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Xen I2 van der Waals clusters have been investigated by anion zero electron kinetic energy ~ZEKE!
and partially discriminated threshold photodetachment ~PDTP! spectroscopy. The experiments yield
size-dependent electron affinities ~EAs! and electronic state splittings between the X, I, and II states
accessed by photodetachment. Cluster minimum energy structures have been determined by
extensive simulated annealing molecular dynamics calculations using Xe–I~2! pair potentials from
anion ZEKE spectroscopy and various nonadditive terms. The EAs calculated without many-body
effects overestimate the experimental EAs by up to 3000 cm21. Repulsive many-body induction in
the anion clusters is found to be the dominant nonadditive effect, though the attractive interaction
between the iodide charge and the Xe2 exchange quadrupole is also important. Unique global
minimum energy structures for the anion clusters arise from the influence of the many-body terms,
yielding, e.g., arrangements with a closed shell of xenon atoms around the iodide anion for
the clusters with n512– 14. The specific dependence of the EA curve on cluster size allows us to
refine the absolute Xe–I bond lengths for the anion, X, I, and II state diatomic potentials to within
60.05 Å. © 1999 American Institute of Physics. @S0021-9606~99!01014-4#

pairwise additivity to break down.9 Therefore it is necessary
to extend Eq. ~1! to include ‘‘nonadditive’’ or ‘‘many-body’’
interactions:

I. INTRODUCTION

Weak interactions between atoms and molecules play a
central role in many fields of physical chemistry. As an example, solvation of neutral or charged atomic and molecular
species affects their photophysical properties and reactivity
in solution,1,2 matrices,3 crystals,4 and clusters.5–8 In recent
years we have conducted a series of experiments in which
the weak interactions between various solvent species and
halide ions/halogen atoms is probed by high resolution negative ion photodetachment spectroscopy of size-selected anions; the species of interest range in size from binary complexes to large clusters. Here, we report results for Xen I2
clusters, with the goal of understanding the many-body effects that govern the structure and energetics of these species.
In the description of weak interactions, pairwise additivity of the atom–atom interactions V i j is frequently assumed:
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A textbook example of nonadditivity is the binding energy of
rare gas crystals, where the experimental values are roughly
4%–9% smaller than those obtained from the precisely
known pair potentials.10 However, in bulk systems such as
these it is difficult to assess the contributions of individual
nonadditive effects.
High resolution spectroscopy of clusters provides another approach to nonadditive effects in systems with a small
number of atoms.10,11 For example, Fourier transform microwave spectroscopy has been used to study the rotational
spectra of the rare gas heterotrimers Ne2Kr and Ne2Xe. 12
Structural information and nuclear hyperfine coupling constants obtained from this study suggest the presence of nonadditive effects.
Near- and far-IR spectroscopic studies as well as calculations employing variationally adjusted or ab initio potential
energy surfaces have been carried out for several neutral
van der Waals clusters, including Ar2HCl, 10,13–16
Ar2HF, 14,15,17–21 Ar2DCl, 10,22 and Ar2CO2. 23,24 Other experimental studies involved laser-induced fluorescence detection
of Arn Ba clusters with an average size of 300–400025 and
electronic spectroscopy of mass-selected Arn Hg clusters (n
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where ri and r j denote the positions of two individual atoms
in an ensemble of N particles. For closed valence shell atoms
and without deformation of the atomic charge distributions,
Eq. ~1! would hold exactly. In reality, however, dispersion,
induction, and exchange interactions cause the assumption of
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51–4) by means of multiphoton ionization.26 The latter
study shed some light on the special class of ‘‘nonadditive’’
effects arising from the open-shell interactions of the chromophores in the excited electronic state of these clusters.
The measurement of binding energies opens up another
avenue to characterize nonadditive effects in clusters. Binding energies have the advantage that they can be obtained
from model many-body potentials in a straightforward way.
It is often easy to predict in which direction a particular
nonadditive term will change the binding energy of a cluster.
For charged species, anion photoelectron spectroscopy ~PES!
has been used to extract information on relative binding energies of anion and neutral clusters involved in the photodetachment process, providing mass selectivity and reasonable
spectral resolution. Examples include the studies of Cheshnovsky and co-workers on X2~H2O!n (X25Cl2, Br2, I2) 27
and Xen I2, 28,29 Bowen and co-workers on Arn O2 , 30 and Arnold et al. on X2~CO2!n (X25Br2, I2) and I2~N2O!n . 31,32
However, two problems arise when one tries to extract
information on nonadditive forces from such studies: ~1! the
pair potentials needed for the anion and neutral are usually
not known very accurately, and ~2! depending on the type of
energy analyzer used, the resolution of conventional anion
PES is typically between 7031–33 and 480 cm21.28,29 Due to
this limited resolution anion PES experiments are, at best,
sensitive to the largest nonadditive effects. As an example, a
comparison of the photoelectron spectra of Markovich
et al.27 with the molecular dynamics ~MD! simulations of
Berkowitz and co-workers,34 showed that nonadditive induction effects had to be included in the calculations to describe
the stabilization energies of larger Br2~H2O!n clusters (n
.5) correctly. However, a comparison of their experimental
data for I2~H2O!n and Cl2~H2O!n clusters with other
simulations35,36 is less conclusive.
In the current study we use anion zero electron kinetic
energy ~ZEKE! spectroscopy and partially discriminated
threshold photodetachment ~PDTP! to study nonadditive effects in size-selected Xen I2 clusters with up to 14 xenon
atoms. ZEKE spectroscopy combines mass selectivity with
much higher resolution than conventional photoelectron
spectroscopy ~typically 1–2 cm21 for atomic systems!. It is
therefore possible to extract precise electron affinities ~EAs!
and characterize the electronic structure of the neutral clusters accessed by photodetachment. We have already demonstrated this in our earlier ZEKE studies of diatomic33,37,38 and
polyatomic39 rare gas halides. The latter study on Arn I2 (n
52 – 19) and Arn Br2 (n52 – 9) allowed us to characterize
the many-body effects in these species in detail.
Xen I2 clusters are particularly interesting systems. First,
the high polarizability of the xenon atoms makes it likely
that nonadditive effects will be particularly large, especially
in the anions. This makes these clusters ideal candidates for
the investigation of many-body effects. Another distinctive
property of Xen I2 clusters was demonstrated in recent work
by Cheshnovsky and co-workers,28,29 who measured photoelectron spectra and total photodetachment cross sections
~TPCS! for Xen I2 clusters with n51 – 54. For clusters with
n>4, they observed distinct peaks in the TPCS spectra near
the detachment thresholds that appear to be due to transitions

