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Deciphering the infrared spectrum of the
protonated water pentamer and the hybrid
Eigen–Zundel cation†

Waldemar Kulig and Noam Agmon*

Traditionally, infrared band assignment for the protonated water clusters, such as H+(H2O)5, is based on

their lowest energy isomer. Recent experiments extend the observation spectral window to lower

frequencies, for which such assignment appears to be inadequate. Because this hydrogen-bonded

system is highly anharmonic, harmonic spectral calculations are insufficient for reliable interpretation.

Consequently, we have calculated the IR spectrum of several isomers of the protonated water pentamer

using an inherently anharmonic methodology, utilizing dipole and velocity autocorrelation functions

computed from ab initio molecular dynamic trajectories. While the spectrum of H+(H2O)5 is universally

assumed to represent the branched Eigen isomer, we find a better agreement for a mixture of a ring

and linear isomers. The first has an Eigen core and contributes at high frequencies, whereas the latter

accounts for all prominent low-frequency bands. Interestingly, its core is neither a classical Eigen nor a

Zundel cation, but rather has hybrid geometry. Such an isomer may play a role in proton conductance

along short proton wires.

1 Introduction

Intensive efforts were recently directed toward isolating small
protonated water clusters, H+(H2O)n, in the gas-phase and
recording their infrared (IR) spectra.1–12 Small clusters are
routinely classified according to their core that may consist of
a protonated water monomer, H3O+, or dimer, H5O2

+, collo-
quially termed ‘‘Eigen’’ (E) vs. ‘‘Zundel’’ (Z) cations. Thus it is
believed that the n = 2 and 6 clusters consist of a Z-core,
whereas the n = 3, 4 and 5 clusters are constructed around an
E-core.5,7,9 The E and Z ions play a central role in proton
migration in aqueous solutions,13,14 with the Z form serving
as an intermediate between two more stable E structures.15

Therefore, ‘‘small clusters of protonated water are important
model systems representing many of the complex issues in
proton binding to small molecules, the structures they induce,
and the dynamics of how they move from place to place’’.7

Clearly, even small clusters may have multiple isomers. The
protonated water pentamer considered herein, H+(H2O)5, has at
least four topologically distinct isomers (Fig. 1). They include
branch topology (E2), ring topology (Z1), ring + branch (E1) and

linear (E–Z). The branched isomers (E1 and E2) are expected to
have an E-core, whereas the pentameric ring isomer (Z1) has
a Z-core. The linear isomer was also believed to possess an
E-core2 but, as we shall see below, it actually possesses an
intermediate structure between E and Z.

Since the work of Corongiu et al.,16 quantum chemistry
calculations have consistently shown that the most stable
isomer is E1, with E2 being slightly higher in energy.2,7,17–20

It is nevertheless assumed that E2 is the isomer observed in the
molecular beam2,5,7,10 because its calculated and experimental
spectra agree better in the high frequency regime (above
2500 cm�1). However, both of these isomers do not reproduce
the IR peaks below 2500 cm�1, and therefore we have investi-
gated herein all of the low energy isomeric topologies shown
in Fig. 1.

It is only for n Z 6 that multiple isomers were shown to pre-
exist in the molecular beam.2,10,12 The pentamer spectrum, as
noted above, has been assigned exclusively to the E2 isomer.
The present work questions these assignments, showing that
both the E1 and the higher energy E–Z isomer contribute to the
observed spectrum. Unlike the Z1 isomer that has a pure
Zundel core, we find that the E–Z isomer is intermediate
between these two limiting structures, and this is essential
for explaining the low frequency part of the IR spectrum.

Making such deductions requires sufficiently accurate methods
for calculating the IR spectra of protonated water clusters, and
this can be quite challenging. In covalently bonded gas-phase
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molecules the atoms execute small oscillations in an approxi-
mately harmonic potential well. Under these conditions, conven-
tional (harmonic) normal-mode analysis provides an adequate
treatment for vibrational spectroscopy.21 However, the weaker
hydrogen-bonds are notoriously anharmonic. Hence, for water
clusters, IR peaks from static harmonic methods can be within
an error of several 100 cm�1 (mostly, but not always, they are
shifted to higher energies). Ab initio packages (e.g., Gaussian 09)22

allow one to calculate anharmonic frequencies, although without
reliable intensities. Alternatively, one may use molecular
dynamics (MD) methods.

