
Eur. Phys. J. D 44, 93–107 (2007)
DOI: 10.1140/epjd/e2007-00152-3 THE EUROPEAN

PHYSICAL JOURNAL D

Structure and dynamics of cationic van-der-Waals clusters

III. Binding and structure of ArnHCl+ clusters

T. Ritschel1, P.J. Kuntz2, and L. Zülicke1,a
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Abstract. ArnHCl+ van-der-Waals clusters for n = 1–13 are investigated with the “minimal diatomics-in-
molecules (DIM) model” using ab-initio input data obtained from multi-reference configuration-interaction
calculations plus subsequent projection onto valence-bond wavefunctions. The results for the complexes
with n = 1–3 are checked against ab-initio calculations at the coupled-cluster (CCSD) level with the same
one-electron atomic basis set as for the input data generation (aug-cc-pVTZ from Dunning). In addition
to the electronic ground state, the first excited 2A′ state for the triatomic complex (n = 1) is also studied.
The results from the DIM model are shown to be in fair agreement with those from advanced conventional
ab-initio calculations, although there are differences in detail. The comparison justifies the extension of
the DIM approach to n > 3. Systematic analysis of the local minima of the multi-dimensional potential-
energy surfaces (PESs), carried out with the combined method described in part I (Monte-Carlo sampling
plus subsequent steepest-descent optimization), reveals simple building-up regularities for the most stable
structures (i.e. those corresponding to the global PES minimum) at each n: apart from always having a
nearly linear (Ar–H–Cl)+ fragment as core, the aggregates show little or no symmetry. Secondary local
minima are also determined and their structures interpreted. The PESs for the low-lying excited states
reveal a much more complicated topography compared to the ArnH+ clusters allowing a variety of photo-
processes. The energy level sequence of the first five excited electronic states and the stability of the clusters
in these states is studied as a function of the cluster size n.

PACS. 31.15.Ar Ab initio calculations – 31.50.Bc Potential energy surfaces for ground electronic states –
31.50.Df Potential energy surfaces for excited electronic states – 36.40.-c Atomic and molecular clusters –
36.40.Wa Charged clusters – 36.40.Qv Stability and fragmentation of clusters

1 Introduction

With papers I and II of this series [1,2] we started an ex-
tensive investigation of the structural and dynamical prop-
erties of positively charged inhomogeneous clusters of the
type RgnM+, where Rg denotes a rare-gas atom and M
some atom or small molecule. The motivation for under-
taking this task as well as an overview of earlier studies
together with the relevant references are given therein.

The special features distinguishing our study from ear-
lier research are (i) the systematic extension to medium-
sized clusters (up to n = 35 in parts I and II for ArnH+,
the rare-gas clusters with the simplest conceivable ionic
impurity M+, namely the proton H+), (ii) the investiga-
tion of excited electronic states, and (iii) the treatment of
intra-cluster dynamics as well as collision processes. The
theoretical method for doing this must clearly be very effi-
cient in order to master the problems connected with the

a e-mail: zuelicke@tc1.chem.uni-potsdam.de

increasing number of nuclear degrees of freedom, and it
must be capable of generating potential-energy surfaces
(PESs) for (low-lying) excited electronic states with the
same facility as for the ground state. These demands are
satisfied by what we call our “minimal ab-initio diatomics-
in-molecules (DIM) model” as described in part I [1].

The promising results for the medium-sized protonated
argon clusters, ArnH+ [1,2], encouraged us to tackle the
more complicated case with the impurity M+ = HCl+.
In contrast to the “naked” proton, the HCl+ molecular
ion has an electronic structure, so we therefore expect a
much more difficult electronic structure problem in the ag-
gregates ArnHCl+. Indeed, as earlier studies on the sim-
plest triatomic member of this class of systems, ArHCl+,
have shown [3–5], we are faced with a number of energeti-
cally nearly degenerate electronic states with complicated
crossing and pseudo-crossing behaviour. This constitutes
a hard test case for our simple DIM model, and it will be
interesting to see, whether and to what extent the prob-
lems can be overcome.
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The organization of the present paper is as follows:
Section 2 sketches the methodology (described in detail in
part I) and Section 3 presents the necessary DIM input
information for the relevant diatomic fragments. The re-
sults of the calculations on the ArnHCl+ aggregates are
reported and discussed in Section 4, first for the triatomic
complex ArHCl+ and then for the larger clusters; some
findings for the excited electronic states are included here
as well. Section 5 gives the summary and conclusions.

2 Methodology

As in the study on the protonated argon clusters [1,2], the
PES calculations performed here rest on the usual adi-
abatic (Born-Oppenheimer) separation of electronic and
nuclear degrees of freedom, giving the potential-energy
function for the nuclear motion as the sum of the total
electrostatic nuclear repulsion energy plus the total en-
ergy of the electron cloud of the whole system. The latter
must be determined from an approximate solution to the
electronic Schrödinger equation for each nuclear geometry
needed. Once again, we neglect relativistic effects in the
present case as well — they should be of minor importance
compared with the errors arising from the DIM approach
itself.

The overall strategy and level of sophistication — the
“minimal ab-initio DIM model” — is exactly the same as
in part I [1], to which we refer the reader for more details:
– The quantum-mechanical method for determining the

potential-energy surfaces of the ArnHCl+ aggregates
is the minimal DIM model. This is defined by includ-
ing all atomic and diatomic fragment electronic states
that lead to doublet states of the whole cluster and
that lie energetically not more than 10 eV above the
respective fragment ground states. For ArnHCl+ the
minimal DIM basis set includes the following atomic
states:

Ar(1S), Ar+(2P◦), Cl(2P◦), Cl+(3P, 1D, 1S), Cl−(1S),
H(2S).

The diatomic states implied by this basis are

ArH(X2Σ+), ArH+(X1Σ+, 11Π , 21Σ+, 13Π , 13Σ+),
ArH++(X2Π , 12Σ+),
Ar2(X1Σ+

g ), Ar+2 (X2Σ+
u , 12Πg, 12Πu, 12Σ+

g ),
HCl(X1Σ+, 13Π , 11Π , 13Σ+, 21Σ+),
HCl+(X2Π , 22Π , 32Π , 12Σ+, 22Σ+, 32Σ+, 12Σ−, 12∆),
ArCl(X2Σ+, 12Π , 22Σ+, 22Π),
ArCl+(X1Σ+, 11Π , 11∆, 21Σ+, 21Π , 11Σ−, 21∆, 31Σ+,
31Π , 41Σ+, 13Π , 13Σ−, 23Π , 13Σ+, 13∆, 33Π , 23Σ−,
23Σ+),
ArCl− (X1Σ+).

Altogether there are 8 atomic and 49 diatomic frag-
ment states (in contrast to the 3 atomic and 9 diatomic
fragment states needed for ArnH+). The number of
resulting DIM (polyatomic) basis functions (i.e. the
dimension of the DIM matrix to be diagonalized) is
21n+ 12 (again much larger than for ArnH+, where it
was only 3n + 1).

– The fragment input data for the DIM procedure,
namely the atomic state energies and the diatomic
fragment Hamiltonian matrix elements for the differ-
ent electronic fragment states as functions of the in-
ternuclear distance, are accurately calculated using
an internally contracted multi-reference configuration-
interaction with single and double excitations (ic-
MRCI) procedure including a generalized Davidson
correction for estimating the energetic contributions
of higher-order excitations (icMRCI+Q). For this part
of the task we employed the MOLPRO suite of pro-
grams [6] and for the one-electron atomic-orbital (AO)
basis set we chose the aug-cc-pVTZ set of Woon and
Dunning [7] (which includes several diffuse functions
for each atom) contracted to a total of 50n+73 atomic
basis functions.

