Theor Chem Acc (2012) 131:1210
DOI 10.1007/s00214-012-1210-2

REGULAR ARTICLE

Theoretical simulations of the vibrational predissociation spectra

of H:Z and Dz clusters

Alvaro Valdés - Patricia Barragan -
Cristina Sanz-Sanz - Rita Prosmiti -
Pablo Villarreal - Gerardo Delgado-Barrio

Received: 7 February 2012/ Accepted: 20 March 2012/ Published online: 7 April 2012

© Springer-Verlag 2012

Abstract In the present study, the effect of the potential
energy surface representation on the infrared spectra fea-
tures of the HY and DY clusters is investigated. For the
spectral simulations, we adopted a recently proposed
(Sanz-Sanz et al. in Phys Rev A 84:060502-1-4, 2011)
two-dimensional adiabatic quantum model to describe the
proton-transfer motion between the two H, or D, units. The
reported calculations make use of a reliable “on the fly*
DFT-based potential surface and the corresponding new
dipole moment surface. The results of the vibrational pre-
dissociation dynamics are compared with earlier and recent
experimental data available from mass-selected photodis-
sociation spectroscopy, as well as with previous theoretical
calculations based on an analytical ab initio parameterized
surfaces. The role of the potential topology on the spectral
features is studied, and general trends are discussed.
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1 Introduction

HZ has been first detected in 1962 [1], and since then sev-
eral experimental studies have been carried out, although
the information available is rather limited to dissociation
enthalpies [2-4] and a few vibrational frequencies at ener-
gies between 2,500 and 8,000 cm™! [5-7]. Directly related
to this work are the experiments reported by Okumura et al.
[5]1in 1988, later on by Bae [6], and just recently by Duncan
et al. [7] on the infrared (IR) photodissociation spectra of
the HZ". In the earlier investigations, three broad bands have
been observed near 4, 000 cm~! and have been assigned to
vibrational frequencies of HY, such as fundamental
stretching modes of Hi and H,, as well as combinations or
overtones of these modes with the intermolecular
Hi + H, [5]. However, in the latter study the excitation
of the shared-proton stretch mode have been found to play a
major role in the assignment of the same spectral features
[7]. In particular, Duncan et al., in addition to the HY
spectrum in the 2,000-4,500 cm_l, have also recorded for
the first time the DY one in the spectral region of
1,500-3,500 cm™"'. They showed that the delocalized and
highly anharmonic shared-proton stretch mode carries very
large oscillator strength, and its excitations are involved in
the spectral transitions at the energy region studied [7]. Just
recently, the importance of the proton-transfer stretching in
the IR spectra of these clusters has been studied by applying
an adiabatic two-dimensional model incorporating the
temperature effect [8].

However, despite the apparent simplicity and the effort
devoted, very little is still known about the spectroscopic
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characterization even at low vibrational energies, and
finite-temperature properties of HZ and its isotopes [7, 9—
12]. For theoretical studies, the main difficulty arises from
the very delicate relationship between the interaction
potential energy surface (PES) and experimental observa-
tions. Comparison of theoretical results with experimental
data is subject to the errors coming from the poor, in
general, knowledge of the PES, the dynamical approxi-
mations adopted, and the uncertainties of the experimental
measurements. As the number of atoms increases, the route
to accurate interaction PESs is hard, as it depends on the
complexity of the system.

Until recently, there was not global potential energy
surface available in the literature for the Hd, while
numerous ab initio calculations at various levels of theory
have been reported [13-21], although they were limited to
local description of the PES. However, during the last years
three surfaces have been reported in the literature claiming
a full-dimensional and reliable description of the HZ
cluster [22-24]. Two of them have been generated from
analytical expressions parameterized to high-level
CCSD(T) ab initio data [22, 23], while the third one is
obtained from “on the fly” DFT calculations [24].

Simplified models to perform spectra simulations, as the
one proposed recently [8], allow to explore the effect of the
underlying surface and to evaluate the role of the possible
differences between several of them on the dynamics of the
system. Therefore, in the present study, by analyzing
spectral features, we are able to rationalize the trends
within the spectra and relate them to the properties of the
topology of the PES of both HY and Di complexes. For
this purpose, we use the two more recent PESs that were
obtained from completely different generation procedures
[23, 24].

The plan of this paper is as follows. Section 2 describes
the coordinate system and the representation of the
Hamiltonian together with computational details for the
spectra simulations. In Sect. 3, we present the results
obtained and discuss their comparison with previous
experimental and theoretical data, while Sect. 4 summa-
rizes our conclusions.

