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Full-dimensional ab initio potential energy surface is constructed for the H+
7 cluster. The surface

is a fit to roughly 160 000 interaction energies obtained with second-order MöllerPlesset perturba-
tion theory and the cc-pVQZ basis set, using the invariant polynomial method [B. J. Braams and
J. M. Bowman, Int. Rev. Phys. Chem. 28, 577 (2009)]. We employ permutationally invariant basis
functions in Morse-type variables for all the internuclear distances to incorporate permutational sym-
metry with respect to interchange of H atoms into the representation of the surface. We describe how
different configurations are selected in order to create the database of the interaction energies for the
linear least squares fitting procedure. The root-mean-square error of the fit is 170 cm−1 for the entire
data set. The surface dissociates correctly to the H+

5 + H2 fragments. A detailed analysis of its topol-
ogy, as well as comparison with additional ab initio calculations, including harmonic frequencies,
verify the quality and accuracy of the parameterized potential. This is the first attempt to present an
analytical representation of the 15-dimensional surface of the H+

7 cluster for carrying out dynamics
studies. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4726126]

I. INTRODUCTION

The protonated hydrogen clusters, H+
3 (H2)n, with n ≥ 1,

and their deuterated isotopic species, are of fundamental inter-
est in a series of phenomena involving Coulomb explosions,
as well as through reactions of astrophysical interest to nu-
clear fusion reactions producing high energy neutrons, and
also as a possible medium for energy storage (see Refs. 1–4
and references therein). A number of experimental and the-
oretical studies have suggested a shell model structure for
these clusters with an H+

3 core surrounding by several H2

molecules. The support of this model is based on experimen-
tal data from mass spectra, infrared predissociation spectra,
and dissociation enthalpies.5–11 Theoretically, apart from the
numerous electronic structure calculations on the equilibrium
structures of these systems (see, e.g, Refs. 12–15), more re-
cently, several dynamics studies have been reported in the lit-
erature for the H+

5 .16–26 For larger clusters of this series such
investigations are still limited to the earlier work by Štich
et al.27 based on ab initio path integral molecular dynamics
simulations for the H+

5 , H+
7 , H+

9 , and H+
27 clusters, showing,

for first time, the high fluxional nature of these systems.
Unfortunately, still no model potential is available for

larger H+
n , with n = 7, 9, . . . , clusters, which would allow

dynamics calculations similar to those for the H+
5 . The repre-

sentation of a potential energy surface (PES) is getting com-
plicated and laborious task, as the number of atoms increases.
Thus, the complexity of the processes to be studied compro-

a)Present address: CELIA, Université de Bordeaux-I, UMR CNRS 5107,
CEA, 351 Cours de la Libération, F-33045 Talence, France.

b)E-mail: rita@iff.csic.es.
c)E-mail: jmbowma@emory.edu.

mises the description of the PES, e.g., local or global, with a
global, full-dimensional and high-level ab initio-based PES to
be the ideal choice. However, for complexes with more than
four atoms the overall cost for the traditional analytical fit-
ting or interpolation procedures could be often relatively high,
and then direct/“on the fly” calculation of the potential could
be a competitive approach to be employed.22, 27, 28 Just re-
cently, a DFT-based “on the fly” PES has been reported for the
H+

7 ,29 using the B3(H) functional, specifically designed for
hydrogen-only systems.30 It has been shown that such func-
tional parameterization based on molecular properties, instead
on atomic ones,29–31 could provide a realistic and quite accu-
rate description of the cluster surface at relatively low com-
putational cost. Although, we should note that in general an
analytical representation is much more efficient computation-
ally, and also higher level of ab initio theory could be used.
Motivated by this, we focus our interest here on the generation
of an analytical full-dimensional potential surface of the H+

7
cluster. Even beyond the challenge of the high dimensionality,
we should further count with a large degree of floppiness for
this system.