– The projection procedure of Kuntz and Schreiber [8]
was used in order to convert the diatomic fragment ma-
trix elements as functions of the internuclear distance
from the molecular orbital (MO) based CI form to the
valence-bond (VB) form needed in the DIM ansatz.
This projection provides the mixing coefficients aris-
ing in the linear combinations of VB configurations be-
longing to the same symmetry. Such mixing appears in
12 diatomic fragments in the present system, requiring
altogether 25 coefficients (in contrast to ArnH+ with
only one mixing coefficient).

– For cross-checking calculations at selected nuclear ge-
ometries (i.e. single PES points), a coupled cluster ap-
proach with single and double excitations (CCSD),
also available in the MOLPRO package of ab-initio
programs [6], was utilized, again with the same AO
basis set.

– The search for the relevant stationary points on the
multi-dimensional PESs for the adiabatic electronic
states of the clusters was accomplished by means of
the same method used for ArnH+ in part I: a Monte-
Carlo generation of initial geometries combined with a
subsequent steepest-descent optimization procedure.

It should be pointed out that the one-electron AO basis set
mentioned above is common to all the calculations carried
out in this study.

3 Diatomic fragment data for the DIM input

First of all, we give an overview of the main diatomic frag-
ment data employed in the subsequent DIM treatment.
More details, including the results for the atomic state
calculations, can be found in [9] and/or obtained on re-
quest from one of the present authors1.

The potential-energy curves (PECs) for the neutral
and ionic diatomic fragments are shown in Figures 1a–
1h. Those already presented in part I [1] for the Ar+2 and
Ar2 dimers are omitted but, for the ArH+ fragment, all
states are shown in order to have a more complete picture
of the low-energy term structure.

1 e-mail: ritschel@chem.uni-potsdam.de
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Fig. 1. Potential-energy curves for relevant diatomic fragment states in the “minimal ab-initio DIM model” for ArnHCl+.
(a) HCl, (b) HCl+, (c) ArH+, (d) ArH++, (e) ArCl+ (singlet states), (f) ArCl+ (triplet states), (g) ArCl, (h) ArCl−.

To give an impression of the accuracy of our calcula-
tions, molecular characteristics for the electronic ground
states of some of the diatomic fragments are compiled in
Table 1 and compared with experiment where possible.
Some of the species have still not been detected and ex-
perimental information about the excited electronic states
is even scarcer. For van-der-Waals molecules (flat PECs),
the values of re and De have, of course, lower reliability:
re has an uncertainty of about 0.1 a0 in contrast to about
0.01 a0 for valence bonds; the deviation of De is several
meV, which is, after all, a considerable part of the ab-
solute value for the weak bonds. For the strong bonds,
the deviation is about 0.1 eV, which is, however, a much
smaller relative error. Using the counterpoise method [12],
the basis-set superposition error (BSSE) was estimated to
lead to errors in the bond lengths of magnitude 0.01 a0 or
less for the strong bonds and 0.1 a0 for the weak bonds; for
the dissociation energy, the corresponding error estimates

Table 1. Molecular characteristics of diatomic fragments of
ArnHCl+ clusters in their electronic ground states as obtained
from MRCI calculations (in parentheses: experimental data).

Fragment (State) ra
e Da

e ω Exp.
a0 eV cm−1 Reference

HCl (X1Σ+) 2.42 4.59 2920.4
(2.41) (4.62) (2990.9) [10]

HCl+ (X2Π) 2.49 4.69 2620.2
(2.48) (4.82) (2673.7) [10]

ArCl (X2Σ+) 6.68 0.018 39.1
(7.05) (0.017) (35.6) [11]

ArCl+ (X1Σ+) 3.91 2.11 437.2
( – ) ( – ) ( – )

ArCl− (X1Σ+) 7.09 0.053 49.4
(7.01) (0.065) (58.5) [11]

a re is the internuclear distance at which the potential-energy
curve has its minimum; De is the depth of the minimum rela-
tive to the dissociation limit.
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Fig. 2. VB configuration “mixing angles” Θij of states i and j of the same symmetry as a function of the internuclear distance
r. For clarity, some of the curves are dashed. (a) HCl (1Σ+), (b) HCl+ (2Σ+), (c) HCl+ (2Π), (d) ArCl (2Σ+ and 2Π),
(e) ArCl+ (3Σ+ and 3Σ−), (f) ArCl+ (3Π), (g) ArCl+ (1Σ+), (h) ArCl+ (1Π), (i) ArCl+ (1∆).

are 0.01 eV and a few meV respectively. Altogether, the
precision of the diatomic fragment data is of a rather high
level, as expected, and should suffice for present purposes.

From the list of fragment states in Section 2, it is seen
that, in addition to the two 1Σ+ states of the fragment
ArH+ already appearing in the minimal DIM treatment
of the ArnH+ clusters, there are 11 diatomic fragment
manifolds containing more than one state. A list of these
manifolds, together with their symmetries and number of
states, follows:
– two 1Σ+ states of HCl;
– three 2Σ+ states and three 2Π states of HCl+;
– two 2Σ+ states and two 2Π states of ArCl;
– four 1Σ+, three 1Π , two 1∆, two 3Σ+, two 3Σ−, and

three 3Π states of ArCl+.

All these mixings must be taken into account, and the
coefficients of the corresponding AO configurations in the
VB ansatz for the diatomic fragment wavefunctions must
be determined by the projection procedure mentioned
above. In the simple example of HCl, the normalized coef-
ficients c1 and c2 of the ground and the lowest excited 1Σ+

configurations are written as cosΘ12 and sinΘ12, respec-
tively, where Θ12 is called the “mixing angle”. For more
complicated cases with mixing of three or four VB config-
urations, this procedure can be generalized (as explained,
e.g., in [13]). The results are seen in Figures 2a–2i (except
for the mixing in ArH+; for this see Fig. 2 in part I [1])
as functions of the internuclear distance. These graphs re-
flect the variation in the dominating bonding character
over the relevant distance regions, but this topic — the
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binding properties of the diatomics — will not be dis-
cussed here in detail.

The diatomic fragment potential-energy functions
as well as the mixing functions are used to compute
Hamiltonian matrices for the diatomic fragments. The ele-
ments of these matrices are carefully fitted to appropriate
analytic (or spline) functions and in this form are used for
DIM input. Again, the details will not be given here2.

4 Results and discussion

Owing to the large number of fragment states and VB
mixings, even the simplest DIM model for ArnHCl+ clus-
ters is much more difficult to handle than those for Ar+n
and ArnH+. In fact, even the smallest complex, ArHCl+,
is not easy to describe accurately, and this holds not only
for DIM but also for the advanced conventional quantum-
mechanical approaches (mentioned in Sect. 2) required for
generating the fragment data (see Sect. 3) as well as cross-
checking the results from DIM for the small ArnHCl+
complexes (vide infra). In the light of this remark one
should be aware that the accuracy (i.e. the number of dig-
its) of the theoretical results is meaningful only for com-
parisons within the theoretical context. If detailed predic-
tions or comparison with experiment is desired, a special
estimation of the errors must be made.