A classical MD trajectory is not limited to small oscillations
around the potential energy minimum, as in normal mode
analysis. If propagated to sufficiently long times, it samples all
the conformations available to the system at the given tem-
perature, T. In the ensuing ‘‘dynamic’’ method, the system’s
dipole moment autocorrelation function (DACF) is averaged
over many trajectories, and its Fourier transform then gives the
IR spectrum.23

However, the success of this method depends crucially on
the accuracy of the potentials. Empirical force fields, such as
those routinely used to simulate biomolecules,24 are not suffi-
ciently accurate to produce reliable IR spectra. A semi-empirical
method, such as a multi-state empirical valence bond (MS-EVB),25

gives qualitatively correct IR spectra for acids in aqueous
solutions,26,27 but it is presently insufficient for quantitative
analysis of protonated water clusters.28

A first-principle electronic structure calculation of potential
energy surfaces (PES) for N-atom systems over the whole 3N – 6
dimensional space is impractical (except for very small N ).
Therefore, an ‘‘on-the-fly’’ method was devised where the
potential is calculated by solving the electronic Schrödinger
equation at each time-step, generating the forces for the next
atomic move. This became known as ab initio molecular
dynamics (AIMD).29 To make it practical, this approximate
solution most often involves density functional theory (DFT);
hence it is limited by the accuracy of the density functional.30

AIMD can treat ‘‘complex systems’’ (e.g., a mixture of covalent
and hydrogen-bonds) without the need for reparametrization for
each new element added.29 For protonated water clusters, DACF/
AIMD spectra have been obtained for H3O+,31,32 and H5O2

+,31,33

producing good agreement with experiment. Recently, we have
obtained encouraging results for H+(H2O)6,27 which motivate the
current work.

One important drawback is that the nuclear dynamics are
classical (i.e., from Newton’s laws). For light particles such as
hydrogens, quantum effects may be important. For example,
their large vibrational zero point energy (ZPE) allows quantal
wavepackets to reach higher points on the PES. Unfortunately,
full-dimensional quantal dynamics is currently possible only
for the protonated water dimer.34 To compensate for the ZPE
effect, AIMD practitioners employ several simplistic corrections.
The intensity is often multiplied by a ‘‘quantum correction
factor’’,35 and the trajectory is run at a higher T to allow exploring
higher regions on the PES. Both strategies were applied in the
current study.

Additional tests are obligated by the experimental protocol.1–10

As argon gas with traces of water vapor expands through the
supersonic nozzle, collision with Ar atoms cools down the nascent
water clusters. In addition, some Ar atoms adsorb onto these
clusters, and they are utilized as ‘‘messengers’’.2 When the cluster
absorbs IR radiation, the weakly bound Ar desorbs and the
daughter ion is detected using mass-spectrometry. Its signal then
corresponds to the IR absorption probability. However, the parent
ion may have its IR band slightly shifted due to the adsorbed Ar
atom(s), and therefore we have computed the spectrum of some
clusters with and without an attached Ar (Fig. 1). Moreover,
because Ar is a polarizable atom, we test the effect of density
functionals explicitly designed to account for dispersion
interactions.

With these precautions, we believe that the DACF/AIMD
approach is currently a promising methodology for simulating
the IR spectrum of the protonated water pentamer.

2 Computational methods

We have computed the IR spectrum of the four H11O5
+clusters

shown in Fig. 1. These represent one cluster from each topology,
although some of these topologies were reported elsewhere to

Fig. 1 Isomers of the protonated water pentamer, H+(H2O)5, investigated
in this work. The figure also explains our proton-class indices, nx, where
n = 0, 1, 2 is the solvation shell around the central H3O+and x = d,b
denotes dangling vs. bonded (i.e., participating in a hydrogen-bond). For a
ring, a prime denotes the water-chain outside the ring. We have also
checked the effect of added argon atoms on the spectrum, for the two
arrangements depicted on the bottom row. Figures use the Rasmol color
scheme for chemical elements.
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possess several energy minima.2,7,18,20 The experimental clusters
are tagged with one argon atom. To check its influence on the
spectrum, we have also simulated the spectra of two of our
isomers (Z1 and E–Z) with attached Ar atoms. We have not
studied the E1 and E2 isomers with Ar, because they have too
many potential sites for Ar attachment and, as we show below,
contribute just a single peak to the observed spectrum.

