic one, based on AIMD
trajectories in CP2K. Here trajectories with either the BLYP,
PBE, or B3LYP functional thermalize to yield the cZ isomer,
whose DACF spectrum is in semiquantitative agreement with
experiment. The agreement is clearly limited by the accuracy of
the density functionals.
Thus, this system is challenging in spite of its “small” size,

because (a) the optimized structures are different for different
functionals, (b) the anharmonic VPT2 results are probably not
reliable here, and (c) the AIMD/DACF spectra do not
reproduce the experimental spectrum quantitatively, perhaps
due to limited DFT accuracy.
Hopefully when it becomes feasible to run AIMD with truly

ab initio methods such as MP2, a more quantitative comparison
will emerge. Quantum (nuclear) effects are also anticipated to
play an important role in these clusters.
Finally, we have also calculated the partial VACF spectra for

each of the five hydrogens of the H5O2
+ entity and mapped out

the order of their red-shifts (Figure 5). The highest frequency is
due to the dangling H then come the Ar-bound and bz-bound
hydrogens. The most red-shifted, of course, is the shared
proton that contributes strongly below 2000 cm−1. This agrees
with the normal-mode assignments in Table 2.
The main conclusion, namely that the dominant isomer is

the one with a Zundel (rather than Eigen) core, is in line with

recent results for the protonated water tetramer21 and
pentamer.22 Their experimental IR spectra are best explained
if instead of (or in addition to) the branched Eigen isomer one
assumes a contribution from a linear Zundel isomer. It thus
appears that a Zundel core is more prevalent in small clusters
than previously anticipated. Possibly, the lack of water
molecules to delocalize the charge in the Eigen cation (e.g.,
by the special pair dance)13 accentuates the importance of the
charge delocalization between the oxygen atoms of the
protonated water dimer, and hence its enhanced significance
in low dimensional systems.
It is perhaps dangerous to project from such a small system

to the case of protons in proteins or at interfaces. Therefore,
the following are only tentative ideas. A possibility to consider
is that interfacial protons assume the cZ geometry. They would
therefore lie along the interfacial plane, forming linear water
chains through H-bonds to the dangling hydrogens seen in
Figure 1B. This could lead to fast proton migration in the
interfacial water layer.2,3 Additionally, proton escape to the bulk
would be impeded by the need to reorganize a large number of
water molecules around the interfacial Zundel cation to allow
for its proper resolvation as a bulklike Eigen cation.
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