2 Coordinate system, model Hamiltonian operator,
and computational details

The coordinate system used for describing the HZ and D3
clusters is shown in Fig. 1. The positions of the centers of
mass of the two H, monomers, together with the position of
the proton, define the two z; and z, distances with the
coordinates used to be defined as r=2z; — 2z and
R=2z+2 with 0O<R<oo and —R <r <R. The
Hamiltonian operator is given as [8]:
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Fig. 1 2D Coordinate system used for the HZ and D? complexes

H= L& +ia—2 2@ + V(r,R)
w,0r2 " 1z OR? ' i OrdR ’
=T, +TR+T,R+V(r,R), (1)

with V(r, R) the potential energy surface of the system. In
our case, i, = m/5, uyg = m with m the hydrogen or
deuterium mass. The reduced masses of the two H, or D,
monomers, for example u;, = p3y =%, are the same, so
the L =L 1

— — is zero. Thus, the crossing kinetic term
Hr M2 H34

T,z vanishes, and given the mass difference in the r and R
coordinates, we can assume an adiabatic separation by
approximating the total wavefunction as ®(r,R) ~
¢, (r;R)Y,.(R). For a given v, the corresponding R-
dependent eigenvalues, W,(R), computed from the

[T, + V(r,R) = W,(R)]¢,(r; R) =0, (2)
act as effective potentials in the Schrodinger equation,
[Tk + Wu(R) — €|y, (R) = 0. (3)

to obtain discrete (e <W,(R — o0), e =E,,, n=0,1,...)
and continuum solutions (e > W, (R — o0)) accounting for
vibrations, n, in the R coordinate. The ,,, vibrational
excited states immersed in the continuum of V' <V
vibrational levels are coupled with the continuum
wavefunctions, ., as follows:

’/E‘QV”V/ (R)|lpv’n’>R' (4)

with the coupling operator Q being

Ver

<(Dv”e|l:]|q)v’n’> = <¢v

09, 9,
0=2(faw) an (#aw),
_, (o a0
W,(R) — W, (R) OR
%
+ Z <¢v’ 8R’¢V”><¢V” R’¢V> (5)

//#/#V Wy (R)] [WV(R) - Wy (R)}

where the Hellmann—Feynman theorem has been used.
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The process we pretend to simulate corresponds to the
promotion of an initial vibrational state |®,,) to a inter-
mediate or final |®,,,) one of the Hi, as follows:

HY(v,n) + ho — H{ (V,n') > Hf + Ha + € (6)

This excitation takes place within the same electronic state
by the absorption of a photon with frequency, w, that
matches with the energy difference of these two vibrational
states and is in the infrared spectral region:

By considering a Boltzmann distribution over the initial
states at temperature 7, the line intensity for such transi-
tions is given by

e~ (Ew/KT)

2
W |:uv’n’:vn| (7)

Iv’n’.yn 68

and would
Wy'p! yn = (Ev’n’

appear at a the photon frequency
- Evn)/h The Ky yn = <(Dv’n’|:u|q)vn> are
the corresponding transition dipole moments, and u(r, R)
the dipole moment surface of the system. The absorption of
a photon that leads to a vibrational excitation of the cluster
may be followed by energy transfer to weaker bonds
causing the dissociation of the cluster. This process is
known as vibrational predissociation and it produces
broadening of the corresponding spectral lines. In the
Golden rule approximation [25], the half-width associated
with the vibrational predissociation of an initial state i
into a final continuum state ., is given by

v'n'

2
Lyw=m Z ’<¢v”s‘QV”V/(R)‘wv’n’>R| ) (8)
VH <V,
where the V), is calculated for an energy € = E,,y —

W, (R — 00), which corresponds, for large R distance, to
the relative energy between the HY and H, fragments.
Then, by dressing the corresponding lines in the spectrum
with Lorentzian functions of I',,,; widths, and by summing
over transitions [26], a continuum spectrum is obtained,

FV/”//zﬂf
I(w) =
(w) Z R (w— wv,n,7vn)2 + Ff/n//4

vnvn

Iv’n’vvn (9)

which satisfies the condition [ dwl(®) =" un Lvn wn-

3 Results and discussion

As we mentioned above, up to date, there are three PESs
available in the literature for the H, [22-24]; however, we
consider here the two more recent ones. On the one hand,
an analytical representation of the PES based on a TRIM
(triatomics-in-molecules) formalism, which has been
parameterized to high-level CCSD(T) data [23] and has
been previously employed in spectral simulations [8, 27].
On the other hand, an “on the fly“ surface based on DFT

calculations [24] using a specific hybrid functional, B3(H),
which has been specially designed for hydrogen-only sys-
tems [28]. As it can be seen, these two surfaces have been
generated from completely different procedures, and thus
several differences have been found between them. The
main ones are the predictions of the D, well-depth energy:
the DFT surface overestimates it compared to the
CCSD(T)/CBS results [21], and regarding the barrier
height for the internal proton transfer, the TRIM fitted
surface overestimates it, while the DFT one underestimates
it, taken as reference data the ones from CCSD(T)-R12
calculations [17].