Following the traditional way to represent a PES in this
field, so far various strategies to deal with high-dimensional
potentials have been developed.16, 32–36 The H+

7 has 15 de-
grees of freedom, contains 7 identical H (light) atoms, and
thus its PES representation should be invariant with respect to
all permutations. For that, we have implemented the approach
proposed by Braams and Bowman,36 that is based on global
fitting of ab initio electronic energies by incorporating permu-
tational symmetry directly into the representation of the PES,
using fitting basis functions that are invariant with respect to
all permutations of identical atoms. In this way, the invariance

0021-9606/2012/136(22)/224302/8/$30.00 © 2012 American Institute of Physics136, 224302-1
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property of the PES leads to a reduction of the configurations
to be sampled, and thus to the number of ab initio energies to
be computed. This approach has been applied to generate the
potential energy surfaces of more then 20 molecular systems
(see Refs. 17, 37–39).

In this paper, we present a first attempt for an analyti-
cal representation of the 15-dimensional surface of the H+

7
cluster. The surface we describe is constructed from nearly
160 000 ab initio MöllerPlesset perturbation theory (MP2) en-
ergies. Section II discusses the details of such calculations and
fitting procedure used. In Sec. III we present the properties
of the PES together with the tests of accuracy of it in repre-
senting the ab initio data, structure, and energetics of various
stationary points, asymptotic behavior, and dissociation fea-
tures. Finally, a summary and some conclusions are given in
Sec. IV.

II. METHODS AND CALCULATION DETAILS

A. Ab initio calculations and grid generation
procedure

Up to date only electronic structure calculations on the
equilibrium structure of H+

7 are available in the literature.12–15

Thus, we list in Table I some results of the present calculations
on the optimized energy and structure at MP2 and coupled-
cluster single double (triple) (CCSD(T)) levels of theory, and
compare them with the best known values in the literature.15

All ab initio calculations are carried out using the MOLPRO

2009 (Ref. 40) package. We performed various test calcula-
tions employing different basis sets, however, we only present
here the ones with the cc-pVQZ and cc-pV5Z basis, as they
are found to be computationally more efficient. In Figure 1
we display the CCSD(T)/cc-pVQZ optimized structure of H+

7 ,
that is of C2v symmetry in accord with all present and previ-
ous calculations. In all our calculations the Cartesian coor-
dinates are used, although in order to facilitate the presen-
tation of the H+

7 cluster here, we introduce the R1,R2, and
R3 for the HH bondlengths of the H+

3 core, P1 and P2 for
the H2 distances, while D1 and D2 are the intermolecular dis-
tances as they described in Figure 1. One can see in Table I
the effect of the method and the basis set on the total ener-
gies of the optimal structures for both H+

7 , Eopt, and H+
5 + H2

fragments, Ediss= E
H+

5
opt + EH2

opt, as well as on the equilibrium
configuration of H+

7 . In particular, the MP2 results predict
a more compact geometry for the H+

3 and H2 moieties, and
somehow more elongated D1, 2 distances than the CCSD(T)
ones. This is reflected in the total energy values, and to the

D D

R

R
1

1

2

3

2

P2

R

P1

FIG. 1. Optimal structure of the H+
7 from the CCSD(T)/cc-pVQZ calcula-

tions, and schematic description of the internal coordinates used.

well-depths with respect to H+
5 + H2 limit. One can see that

for the De differences of 20 cm−1 are obtained between MP2
and CCSD(T) results using the same basis set, while differ-
ences in the range of 25–65 cm−1 are found compared all of
them to the CCSD(T)/common board sets (CBS) value.