The spectra were calculated from the Fourier transform of
the DACF of classical AIMD trajectories. These were propagated
using the CP2K/Quickstep software package,36 see http://cp2k.
berlios.de. It solves the electronic Schrödinger equation using
DFT with a mixed Gaussian and plane-wave approach. The
BLYP functional with the double-zeta valence polarization
(DZVP) basis-set and Goedecker–Teter–Hutter pseudopotentials
were used.37 The plane-wave energy cutoff was set to 300 Ry. The
self-interaction correction (SIC) was applied and the Martyna–
Tuckerman Poisson equation solver was used.38 These condi-
tions are similar to those in recent simulations of H3O+(H2)n

clusters (n = 0–3).32 To check the influence of dispersion correc-
tion (DC) on the calculated spectra for clusters containing the
polarizable Ar atom, we have repeated the calculations using the
BLYP-D3 functional39 (using the same basis-set).

The geometry of each cluster was first optimized in Gaussian 09,22

using DFT with the B3LYP functional and the aug-cc-pVTZ
basis-set. The optimized geometries and their energies are
collected in Tables S1–S6 of the ESI.† This quantum chemistry
computation also generated the static harmonic spectra (Fig. S2,
S5, S8, S11, S14 and S17 in the ESI†).

The structures obtained also served as initial states for the
AIMD simulations. The accuracy of these initial structures is
not crucial here, because they were subsequently equilibrated
for at least 5 ps in CP2K in the canonical (NVT) ensemble, with
a target temperature of 50 K (or 150 K), maintained using a
Nosé–Hoover thermostat.

After equilibration, each trajectory was continued for 28 ps
(E–Z and E1 isomers at 50 K) or 10 ps (these isomers at 150 K
and the other isomers at 50 K) in the microcanonical (NVE)
ensemble with a timestep of 0.5 fs. Coordinates and velocities
were saved at every timestep to ensure that the spectra at high
frequencies were not corrupted. The relatively large timestep of
0.5 fs, which allows running longer trajectories, is enabled by
setting hydrogen masses to 2 u.40 This requires subsequent
scaling of all OH frequencies by the square-root of the OD/OH
reduced mass ratio. The scaling factor is thus (2� 17/18)1/2 = 1.37,
and this matches the sharp water bending band at 1618 cm�1.27

For each time-frame in each trajectory we have used the total
dipole moment, l(t), as reported by CP2K, to calculate the auto-
correlation function (ACF) of the system’s dipole moment time
derivative, h _l(0) _l(t)i (DACF). The IR absorption coefficient, a(o),
was then computed by taking its temporal Fourier transform41–44

aðoÞ ¼ A

ð1
0

dte�iot _lð0Þ _lðtÞh i

Here o = 2pn, with n as the vibrational frequency, and A is a
normalization factor. This form, e.g. eqn (10) in ref. 45, includes
a harmonic quantum correction to the classical ACF,35 and a

factor o2 arising from the replacement of l(t) by its time
derivative. The index of refraction is approximately unity for
gas-phase spectroscopy, and therefore it does not appear in the
above equation. The DACF spectra for all six isomers in Fig. 1
are collected in the ESI† (Fig. S3, S6, S9, S12, S15 and S18).

For the identification and assignment of vibrational modes,
velocity auto-correlation functions (VACF) were calculated, i.e.

PN
i

_Rið0Þ
PN
j

_RjðtÞ
* +

, where
:
Ri is the velocity of the i’th atom. The

temporal Fourier transform of the VACF was then calculated as
above. In a partial VACF, only a subset of N atoms is used (whereas
for a total VACF, N is the total number of atoms). Thus one can
select just a single proton (or a single proton-class) and identify its
absorption signal. Note that, if qi is the charge of the i’th atom, then

_lðtÞ ¼
XN
i

qiðtÞ _RiðtÞ þ _qiðtÞRiðtÞ
� �

so that a (partial) VACF is proportional to the (partial) DACF if
charges do not vary with time.