4.1 The ArHCl+ complex

To define the geometrical arrangement of the three nuclei
in ArHCl+ we use the H–Cl and Ar–Cl internuclear dis-
tances r1 and r2 respectively and the enclosed angle α =
∠ArClH, as the set of body-fixed internal coordinates.

4.1.1 Electronic ground state of ArHCl+

As mentioned in the introduction, there are several re-
cent theoretical investigations of the triatomic complex
ArHCl+ [3–5], so that we have at our disposal a large
amount of information for judging the reliability and
quality of the present DIM results.

The topography of the DIM ground-state PES is illus-
trated in Figures 3 and 4. The former shows a contour-
line diagram of the potential as a function of the posi-
tion of the proton in a plane containing the Ar and Cl
nuclei fixed at a distance of 6.2 a0. Figure 4 presents a
contour-line plot of the potential-energy function U(r2, α)
for the same PES with the H–Cl distance fixed at r1 =
2.5 a0. This H–Cl distance remains approximately con-
stant for all low-energy nuclear configurations in the elec-
tronic ground state. The molecular characteristics at the
stationary points on the ground-state PES determined
from recent theoretical studies on ArHCl+ are collected in
Table 2. Above all we note that the new ab-initio CCSD

2 More information can be obtained on request from one of
the authors by e-mail: ritschel@chem.uni-potsdam.de
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and MRCI calculations performed in the present study
agree well with the earlier investigations [5]. What can be
seen from these results is the following:

1. All of the recent studies agree that the triatomic com-
plex ArHCl+ in its electronic ground state is stable
in two geometrical forms: one exactly linear, (Ar–H–
Cl)+, with the proton between the two heavy nuclei,
and one nearly rectangular with the proton twisted out
of the Ar–Cl axis, the angle ∠ArClH being not much
different from 90◦.
The remark about stability also holds when the zero-
point energy (ZPE) contributions are included, as can
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Table 2. Molecular characteristics of ArHCl+ in the lowest 2A′ state from recent conventional MO-based ab-initio studies and
from the “minimal ab-initio DIM model”.

Geometry Det. Energya Frequenciesb ZPEc Atomic chargesd

r1 r2 α ED ω1 ω2 ω3 q(Ar) q(H) q(Cl)
a0 a0 deg eV cm−1 eV a.u.

ArHCl+ linear (Min1)
Lundell et al. [3]
MP2 2.58 6.17 0 −0.37 162 411/477 2153 0.199 0.139 0.485 0.376
CCSD(T) 2.58 6.18 0 – – – – – – – –
Li et al. [4]
MP2 2.50 6.53 0 −0.17 113 386/408 2556 0.215 0.073 0.252 0.675
QCISD 2.49 6.62 0 −0.16 109 356/380 2592 0.213 0.075 0.233 0.691
Neumann et al. [5]e

MRDCI 2.55 6.60 0 −0.15 119 390 2322 0.200 0.017 0.253 0.730
Present work
CCSD 2.55 6.28 0 −0.27 150 395 2257 0.198 0.066 0.404 0.530
MRCI 2.56 6.26 0 −0.27 149 384 2204 0.194 0.075 0.394 0.531
DIM 2.62 5.44 0 −0.47 309 488 2672 0.245 0.192 0.474 0.334
ArHCl+ bent (Min2)
Lundell et al. [3]
MP2 2.47 5.23 82.5 −0.22 148 336 2794 0.203 0.123 0.539 0.338
CCSD(T) 2.48 5.24 80.9 – – – – – – – –
Li et al. [4] – – – – – – – – – – –
Neumann et al. [5]e

MRDCI 2.50 5.28 92.4 −0.14 125 361 2672 0.196 0.161 0.238 0.601
Present work
CCSD 2.47 5.05 87.3 −0.29 171 401 2766 0.207 0.101 0.352 0.547
MRCI 2.47 5.01 87.6 −0.30 184 429 2774 0.210 0.176 0.321 0.502
DIM 2.48 4.98 95.5 −0.33 190 569 2710 0.215 0.209 0.466 0.325
Saddle point bent (SP1)
Present work
CCSD 2.49 6.07 43.5 −0.17 134 268i 2688 0.175 0.028 0.368 0.603
MRCI 2.49 6.02 43.4 −0.16 0.032 0.330 0.638
DIM 2.50 5.87 49.0 −0.13 133 269i 2596 0.169 0.041 0.466 0.493

Saddle point ArClH+ linear (SP2)
Present work
CCSD 2.49 6.21 180 −0.087 73 136i 2708 0.172 0.013 0.346 0.641
MRCI 2.49 6.17 180 −0.071 0.009 0.327 0.664
DIM 2.49 6.63 180 −0.032 58 103i 2760 0.175 0.001 0.469 0.530
Experiment
Li et al. [4] – – – −0.27 – – – – – – –

a Argon-atom detachment energy ED: total energy relative to the dissociation limit Ar(1S) + HCl+(X2Π). b Harmonic approxi-
mation. The numbering is: 1 – Ar–HCl stretch, 2 – ArHCl(Min1)/ArClH(Min2) bend, 3 – H–Cl stretch. c Zero-point vibrational
energy calculated from the harmonic frequencies. d For the MO-based conventional methods, the atomic charges are obtained
from Mulliken gross atomic populations (since CCSD charges cannot be calculated with MOLPRO, CISD data for CCSD geome-
tries are given instead). In the DIM treatment, the atomic charges are deduced from the coefficients of the valence-bond-type
structures, neglecting their overlap. Therefore the two sets of atomic charges can only be compared qualitatively. e Improved
calculations, therefore slight differences from [5].

be verified by using the frequency data in Tables 1
and 2. For completeness we note that there is a third
local minimum corresponding to a linear complex (H–
Ar–Cl)+ with r1 = 8.47 a0, r2 = 6.04 a0, and α = 0◦,
i.e. H on the Ar side, lying 1.28 eV above the Ar(1S) +
HCl+(X2Π) dissociation limit. Fragmentation of this
complex is hindered by a flat barrier (some 0.1 eV);
it plays no role in the low-energy dynamics or in de-
termining the structure. This is entirely in accordance
with our earlier findings [5].

2. The two relevant local minima on the ground-state
PES are separated by a comparatively low barrier
∆U ‡(SP1) = ED(SP1) − ED(Min1) (around 0.1 eV
height if calculated by CCSD and MRCI as in the
present treatment, see Tab. 2), so that the complex
is expected to be somewhat floppy (see also [5]).

3. From a comparison with the experimental information
about ED [4] (see bottom line of Tab. 2), one can-
not draw any definite conclusion concerning a possible
preference for one or the other of the two geometric
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structures of the complex, the more so as the barri-
ers between the two minima are not very high. All the
MO-based conventional ab-initio treatments lie within
±0.1 eV of the experimental ED-value of Li et al. [4].

4. The molecular data obtained in the present work from
conventional ab-initio approaches (CCSD, MRCI) are
supported by the earlier studies and are consistent
with the following qualitative conception of bonding
in ArHCl+ (see also [5]):
(i) Taking a crude picture, the complex is held to-

gether by covalent (overlap-determined) and by
electrostatic polarization (inductive) forces.
It should be noted that this is an interpretational
model only. It does not mean, in particular, inclu-
sion of 3-body inductive terms in the DIM ansatz
(see, e.g. [14]); our DIM model is still “minimal”.