As we mentioned above, the H+
7 is a floppy molecule, and

our ab initio data should sample a broad regions of the config-
uration space, covering both equilibrium geometries and the
dissociation to H+

5 + H2 region. Therefore, for the grid gener-
ation of the present database of configurations we combined
different strategies. The majority of the configurations are ob-
tained by performing direct/“on the fly” Monte Carlo simula-
tions according to Boltzmann statistics sampling broad energy
regimes at the MP2/cc-pVQZ level. In this way 58 180 config-
urations are calculated covering energies up to −3.68038 a.u.,
and 95 000 configurations for energies up to −3.42276 a.u.,
while 2346 configurations are generated for various orienta-
tions of the H+

5 + H2 by varying their intermolecular distance
in order to describe their dissociation limit up to energies of
3.6694855 a.u. Moreover, in order to include specific confor-
mations of the H+

3 and H2 subunits an additional set of 4425
energies were computed by varying the R1, R3 and P1, P2, re-
spectively, as a function of D2 and D1 = D2 distances up to
an energy of −3.32769946 a.u.

The energy distribution of the MP2 ab initio data used in
the fitting procedure is shown in Figure 2. One can see that
a large number of points is accumulated at the low energy
regime up to 2000 cm−1 above the potential minimum, and up
to energy of 27 000 cm−1 we have almost the entire set of data.

B. Fitting the potential energy surface

The H+
7 is an 7-atom system and 15 degrees of free-

dom are needed to describe its potential energy surface, that
is invariant with respect to all permutations of the seven H

TABLE I. Total energies (in a.u.), and bond lengths (in Å) of the optimal H+
7 structure obtained by the indicated

method/basis calculations. Total energies (in a.u.) for the H+
5 + H2 dissociation, and well-depth value (in cm−1)

with respect to this limit at each level of calculation are also given.

Method/basis set Eopt R1, 3/R2 D1, 2 P1, 2 Ediss De

MP2/cc-pVQZ −3.69009130 0.86721/0.93490 1.58009 0.74903 −3.68222854 1725.7
MP2/cc-pV5Z −3.69219685 0.86695/0.93400 1.58153 0.74879 −3.68424649 1744.9
CCSD(T)/cc-pVQZ −3.71237896 0.87171/0.94148 1.57266 0.75474 −3.70571378 1744.6
CCSD(T)/cc-pV5Z −3.71375501 0.87144/0.94082 1.57344 0.75449 −3.70442994 1764.9

CCSD(T)/CBS Ref. 15 −3.71453 0.87211/0.94115 1.57382 0.75496 −3.70637 1790.9
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FIG. 2. Distribution of total and relative, with respect to the optimal value,
MP2 electronic energies used for the fitting of the H+

7 surface.

atoms, i.e., 7! = 5040. We employed the invariant polynomial
method,36 and we used a single expression to represent the po-
tential energy function containing the seven-body term given
as follows:

V (y) =
M∑

α=1

hα(p(y))qα(y), (1)

where p(y) is the vector formed by 21 primary invariant poly-
nomials, qα(y) (for 1 ≤ α ≤ M) are the secondary invariant
polynomials, and hα is an arbitrary polynomial. The primary
and secondary polynomials are functions of Morse-like
functions, y(i, j) = exp (−r(i, j)/λ), where λ was fixed at
2.0 Bohr and r(i, j) is the internuclear distance of atom i and j.
We used the complete molecular symmetry group, of degree
7!(=5040), to define the space of invariant polynomials,
and as in our earlier work the MAGMA computer algebra
system41, 42 was employed to help generate the basis. All
the coefficients of the potential representation term are fitted
in a standard least-squares optimization, and a code for the
generation of the PES is available upon request.

III. RESULTS AND DISCUSSION

A. Properties and topology of the PES

Fitting accuracy: In Table II we list the fitting error, root-
mean-square (rms), between the MP2 data and the PES, us-
ing permutationally invariant polynomials of different total
degree, e.g., up to 5, 6, and 7, with 95, 268, and 739 terms
in the fit, respectively. As seen an overall rms of 170 cm−1 is
achieved with M = 7. In Table III we present the rms error

TABLE II. Comparison of different order fits of the PES. M is the total
degree of the invariant polynomials. The rms errors are given in cm−1.