For the present calculations, we employ the DFT-based
potential for the Hi [24]. Such representation has been
found to correctly describe the overall surface of the cluster
[24] and has been used in previous studies [10, 11, 29, 30].

In Fig. 2 (top panel) we show the potential curves as a
function of r for the indicated R values. The potential
curves are obtained by optimizing at each (r, R) point the
bond lengths of the two perpendicular H, monomers (see
Fig. 1). One can see that the potential curves are symmetric
in the r coordinate for small R values, and the proton is
moving in a single potential well around the D,,; configu-
ration of the H7 . As the R distance increases, a double-well
potential corresponding to C,, geometries appears. These
symmetric wells are separated by a D,, barrier, which gets
higher for larger values of R. Also we display in Fig. 2
(middle panel) the 0V/ OR derivatives of the potential. We
should point out here that the derivatives of the DFT
potential show a very smooth behavior; they are symmetric
and thus only allow states of the same symmetry (even or
odd) to be coupled by the kinetic coupling terms Q, in
Eq. 5.

For the spectral calculations, the electric dipole moment
surface is also needed, and we compute such surface here
by performing DFT/B3(H) calculations, the same ones as
for the potential. In Fig. 2 (bottom panel), we present the
dipole moment curves as a function of r and R. One can see
that for each R the dipole moment does not behave linearly
for the whole range of r, although in the region of interest,
values of r close to zero, is rather close to it. Also, it is an
odd function leading to nonzero transition dipole moment,
My v TOr states of different symmetry.

In turn, by solving the Eqgs. 2 and 3, we obtained the
effective W,(R) potentials together with the corresponding
¢, states, as well as the E,, bound or e continuum levels,
and their \,, wavefunctions. In Figs. 3 and 4, we present
the six lowest W,(R) potentials, with v = 0-5, and the
bound E,,, with n = 0-10, levels up to 8,000 cm™! for the
HY and DY, respectively. The ¢, are symmetric and anti-
symmetric states, and as it can be seen in Figs. 3 and 4, are
degenerate for R values larger than 4.5 and 5.0 bohr for the
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Fig. 2 Potential V(r, R) curves (top panel), first derivatives with
respect to R (middle panel), and the dipole moment pu(r, R) (bottom
panel) for the HY

H{ and DY, respectively. Based on the present 2D model, the
dissociation energy, Dy = Wo(R — o00) — Eqo, is estimated
to be 3,719 and 3,649 cm ™! for each ion. These values are
overestimated compared with the full-dimensional ones of
2,455 £ 125and 2,738 & 206 cm ™' reported previously for
the same DFT surface using path integral Monte Carlo
(PIMC) [10, 11]. Therefore, we should note that for the H<,
the levels with v < 2 and the E,,, E,;, Exg, and E3; are
discrete, while for the D7, the levels show larger anharmo-
nicity and more states, with v =0 and 1 as well as the
Ey, Ez, Exs, Eso, Esi, Esp, Eso, Es,and  Esp  are
actually discrete in this case.

The calculated IR continuum spectra, obtained from
Eq. 9 using the DFT surface [24], over a large spectral
range (up to 6,000 cm™') and at temperatures of 1 and
300 K (see top and bottom panels, respectively), are shown
in Fig. 5 for the HY (left panels) and DY (right panels). For
comparison reasons, in the same plot we also present the
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spectra obtained from the Ref. [8] with the analytical
CCSD(T) parameterized surface [23], as well as (see inset
plots) the experimental IR photodissociation spectra [7].
One can see that for the HY both calculated spectra at
T = 1 K show the same spectral bands, with the energy
position of the peaks to be blue-shifted by about 150 cm™'
for the one computed with the DFT surface. Also, the first
small-intensity band, which has been assigned [8] to a (0,1)
— (3,1) transition does not appear now in the spectrum
obtained with the DFT surface. This is due to its higher
dissociation energy, 3,719 cm™!, for the DFT surface
compared to the 3,449 cm ™' for the analytical TRIM-based
one [8]. As we mentioned above, the (3,1) is now a bound
level (see Fig. 3), while for the analytical surface this state
is lying above the dissociation limit [8]. For the low tem-
perature (T = 1 K) spectra of the DI, we observed a
similar behavior, with the main bands to be shifted to the
higher frequencies, while again, the transitions to the red
do not appear, due to the different dissociation energies of
the PESs. In the top panels of Fig. 5, we indicate with
arrows the energy positions of the present 2D theoretical
threshold dissociation, estimates for both HZ" and Ds using
the DFT/B3(H) surface, as well as the reported ones for the
analytical PES [8].

