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The infrared spectra of H(H,0)3, D(D,0)3, H(D,0)3, and D(H,0); isotopologues of the Zundel
cation in the spectral range of 0—4000 cm™' are computed by quantum dynamics in full
dimensionality using the multiconfiguration time-dependent Hartree method. The spectra present
dramatic isotope effects in the middle spectral region between 600 and 2000 cm™'. Not only the
expected line shifts due to isotopic substitution take place but the intensities of the peaks and the
number of absorptions with appreciable intensity vary. The most complex spectrum is the one of
H(D,0)3, in which a group of at least four coupled vibrational modes is found in a narrow spectral
range between 1000 and 1500 cm™! and is responsible for the three peaks found in this spectral
region. The simplest spectrum of the series corresponds to D(H,0)3. In this case deuteration of the
central position induces decoupling of the vibrational modes, especially of the asymmetric central
proton mode and the ungerade water bending, leading to a spectrum which is easy to assign and
interpret. Zero-point energies and low energy vibrational eigenstates of each isotopologue related to
the wagging (pyramidalization) and water-water internal relative rotation are computed using the
block improved relaxation algorithm. The effect of isotopic substitution on these states is discussed.
The reported simulations provide detailed information on the dynamics and vibrational spectroscopy
of the Zundel cation and contribute to our general understanding of protonated water clusters and the

hydrated proton. © 2009 American Institute of Physics. [DOL: 10.1063/1.3183166]

I. INTRODUCTION

The scientific interest in protonated water clusters and
proton transport has gained considerable momentum over the
last years.l’2 Hydrated protons mediate charge transport in
biological environment™ and in bulk water,s_7 and linear
chains of water molecules have been found to exhibit high
proton mobilities.®> ' Protonated water clusters are often
found embedded in complex environments. Owing to the de-
velopment of infrared (IR) laser techniques during the last
decade, the vibrational dynamics of isolated clusters of di-
verse size and shape can nowadays be experimentally
studied.”"" Accurate IR spectra measured for these systems
unravel intimate details of their complex dynamics. Assign-
ment and interpretation of these IR spectra require sophisti-
cated theoretical approaches owing to the soft, anharmonic,
and coupled interatomic potential featured by the clusters.
Unfortunately, accurate quantum-dynamical calculations of
such spectra are still beyond reach for all but the smallest
clusters.

The protonated water dimer, also known as Zundel cat-
ion, is the smallest protonated water cluster in which a pro-
ton is shared between different water molecules. This system
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has been the subject of intense experimentallz_17 and

theoretical > investigations during the last years. The IR
spectrum of H(H,O); was measured in the gas phase by
multiphoton IR techniques using free electron lasers'>!"* and
later by messenger atom IR spectroscopy.m’15 The spectra
measured using Ne as the messenger atom were found to
be very similar to accurate theoretical spectra obtained with
the multiconfiguration time-dependent Hartree (MCTDH)
method.***® MCTDH calculations of the IR spectrum of
H(H,0); completely reproduced and, most importantly, ex-
plained various features of IR spectrum which had remained
elusive due to the strongly coupled dynamics of the
cation.”*?

IR spectra of various isotopologues of the Zundel cation,
namely, D(DZO)Er and H(D,0)3, were recently measured us-
ing Ar as the tagging atom.'® These spectra presented large
differences in position and intensity of the spectral lines with
respect to the spectrum of H(H,0)3, which were beyond the
expected line shifts due to deuteration. The spectra of the
D(D,0)3, H(D,0);, and D(H,0); isotopologues were re-
cently computed by Vendrell et al. 8 using MCTDH and the
most important assignments were briefly discussed. The
computed spectra were in good agreement with the experi-
mental Ar-tagging spectra, although the experimental spectra
present relatively broad features due to interaction of the
tagging atom with the Zundel cation. Unfortunately, Ne-

© 2009 American Institute of Physics
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tagged messenger IR spectra of isotopically substituted
forms of the Zundel cation, which would be expected to have
a better resolution with narrower peaks, have not yet been
measured.

In this paper we compute, assign, and explain the IR
spectra of the D(D,0)3, H(D,0)3, and D(H,0); isotopo-
logues using the MCTDH method. The IR spectrum of
H(H,0)3 is also described here, since it serves as a reference
to discuss the other spectra. The dramatic differences be-
tween these spectra are explained by underlying couplings
between vibrational modes, which are strongly mass depen-
dent in such a way that different couplings and Fermi reso-
nances between bright and dark states become active or in-
active depending on the isotopic substitution of the cluster.
We also compute the zero-point energy (ZPE) and various
low lying excited states and their energies by block improved
relaxation (BIR). These low frequency states are mostly re-
lated to the wagging (pyramidalization) and water-water
relative rotation coordinates. The tunneling splitting due to
the barrier along the relative water-water internal rotation is
also computed for D(D,0); and compared to the value for
H(H,0)3.

The paper is organized as follows. Section II gives some
remarks on the theory and methods used for the computa-
tions. Section III A describes the calculation of the ZPE and
several vibrational eigenstates for each isotopologue. Section
IIT B discusses the calculation and assignment of the IR spec-
tra and Sec. IV concludes and gives some outlook.