(ii) In the linear structure (corresponding to Min1 of
the ground-state PES), we find the (H–Cl)+ bond
to be almost as strong as in the free HCl+ molec-
ular ion but the (Ar–HCl)+ attraction is weak.
An analysis of the MO properties and Mulliken
populations shows that the latter attraction has
a small component originating from overlap be-
tween partially depopulated (about 0.07e charge
transfer Ar → HCl+) 3s and 3p AOs of Ar with
corresponding MOs of HCl+, and a much larger
component due to induced polarization, which we
determined by a rough estimate of the pairwise
ion-induced dipole interaction.
This situation is reflected in a somewhat elon-
gated H–Cl internuclear distance r1, a lowered
H–Cl stretch frequency ω3 compared with the
free HCl+ molecular ion (see Tab. 1), a rela-
tively large Ar–HCl+ inter-fragment distance, the
rather small ED value, and the low frequency ω1.

(iii) In the nearly rectangular bent structure (Min2),
the overlap-induced bonding properties are simi-
lar to those in the linear structure, with the HCl+
fragment even less influenced by the presence of
the Ar atom. This can also be seen from the MO
properties, the Mulliken population analysis, and
the values r1 and ω3, which are very close to those
in the free HCl+ (see Tab. 1). Again, the binding
of the Ar to HCl+ is dominanted by polarization
(inductive) forces; an estimate yields nearly the
same contribution to the stabilization energy as
in the linear structure (within ca. 10%). Thus the
analysis makes it understandable that the inter-
fragment binding strength, if measured by the
value of ED, is about the same for the two struc-
tures of the triatomic complex.

NB: This consideration only holds for the advanced
ab-initio treatments referred to in Table 2. The de-
tailed interplay between covalent and electrostatic in-
teractions seems to be rather delicate, leading to the
differences between the results of the various studies.

5. The DIM results (see Tab. 2) show an overall similarity
to the data from the conventional MO-based ab-initio

calculations but there are also several marked differ-
ences. A comparison reveals the following:
(a) Our “minimal ab-initio DIM model” also shows

two stable geometric structures for the ArHCl+
complex: one exactly linear, (Ar–H–Cl)+, and the
other bent and nearly rectangular with an angle α
somewhat too large.

(b) In most of the MO-based conventional ab-initio
work (except for the study by Lundell et al. [3])
the two structures have about the same stabil-
ity but in our DIM treatment the linear complex
(Min1) is distinctly more stable than the bent
one (Min2). Furthermore, the barriers between the
potential-energy minima are higher in the present
DIM model.

(c) The molecular characteristics for the two struc-
tures as calculated with DIM show some re-
markable peculiarities. Important to note that
the chances for analysing the wavefunctions and
charge distributions are severely more restricted in
the DIM approach than in conventional treatments
working with explicit wavefunctions. In DIM we
have access only to coefficients of VB structures in
the wavefunction and to crude approximations of
atomic charges (see footnote d to Tab. 2), and we
may estimate polarization energy contributions us-
ing data from atomic/ionic polarizabilities (experi-
mental or calculated with some approximate wave-
functions). Therefore all conclusions from such
considerations have to be taken with due caution.

– The first striking observation is that with DIM
we obtain atomic charges clearly different from
those in MO-based conventional ab-initio ap-
proaches as applied here. DIM yields more
charge transfer Ar → HCl+, and the HCl+ has
the wrong polarity: the H end is more posi-
tive than the Cl end (q(H) is too large, q(Cl)
too small). Presumably, this discrepancy is a
consequence of the “minimal” DIM ansatz in
combination with the mixing coefficients em-
ployed. This finding holds for both structures;
the DIM atomic charges (like those in the con-
ventional treatments, vide supra) do not differ
very much for the two structures.

– Owing to these deviations of the charge dis-
tribution and taking also into account an
estimate of the attractive polarization (ion–
induced dipole) interaction, we get with DIM a
stronger stabilization compared with the con-
ventional treatments, slight in the bent struc-
ture but marked in the linear structure.

– These observations are clearly reflected in the
molecular parameters (see Tab. 2):
for the rectangular structure (Min2) of the
complex, the DIM results are relatively close
to those from the conventional ab-initio refer-
ence methods. This holds mainly for the dis-
tances r1 and r2, the Ar-detachment energy
ED, and the frequencies ω1 and ω3, whereas
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Table 3. Electronic vertical spectrum of ArHCl+ for excitation from the two ground-state structures corresponding to the
local minima Min1 and Min2; DIM and MRCI results (present study) vs. MRDCI results [5]. Also shown are the respective
asymptotic dissociation limits.

State ∆U∗ a |TDME| b Asymptotic limit ∆U c

DIM MRCI MRDCI MRCI MRDCI
eV eV eV a.u. a.u. eV

(a) Min1 (C∞v)
X2Π 0.0 0.0 0.0 Ar(1S) + HCl+(X2Π) 0.47
12Σ+ 2.82 2.63 2.83 0.102 0.099

}
Ar+(2P◦) + HCl(X1Σ+) 3.39

22Π 5.64 4.15 3.94 0.151 0.153
22Σ+ 7.74 5.34 5.17 0.096 0.089 Ar(1S) + HCl+(A2Σ+) 4.04

(b) Min2 (Cs)
X2A′ 0.0 0.0 0.0

}
Ar(1S) + HCl+(X2Π) 0.33

12A′′ 0.87 0.79 0.58 0.013 0.020
22A′ 3.30 3.52 3.32 0.203 0.159

⎫⎬
⎭22A′′ 3.35 3.65 3.38 0.053 0.025 Ar+(2P◦) + HCl(X1Σ+) 3.25

32A′ 3.88 4.12 3.80 1.658 1.650
42A′ 4.93 4.85 4.67 0.295 0.026d Ar(1S) + HCl+(A2Σ+) 3.90

a Vertical excitation energy ∆U∗ relative to the respective PES local minimum (Min1 and Min2). b Transition-dipole matrix
element, for MRCI and MRDCI only (see footnote 3 to the text). c ∆U is the total energy of the fragments measured relative
to the energy of the ground-state potential minimum (Min1 and Min2, respectively). d This value, obtained in the earlier study,
is probably in error.

the bending angle α and frequency ω2 deviate
more from the other treatments as expected
for flat parts of the PES;
for the linear structure (Min1), the inter-
fragment distance R (i.e. the distance of the
Ar nucleus from the center of mass of HCl, not
much different from r2) is much too short in
the DIM approach and the absolute value of
the Ar-atom detachment energy ED as well as
the frequency ω1 are too large. Moreover, the
bending frequency ω2 is higher with DIM.

– The saddle-point geometries are astonishingly
well described by DIM as are the frequencies
and the small magnitude of the inter-fragment
charge transfer. In contrast, the DIM energies
are in general rather more sensitive to changes
in geometry than in the conventional ab-initio
treatments.

Altogether we may draw the tentative conclusion that, de-
spite some shortcomings in detail, our “minimal ab-initio
DIM model” describes the complex ArHCl+ to a crude but
qualitatively acceptable approximation. The findings en-
gender confidence in our extension of such DIM treatment
to larger clusters ArnHCl+.

4.1.2 Low-lying excited electronic states of ArHCl+

The DIM approach is able to generate not only the PES
for the electronic ground state but also, without any ad-
ditional expense, the PES for each excited electronic state
implied by the DIM basis. In order to get an overview
of the electronic spectral properties and possible photo-
processes, the relevant data characterizing the electronic
vertical spectrum, namely the energy spacings ∆U and
the transition-dipole matrix elements (TDME) between

the ground state and excited states lying up to about
8 eV over the ground state are provided by Table 3 for
each of the two relevant local-minimum structures of the
ground-state ArHCl+ complex3.