Finally, the MOLDEN46 and VMD47 programs were used for
trajectory visualization. All figures use the Rasmol color scheme
for chemical elements, i.e. oxygen – red, hydrogen – white and
argon – pink.

3 Results and discussion

The relative electronic energies of the four isomers (without an
Ar adduct) in Fig. 1 are summarized in Table 1. All methods are
in agreement with ref. 16 that E1 is the most stable isomer.
Slightly higher in energy is E2. If ZPE is taken into account,
these two become nearly isoenergetic.7,16 Then, 3–4 kcal mol�1

higher come the Z1 and E–Z isomers, with Z1 slightly more stable
than E–Z. In each pair, E1/E2 and Z1/E–Z, the two isomers are
similar, except that the first assumes a ring structure (E1 and Z1)
whereas the second is an open structure. Although the transition
between them involves cleavage of one hydrogen-bond, Table 1
suggests that they differ by much less than the hydrogen-bond
energy (ca. 5.5 kcal mol�1 without nuclear quantum effects),
likely because the open structures have added freedom for
optimizing their bond angles.

3.1 DACF/AIMD spectra

As noted in the Introduction, the experimental literature assigns
the observed pentamer spectrum to the E2 isomer.2,5,7,10

Table 1 Relative electronic energies (in kcal mol�1) for the four isomers
from Fig. 1 that do not include Ar

Isomer
MP2/aug-
cc-pVTZ18

MP2/aug-
cc-pVDZ18

B3LYP/
6-31+G* 2

B3LYP/aug-
cc-pVDZ18

B3LYP/aug-
cc-pVTZa

E1 0.0 0.0 0.0 0.0 0.0
E2 0.9 1.2 1.2 0.04 0.04
Z1 4.0 4.3 2.4 3.9 3.1
E–Z 4.1 4.7 4.5 3.0 3.1

a This work.
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Therefore, we start by comparing its calculated spectra with
experiment (Fig. 2A). Admittedly, there is no agreement
between the two. The harmonic spectrum (cyan line) shows
‘‘a strong hydrogen bonding band . . . near 2400 cm�1, where
none is observed’’.7 (This band appears at 2357 cm�1 here.)
It was nevertheless postulated to shift to lower frequencies if
anharmonic effects were to be included.7 The results of the
anharmonic DACF/AIMD calculation can now be visualized
(red line), and these still disagree with experiment. The above-
mentioned band indeed red-shifts to around 2120 cm�1. On the
one hand, this is a large shift (240 cm�1), indicating that
interpreting these spectra on the basis of conventional harmonic
normal-modes is not advisable. On the other hand, the anhar-
monic peak is still over 200 cm�1 higher than the experimental.
In addition, except for the water bend at 1618 cm�1, this isomer
does not absorb in the range 1000–2000 cm�1, where experiment
reveals 4 prominent IR bands. Thus, although it shows good
agreement with experiment above 2500 cm�1, the poor agree-
ment at lower frequencies indicates that it is probably not the
experimentally observed isomer.

The next isomer to be considered is Z1. It has a pure Z-core
that should result in absorption peaks at low frequencies.27

Fig. 2B compares its harmonic (cyan line) and DACF/AIMD (red-
line) spectra with experiment. Neither spectrum is in agreement

with experiment (or with each other). The Z1 DACF/AIMD
spectrum indeed shows two low frequency peaks, at 1142 and
1728 cm�1, that are characteristic of the shared proton in the
protonated hexamer with a Z-core,27 H5O2

+(H2O)4, but only the
first agrees with experiment (in fact, the Z1 isomer is the only
isomer to clearly show this peak). Hence the observed spectrum
cannot be explained by either the E2 or the Z1 isomers.

Fig. 3A shows that the experimental spectrum may be
rationalized as a mixture of the E1 and E–Z isomers, whose
DACF/AIMD spectra are depicted there by the red and green
lines, respectively. While E1 accounts for a single peak in the
spectrum, all other rather intricate features are due to the E–Z
isomer. At 50 K this isomeric mixture is probably static, as they
do not possess sufficient energy to interconvert. (However,
because spectral intensities obtained from two different simu-
lations are not readily comparable, we cannot use them to
obtain the fraction of each isomer in this mixture.)