M Coef. No. rms/weighted rms

5 95 228/134
6 268 174/107
7 739 170/105

TABLE III. Number of configurations and their corresponding rms value
(in cm−1) at the indicated energy ranges. Energy limits in a.u.

Energy range/limit Config. No. rms

Below H+
5 + H2/−3.68222854 69 868 30.5

Below H+
5 (ZPE) + H2(ZPE)/−3.64431107 128 770 110.7

All H+
7 energies/−3.32769946 159 951 170.2

of this fit with respect to different subset of ab initio energies.
The error obtained over ∼70 000 configurations with energies
below the H+

5 + H2 dissociation limit is about only 30 cm−1,
while is roughly four times larger, 111 cm−1, for energies up
to the sum of harmonic zero point energies (ZPE), at MP2/cc-
pVQZ level, of the fragments. In Figure 3 we show a more
detailed analysis of the rms error as a function of the MP2
energies, and the number of configurations every 5000 cm−1,
that demonstrates the quality of the fitted PES up to energies
of 20 000 cm−1.

Stationary point analysis: Based on MP2 and CCSD(T)
calculations using the cc-pVQZ basis set we locate 10 sta-
tionary points of the H+

7 cluster. The results of the optimized
structures at MP2 level of theory are depicted in Figure 4,
while their energetics are given in Table IV in comparison
with the optimized CCSD(T) data, as well as with the values
obtained with the fitted PES. The optimal configuration for
H+

7 is a C2v symmetry structure with the two H2 being per-
pendicular attached to a H+

3 unit. As it can be seen the struc-
tures of the next stationary points are also highly related with
those for the H+

5 cluster.43 In particular, the 2-Cs conformer
lying 47 cm−1 above the global minimum, corresponds to a
planar H+

5 and a perpendicular H2 unit. This is a first-order
saddle point corresponding to a 90◦ rotation of one of the
H2 moieties, and with energy difference respect to the global
minimum very similar to those of the corresponding H+

5 struc-
tures. The next one is the planar 3-C2v configuration at energy
of 112 cm−1, and is a second-order saddle point. These first
three conformers are very close in energy, while the second
group of structures consists of 4 geometries, namely, 4-C2v ,
5-C2v , 6-C2v , 7-C2v , which are lying much higher in energy,
and correspond to planar and/or non-planar combinations of

0 5000 10000 15000 20000
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50

100

150

rm
s 
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FIG. 3. Root-mean-square error (rms) of the H+
7 PES as a function of rela-

tive MP2 energy values with respect to the global minimum one. The num-
ber of configurations below the energies of 1000, 5000, 10 000, 15 000, and
20 000 cm−1 are shown in parenthesis.
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1−C2v
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7−C2v
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6−C2v

10−C  2v

9−C2v

8−Cs

FIG. 4. Optimized structures of low-lying stationary points of H+
7 at MP2/cc-pVQZ level of theory.

the two H2, with each of them being attached to the opposite
ends of an elongated H+

3 core. The 4-C2v is a first-order sad-
dle point connecting the two equivalent 1-C2v minima, while
the rest ones are second- and third-order saddle points cor-
responding to in and out of plane rotations of one or two
H2 units. One can see that the barriers of such rotations are
71, 81, and 157 cm−1, respectively, which are slightly higher
than the ones for the H2 rotations in the 1-C2v global mini-
mum. The next structure, 8-Cs, is lying at 1113.8 cm−1, while
the 9-C2v and 10-C2v ones are found to be at 1630.9 and
1717.5 cm−1, respectively. We should mention here that the
different groups of stationary points are clearly combinations
of stationary points of the H+

5 , e.g., the 2nd group comes
from the 5-1, 5-3, 7-1, and 7-3, the 8-Cs from the 9-1 and
the 9-C2v , and 10-C2v from the 8-1, and 8-3 structures of
the H+