First of all, there is good agreement between the two
ab-initio multi-reference-CI sets of data to within a few
0.1 eV as can be expected for an AO basis set not par-
ticularly designed for excited-state calculations. The DIM
results are in accordance with these data on the whole,
much more so for the bent structure (Min2) than for the
linear structure (Min1). This is another instance of the
somewhat worse description of the complex in the linear
configuration.

From the transition-dipole matrix elements it can be
inferred that, in the energy range up to about 8 eV, elec-
tronic transitions can be expected to occur with highest
probability from the ground-state linear complex to the
22Π state and from the ground-state bent complex to the
states 32A′ (correlating with 22Π) and 22A′ (correlating
with 11Σ+); hence, it is these states that should be rele-
vant to spectroscopy and photo-processes.

The lowest excited electronic state having a signifi-
cant TDME value for excitation from the ground state
is the 22A′ state. Therefore it will be considered here in
somewhat more detail. For comparison see also the dis-
cussion in [5]. In Figure 5 a contour plot of the potential-
energy function U(r2, α) as calculated with the present
DIM model is shown and in Table 4 the molecular charac-
teristics for the relevant stationary points of the 22A′ PES
are compiled for both the DIM and several conventional
MO-based treatments. This is probably the first quanti-
tative comparison of a DIM-generated excited -state PES

3 The TDME values are obtained from the MRCI
resp. MRDCI approach since DIM does not operate with ex-
plicit wavefunctions.
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Fig. 5. DIM contour-line diagram of U(r2, α) for the 22A′ ex-
cited state of ArHCl+. The H–Cl distance r1 is fixed at 2.5 a0.

with corresponding PESs from advanced MO-based con-
ventional ab-initio procedures.

The energetics and topography of the 22A′ PES ob-
tained in an ab-initio MRDCI treatment have been dis-
cussed in detail in an earlier paper [5]. Taking this together
with the results of the present study, we summarize here
the main findings (see Fig. 5 and Tab. 4):

(i) Letting r2 → ∞, the 22A′ state of ArHCl+ cor-
relates with the separated fragments Ar+(2P◦) +
HCl(X1Σ+), which differ by a charge transfer from
the corresponding ground-state fragments. Letting
r1 → ∞, it correlates with ArH+(X1Σ+) + Cl(2P◦).
Between these two asymptotic regions there is a large
area of high potential-energy values and a saddle
point (SP1′). On the Ar+–HCl side, the PES exhibits
a marked minimum (Min1′) for a linear atomic ar-
rangement (Ar–Cl–H)+; its depth is obtained in all
available calculations to be about 0.9 eV relative to
the Ar+(2P◦) + HCl(X1Σ+) dissociation limit (see
Tab. 4). On the ArH+–Cl side there is no significant
minimum.

(ii) Taking the results of the advanced-level conventional
ab-initio treatments as a guide, we observe marked
differences in the molecular characteristics of the elec-
tronically excited complex (see Tab. 4), compared
to the ground state (see Tab. 2). As in our con-
siderations for the ground state, we find that the
charge shift from the HCl(X1Σ+) to the Ar+(2P◦)
ion is much larger (namely 0.36e) than in both
of the ground-state structures. Supported also by
an analysis of the wavefunction (Mulliken overlap
populations, binding-MO properties), we conclude
that we have here a covalent-ionic (overlap-induced)
bond Ar+–ClH, which is stronger than in the linear
ground-state structure Ar–HCl+; concomitantly the

H–Cl bond is somewhat weakened in comparison with
the free HCl ground-state molecule (bond distance r1

enlarged, frequency ω3 decreased). The polarization
interaction can be estimated to be much smaller than
in the ground state, mainly because of the very small
Cl atomic charge (see Tab. 4). On balance there is a
markedly larger fragmentation energy ED = 0.9 eV
(vs. 0.3 eV for the linear ground-state structure).

(iii) The minimal DIM model exaggerates the polarity of
HCl, both for the free (neutral) HCl(X1Σ+) molecule
and even more so for the HCl fragment in the excited
state of the complex considered here. Addition of the
Ar+ ion leads to a small shift of electronic charge
from H to Cl (leaving, however, the HCl to a large
extend intact, as comparison of the bond length r1

and the frequency ω3 with their values in the free
molecule shows) and also to a little electronic charge
transfer from HCl to Ar+ (about 0.1e), much less
than in the CCSD/CISD or MRCI ab-initio treat-
ments. Correspondingly, the covalent-ionic part of
the Ar+–ClH binding should be weak with DIM but,
mainly because of the larger atomic charges, the po-
larization attraction is stronger, similar to that in the
ground-state linear structure, so that in the balance
the Ar+–ClH bond is only slightly looser (somewhat
lower Ar+-ion detachment energy ED and frequency
ω1, and longer distance r2) than with conventional
ab-initio methods. Altogether, there is a remarkable
agreement in structure and energetics for the excited-
state minimum (Min1′) as well as for the saddle point
(SP1′) of the DIM model with the advanced conven-
tional approaches.

We feel therefore justified to conclude that the present
minimal ab-initio DIM model leads to an excited-state
PES which is at least qualitatively realistic.

From the topography of the 12A′ ground-state and the
22A′ excited-state PESs, one can deduce a number of pos-
sible photo-processes that could follow an electronic ex-
citation 12A′ → 22A′. A detailed discussion based on our
earlier MRDCI study is given in paper [5] and is qualita-
tively applicable to the present DIM results as well.

4.2 Structure and stability of small ArnHCl+ clusters
(n > 1)

The extension of the investigation to aggregates ArnHCl+
with more than one Ar atom is, in principle, easily done.
Including the few additional fragment states not appear-
ing in the triatomic ArHCl+ case (namely, the Ar2, Ar+2 ,
and ArCl− states) leads to a (21n+12)-dimensional DIM
matrix that must be diagonalized. Compared with the
conventional ab-initio techniques, the computational ex-
pense for DIM is much smaller but it is much higher com-
pared with the simpler ArnH+ case. Therefore, we restrict
our study to relatively small systems, up to n = 13. This
suffices to gain an insight into the building up of larger
clusters. The investigations described in this part of our
study are focused mainly on the electronic ground state
of the clusters.
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Table 4. Properties of the 22A′ excited electronic state of ArHCl+: characteristics of stationary points from conventional
ab-initio studies and from the “minimal ab-initio DIM model”.

Geometry Det. Energya Frequenciesb ZPEc Atomic chargesd

r1 r2 α E′
D ω1 ω2 ω3 q(Ar) q(H) q(Cl)

a0 a0 deg eV cm−1 eV a.u.

ArClH+ linear (Min1′)
Neumann et al. [5]e

MRDCI 2.57 4.58 180 −0.88 320 838 2179 0.259
Present work
CCSDf 2.54 4.48 180 −0.91 304 1173 2310 0.307 0.638 0.323 0.039
MRCI 2.53 4.49 180 −0.97 299 1047 2367 0.295 0.570 0.337 0.093
DIM 2.44 5.16 180 −0.87 170 339 2815 0.227 0.908 0.589 −0.497
ArHCl+ bent (SP1′)
Neumann et al. [5]e

MRDCI 2.50 6.07 55.1 0.08 172 891i 1644 0.113
Present work
MRCI 2.46 6.11 55.5 0.04 95 893i 2424 0.156 0.813 0.240 −0.053
DIM 2.41 8.45 51.4 0.17 88 505i 3034 0.194 1.000 0.426 −0.426

a Argon-ion detachment energy E′
D: total energy, relative to the dissociation limit Ar+(2P◦) + HCl(X1Σ+). b−e See footnotes

b–e to Table 2. f The CCSD program operates with fictitious C2v symmetry, in which the electronic ground state 12A′ (com-
ponent of X2Π), correlating with 12B1, and the excited state 22A′ (12Σ+), correlating with 12A1, belong to different irreducible
representations and can therefore be calculated separately.