Why then, was this not noted earlier? Fig. 3B compares
the harmonic spectrum of the E–Z isomer (cyan line) with its

Fig. 2 Comparison of the Ar-tagged photodissociation infrared spectrum
of the gas-phase H+(H2O)5 cluster at 50 K (Fig. 3 of ref. 5, courtesy of Mark A.
Johnson), black line, with the anharmonic DACF/AIMD (red) and the
harmonic B3LYP-aug-cc-pVTZ (cyan) spectra for (A) the E2 isomer, and (B)
the Z1 isomer of this cluster.

Fig. 3 (A) Comparison of the experimental spectrum5 of the gas-phase
H+(H2O)5 cluster (black) with 28 ps DACF/AIMD spectra of the gas-phase
E1 (red) and E–Z (green) isomers at 50 K. The water bend (for water
molecules with two dangling protons) is denoted by b. Other peaks are
assigned to the OH stretch fundamentals of the various proton classes
defined in Fig. 1, based on their partial VACF spectra in Fig. 6 below. All
simulated peaks are within 80 cm�1 of the experimental ones. Amplitudes
were arbitrarily normalized. (B) Comparison of the anharmonic DACF/
AIMD spectrum (green, as in A) with the harmonic B3LYP/aug-cc-pVTZ
spectrum (cyan) of the E–Z isomer. The latter (from Fig. S8, ESI†) is very
similar to the harmonic spectrum previously obtained on the B3LYP/aug-
cc-pVDZ level (Fig. 3 of ref. 18).
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anharmonic DACF/AIMD spectrum (green). As can be seen, the
two spectra are quite different from each other, both because of
spectral shifts and intensity differences. From the harmonic
spectrum it is not obvious that the E–Z isomer is manifested
experimentally. It is the DACF/AIMD calculation that delegates
such a central role to this isomer. Fig. 3A is thus the main result
of this work. Additional spectra will now be shown to test the
effects of temperature and the added Ar atoms.

It is known that temperature may alter the IR spectrum by
changing the vibrational population: at higher temperatures,
previously unpopulated vibrational states may become popu-
lated. Moreover, in classical AIMD, where quantum nuclear
dynamics is missing, the simulated temperature may not
correspond precisely to the experimental one. As a check, we
have calculated the E1 and E–Z spectra also at 150 K. Interest-
ingly, the topology of the E1 isomer shifted to that of E2 during
the simulation (see movie E1_150 K in the ESI†), whereas the
E–Z isomer stayed intact at 150 K. Fig. 4A and B clearly
demonstrates this topology change via a spectral change of
the E1 isomer, whose spectrum at 150 K becomes almost
identical with that of the E2 isomer (Fig. 2), with wider peaks
and slightly different intensities. The elevated temperature also
broadens the peaks of the E–Z spectrum (Fig. 4C and D),
obliterating the spectral details in the low-frequency region.
This suggests to us that, for AIMD with the BLYP functional,
150 K is already well above the temperature established in the
molecular beam.

The formation of Ar-tagged H+(H2O)5 clusters may be driven
by dispersion (induced dipole) interactions. The BLYP func-
tional has recently been modified to account for dispersion,39

and the ensuing dispersion corrected functional is called BLYP-D3.
In order to check the effect of DC, we have repeated our simula-
tions for the E–Z and E–Z�1Ar clusters using the BLYP-D3 func-
tional in CP2K.

Figs. 5A and B show that DC slightly affects the IR spectrum
of the E–Z isomer. It makes the peak near 1920 cm�1 less
intense, thus somewhat reducing the agreement with experi-
ment. The effect on the spectrum of the E–Z�1Ar cluster is more
pronounced. Without DC, Fig. 5C, the absorption of this cluster
loses much of its relative intensity in the low frequency regime
as compared with the bare E–Z isomer. DC enhances this
intensity (Fig. 5D), making it similar to the spectrum of the
E–Z cluster without Ar or DC (Fig. 5A). Interestingly, DC also
widens the IR bands, rendering them in even better agreement
with the experimentally obtained ones.