Il. THEORY AND METHODS

All reported quantum-dynamical calculations are per-
formed by the MCTDH method®'~? using the Heidelberg
MCTDH package of plrograms.34 The configuration of the
Zundel cation is given by a set of curvilinear coordinates,
which is crucial for the description of the large amplitude
motions and anharmonicities featured by the cluster.**2%% A
detailed discussion of the 15 internal coordinates describing
the system and the derivation of the corresponding kinetic
energy operator (KEO) is given in Refs. 25 and 29. The 15
internal coordinates are briefly reintroduced here to make
this presentation self-contained. These are the distance be-
tween the oxygen atoms of both water molecules (R), the
position of the central proton with respect to the center of
mass of the oxygen atoms (x,y,z), and the Euler angles
defining the relative orientation between the two water
molecules, namely, waggings: (74, yg), rockings: (B4,8z),
and internal relative rotation of one water with respect to
the other: (a) and the Jacobi coordinates account for the
particular  configuration of each water molecule
(Ry(a.8)sRa(a.8)» 0ia.p)» Where R, is the distance between the
oxygen atom and the center of mass of the corresponding H,
fragment, R,, is the H-H distance, and 6, is the angle be-
tween these two vectors. All calculations in this work are
based on the D, setup introduced in Ref. 29. Only the split-
ting due to the barrier along the internal water-water rotation
coordinate is computed in G16.29 The set of coordinates em-
ployed can describe isotopic substitutions in which the
masses of both hydrogens of each water molecule are equal.

J. Chem. Phys. 131, 034308 (2009)

TABLE 1. Zero-point energies of the isotopologues H(H,0)3, D(H,0)3,
H(D,0)3, and D(D,0);. DMC energies of Refs. 16 and 21, MCTDH ener-
gies computed with a (12,22,22,16,10,10) SPF basis, and MCTDH-DMC
energy difference.

DMC MCTDH Difference
H(H,0); 12393 12398.8 5.84
D(H,0); 11 837 11 846.8 9.82
H(D,0); 9706 9710.7 4.71
D(D,0); 9143 9143.0 —0.05

The consideration of asymmetric isotopic substitutions in the
water molecules modifies the water Jacobi coordinates as the
H-D center of mass differs from the H, one. This introduces
new coupling terms in the KEO and would require a recom-
putation of the clusters of the n-mode representation in the
new coordinates.

To account for the interatomic potential we make use of
the potential energy surface (PES) of Bowman and
co—workers.,20 which constitutes the most accurate ab initio
surface available to date for this system. The PES expansion
used in this work has been presented and discussed in detail
in Ref. 29. The potential energy operator is constructed as an
n-mode representationfs’ % also referred to as cut high di-
mensional model representation (HDMR),””  which is
adapted to take advantage of mode combination in the
MCTDH wave function.”” The number of configurations of
the MCTDH expansion is drastically reduced by using mode
combination, i.e., combining physical coordinates into logi-
cal coordinates. The 15 degrees of freedom are combined
into six logical coordinates Q; according to the following
combination scheme: Q,=[z,R], Q,=[a,x,y], O3=[v4, V5],
04=[Ba.Bpl, Os=[Ris,R24,014), and Qs=[R5,R15.6,5].
n-mode potentials of second and third order in the logical
coordinates are transformed to product form by employing
the potfit algorithm.38’39

The MCTDH wave function reads

ny ng 6
V(Qy, ... 060 =2 - 2 A 0] 6. (1)
J1 j6 k=1

In several places we specify the size of the single particle
function (SPF) basis used for a particular calculation as
(ny,ny,n3,n4,n5,n4), where n, is the number of SPFs for
combined mode Q,, and the number of configurations is sim-
ply H,‘;In « Further details on the mode combination scheme
used in this work are given in Ref. 29.

lll. RESULTS AND DISCUSSION

A. Zero point energies and vibrationally excited
states

The ZPE of the four considered isotopologues is given in
Table I. The MCTDH values were computed by improved
relaxation®™* using a (12,22,22,16,10,10) SPF basis. The
MCTDH values are given as differences to the corresponding
diffusion Monte Carlo (DMC) energies computed by McCoy
and co-workers,lf’ which are taken as a reference. In Ref. 29
a convergence study of the ZPE of H(H,0); was carried out.
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TABLE II. For each isotopologue, vibrational eigenenergies in the lowest
frequency region computed with the BIR algorithm. The calculations were
performed with a (12,26,16,12,8,8) SPF basis.