5 , respectively. Also, we should point that for the H+
7 ,

apart from the three first, the present stationary points are
probably not the lowest lying in energy ones, contrary to the
H+

5 .43

A comparison of the energies of these stationary points
obtained by the fitted PES and the MP2 ab initio data is pre-
sented in Table IV. The analytical surface predicts the same
ordering of these points, except for the 5-C2v and 6-C2v con-
formers that are in a reverse order. The maximum deviation
of the fitted PES values compared to the MP2 ones is found
to be 73.3 cm−1 for the 8-Cs MP2 optimal structure, and the
minimum deviation is 0.2 cm−1 for the global minimum MP2
configuration. When now we compare the potential values at
the optimized configurations from the MP2 and the fitted PES
(see values in parenthesis in Table IV) then these differences
count to 41.8 and 0.09 cm−1 for the 8-Cs and 1-C2v , respec-
tively. As seen, a very good agreement is obtained, especially
none of these stationary points are explicitly included in the
data used for the fit. Further, we also compare the energies
and structures of the stationary points of the MP2 calculation,
with the results of CCSD(T) optimizations using the same
basis set, and we consider them as the benchmark data (see
Table IV). We show that the present MP2 energies, and thus

TABLE IV. Total energy (in a.u.) for the global minimum structure, and relative energies (in cm−1) with respect
to it for the indicated stationary points of H+

7 at the CCSD(T) and MP2 levels of theory, together with the values of
the current PES. The PESopt values (in parenthesis) correspond to the potential energy at the optimized geometry
of the fitted surface. The energy differences, Ediff in cm−1, between the MP2 and the fitted PES values for the
corresponding MP2 optimized and PESopt (in parethensis) configurations are also listed. N indicates the order of
the stationary point.

Energy

Config. No. N CCSD(T) MP2 PES(PESopt) Ediff

1-C2v 0 −3.71237896 −3.69009130 −3.6900904(−3.6900909) − 0.2(−0.09)
2-Cs 1 47.0 47.0 48.3(48.2) 1.3(1.2)
3-C2v 2 112.0 112.2 115.4(114.7) − 3.2(−2.5)
4-C2v 1 847.8 831.7 843.6(842.2) − 11.9(−10.5)
5-C2v 2 921.2 903.2 934.1(932.2) − 30.9(−29.0)
6-C2v 2 927.7 912.7 905.5(904.5) 7.2(8.2)
7-C2v 3 1006.2 989.2 1000.1(998.3) − 10.9(−9.1)
8-Cs 2 1117.8 1113.8 1187.1(1155.6) − 73.3(−41.8)
9-C2v 3 1626.3 1630.9 1618.5(1611.6) 12.4(19.3)
10-C2v 4 1715.5 1717.5 1736.6(1728.2) − 19.1(−10.1)
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TABLE V. Comparison of the harmonic frequencies of PES for the 1-C2v

minimum of the H+
7 with the MP2 and CCSD(T) optimized calculations.The

corresponding ZPE values are also listed.

1-C2v

Mode CCSD(T) MP2 PES

1 97 106 99
2 124 129 125
3 170 170 170
4 408 406 432
5 564 556 563
6 577 583 603
7 697 705 699
8 737 738 759
9 801 813 840
10 915 920 936
11 2286 2345 2353
12 2527 2567 2580
13 3289 3338 3350
14 4238 4341 4296
15 4241 4344 4317

Harmonic ZPE 10 836 11 031 11 061

the PES based on them, agree very well with the benchmark
CCSD(T) values. We found rather small differences, less than
18 cm−1, between the relative CCSD(T) and MP2 energies
for these stationary points, that is within the rms error value
of 30.5 cm−1 for energies below the H+

5 + H2 dissociation
at 1725.7 cm−1 (see Table III). By comparing now the en-
ergy values of the fitted surface with the CCSD(T) ones we
obtained a maximum difference of 37.8 cm−1 for the 8-Cs

stationary point, and an averaged absolute difference of only
12 cm−1 for all of them.