Lenzer et al.

6715

FIG. 1. Schematic diagram of the potential energy levels involved in the
photodetachment of Xen I2 clusters. The energetic relations among the
atomic and molecular anion and neutral electronic states are shown. For a
description of the various quantities see Sec. IV.

to excited electronic states in which charge is transferred
from the iodide anion to the surrounding xenon atoms. These
states, which presumably arise from the large polarizability
of the xenon atoms, were not present in any of the rare gas–
halide clusters previously studied by us.
Moreover, a unique class of ‘‘nonadditive effects’’ is
present solely in the neutral clusters due to the open-shell
nature of the iodine atom. Three doubly degenerate neutral
electronic states ~termed as X, I, and II! arise from this interaction, as shown in the schematic potential diagram in Fig.
1. All these states are accessible by photodetachment of the
anion, and this allows us to characterize the splitting between
the different neutral states as a function of cluster size.
Our earlier study of XeI2 yielded precise two-body
Xe–I anion and neutral potential functions via vibrationally
resolved ZEKE spectroscopy.33 This allows us to predict
binding energies and structures of the larger anion and neutral Xen I clusters on the basis of these pair potentials, and
then to compare these predictions with the experimental
EAs. It will become clear that the simple ‘‘additive picture’’
breaks down, so we will systematically investigate how the
inclusion of various many-body effects corrects the calculated EAs and can finally achieve good agreement with experiment. Our accompanying MD simulations of the Xen I
anion and neutral cluster structures will not only help us to
elucidate the cluster structures and trends in electron affinities but also allow us to determine the Xe–I equilibrium
bond lengths for the anion and neutral electronic states of the
diatomic with considerably higher accuracy.
We have organized this paper as follows: in Sec. II we
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briefly discuss the experimental techniques used for studying
the Xen I2 anions, and in Sec. III our ZEKE and PDTP spectra are presented and assignments are given. In Sec. IV we
deal with the two-body and three-body potential functions
needed for simulating our results, and specifics of the MD
calculations used for calculating the cluster structures are
also given. In Sec. V we analyze and discuss our experimental findings: electron affinities and neutral state splittings are
compared with the predictions of the model potentials and
allow us to quantify the influence of individual many-body
effects. Global and local minimum cluster structures found in
the simulations are discussed in detail. We will finally address the question to what extent a presence of excited states
in the larger anion clusters might affect the appearance of the
experimental ZEKE and PDTP spectra.
II. ZEKE AND PDTP EXPERIMENTS