H(H,0); D(H,0)3 H(D,0); D(D,0);
[v,,) 102.2 98.7 515 49.2
v, 102.2 99.3 522 50.0
[V 152.8 152.6 97.2 94.9
[, 231.2 226.5 134.9 134.0
[V, 10 255.9 253.4 162.4 161.2
[t 255.9 253.7 162.8 161.6
L) 379.1 377.0 250.9 250.8
[, 386.3 372.2 254.9 247.1
[v,, 447.0 444.4 303.9 304.4

The largest calculation used a (14,30,30,20,10,10) SPF basis,
which corresponds to 25200 000 configurations, yielding
(within D,,) a ZPE of 5.4 cm™! above the DMC value. The
MCTDH value obtained with this (14,30,30,20,10,10) SPF
basis is expected to be converged to better than 1 ¢cm™' with
respect to the true variational energy on the n-mode repre-
sentation of the potential.29 That value lies only 0.4 cm™
below the one obtained with a (12,22,22,16,10,10) SPF basis
in this work. As the MCTDH energies are variational, i.e.,
they are upper bounds to the ZPE of the potential model
used,” we assume that the MCTDH values reported here for
the four isotopologues lie between 1 and 2 cm™! above the
ZPE of our potential model. The error introduced by the
n-mode representation of the potential is rather uncontrolled,
but we have made a careful statistical analysis of this error
and have shown that the potential model used is reliable.”’
Although we use the same potential model for all four iso-
topologues, the error introduced in the ZPE will depend on
the specific isotopologue because the different wave func-
tions weight different areas of the potential differently. How-
ever, this effect is assumed to be small and one expects the
ZPE error introduced by the potential model to be similar for
all four isotopologues. These arguments make the rather er-
ratic behavior of the differences between MCTDH and DMC
energies (see Table I) somewhat surprising. However, DMC
has statistical rather than systematic errors and the data of
Table I indicate that the estimated DMC statistical error of
+5 cm™! is realistic.

Table II reports the energies of several low-lying vibra-
tionally excited states of the four isotopologues computed by
BIR.**! Excited state energies are given relative to the
ground vibrational-state energy. The calculations were per-
formed with a (12,26,16,12,8,8) SPF basis and ten states
were simultaneously calculated, resulting in a vector of co-
efficients of length 38 338 560. The results for H(H,0)3,
which correspond to the D,,; setup, were already reported in
Ref. 29. There it was shown that the agreement with energies
computed within G4 is excellent. Vibrationally excited states
are given names as (n,X,,n,X,,...), where n; designates the
quanta of excitation in coordinate X;, while all other coordi-
nates remain unexcited in a separable limit. Excitations not
designated according to this convention are defined when
first introduced.

The two water molecules in the Zundel cation can rotate
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with respect to each other. This motion is described by the
periodic coordinate «. The barrier along « is centered at 0°
and 180° and gives rise to a tunneling splitting, which, for
H(H,0)3, has been computed to be 1 cm™.?%% The calcu-
lation of the tunneling splitting caused by the barrier along «
needs to be computed within G4 symmetry, in which « is
defined in the range [0,27).” The tunneling splitting for
D(D,0)3 has been computed with a BIR calculation of the
ground and first vibrational excited states and has been found
to be of only 0.06 cm™'.

All calculations of excited vibrational states and spectra
that follow have been performed within the D,; setup, in
which the @ coordinate spans the region (0, 7).” As this has
been found to be an excellent approximation for H(H,0)3, it
supposes an even better approximation for isotopologues
with terminal hydrogens substituted by deuterium. The low
energy region contains excitations related to the wagging co-
ordinates 7y,,7y and to the internal rotation coordinate a.
The (w),;) excitation corresponds to a doubly degenerated
one-quantum excitation of the wagging coordinates. In
ket notation the two degenerate states are given by
(|01)|10))/ 2, where each entry represents the quanta of
excitation in the wagging coordinate of each water molecule.
Wagging excitations (w,), (ws), and (w,) correspond to two-
quanta excitations, and in ket notation are given as

(wy) =|11), (2a)
(ws) = ([120) - [02))12, (2b)
(ws) = (|20) +[02)\2. (2¢)

Comparison of the excitation energies along H(H,0)} and
D(H,0)3 columns of Table II on the one side and along
H(D,0); and D(D,0); columns on the other side shows that
states with the same excitation character have energies that
differ in almost all cases by less than 5 cm™!. This indicates
that wagging and « excitations are well decoupled from the
central proton motion and depend only on the isotopic sub-
stitution of the external positions. An exception to this is the
(ws3) excited state, which presents slightly larger differences
within each pair of isotopologues that share the same isoto-
pic substitution in external positions. The (w3) energy in
H(H,0); is 14 cm™! larger than in D(H,0)3, and the (w3)
energy in H(D,0); is 7 cm™' larger than in D(D,0);. The
(ws) state corresponds to the excitation in which one water is
found in a planar configuration while the other one is pyra-
midalized and vice versa. This state has the correct symmetry
to couple to the (1z) central proton excitation.”*?® The varia-
tions in energy of this state within each pair of isotopologues
indicate that a certain coupling to the central proton motion
exists for (wz). The (w;) state does not present appreciable
IR intensity in any of the computed IR spectra discussed in
Sec. III B. However, it will be shown below that states cor-
responding to combinations of (w3) with a single or double
excitation of coordinate R can borrow intensity from bright
states through Fermi resonances.
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B. IR spectra of D(H,0);, H(D,0);, and D(D,0);