3.2 Partial VACF/AIMD spectra

IR bands generated by dynamic methods still require assign-
ment. In the recently suggested ‘‘clusters in liquid approach’’
(CLA),27 a ‘‘partial IR spectrum’’ was generated for any desirable
set of topologically distinct atoms by calculating the dipole–
dipole ACF from their charges. For this, partial charges on the
atoms should be available. While for the H+(H2O)6 cluster
Mulliken charges were utilized,27 these may be misleading for
less symmetric clusters.

In the absence of reliable atomic charges, one could utilize the
velocity auto-correlation function (VACF), which approximates
the DACF when interatomic charge migration is small. Partial
VACF’s, involving the velocities of single atoms or a group of
atoms, have been used successfully in IR peak assignments.48,49

Fig. 4 Temperature dependence of the DACF/AIMD IR spectra for the E1 (red) and E–Z (green) isomers of the H+(H2O)5 cluster: (A) the E1 isomer at 50 K,
and (B) at 150 K; (C) the E–Z isomer at 50 K, and (D) at 150 K. Note that at 150 K, the E1 isomer has changed its topology to that of E2, so that the spectrum
in panel B (red) is predominantly that of the E2 isomer (cf. Fig. 2A). Spectra at 50 K were calculated from 28 ps trajectories, whereas those at 150 K from
10 ps trajectories. The experimental spectrum is in black.
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Such spectra are useful in determining which atoms contribute
to which peak, rather than which mode is assigned to a
given peak.

Fig. 6 shows partial VACF spectra for the E–Z and E1
isomers. Each partial spectrum is calculated from the time-
derivative of the OH distance for a given proton class, which is
indicated in the corresponding color in the right margin, and
labeled according to the notations of Fig. 1. The amplitudes of
the partial spectra are arbitrarily normalized to a common
intensity, so one needs to consult the DACF in the upper row
of each panel for estimating the relative intensities.

The partial VACF spectra of the E1 isomer (Fig. 6B) confirm
that it contributes predominantly near 2857 cm�1, because its
other VACF peaks correspond to low intensity DACF peaks. The
abovementioned peak is seen to originate from the single
proton in the hydronium core that faces outside the 4-water
ring (0b

0).
The E–Z cluster contributes at all other frequencies (Fig. 6A),

particularly to the peak near 3130 cm�1 (ca. 3200 cm�1 in
experiment), and to all those below 2200 cm�1. The 3130 cm�1

peak arises from hydrogen-bonded first-shell hydrogens (1b).
It is red-shifted and more intense than the 1b band of the E1
isomer, likely because of ring stress relief. For E2, this proton
class gives rise to an intense peak near 3160 cm�1, and
consequently the E2 spectrum is in rather good agreement
with experiment above 2500 cm�1.

The two hydrogen-bonded protons of the central H3O+ core
(0b) of the E–Z isomer are responsible for all of the low frequency
features, excepting the water bend (the sharp peak at 1618 cm�1).
Hence this core must be quite different from the hydronium
cores of the E1/2 isomers, which (except for the water bend)

do not absorb strongly below 2200 cm�1. We also note that the
0b bands of the E–Z isomer are more red-shifted than the 0b and
0b
0 bands of E1, indicating that the protons in the E–Z core are

involved in stronger hydrogen-bonds.
The high frequency part of the spectrum is treated in more

detail in Fig. 7. The OHd stretches (where Hd is a dangling
hydrogen atom), and only they, absorb above 3500 cm�1. In the
experimental spectrum of the H+(H2O)5�Ar isomer5 there are
3 peaks in this region, at 3652, 3717 and 3740 cm�1, which
compare nicely with the peaks at 3650, 3713 and 3739 cm�1

observed in ref. 7. Without Ar, these peaks are slightly red
shifted,7 to 3641, 3707 and 3731 cm�1, respectively, see dashed
green lines in Fig. 7A.