In turn, we consider the normal-mode frequencies as-
sociated with all these stationary points. The energy gradi-
ents are obtained numerically for the analytical PES. The
harmonic vibrational frequencies for the global 1-C2v min-
imum and the corresponding ZPE calculated from the PES
are listed in Table V in comparison with the ones obtained
from the CCSD(T) and MP2 calculations. One can see that
the frequencies values predicted by the PES are in agreement
with both ab initio computations, with similar deviations from
them and the larger ones, about 70 cm−1, are found for the H2

frequencies. The results of the harmonic frequencies for the
ten stationary points from the MP2 optimization calculations
together with the ones predicted by the PES are given in the
supplementary material.44 The number of negative frequen-
cies indicates the order of the saddle point, as it is given in
Table IV. We found that the PES predicts exactly the same
order for each saddle point as the CCSD(T) and MP2 calcu-
lations, and also the frequencies for each normal-mode are in
accord with those obtained from the benchmark ones.

Asymptotic/ H+
5 + H2 dissociation behavior: The first

dissociation limit for the H+
7 corresponds to the lost of one

H2 molecule, e.g., H+
5 + H2. Thus, we performed a series of

calculations considering various intermolecular distances be-
tween the two fragments, as well as several relative orienta-
tions of them. The H+

5 and H2 units are fixed at their equilib-
rium geometries at CCSD(T) level, and their intermolecular
distance R, between the center of mass of the H+

3 core to the
center of mass of the dissociating H2, is varied up to 15Å.
The geometries of the 10 low-lying stationary points of the
H+

5 are chosen together with planar and non planar, with re-
spect the H+

3 core, orientations for the second H2 molecule.
In Figure 5 we present the potential curves obtained from
the present PES in comparison with their corresponding MP2
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FIG. 5. Interaction energies for the H+
5 , . . . , H2 as a function of the intermolecular distance R connecting the centers of masses of the H+
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FIG. 6. Contour plots of the H+
7 potential surface in the (D2,θ2)-plane (left panel) with H+

7 fixed to its 1-C2v orientation, and (θ1,θ2)-plane (right panel) with
the H+

7 fixed to its 4-C2v orientation. Contour lines are given in cm−1.

values for perpendicular orientation of the dissociating H2

molecule. More figures for different orientations of the two
fragments are given in the supplementary material.44 The in-
teraction energies are relative to the H+

5 + H2 dissociation
limit at −3.68222854 a.u. from the MP2 calculation (see
Table I). The total energy predicted by the surface at
R = 20 Å is −3.68221733 a.u., that compares very well
with the corresponding MP2 value. By considering this value
together with the minimum total energy (see Table IV) a
well-depth, De, of 1727.9 cm−1 is predicted from the present
surface, in agreement with the MP2 one, 1725.7 cm−1, given
in Table I. As seen in Figure 5, the present potential curves are
in excellent agreement with the MP2 ab initio data for all the
orientations of the H+

5 and the perpendicular H2 unit. In gen-
eral, (see the supplementary material figure) for most of the
chosen orientations of the H+

5 and H2 fragments we show that
the parameterized PES follows very close the MP2 results.
Some deviations are only found for high lying configurations,
at energies about 2000–3000 cm−1 above the dissociation H+

5
+ H2 threshold, corresponding to a 10-C3v orientation of the
H+

5 and for intermolecular distances R > 5Å with the H2 frag-
ment. This should probably be due to the sparsity of ab initio
energies at those configurations.