The IR spectrum is computed as discussed in Refs. 26
and 29 by Fourier transform of the autocorrelation function
of the dipole-operated ground state. The IR spectrum of
H(H,0)} in the full range of 0-4000 cm™' was recently
computed and analyzed by Vendrell et al.X4%» using the
MCTDH method. The assignments of all bright lines of the
spectrum were reported in Ref. 26. The IR spectrum of the
nondeuterated form H(H,O)} was recently revisited” and
computed using the same coordinates and potential energy
expansion as used in this work for the D(D,0)3, H(D,0)3,
and D(H,0); isotopologues. A (11,12,12,11,7,7) SPF basis
provided converged spectra for H(H,0)3 and it is the basis
used here for the calculation of the IR spectra of the isoto-
pically substituted cations. A less detailed discussion on the
spectra of the isotopically substituted forms of the Zundel
cation was recently given by Vendrell et al.®® There a smaller
(10,10,10,10,6,6) SPF basis was used.

Figure 1 presents the computed spectra for H(H,0)3,
D(H,0)3, H(D,0)}, and D(D,0);. The interpretation of the
IR spectra in Fig. 1 requires definite assignments of the spec-
tral lines and an understanding of their origin. Zeroth-order
states are used as a tool to perform such assignments. They
correspond to well defined local excitations of the system,
e.g., the bending mode of the water molecules or the one-
quantum excitation of the proton-transfer mode, and they are
usually constructed as products of eigenfunctions of low di-
mensional mode Hamiltonians, each of them defined in the
space of one of the combined coordinates. A more specific
definition and procedures to obtain them in the context of
MCTDH were presented elsewhere.”® In the following, |®,;)
refers to the vibrational wave function of a zeroth-order state
while |W¥,) corresponds to a vibrational eigenstate. The
quantities used for assignments are the [(®;|W,,)*> products,
which tell to which extent a particular and well defined
zeroth-order vibration participates in a certain spectral line.
The overlaps are obtained in the time representation via the
formula®

T

. . Tt
e‘Em’/h<<D,|e_’H’/h|q)l)cos<—) dt.

T
®|V¥, )?=—R f

0

3)

Even though each spectral line contains contributions from
all or some of the considered zeroth-order states (nonvanish-
ing [(®,|W,,)|* elements), there is usually a zeroth-order state
that contributes to a specific transition appreciably more than
the others. Thus, when we refer to a certain spectral line as
the (laboratory) transition or to the corresponding eigenstate
as |W,,), it is because it is possible to identify the zeroth-
order state |®,,,) as the leading contribution to |¥),,). As a
side remark, although it was not explicitly mentioned there,
the same principle applies in order to assign labels to the
eigenstates in Table II. In the case of large couplings it may
not be possible to cleanly disentangle the spectrum into one-
to-one assignments of spectral peaks to zeroth-order states,
since a given transition may present similar contributions
from two or more zeroth-order states.
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FIG. 1. Computed IR spectra of the (a) H(H,0)3, (b) D(D,0)}, (c)
H(D,0)3, and (d) D(H,0)} isotopologues of the Zundel cation with assign-
ments of the most important peaks.

The lowest frequency region of the four spectra in Fig. 1
presents two lines. From low to high energy they correspond
to a doubly degenerate one-quantum excitation of the wag-
ging modes (w,,) and its combination with a one-quantum
excitation of the internal rotation of one water molecule with
respect to the other (wy,,, la), respectively. In the highest
energy region of the four spectra in Fig. 1 two peaks related
to the O-H stretching modes are found. There are three O-H
stretching states which can be represented in ket notation as

(sg) = (|10,00) + |01,00) + |00, 10) + [00,01))/2,  (4a)
(su) = (|10,00) + |01,00) — [00,10) - [00,01))/2,  (4b)

(sa) = ((]10,00) — [01,00)) * (]00,10) — [00,01)))/2.
(4c)

The first two entries in each ket provide the quanta of exci-
tation in each O-H bond of one of the water molecules,
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TABLE III. For each isotopologue, vibrational energies of various eigen-
states in the middle and high frequency regions. The energies were obtained
by Fourier analysis of the autocorrelation function of propagated wave pack-
ets corresponding to either the dipole-operated ground state or zeroth-order
states. As discussed in the text, the naming of eigenstates [¥,.) and |¥,,) in
the H(D,0)j case is a bit arbitrary due to the strong mixing of the underly-
ing zeroth-order states.

H(H,0); D(H,0); H(D,0); D(D,0);
[, 10 913.0 942.6 760.0 812.8
[, 1050.1 7289 936.0 683.1
[¥1,,1%) 1392.0 12153 1558.6 1146.2
W, 20) 1560.0 1486.0 1245.7 1363.2
|¥,.) 1756.3 1660.1 1346.7 1301.4
[P 20) 1902.6 1703.8 2055.9 1615.2
[, 3617.8 3607.4 2640.4 2643.1
[¥,.) 3679.8 3679.3 2753.9 2746.0

while the second two entries describe the quanta of excita-
tion in each O-H bond of the other water molecule. The
lowest frequency absorption in the high frequency domain
corresponds to the symmetric ungerade stretching mode
(su). Here symmetric/asymmetric refers to the symmetry of
the motion within one water and gerade/ungerade to the sym-
metry between the two waters. The higher frequency line
corresponds to the doubly degenerate asymmetric stretching
mode (sa). The gerade stretching (sg) state is a dark state by
symmetry. The relative position of the wagging and O-H
stretching excitations does not change after deuteration. Only
the expected redshifts take place for H(D,0); and D(D,0)3,
that is, upon substitution of the terminal hydrogen atoms by
deuterium.