A detailed description of the anion ZEKE spectrometer
can be found elsewhere,40–43 and only the specific details
relevant to this study will be considered here. Xen I2 anions
are produced by passing a mixture of 10%–20% xenon in
argon over CH3I ~0 °C! and expanding it into vacuum
through a 0.5 mm aperture in a pulsed valve ~General Valve
Series 9!. Typical backing pressures are 10–30 psig. The
expansion is crossed just in front of the valve by a 1 keV
electron beam. Anions are formed by dissociative attachment
of low-energy secondary electrons, and undergo clustering in
the continuum flow region of the free-jet expansion. The
negative cluster ions formed during these processes are
cooled as the expansion progresses, and then pass through a
two-skimmer setup33 into a differentially pumped region.
The clusters are then accelerated to 1 keV and mass selected
in a 1 m collinear time-of-flight mass spectrometer.
After entering the detector region the Xen I2 anions of
interest are photodetached by either an excimer-pumped dye
laser ~Lambda Physik EMG 202 and FL 3002! or a Nd:YAG
pumped dye laser ~Continuum Powerlite 9020 and ND
6000!. For photodetachment to the X and I states ~see Fig. 1!
several UV dyes are used ~QUI, DMQ, PTP, all from Exciton! with typical energies of 20–30 mJ/pulse, except for the
region below 336 nm, where a DCM/LDS698 mix is used in
conjunction with frequency doubling in a KDP crystal, yielding about 5–10 mJ/pulse. For the II state the dye laser fundamental ~Coumarin 540A, Rhodamine 590, 610, 640! is
doubled in a KDP crystal, yielding laser pulse energies of
2–13 mJ/pulse, depending on the laser system used.
A weak DC field of 215 mV/cm is applied across the
electron detachment region at all times, where the negative
sign indicates the field is antiparallel to the ion beam propagation direction. This setup was found to enhance the electron signal considerably.33 Two modes of electron detection
were used in this study: the higher resolution ZEKE mode
and the lower resolution partially discriminated threshold
photodetachment ~PDTP! mode.
In the ZEKE mode, following a delay of 200–500 ns the
electrons are extracted coaxially to the ion beam by applying
a pulsed extraction field of 4 V/cm across the extraction region and deflected to an off-axis microchannel plate detector.
Gated detection is used to provide temporal filtering. In ad-

dition, a series of apertures between the detachment region
and the detector provide spatial discrimination.40 The ultimate spectral resolution of this setup is about 1–2 cm21 for
atomic anions. The spectral features observed in this study
are broader due to unresolved rotational envelopes and ‘‘hot
band’’ congestion. Also, somewhat shorter extraction delays
than required for maximum resolution were used, leading to
a slight decrease in resolution but more rapid data acquisition. The performance of the ZEKE mode was routinely
checked by optimizing the spectral resolution for the wellknown systems I2 and XeI2. 33
In the PDTP mode there is no delay between photodetachment and electron extraction. The extraction field immediately accelerates all of the photoelectrons toward the detector. However, those photoelectrons with a significant
velocity component perpendicular to the ion beam axis are
still spatially discriminated against by the apertures. This
‘‘partially discriminated’’ mode closely resembles the
‘‘steradiancy detector’’ described by Baer et al.44 and Spohr
et al.45 Under the conditions used in our study one obtains
peaks with a FWHM of roughly 150 cm21 and an asymmetric shape, i.e., with a tail toward high electron kinetic energies. Nevertheless, this mode allows us to determine electron
affinities to within 650 cm21. Although sacrificing resolution the PDTP mode has the advantage of much higher electron sensitivity than the ZEKE mode.
The experiment is operated at a repetition rate of 30 Hz
~20 Hz in the experiments which use the Nd:YAG laser as
pump source!. The ZEKE ~PDTP! spectra are normalized to
the ion signal and laser power, and averaged over typically
1500–4000 ~200–2000! laser shots per point. Absolute
vacuum wavelengths are obtained by calibration of the dye
lasers, either with a New Focus 7711 Fizeau wavelength
meter or a Fe/Ne hollow cathode lamp.
III. ZEKE AND PDTP RESULTS

The ZEKE and PDTP spectra for the Xen I2 clusters are
shown in Figs. 2–5. As is clear from Fig. 1 and our earlier
studies of other diatomic and polyatomic rare gas halide species, we expect to observe two sets of features separated by
approximately the spin–orbit splitting D so~I! of atomic iodine (7603.0 cm21 50.942 65 eV). 46 The lower-energy features ~Figs. 2–4! are due to transitions from the anion cluster
to electronic states correlating with the 2 P 3/2 ground state of
the iodine atom, and those at higher energy arise from transitions from the anion cluster to states referring asymptotically to the iodine 2 P 1/2 state ~Fig. 5!.
We first focus on the spectra for the low-energy features.
Figure 2 shows the complete set of ZEKE scans taken for
n50 – 12. With an increasing number of xenon atoms the
spectra appear at increasingly higher energy; i.e., they are
progressively blue-shifted relative to the position of the 1.2
cm21 wide atomic iodine line (n50). This indicates that the
anion clusters are more strongly bound than the neutral species. The blue-shift decreases steadily with an increasing
number of xenon atoms, indicating that the incremental stabilization of the anion decreases as the cluster grows.
All spectra for n.0 show a more or less pronounced
double peak structure, varying between a shoulderlike ap-
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FIG. 2. The complete set of X and I state ZEKE spectra for all Xen I2
clusters studied (n50 – 12).