By comparing now the spectra obtained at 7 = 300 K,
one can see that the features from the initial state at
T =1 K are conserved; however, new bands appear for
higher energies due to the population of higher states
according to the Boltzmann distribution. The transition
energies, line intensities (see Eq. 7), and predissociation
half-widths (see Eq. 8), for the main lines at 7 = 300 K,
are listed in Table 1, together with the corresponding
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Fig. 3 Adiabatic effective W,(R) potential curves, and the corre-
sponding E,, energy levels for the Hi. Solid lines are for even
v = 0, 2 and 4 values, while dashed lines for odd v = 1, 3 and 5 ones
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Fig. 4 Same as Fig. 3 for the DI

assignment for each transition, for both HZ and D" cations.
The frequencies of the peaks assigned to the same transi-
tion in the spectrum obtained for HY and D with the
analytical and DFT surfaces are also shown in the bottom
panels of Fig. 5.

In the inset plot of Fig. 5, we present comparison with
the experimentally observed spectra. The calculated spec-
trum for the HY is in reasonable agreement, regarding the
three main bands at 2,603, 3,520, and 4,232 cm™!,
assigned recently to excitation modes of the shared-proton
mode [7]. The band at 3,904 cm s missing from the both

calculated spectra. We should note that this peak was
previously assigned to the HH stretch [5, 7] and such
motions are not taken into account in the present 2D model.

For the D;r case, we can see that the calculated spectra
are more congested than the HZ ones; although the spectra
from both surfaces present the same features, the one
obtained with the DFT PES is shifted to higher frequencies.
The comparison with the experiment shows the two main
bands shifted to the red and with much lower intensity.
Again the assignment to the features around 5,000 cm™'
corresponds to progression of the shared-proton mode (see
Table 1). We should point out here that the agreement with
the experiment for the D3 looks worse than for HZ for both
PESs, and this is probably due to the higher anharmonicity
of the DY, as we can see in Fig. 4, indicating that the
applied 2D model might not be very adequate in this case.

Finally, we should comment that the predissociation
half-widths (see Table 1) for both surfaces are almost the
same, and we found that are close to the experimental value
estimated to 50 cm™! [6]. On the other hand, we should
also mention that the present estimates for the half-widths
are larger by orders of magnitude than the ones from a
previous theoretical calculation [31]. Predissociation half-
widths strongly depend of the potential coupling between
intra- and intermolecular modes and thus of the PES used.
Moreover, in this latter study [31] the employed effective
vibrational 3D model Hamiltonian includes only the HH
stretching and intermolecular R modes, without taking into
account the shared-proton mode [31]. Thus, such discrep-
ancies should be attributed to the approaches, both for the
potential and for the adiabatic kinetic energy operators,

Fig. 5 IR calculated spectra at 0.005 —

*(T= 0.005 [~ (7=
T = 1 K (top panels) and 300 K i Hy (T=1K) i Ds (T=1K)
(bottom panels) for the HZ (left 0.004 |- | — Fitea ccspm peS 0.004 —
panels) and D¥ (right panels) T | ——_prest pes L
using the DFT/B3(H) surface | |
[24] (red lines). The 0.003 0.003
comparisons with previous B 3449 3719 i 3354|3649
simulations [8] employing the 0.002 = 0.002 —
analytical surface [23] (blue B B
lines) and with the experimental 0.001 — 0.001 [—
data [7] are also shown (black - -
lines in the inset plots). The 0 - | | 0 1 | L 1
dissociation energy thresholds 0.003 b= 3394 H5+ (T=300 K) 0.003 b
for the 2D systems are indicated o - ' :
with the corresponding arrows <
for each PES . .04
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Table 1 Assignments, frequency (in cm™h), intensity (in a.u.), and predissociation half-widths (in cmfl) for the main bands of the calculated IR