The IR spectra of the four considered isotopologues
strongly differ from each other in the middle spectral region
between 600 and 2000 cm™!. The assignment of the IR spec-
trum of H(H,0)3 in Fig. 1(a) has been already discussed by
Vendrell ef al.***° They reintroduce here the most important
elements of such spectrum since it serves as reference for the
discussion of the other isotopologues. Table III contains
eigenenergies of the middle and high frequency regions com-
puted by Fourier analysis. For bright eigenstates the energies
in Table III correspond to the positions of the peaks of the
spectra in Fig. 1. Eigenenergies of states which are not bright
or present very low intensity have been obtained by Fourier
analysis of the autocorrelation function of propagated zeroth-
order states. The computation of eigenstates by improved
relaxation and BIR is restricted to the low energy region of
the spectrum. In the middle and higher energy domains con-
vergence to a particular eigenstate is very difficult due to the
high density of states. Conversely, propagation is always
possible, which enables the computation of eigenenergies by
Fourier transform in these energy regions.

1. H(H,0)}

Figure 2 shows the IR spectrum of H(H,0)3 in the spec-
tral region between 800 and 2000 cm™' together with the
experimental spectrum measured using Ar as the tagging
agent."* As shown in Ref. 26 there is an excellent agreement
between theory and Ne-tagging experiment. However, the
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MCTDH, Hz0,"

Exp, (H502+)Ar ..........

800 1000 1200 1400 1600 1800 2000

Ecm™]

FIG. 2. For H(H,0)} comparison of the computed MCTDH IR spectrum
(full line) with an experimental spectrum measured using Ar as the messen-
ger atom (dotted line) (Ref. 14).

spectrum measured using Ar presents broader lines and line
doubling due to a stronger interaction of the Ar atom with the
core cation. We show the Ar-tagged H(H,0); spectrum here
to demonstrate the closeness of agreement between theory
and Ar-tagged experiments one can expect. For the deuter-
ated systems, unfortunately, there exist only spectra obtained
with Ar tagging. The spectrum in Fig. 1(a) features five ab-
sorptions between 900 and 1900 cm™' which can be as-
signed by resorting to five coupled zeroth-order states: >+
(1) [ @ 1), (2) [@12), B) [Py 1), (4) [Pp,), and (5) [Py 2p)-
Here (bu) indicates the ungerade water bending mode. The
overlaps between zeroth-order states and eigenstates for
H(H,0)3 are found in Table IV. These overlaps have smaller
values as one might expect, and the numbers within one
column do not add up to one. For such a strongly correlated
system as the Zundel cation the definition of good zeroth-
order states is difficult. The obvious choice used here,
Hartree products of eigenfunctions of low-dimensional
model Hamiltonians, depends on the precise definition of
these model Hamiltonians. The numbers shown in Table IV
hence may vary somewhat with the specific choice of the
zeroth-order state, but the assignments of the correlated
eigenstates are reliable.

The most intense line of the H(H,0); spectrum is related
to the (1z) transition at 1050 ¢cm™' as the displacement of the
proton along the O—O axis causes the largest variation in the
dipole moment. Although the |®,.) zeroth-order state has a
large contribution to the |¥,.) eigenstate, the second most
important contribution to [W,.) arises from |®; RM>’ as seen
in Table IV. The situation is reversed for the line centered at

TABLE 1V. For H(H,0)}, matrix elements [(®,|W,)%, where |®)) is a
zeroth-order state and |W,,) is an eigenstate. The naming of each eigenstate
|W,,) is based on the leading contribution of the zeroth-order states |®,).

H(H,0); (Pooiw Y Vi Paor [Pu)  [Wiow
Energy (cm™) 913 1050 1392 1560 1756 1903
I 06 019 000 000 002 000
(D), 0.25 0.42 0.01 0.03 0.08 0.01
(@l 000 001 037 013 016 001
(@, 000 000 033 033 002 00l
(D, 0.03 0.10 0.05 0.10 0.46 0.05
(@, 2] 000 000 000 002 004 019
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FIG. 3. For D(D,0)3 comparison of the computed MCTDH IR spectrum
(full line) with an experimental spectrum measured using Ar as the messen-
ger atom (dotted line) (Ref. 16).