Our calculated bands for the E–Z isomer seem to agree almost
precisely with these 3 peaks, in which case the 3740 cm�1 would
be assigned to the 1d proton of a doubly coordinated water,
rather than to the asymmetric stretch of the outer (singly
coordinated) water molecule (2d,a), as commonly believed.5,7,10

However, the 3650 and 3740 cm�1 bands appear at similar
frequencies for different clusters,5 hence they are more plausibly
assigned to the asymmetric and symmetric stretch of outer water
molecules, which means that the agreement shown in Fig. 7
could be fortuitous. Resolving such delicate issues requires more
sophisticated methods (with accuracy o50 cm�1), which is
beyond the accuracy of our method.

3.3 Classification of the E–Z isomer

The central H3O+moiety of the E–Z isomer is conventionally
identified as an Eigen core.2 However, absorbance in the low
frequency regime is rather characteristic of a Z-cation. The latter
has super-strong hydrogen bonds within the H2� � �OH*� � �OH2

Fig. 5 The effect of including dispersion correction (DC) on the DACF/AIMD IR spectra of the E–Z and E–Z�1Ar isomers: (A) the E–Z isomer without DC,
and (B) with DC; (C) the E–Z�1Ar isomer without DC, and (D) with DC. No DC = BLYP functional, whereas with DC = BLYP-D3 functional in CP2K. Spectra
without DC were calculated from 28 ps trajectories, while those with DC from 20 ps trajectories. The experimental spectrum is in black.
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moiety (H* is the excess proton). For example, in the hexamer
the DACF/AIMD peaks27 involving the excess proton occur
around 1150 and 1740 cm�1. The peaks of the E–Z isomer are
less red-shifted (1490 and 1890 cm�1), suggesting that its core
is involved in somewhat weaker hydrogen-bonds.

To check this, we compare in Fig. 8 the dynamics of its three
OH bonds with those of a bare hydronium vs. the two OH*
bonds of a Z-cation. The three OH bonds of the bare hydronium
oscillate around 0.996 Å, whereas the two OH* bonds of the
Z-cation oscillate around 1.22 Å. The dynamics of the three OH
bonds of the E–Z core do not resemble either one. The average
bond length for the dangling OH bond (0d) is around 0.98 Å,
close to that of a bare hydronium, whereas the two hydrogen-
bonded protons (0b) have bond lengths around 1.10 Å, inter-
mediate between those of the E and Z cations. Hence we
identify here a new type of protonated water cation: a hybrid
of the E- and Z-cations, which we have therefore denoted as the
‘‘E–Z cation’’.

The average OH bond length (Fig. 8) correlates with its IR
absorption frequency (Fig. 6, insets), and the amplitude of its
vibration correlates with the IR intensity. For the core of the
E–Z isomer, the absorption of the 0d proton, whose bond-length

is slightly shorter than the bare hydronium, is slightly blue-
shifted as compared to the bare hydronium asymmetric stretch
(that we find from an independent CP2K/DACF simulation
at 3600 cm�1). In contrast, its 0b protons have a significantly

Fig. 6 Assignment of the IR bands of the gas-phase protonated penta-
mer, H+(H2O)5, using partial VACF analysis for (A) the E–Z isomer and (B)
the E1 isomer. In each panel the top rectangle shows the experimental
spectrum (black) and the DACF (green). Each panel (below the DACF
rectangle) shows the partial VACFs for the OH stretch of the corres-
ponding nx proton class defined in Fig. 1 and indicated in color on the right.
These spectra are normalized to a common amplitude. The insets show a
linear correlation between their peak maxima (o, in cm�1) and average OH
bond length (re, in Å): (A) o = 17 228–13 828re, (B) o = 19 240–15 882re.

Fig. 7 Comparison of partial VACF bands (color) for the different proton
classes of the gas-phase protonated pentamer, H+(H2O)5, with the experi-
mental Ar-predissociation spectrum (black)5 in the high frequency regime
where dangling and 1b hydrogens absorb. The two panels are for (A) the E–Z
isomer and (B) the E1 isomer. Dashed green lines (in panel A) show the three
highest peaks for the cluster without an attached argon atom in Fig. 5 of
ref. 7. The normalization of the VACF peaks for each proton class is arbitrary.