spectra at T = 300 K of the HZ and D3 using the DFT/B3(H) surface

HY DY
(v,n) — (V',n") ho I Tyw (v,n) — (V',n") ho I Tyw
3,0) - (4,0 1,209 3.8 (-1 32) - 42 1,103 1.5 (-1) 12
(1,2) - (4,0 1,870 1.5 (—4) (3,3) - 4,3) 1,246 1.0 (—1) 13
(1,1) - (4,0 2,544 4.3 (—4) 6 3B,1) - 4.2 1,722 4.2 (-3) 12
0,2) - (3.2) 2,727 5.0 (-3) 76 (3,0) - 4,2) 2,445 1.3 (—4) 12
(1,0) - (4,0) 3,389 9.3 (—4) 6 1,2) - 4,2) 2,714 1.9 (—4) 12
(1,1) - 4.1 3,673 3.7 (—4) 15 (1,1) - 4.2) 3,246 1.9 (-5) 12
0,0) —» (3.2) 4,485 1.4 (—4) 76 0,1) - (3.4) 3,382 1.3 (—4) 79
0,0) > (33) 5,100 59 (=5) 72 0,1) > (3.5) 3,755 7.4 (=5) 75
(1,0) — (4,2) 5,564 5.1 (=5) 17 (1,0) — (4,2) 3,876 47 (=5) 12
0,0) = (3.5 5,922 7.7 (=7) 47 0,1) - (3,6) 4,063 23 (-5) 58
1,1) - 44 4,458 2.2 (-5) 13
0,0) - (3.5 4,473 7.7 (—6) 75
(1,0) - 4.3) 4,541 3.4 (-6) 13
0,0) - (3.,6) 4781 1.0 (=5) 58
0,0) - (3,7) 5,029 7.8 (=6) 50
(0,0) = (3.8) 5,219 44 (-6) 41
0,0) - (3,9 5,354 22 (—6) 31

Numbers in parenthesis are power of 10

adopted in each theoretical treatment. However, similar
conclusions on the DY results have been also reported in
this vibrational predissociation dynamics study of the HY,
using a completely different adiabatic approximation [31]
than the present one.

4 Summary and conclusions

The IR photodissociation spectra of the HY and D7 clusters
are simulated by employing a two-dimensional adiabatic
quantum model to describe the internal proton-transfer
mode for these systems. Earlier and recent experiments
using mass-selected photodissociation spectroscopy have
been carried out, and several spectral bands have been
observed and associated with excitations of the shared-
proton mode. Given the importance of this motion to the
assignment of IR photodissociation spectra for both Hf and
D? cations, we investigate here the effect of the underlying
PES, employed in the theoretical simulations, on these
spectral features. By comparing simulations with two
completely different generated potential surfaces, namely
TRIM/CCSD(T) fitted PES and DFT/B3(H) one, and ana-
lyzing the behavior of the emerged features in the spectra,
we could evaluate the quality of the PESs and the influence
of the errors in their generation to the dynamics of the
systems under study. The analytical surface has been
parameterized to high-level CCSD(T) data, and in general,
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it is expected to be more accurate than a DFT-based one. In
one case, the source of errors is associated with the devi-
ations obtained during the fitting procedure and the number
and type of configurations of the computed ab initio data,
while in the other one it has been shown that a realistic
DFT-representation heavily relies on the choice of the
functional.

With this in mind, we consider the comparison between
the analytical and “on the fly” surfaces. As seen both of
them reproduce quite similar theoretical spectra for both
H< and D7 clusters, with the peak positions, intensities and
bandwidths of the obtained features being quantitatively
comparable. Systematically, the bands calculated with the
DFT surface for the HY appear shifted to higher frequen-
cies by 150 cm™', and this is mainly attributed to the
higher dissociation energy predicted by the DFT surface.
We found that both theoretical spectra show a reasonable
good agreement with the experimental spectrum of HZ at
T = 300 K. Both fitted surfaces for D predict a more
congested spectra than for the HY cluster. This is consistent
with the deeper adiabatic effective, W,, curves, producing
very low intensities for the region between 1,500 and
3,500 cm™! of the experimental bands. This indicates a
possible limitation of the 2D adiabatic model for the hea-
vier D7 cluster. Regarding the potential surfaces, we may
conclude that both of them could reproduce the main bands
of the IR spectrum at energies between 3,000 and
6,000 cm™! and associate them with excitations of the
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shared-proton mode. The qualitative differences between
them are mainly reflected only on the position of the peaks
in the HY, while in the spectra of the D3 some variations
are also found on the intensities.

Unfortunately, no more experimental results are yet
available at the low-energy regime, where we should
expect somehow larger quantitative differences between
the two surfaces, and thus higher-dimensional models
should be developed and employed to count with the highly
fluxional nature of these cations. Work in this direction is
in progress.
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