913 cm™!, in which the leading contribution is |®, RM,}) and
the second most important contribution is |®,.). Therefore
the doublet of peaks centered at 1000 cm™' in H(H,0);
arises from a Fermi resonance between two strongly coupled
zeroth-order states, |® ) and |®, Rawy)- The next three lines of
the spectrum correspond to the 1392 cm™' (1z,1R),
1756 ecm™ (bu), and 1903 cm™! (1z,2R) transitions, respec-
tively. All three transitions, and specially (bu), have a non-
negligible contribution from the |®,.) zeroth-order state,
from which they obtain a large part of their spectral
intensity.26 Moreover, the strong coupling between |®;.) and
|®,,) modes is responsible for shifting the (1z) and (bu)
lines about 150 cm™' down and up, respectively, with re-
spect to their estimated uncoupled positions.%’27 The eigen-
state of energy 1392 cm™' has, as already mentioned,
|@), 1z as the leading contribution. However, the zeroth-
order state |CI)W3,2 z) contributes appreciably to this eigenstate.
Table IV has important nondiagonal contributions in the
2 X2 upper-left corner, which are related to the Fermi reso-
nance centered at 1000 cm™'. Also the 3 X3 block corre-
sponding to (lz,1R), (w3,2R), and (bu) denotes non-
negligible mixing of the zeroth-order states in the expansion
of every one of the eigenstates.

2.D(D,0)}

Figure 3 presents the computed IR spectrum for
D(D,0); together with the experimental spectrum measured
using Ar as the tagging agent16 in the spectral range between
650 and 1700 cm™'. The two spectra agree well in the posi-
tions of the main features. The Ar spectrum presents quite
broad features, which are a result of the interaction of the Ar
atom with the cation. The MCTDH IR spectrum of D(D,0);
is shown in Fig. 1(b) for the spectral range of 0—4000 cm™'.
The (1z) peak is found here at 683 cm™' and is, as in
H(H,0)3, the most intense IR absorption. The (w3, 1R) peak
is found at 813 cm™!. Therefore the characteristic doublet at
about 1000 cm™" in H(H,0)} is also found in D(D,0)3, but
with its constituent peaks in reverse order and shifted to
lower frequencies. The (bu) peak is found at 1301 cm™,
about 450 c¢m™! below its position in H(H,0)3. (1z, 1R) ap-
pears in this case with a very low intensity, while (1z,2R)
does not appear at all in the spectrum of D(D,0)3. The po-
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TABLE V. For D(D,0)3, matrix elements [(®;|W,)?, where |®) is a
zeroth-order state and |W,,) is an eigenstate. The naming of each eigenstate
|W,,) is based on the leading contribution of the zeroth-order states |®,).

D(D,0); [V |qf\v'3,1R> |‘I’11,1R> [V} |‘I’w3,21e> |\I'lz,2R>
Energy (cm™)) 683 813 1146 1301 1363 1615
(@] 052 012 002 010 00l 0.02
(@1 021 053 002 000 003 0.01
(@, 14 000 003 043 012 006 0.04
(D] 011 003 013 027 009 0.01
(@, 24l 000 0.0 011 011 023 0.01
(D), 4] 0.00  0.00 000 002 000 0.32

sition of these two eigenstates has been computed to be 1146
and 1615 cm™', respectively. Therefore they are located far
from absorptions from which they could borrow intensity.
Moreover, after deuteration the coupling between z and R is
reduced since the system remains in deeper, less anharmonic
regions of the potential, thus reducing even more the possi-
bility for direct absorption of the (1z,1R) and (1z,2R) com-
binations. Close to the (bu) peak at 1301 cm™' an absorption
occurs at slightly higher frequency. This absorption was al-
ready found in the MCTDH IR spectrum of D(D,0); but had
remained unassigned.28 An absorption in this position is also
seen as a shoulder to the (bu) peak in the experimental IR
spectrum of D(D,0)3 (Ref. 16) in Fig. 3. The fact that this
absorption is very close the (bu) peak immediately suggests
that it may correspond to a Fermi resonance between two
zeroth-order states. In fact, the analysis of propagated zeroth-
order states using Eq. (3) reveals that this line has as the
leading contribution the (w5,2R) excitation, as seen in Table
V. Similarly as in H(H,0)3, (1z,1R), (w3,2R), and (bu)
zeroth-order states mix appreciably. However, in the IR spec-
trum of D(D,0)} two peaks related to this group of three
zeroth-order states have as leading contributions (ws,2R)
and (bu) instead of (1z,1R) and (bu) as in H(H,0)3. Table V
presents the [(®;|V,)* matrix elements for the D(D,0)3
case. Similarly as in the H(H,0); case the matrix is diago-
nally dominant, which means that a leading contribution can
be identified for each eigenstate. However, important nondi-
agonal elements are found in the 2 X2 upper-left corner,
which are indicative of a Fermi resonance between |<I>,R,W3>
and |®,.) zeroth-order states. The 3 X 3 block corresponding
to (1z,1R), (bu), and (w3,2R) has also nondiagonal ele-
ments, which are non-negligible. The small energy difference
between (bu) and (ws,2R) results in this case in the Fermi
resonance structure centered at 1330 cm™'.