Table 5. Ground-state molecular characteristics of the most stable ArnHCl+ cluster structuresa for n = 1–3; upper line: CCSD
results, lower line: DIM results. For completeness, each of the two relevant structures of the triatomic complex (n = 1) is
included.

nb ED
c ZPEd r1

e r2
e r3

e αe βe q(H)f q(Cl)f q(Ar)f q(Ar′)f

eV eV a0 a0 a0 deg deg a.u. a.u. a.u. a.u.
11 −0.269 0.198 2.55 6.28 – 0 – 0.404 0.530 0.066 –

−0.472 0.245 2.62 5.44 – 0 – 0.474 0.334 0.192 –
12 −0.292 0.207 2.47 – 5.05 – 87.3 0.352 0.547 – 0.101

−0.330 0.215 2.48 – 4.98 – 95.5 0.466 0.325 – 0.209
2 −0.508 0.227 2.51 6.41 5.14 0 85.9 0.427 0.462 0.036 0.074

−0.555 0.222 2.62 5.46 6.11 ≈ 0 82.0 0.474 0.330 0.181 0.015
3 −0.667 0.236 2.50 6.45 5.40 0 83.1 0.457 0.445 0.025 0.037

−0.639 0.228 2.61 5.49 6.11 0 81.8 0.474 0.328 0.172 0.013

a We denote the two distinct types of argon atoms by Ar and Ar′: Ar lies in line with the HCl+ fragment, Ar′ outside. b For
n = 1 the two relevant structures corresponding to Min1 and Min2 are distinguished by subscripts 1 and 2 respectively. c Argon
detachment energy ED: total energy relative to the dissociation limit nAr(1S) + HCl+(X2Π). d See footnote c to Table 2. e r1

is the H–Cl distance, r2 and r3 are the distances Ar–Cl and Ar′–Cl, respectively; α and β are the angles ∠ArClH and ∠Ar′ClH,
respectively. f See footnote d to Table 2.

In order to make the building-up process somewhat
more transparent, we follow the energetics of the clus-
ters by means of the argon-atom detachment energy ED,
defined as the energy required for “peeling-off” all argon
atoms from the cluster, as a function of the cluster size (n):

ED(n) = E(ArnHCl+) − nE(Ar) − E(HCl+), (1)

a generalization of the definition given in footnote a of Ta-
ble 2; all species appearing are understood to be in their
electronic ground states and the cluster is in its most sta-
ble structure corresponding to the global minimum of the
PES. From this quantity, the binding energy of the last
added Ar atom (no. n), the “Ar-atom vaporization en-
ergy”, is obtained:

∆E(n) = E(ArnHCl+) − E(Arn−1HCl+)
= ED(n) − ED(n − 1). (2)

To begin with, we underpin the DIM results by CCSD ab-
initio calculations as far as it is feasible. Because of the
higher electronic complexity, this part of the task must
also be more restricted than for the simpler ArnH+ case,
namely up to n = 3 only.

We complete the section with a few remarks on the
lowest excited states of ArnHCl+ clusters.

4.2.1 Test of the DIM approach for small clusters

Table 5 compiles molecular characteristics for the most
stable structures of clusters ArnHCl+ with n = 1–3 in
their electronic ground states as obtained from CCSD and
DIM calculations. For the triatomic complex, information
is given for each of the two relevant structures. The Ar-
atom detachment energies for the species with n = 1–3
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Fig. 6. The most stable ArnHCl+ cluster structures for n = 1–13 as obtained from the minimal DIM model. Each cluster is
shown in side view facing the (ArHCl)+ core (left part) and in end view along the (ArHCl)+ axis (right part); the Cl-atom
sphere in the core is marked by a heavier boundary line.

from the CCSD treatment are included in the left part of
Figure 7a, and the structures obtained by DIM for each
of the small clusters are seen in the upper left part of
Figure 6.

The agreement of DIM with the CCSD results is of
course not as good as in the case of the protonated argon
clusters (see part I [1]). The discrepancy, however, is rel-
atively small if we take for the triatomic complex (n = 1)
the binding energy of the rectangular structure (Min2).
This confirms our earlier observation (vide supra) that
this bent structure is better described by DIM than the
linear structure (Min1), for which the binding comes out
too strong.

The discrepancy becomes less dramatic when more Ar
atoms are added and the agreement of DIM with CCSD
gets better for the ED values as well as for the slope of the
ED(n) line, whereby the binding seems to be systemati-

cally somewhat underestimated by DIM (as in the ArnH+

case [1]): |EDIM
D | < |ECCSD

D |, (ED < 0). As seen from the
geometry data in Table 5, the CCSD approach adds the
second Ar atom to an –H–Cl axial position on the H side
of the bent ArHCl+, whereas with DIM, in which the lin-
ear ArHCl+ core is already the most stable arrangement,
it is energetically most favourable to put the second Ar
into a position in an equatorial plane. The result is an
Ar2HCl+ structure of the same kind in both cases (the
L-shape in Fig. 6). That one of the Ar atoms is posi-
tioned laterally in a plane containing the Ar–H–Cl axis
and dragged markedly towards the Cl end of the axis is a
result of the charge asymmetry and of the (weak) covalent
binding from overlap between the outer π-type orbital of
HCl+ (in its 2Π electronic ground state) and outer Ar or-
bitals, which may participate in binding because of partial
depopulation by the electronic charge transfer from Ar to
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Fig. 7. DIM energy characteristics of ArnHCl+ clusters (most
stable structures in the electronic ground states) as functions
of n: (a) Ar detachment energy, ED, (i.e. the energy relative
to the dissociation limit nAr(1S) + HCl+(X2Π)), (b) binding
energy of the last added Ar atom, ∆E.

HCl+. The further building-up of the most stable cluster
structures on adding more Ar atoms goes the same way in
DIM and CCSD, the next cluster (n = 3) being a T-shape
complex. The placement of the third Ar atom leading to
this almost symmetrical planar arrangement is easily un-
derstood by an argument analogous to that for the n = 2
case.

The overall result is like that for the protonated ar-
gon clusters: a similar n-dependence of ED (nearly linear)
and ∆E in both the CCSD and DIM approaches, with an
approximately parallel shift. This gives us confidence in
the ability of DIM to predict the most stable structures of
medium-sized ArnHCl+ clusters.

4.2.2 Building-up of medium-sized clusters

The most stable DIM structures of the ArnHCl+ clusters
with n = 1–13 are depicted by the schematic diagrams
in Figure 6. If we compare with the simpler ArnH+ case
(Fig. 6 in part I [1]), the main striking difference is the
much less regular nature of the sequence of geometries
here, pointing to the lack of a clear-cut building-up rule
for positioning each newly added Ar atom. This is the
consequence of the lack of symmetry of the core fragment
(Ar–H–Cl)+: first, we no longer have a “left-right” symme-
try with respect to the proton in the middle (i.e. there is
no inversion center) and secondly, there is no “rotational”

symmetry about the core axis because the core electron
hole is in a π orbital. Keeping this in mind, the stepwise
building-up of the most stable cluster structures can be
understood as follows.