Fig. 8 OH distances from 1 ps segments of CP2K/BLYP trajectories at
50 K, color coded as indicated on the corresponding line-structures
(insets). Left: the 3 OH distances of the bare hydronium (from an additional
trajectory propagated herein). Note the beating phenomenon; middle:
the 3 OH distances of the H3O+ core of the E–Z isomer (see movie file
EZ_50 K in the ESI†); right: the 2 OH* distances in the H2O� � �H*+� � �OH2

cation, from a trajectory reported in ref. 27.
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longer bond-length, and their absorption is significantly red-
shifted (below 2200 cm�1).

Regarding the amplitudes, Fig. 8 and the EZ_50 K movie in
the ESI† show that the vibrational amplitude of the 0d hydrogen
of the E–Z isomer is rather small, whereas those of its two 0b

protons are large. This corresponds to the relative intensity of
their IR bands in Fig. 3, in which the 0b peak is more intense
than the 0d peak. The widths of the two bands can also be
deduced by inspection of Fig. 8, where the more regular
oscillations (for 0d) correspond to a sharper peak in the IR.

Analogous results for the E1 isomer are shown in Fig. S19
and movie file E1_50 K (see ESI†). The amplitude of the two 0b

protons here is small, whereas that of the 0b
0 proton is large.

Hence the E1 0b
0 vibration gives rise to the most intense peak in

the spectrum of Fig. 3.

4 Conclusions

Although theory showed that the cyclic E1 isomer is the lowest in
energy, the spectrum of the protonated water pentamer has been
previously interpreted as originating from the E2 branched form.
Our anharmonic AIMD simulations show (Fig. 2A) that while its
spectrum agrees with the observed peaks above 2500 cm�1,
it misses or misplaces three major peaks in the 1000–2000 cm�1

regime. In contrast, one can explain the observed spectrum
(to 80 cm�1 accuracy) as a mixture of the cyclic E1 and the linear
E–Z isomers (Fig. 3). The first contributes a single peak to the
observed spectrum, whereas the latter explains the other IR
bands, particularly those below 2200 cm�1. The participation
of higher energy isomers per se may not be a surprise, given that
the conditions in the molecular beam do not correspond to
chemical equilibrium. However, one cannot guess the identity of
the participating isomers without measurements in the low
frequency regime and anharmonic spectral calculations, which
are thus important for deciphering the IR spectrum of the
protonated water pentamer.

The effects of temperature and DC do not fundamentally
alter these conclusions. We note, however, that with the
increase in temperature (to 150 K), E1 converts to the E2 isomer
(movie E1_150 K in the ESI†), which is then in agreement with
‘‘common wisdom’’.2,5,7,10 However, we estimate that 150 K in
the simulation corresponds to higher temperatures than the
experimental. Hence such hydrogen-bond cleavage may not be
occurring in these experiments.

Ar tagging is seen to change the relative intensities of the
bands, not their frequencies, and mainly for the E–Z isomer
(Fig. 5). Interestingly, adding DC spoils somewhat the calculated
spectrum of the E–Z isomer without Ar, but improves the
agreement between the calculated spectrum of the E–Z�1Ar
cluster and the Ar-predissociation experiment (Fig. 5D). Because
DC is required for depicting polarizable atoms such as Ar, we
take the above behavior as further support for the E–Z isomer.

This E–Z isomer, although not the lowest in energy, is thus
pivotal in correct assignment of the observed IR spectrum of
the protonated water pentamer. It was generally assumed to

possess a hydronium (H3O+) core. As evidenced from Fig. 8 this
is imprecise. The OH bond lengths of the two hydrogen-bonded
hydrogens (0b) show quite clearly that the protonated core here
is intermediate between the E and Z cations. They are longer
than in the E-cation, but shorter than in the Z-cation. This gives
rise to low frequency OH stretching peaks that are red-shifted
as compared to those of the E-cation, but somewhat blue-
shifted as compared to the Z-cation. These two hydrogens thus
engage in hydrogen-bonds of intermediate strength, which
apparently allow for protonic charge delocalization between
the three central water molecules in the chain that contributes
to the stability of this cluster.

Interestingly, a linear proton-carrying water chain is prevalent
in ‘‘water wires’’ that conduct protons in carbon nanotubes,50

proteins51,52 or between a closely spaced proton donor and
acceptor in liquid water.53–56 It is not implausible that the hybrid
core of the E–Z isomer plays a role in proton transfer within such
systems.
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