3. H(D,0)}

Figure 4 shows the computed MCTDH spectrum of
H(D,0); in the range of 700—1700 cm™! together with the
experimental spectrum measured using Ar as the tagging
agent.16 The experimental spectrum presents two major
peaks at about 750 and 930 cm™! which correspond to two
possible situations, either D is found in the central position
or H is found in the central position. Hence the experimental
spectrum in Fig. 4 corresponds to the superposition of two
different spectra. From the point of view of the assignment
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MCTDH, H(D20)2+
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FIG. 4. For H(D,0)3 comparison of the computed MCTDH IR spectrum
(full line) with an experimental spectrum of HD,O3 measured using Ar as
the messenger atom (dotted line) (Ref. 16). The experimental spectrum is a
statistical mixture of the spectrum corresponding to H in the central position
and of the spectrum corresponding to H in an external position (Ref. 16).

of spectral lines and of correlation, this is the most complex
of all considered spectra. Figure 1(c) presents the MCTDH
spectrum with assignments in the spectral range of
0—4000 cm~'. Table VI presents the [(®,|W,,)|*> matrix ele-
ments for the H(D,0); case. Here the deuteration of the
external positions brings the position of the zeroth-order
state |®,,) down to lower frequencies by about 300 cm™,
while the zeroth-order states |®;,) and |®,_ ) remain almost
unaffected. This results in a situation in which the zeroth-
order |®,,) is found between |®,.) and |®,.,z). State
|(Dw3,2R> is also found in this energy region. These four
zeroth-order states strongly couple to each other and are re-
sponsible for the three peaks at 936, 1347, and 1559 cm™.
By inspecting the [(®;|¥,,)|*> matrix elements in Table VI it
is seen that the 4 X4 block corresponding to (1z), (ws,2R),
(bu), and (1z,1R) excitations has important ardiagonal el-
ements. The peak at 936 cm™, assigned as (1z), has almost
equal relative contribution from |®,.) and [®,). The central

peak at 1347 cm™! assigned as (hu) has as leading contribu-
tion |, 5z and almost equal participation from [®;,) and
|@,,), while the peak at 1564 cm™! is a mixture of |®,,) and
|(I)lz,1 x» with a larger participation of the latest. An eigenstate
of energy of 1245 cm™' presents a very low absorption in the
IR spectrum. This state has as leading contribution |(Dw2,21(’>
and important and almost equal participation of |®,.), [®,,),
and |®. ). The strong couplings shaping the middle spec-

TABLE VI. For H(D,0), matrix elements [(®,|W,)?, where |®) is a
zeroth-order state and |W,,) is an eigenstate. The naming of each eigenstate
|'W,,) is based on the leading contribution of the zeroth-order states |®@,). The
assignment of eigenstates marked with a tilde is a bit arbitrary due to the
strong underlying mixing of zeroth-order states.

H(D,0); [V 180 7, [P, 20) ) Wi (Wi
Energy (cm™) 760 936 1245 1347 1559 2056
(@1, 065 006 000 000 000 000
(@] 0.05 0.28 0.11 0.16 0.09 0.02
(@, 4 000 000 036 026 002 000
(@, 002 031 014 019 015 000
(@, 17 0.00 001 014 002 033 004
(@ 000 000 000 00l 000 0.6

J. Chem. Phys. 131, 034308 (2009)

TABLE VII. For D(H,0)3, matrix elements [(®;|W, )%, where |®)) is a
zeroth-order state and |W,,) is an eigenstate. The naming of each eigenstate
|W,,) is based on the leading contribution of the zeroth-order states |®,).

D(H,0); |‘I'1:> |qf\v'3,1R> |‘I’11,1R> |\Pw3,2R> |\I’bu> |\I'lz,2R>
Energy (cm™) 729 943 1214 1486 1660 1704
(O] 063 0.04 0.05 0.01 0.03 005
(D, 0.05  0.64 0.04 0.00 003  0.00
(D). 14l 0.00 0.05 0.56 0.00 0.02 0.00
(D, ol 0.00  0.00 0.06 0.33 0.06  0.02
(D, 0.06  0.00 0.02 0.00 051 0.20
(D2l 0.00  0.00 0.00 000 0.0 037

tral region of the spectrum of H(D,0); are reflected in a
matrix of [(®,|W,)|> elements that is less diagonally domi-
nant than in the previously discussed cases. Assignments of
the eigenstates with energies of 936 and 1347 cm™! are a bit
arbitrary because of the strong mixing and the fact that a
single leading contribution cannot be clearly identified.
Therefore these eigenstates are denoted with a tilde in both
Table VI and Fig. 1(c). The eigenstate with energy of
1245 cm™! has not been signaled by a tilde. This eigenstate
presents contributions from four zeroth-order states, but one
of them, |<I)w%’2R) can be clearly identified as the leading con-
tribution. The (w5, 1R) peak is of reduced intensity due to its
redshift and consequent decoupling from the zeroth-order
(1z). The (1z,2R) state is located far from peaks from which
it can borrow intensity and shows no IR absorption.