For a better overall picture we display in Figures 6 and 7
two-dimensional contour plots of the fitted PES. In Figure 6
we choose projections of the potential values as a function of
D2 and θ2 (see left panel), and of θ1 and θ2 (see right panel).
The D2 coordinate is defined in Figure 1, while θ1 and θ2 are
the angles between the D1 and P1, and D2 and P2 ones, respec-
tively. In the left panel, the H+

7 cluster is fixed at its 1-C2v ori-
entation, and the contour lines of the surface are demonstrated
around the two symmetric 1-C2v minima for D2 = 1.58Å and
θ2 at 0 and 180◦, respectively, as well as, in the region of the
2-Cs barrier between them at θ2 = 90◦ and 48 cm−1 higher in
energy than the global minimum. In the right panel, the H+

7
is kept at the 4-C2v orientation, and we show the details of
the surface around its next 4-C2v , 5-C2v , 6-C2v , and 7-C2v sta-
tionary points at an energy range of 850–1000 cm−1 above the
global minimum. The 5-C2v and 6-C2v , both of them second-
order saddle points, correspond to the barriers between the
two symmetric 4-C2v (first-order saddle) structures, while the

7-C2v (third-order saddle) connects the four symmetric 4-C2v

ones.
In Figure 7 the H+

7 is kept fixed to its 1-C2v orienta-
tion, and the projections of the potential surface are shown
in the (D2,R1 = R3) and (D2,P1 = P2) planes in the top and
bottom panels, respectively. The region around the 1-C2v po-
tential well together with the dissociation of the H+

7 to H+
5

+ H2 along the D2 distance for different isosceles geome-
tries of the H+

3 core in the H+
5 fragment up to energies of

30 000 cm−1 (see top panel) are shown. The topology of the
surface is also provided as a function of the D2 distance for
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equal bondlengths of the two H2 units (see bottom panel).
One can see that the PES is flat along the D2 coordinate, and
shows a smooth and correct behavior for the whole configu-
ration space of interest.

As we have already mentioned, up to date there is no an-
alytical PES available in the literature for the H+

7 , and just
recently an “on the fly” PES based on DFT calculations has
been reported for the H+

7 .29 The DFT/B3(H) surface has been
found to provide a globally correct representation of the H+

7
PES, however, the quality of the electronic interaction ener-
gies is lower compared to the benchmark CCSD(T) results.
For the DFT surface an averaged error for the total energies
of about 650 cm−1 has been reported in comparison with the
CCSD(T) data.29 As we discussed above, the rms error in the
fit of the present surface is 170 cm−1 with respect the entire
set of the MP2 data, that includes the energy difference es-
timated between the MP2 and CCSD(T) calculations. Thus,
the present surface is the most accurate and computationally
much more efficient one for the H+

7 cluster.

IV. SUMMARY AND CONCLUSIONS

We present a full-dimensional, ab initio and permutation-
ally invariant surface for the H+

7 . This is the first analytical
PES for this 15-dimensional cluster. Taking advantage of
computational and methodological progresses made recently
in the field, and in particular the capabilities of the invariant
polynomial method, was enable to construct an accurate
surface for this system. The permutational symmetry with
respect to interchange of H atoms is incorporating into the
representation of the surface by employing permutationally
invariant basis functions in Morse-type variables for all the
internuclear distances. The parameterization of the potential
is based on ab initio MP2 interaction energies of about
160 000 geometries of the system, sampling the configuration
space of interest up to energies of 30 000 cm−1.

The topology of the surface is investigated and ten sta-
tionary points on the PES are located and characterized
by normal-mode analysis. A comparison with benchmark
CCSD(T) calculations at these stationary points showed an
excellent agreement with an average absolute difference of
only 12 cm−1. It was also found that the PES dissociates
correctly to the H+

5 + H2 fragments, with a value for the
De energy of 1728 cm−1 and a rms error up to this energy
of 30.5 cm−1. For the entire set of ab initio MP2 data the
fitted surface has an overall rms error of 170 cm−1. The
present fit is the most accurate and computationally efficient
representation of the H+

7 surface, that could motivate fur-
ther theoretical studies on spectroscopy and dynamics for this
cluster.
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