The geometries of the complexes with n = 2 and 3
have already been interpreted in the foregoing section.
The addition of further Ar atoms, one after the other,
is determined essentially by the strength of the attractive
electrostatic (polarization) forces, i.e. by the closest possi-
ble (by reason of steric repulsion) approaches to the differ-
ently positively charged constituents of the core fragment,
and by the attractive dispersion-type interactions with the
other extra-core Ar atoms. The last added Ar atom is usu-
ally placed as near to the core and to the other extra-core
Ar atoms as the onset of steric repulsion allows.

Attention must be also paid to the Jahn-Teller effect,
which prevents all these electronic open-shell aggregates
from forming symmetrical structures.

In Figure 7 the two functions, ED(n) and ∆E(n), as
obtained from the DIM calculations, are shown as graphs
in the range of n = 1–13.

The relatively high stability of the clusters with n = 2
and 3, and the looser binding of the fourth Ar atom (for
which only weak van-der-Waals attractions are acting) can
be clearly recognized from the graph of Figure 7b. For
n = 5, the “T-baulk” (having been formed by the two
outer Ar atoms in Ar3HCl+) is somewhat pushed aside,
thus enabling the other two Ar atoms (numbers 4 and 5)
to come nearer to the charged core and leading to a sig-
nificant gain in stability (i.e. energy decrease). The next
Ar atom (n = 6) is attached to the other side of the T-
shaped Ar3HCl+, and also for n = 7 the additional Ar
atom is placed here, forming a four-membered ring that
lies, roughly speaking, in an equatorial plane cutting the
core axis close to the proton. In this latter structure the
outer Ar atoms are arranged in a distorted six-membered
ring (“boat-shape”) which is a little expanded, and there-
fore the cluster is less stable.

Adding two more Ar atoms leads to completion of the
structure by an Ar pair on the Ar side of the core, also
relatively stable. With n = 10 a new, more loosely at-
tached wrapper shell starts to build up, as reflected by a
pronounced increase in the ∆E graph.

What is to be concluded from these considerations is
that the structures of ArnHCl+ clusters can be under-
stood, to be sure, but the interpretation is by far not as
simple and straightforward as in the case of the proto-
nated argon clusters, ArnH+ (see part I [1]). Therefore the
cluster structure cannot be predicted without performing
careful calculations, and the formulation of an additive in-
crement scheme for the binding energy like that developed
for the ArnH+ case hardly seems feasible.

Up to this point, we considered only the electronic as-
pect of stability as it can be deduced directly from the
PES data; all the structures shown in Figure 6 are “elec-
tronically stable” with respect to Ar-atom detachment,
ArnHCl+ → Ar + Arn−1HCl+ (the lowest-energy frag-
mentation channel). If we include the zero-point vibration,
all these structures remain stable because the amount
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Fig. 8. The most stable and several less stable structures of
the complex Ar2HCl+ (in parentheses: ED).

of electronic stabilization energy ∆E(n) is always much
larger (by an order of magnitude and more) than the con-
comitant destabilizing increase of the zero-point vibra-
tional energy, ∆ZPE(n) = ZPE(n) − ZPE(n − 1). For
n = 1–3 the ZPE data are given in Table 5. For the larger
clusters, the magnitudes of the ZPE resp. ∆ZPE remain
in this energy range.

As discussed in some detail in Section 4.1.1, even for
the simplest complex ArHCl+ the ground-state PES pos-
sesses several minima: two marked minima corresponding
to firmly stable structures with a comparatively low en-
ergy barrier between them plus a third, very weakly bound
linear complex Cl· · ·ArH+. We might therefore suppose
the attachment of more Ar atoms to be accompanied by
an increasingly broad variety of structures, some of them
differing only slightly in energy and being separated by
low barriers from each other. This is indeed the case; thus
we expect the ArnHCl+ clusters to show floppy behaviour.
As an example, let us consider in Figure 8 several struc-
tures for the Ar2HCl+ complex, for which the geometri-
cal forms are easily understood. The most stable struc-
ture (corresponding to the deepest minimum of the PES,
Min1) represents a tightly bound, nearly linear ArHCl+
core fragment with one extra lateral Ar atom, as discussed
in the foregoing section. The next stable structure (Min2)
can be considered as consisting of an HCl+-like fragment
with two Ar atoms laterally attached to it by weak co-
valent binding from the overlap of the lobes of the singly
occupied π orbital of HCl+ with Ar orbitals partly depop-
ulated by charge transfer. The third and fourth electroni-
cally stable structures (Min3 and Min4) originate clearly
from the bent ArHCl+ form with one extra Ar atom added
laterally to the ArHCl+ triangle. At significantly higher
energy there are a number of other structures held to-
gether by pure van-der-Waals attractions of one Ar and
one Cl atom to the ArH+ molecular ion, with no notice-
able charge transfer. Such structures have no significance.

4.2.3 Low-lying excited electronic states of ArnHCl+ (n > 1)

Just as for the protonated argon clusters (see part I [1],
Sect. 3.3.2), it is interesting here also to inquire to what
extent the low-energy part of the electronic term structure
bears some relationship to that of the triatomic ArHCl+
complex (vide supra). The situation, however, is more
complicated in our case. Within the framework of the
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Fig. 9. DIM vertical excitation energies ∆U∗ from the ground
electronic state (i.e. the most stable structure for each clus-
ter) of ArnHCl+ clusters to the lowest five excited states as
functions of n.

present paper, we cannot investigate this in full detail but
we will give some information which should be sufficient
for getting an overall first impression.

In Figure 9, the DIM transition energies ∆U∗ for verti-
cal excitation from the most stable electronic ground state
of each cluster to the lowest five excited states are graph-
ically represented as a function of the cluster size, n = 1–
13. The numerical values are collected in Table 6. The
lowest fragmentation limits, in which all Ar species (Ar or
Ar+) are stripped from the HCl+ or HCl core fragment,
can be inferred from Table 3. It should be noted, that the
excited states are labelled only by numbers, since most of
the clusters have no symmetry.

We first recognize from Figure 9, that there are in-
dications of a certain bundling of the states in “bands”,
as is typical for all sorts of clusters. The spreading of the
energy levels is largest for n = 1. With increasing n, a ten-
dency for the excitation energies to approach nearly con-
stant values is observed. This is easily understood, since
Ar atoms tacked loosely to the (Ar–H–Cl)+ ground-state
core (see the discussion in the foregoing section) should
not significantly affect the electronic spectrum. Thus the
simple picture emerges that, as far as electronic excita-
tion is concerned, it is only the (Ar–H–Cl)+ core (common
to all the most stable cluster structures in the electronic
ground state, see Fig. 6) that plays a role, at least in the
energy range considered.