4.D(H,0);

In contrast to H(D,0)3, deuteration of the central posi-
tion alone in D(H,0)3 leads to the simplest and most diag-
onal dominant IR spectrum of this series, shown in Fig. 1(d).
Here the zeroth-order (1z) state shifts to lower frequencies
and decouples from (1R,w;). The peak at 785 cm™' is
cleanly assigned to (1z). (1z) decouples as well from (bu).
This brings the position of the (bu) peak down to
1662 cm™!, closer to the bending frequency of an isolated
water molecule and explains the reduced intensity. Note that
the position of (bu) at 1758 cm™ in H(H,0); was due to
strong coupling with the central proton (1z) mode. Due to the
isotopic substitution the (1z,2R) peak is shifted down, end-
ing relatively close to (bu). The doublet formed by (bu) and
(1z,2R) is the only structure related to a resonance in
D(H,0)3. However, both lines can be cleanly assigned, as
seen by inspecting the contribution of the corresponding
zeroth-order states in Table VII.

IV. SUMMARY AND CONCLUSION

The IR spectra and low lying vibrational eigenstates of
H(H,0);, D(D,0);, H(D,0);, and D(H,0); are computed
by quantum dynamics in full dimensionality using the
MCTDH method on an accurate PES. The ZPE is computed
for the four isotopologues by improved relaxation and an
excellent agreement with the reference diffusion Monte
Carlo results is found in all cases. The first ten vibrational
eigenstates, which are related to the wagging and internal
rotation coordinates, are computed by BIR. The eigenener-
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gies of the wagging vibrational states present important
shifts to lower frequencies upon deuterium substitution in the
external positions but are almost independent of the isotope
substitution in the central position. The only exception is the
(ws) state. This is a two-quanta wagging state in which one
water molecule is preferentially in planar conformation while
the other one is pyramidalized and vice versa. This state has
the correct symmetry to couple to the asymmetric excitation
of the central proton (1z), and its energy varies in the order
of 10 cm™! up or down depending on the isotope substitution
in the central position.

The IR spectra of the four considered isotopologues are
computed and assigned. These spectra are depicted in Fig. 1.
The middle spectral region between 600 and 2000 cm™! is
strongly dependent on the isotopic substitution of the cation.
Not only the expected line shifts take place, but important
changes in the intensities of the lines occur as well. The
assignment of the four spectra ravels that couplings and
Fermi resonances responsible for their shape are strongly de-
pendent on isotope substitution. The assignments are per-
formed according to the products [(®;|W,,)|?, which tell to
which extent a particular and well defined zeroth-order vi-
bration |®,) participates in the eigenstate |¥,,) responsible
for a particular spectral line. The IR spectrum of H(H,0)}
features a doublet peak centered at 1000 cm™', which origi-
nates from a Fermi resonance of zeroth-order states |(I>W3!1 R
and |®,.). A block of three zeroth-order states with non-
negligible couplings between them, |®_z), [P, o), and
|D,,), is responsible for the next two peaks at 1392 and
1756 cm™'. The leading contributions to the two eigenstates
are (1z,1R) and (bu), respectively. However, (w3,2R) has an
almost equal contribution to the first peak as (1z,1R). Next
the IR spectrum of D(D,0)5 is assigned. This spectrum fea-
tures a doublet with peaks at 683 and 813 cm™'. The two
leading contributions to the two peaks are the two coupled
|®,.) and |(I>W1,1R> zeroth-order states, respectively. Hence
D(D,0); features a Fermi resonance similar to the one in
H(H,0); but with the two peaks at lower frequencies and in
reverse order. The zeroth-order states |®,_g), |, 5g), and
|®,,) form also a block of three coupled states in this case.
The two peaks at 1301 and 1363 cm™! are related to a Fermi
resonance between zeroth-order states |®,,) and |<I)w3,2R>, re-
spectively. The most complex spectrum of the series is
H(D,0)3. Here the isotopic substitution in the external posi-
tions shifts the zeroth-order excitations (ws,1R), (w3,2R),
and (bu) down to lower frequencies, while (1z) and (1z,1R)
remain mostly unaffected. In this case (ws,1R) uncouples
from (1z) and a block of four zeroth-order states with impor-
tant couplings among them, namely, |®.), CI>W3,2R>, D0,
and |CI>]Z,1R>, is responsible for the three peaks at 936, 1347,
and 1559 cm™!. It is not possible to identify a clear leading
contribution to the peak at 936 cm™!, which is mostly a mix-
ture of (1z) and (bu), neither for the peak at 1347 cm™,
which is a mixture of (1z), (w3,2R), and (bu). The simplest
of all spectra is D(H,0)3. Here the increase in mass in the
central position shifts the zeroth-order (1z) excitation to a
lower frequency, so that it separates from other zeroth-order
excitations. The coupling between zeroth-order states is in

J. Chem. Phys. 131, 034308 (2009)

this case much smaller than in other cases, as seen by in-
specting Table VII, which is clearly diagonal dominant.

In this contribution we provide an in-depth theoretical
analysis of the IR spectroscopy of four isotopologues of the
Zundel cation. The dramatic differences between the spectra
of these isotopologues are indicative of the complex under-
lying dynamics, with couplings and Fermi resonances being
strongly dependent on the masses of the atoms. These results
contribute to the general understanding of the complex dy-
namics of protonated water clusters and the hydrated proton.
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