In particular, the statement concerning the minor in-
fluence of the off-core Ar atoms should be true for the
second excited state, i.e. the state no. 2 in the number-
ing of Table 6 and Figure 9. This state corresponds to the
state 22A′ (resp. 12Σ+) of the triatomic complex ArHCl+,
and therefore we expect for this second excited state of
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Table 6. Electronic vertical spectra of ArnHCl+ clusters with
n = 1–13 Ar atoms, for transitions from the most stable
ground-state structure in each case to the lowest five excited
states (DIM results).

n ∆U∗
0→1 ∆U∗

0→2 ∆U∗
0→3 ∆U∗

0→4 ∆U∗
0→5

eV eV eV eV eV
1 0.00 2.82 5.64 5.64 7.74
2 0.06 2.90 5.25 5.26 5.26
3 0.12 2.99 5.20 5.23 5.25
4 0.12 2.98 5.12 5.18 5.20
5 0.13 2.98 5.01 5.03 5.13
6 0.09 2.92 5.08 5.10 5.15
7 0.18 2.99 4.85 4.86 4.91
8 0.18 2.98 4.80 4.85 4.87
9 0.17 2.96 4.82 4.83 4.85
10 0.20 2.97 4.73 4.79 4.81
11 0.19 2.94 4.77 4.85 4.85
12 0.21 2.96 4.73 4.73 4.81
13 0.20 2.92 4.78 4.80 4.80

larger clusters a PES topography similar to that discussed
for 22A′ in Section 4.1.2, as far as the dependence on the
core geometry parameters is concerned. However, it must
be borne in mind that outer Ar atoms should hinder the
HCl+ (or HCl) fragment from turning from one equilib-
rium position into another one; i.e. the relevant barriers
are expected to be enhanced on packing Ar atoms into the
first wrapper cloud.

Some conclusions about the stability of the clusters
following electronic excitation can be drawn from the
data given (see Fig. 9). As we have seen in the fore-
going section, the electronic ground state is stabilized
with increasing cluster size (n) by around 0.08 eV for
each attached Ar atom. The first excited electronic state
(12A′′ for the ArHCl+ complex) lies rather close to the
ground state. It is somewhat elevated when adding more
Ar atoms but keeps a nearly constant excitation-energy
value of about 0.2 eV for all the larger clusters with a lin-
ear (Ar–H–Cl)+ core. For other geometries (see the value
for the nearly rectangular structure of ArHCl+, Min2, in
Tab. 3: ∆U∗ = 0.87 eV), this state may lie energetically
higher, and excitation to it from the ground state then
leads to Ar atom detachment (for bent ArHCl+ we have
∆U∗

0→1 > |ED|, the dissociation limit correlates with the
state 12A′′ and with the ground state X2A′).

The second excited state for n = 1 is identical with our
well-known 22A′ state (see Sect. 4.1.2). If the complex is
excited from the linear ground-state structure (Min1) to
this state, we come up energetically below the fragmenta-
tion (Ar detachment) limit, i.e. the complex is stable for
this excitation. For excitation from the bent ground-state
structure (Min2) the excited complex has an energy close
to the fragmentation limit and may be unstable. It should
be pointed out again that, for a linear (Ar–Cl–H)+ geom-
etry, the excited-state PES has a pronounced minimum
(see foregoing section and Tab. 4), which is just possibly
accessible after the photo-excitation. A complete discus-
sion of the stability of the second excited state of ArnHCl+
clusters with n > 1 would require considering a relaxation

of the geometrical configuration from the core structure
Ar–H–Cl to Ar–Cl–H as well as a possible reorganization
of the Ar wrapper as compared with that of the electronic
ground state because of changes in the charge distribution.
This would exceed the range of the present paper.

The third, fourth, and fifth vertically excited electronic
states show a rather steep decrease as n increases from 1
to 7; on adding more Ar atoms, the ∆U∗

0→3...5 graphs
approach roughly constant values around 4.8 eV. Tak-
ing into account the stabilization of the electronic ground
state with increasing n up to the cluster sizes considered,
the clusters are unstable following vertical excitation into
these electronic states: their energies lie above the respec-
tive fragmentation limits. However, it seems well possi-
ble that on attaching even more Ar atoms, these excited
states will become stable after vertical excitation from the
ground state for n somewhere between 15 and 20. Again,
a more detailed discussion is not possible without inves-
tigating the PES topography and the relevant relaxation
processes in these states.

5 Summary and conclusions

We have used our “minimal ab-initio DIM model” (with
carefully prepared input data from accurate ab-initio com-
putation of the atomic and diatomic fragments plus appli-
cation of a wavefunction projection procedure) to extend
the study of inhomogeneous cationic van-der-Waals clus-
ters to argon clusters with an electronically complicated
cationic impurity, the HCl+ molecular ion, instead of a
proton as in the first two papers of this series, which de-
scribed the structure and the dynamics of ArnH+ clusters
quite satisfactorily. Because of the higher complexity of
the electronic structure, the investigation was much more
demanding and had to be restricted to clusters of up to
13 Ar atoms only.

The present paper reports on the results for binding
and structure properties of these ArnHCl+ clusters; the
peculiar aspects of the study and the main findings are
the following:

1. Compared with the investigation of ArnH+ clusters,
the “minimal DIM basis” for ArnHCl+ had to in-
clude 18 atomic and diatomic fragments with alto-
gether 57 electronic states (for ArnH+ there were only
7 fragments and 12 states). Furthermore, a larger num-
ber of state manifolds contained several states of the
same symmetry, which meant that mixing coefficients
for up to four states were needed for the VB represen-
tation of the diatomic fragments (for ArnH+ there was
only one mixing of two states). Thus the computational
effort was much greater but was still significantly be-
low the expense for conventional ab-initio treatments.

2. For the smaller clusters, n = 1–3, ab-initio coupled-
cluster (CCSD) cross-checking calculations were also
carried out. Comparison with DIM shows larger devi-
ations than in the ArnH+ case, in particular for the
triatomic complex (n = 1). The origin of these can
be traced to an overestimation of the binding in the
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linear ArHCl+ complex by our DIM model. For the
somewhat larger complexes the agreement gets better
owing to a changing building-up mechanism and is es-
timated to result in a simple energetic shift. Because
of the reasonable qualitative agreement, we are con-
fident that our “minimal ab-initio DIM model” is
a sufficiently reliable tool for describing even such
complicated systems as ArnHCl+ clusters at least qual-
itatively correctly.

3. The structures of ArnHCl+ clusters at the global min-
ima (the most stable structures) in the size range n =
1–13 show some special features and are not as simple
and easy to understand as for the ArnH+ clusters. Sim-
ilar to that case, the linear triatomic ArHCl+ complex
forms a core which remains essentially unchanged with
increasing cluster size apart from some slight deforma-
tions. However, the building-up process is much less
regular. This is recognized as originating from the lack
of symmetry of the core fragment: there is no inversion
center of the nuclear skeleton and no axial rotational
symmetry of the electron cloud (which is in a Π state).

4. For each of the ArnHCl+ aggregates, there are a vari-
ety of secondary less stable structures, some of them
not much different in energy and separated by low bar-
riers, so that the clusters should exhibit substantial
floppy behaviour.

5. The energies of the low-lying excited electronic states
are easily obtained within the framework of the DIM
approach without additional effort and reflect a rather
complex electronic structure resulting in a richer to-
pography of the corresponding PESs. We studied the
first 2A′ excited state (namely 22A′) of ArHCl+ in some
detail. Further aspects of the excited electronic states
of the larger medium-sized clusters were also consid-
ered; in particular, the vertical electronic excitation
energies to the lowest five excited states were esti-
mated for n = 1–13, and the stability of the clusters
following vertical electronic excitation was discussed.
It is expected that photo-induced processes and the
spectroscopy of ArnHCl+ clusters are rather compli-
cated. To make definite predictions will require more
extended separate studies.

We conclude that our “minimal ab-initio DIM model” has
passed another test, demonstrating its predictive power
and recommending itself for further investigations, not
only into binding and structure properties, but also into
the dynamics of this kind of polyatomic system.
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