pearance ~e.g., Xe5I2) and a fairly clear separation of the two
features ~e.g., Xe9I2). Our previous work on diatomic rare
gas halide species33,37,38 and larger Arn I2 and Arn Br2
clusters39 showed that these features arise from photodetachment to the X and I electronic states ~see Fig. 1!.
The relative intensities of the X and I state features
change considerably with cluster size. For the diatomic (n

FIG. 3. The 2 P 3/2 state ZEKE spectrum for iodide and X1I state ZEKE
spectra for XeI2, XE2I2, and Xe3I2. Arrows in the Xen I2 spectra mark
positions of the 0–0 transition for the X and I state of each cluster ~partly
estimated!. For a discussion of the marked X state features in the Xe2I2
spectrum see the text.

FIG. 4. The X and I state partially discriminated threshold photodetachment
~PDTP! spectra for all Xen I2 clusters studied (n50 – 14).

51) the I state is much weaker than the X state and is almost
invisible in Fig. 2.33 However, the relative intensity of the I
state increases for n52 and 3, and reaches roughly half the
intensity of the X state for the latter cluster. Up to n56 the
relative intensities change only slightly, but for all clusters
with n.6 the intensity of the I state feature appears to grow
further, and even equals that of the X state for n512. Also
note that additional very weak features are observed at even
higher energies for n56 and n57. The interpretation of
these peaks is not yet fully understood.
In Fig. 3 we show the ZEKE scans for the clusters Xen I2
with n50 – 3 in more detail. The spectrum for photodetachment to the 2 P 3/2 state of iodine consists of a single peak
with a FWHM of 1.2 cm21. To our knowledge this is the best
resolution obtained so far in an anion ZEKE experiment. The
XeI2 spectrum was already discussed at length in our earlier
study,33 and only the most important assignments are given
here. Individual peaks in this spectrum are wider than for
bare iodine because of the unresolved rotational envelope.
The largest peak in the spectrum, marked by an up-pointing
arrow, is assigned to the 0–0 transition from the anion to the
X1/2 state of the neutral. The peaks at lower energy, spaced
by approximately 10 cm21, are due to sequence band transitions from higher vibrational levels of the anion. Transitions
to the I state begin above 25 250 cm21; these are very weak
but completely assignable.33 In Fig. 3 the position of the
I3/2←anion 0–0 transition is marked by a down-pointing
arrow. The spacing between the two arrows directly yields an
accurate X – I splitting of 60.0 cm21 for XeI.33 Note that this
is much larger than, e.g., in the case of ArI ~37.8 cm21!.39
The Xe2I ZEKE spectrum is broader than the spectrum
of the XeI2 diatomics, however, the band envelope looks
similar. As in the XeI2 spectrum two main structures are
observed. The first one, found below about 25 850 cm21, is
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FIG. 5. ZEKE and PDTP spectra for the II state of the Xen I2 clusters. ~a!
The PDTP spectra for n50 – 8; ~b! the ZEKE spectra for n50 – 2; ~c! a
width comparison between the Xe8I2X1I state PDTP spectrum from Fig. 4
~dotted line! and the PDTP spectrum in ~a! ~solid line!. Spectra in ~c! were
shifted to let the low-energy edge of both features coincide. Only the rising
edge of the I( 2 P 1/2) PDTP spectrum was recorded for n50 in ~a!.

dominated by a sharp peak denoted as 1. In analogy to XeI2,
we assign peak 1 to the 0–0 transition from the anion to the
X state. This yields an accurate adiabatic electron affinity for
Xe2I2 of 25 771.2 cm21. There are some partially resolved
peaks ~‘‘a’’¯‘‘g’’! visible between 25 650 and 25 850 cm21.
Peaks ‘‘a,’’ ‘‘b,’’ and ‘‘c’’ are spaced by about 14 cm21 to
the red of peak 1. Peaks ‘‘a’’ and ‘‘b’’ also show a finer
substructure with peak spacings of about 5 cm21. The spacing between the peaks ‘‘c,’’ ‘‘d,’’ and ‘‘e’’ is roughly 20
cm21. The location of ‘‘a’’–‘‘e’’ at energies lower than the
0–0 transition identifies these peaks as sequence band transitions. Peaks ‘‘f’’ and ‘‘g’’ are located at 25 785 and 25 810
cm21, respectively, and also show some substructure with a
peak spacing of about 4 cm21.
The second ~weaker and relatively unstructured! main
feature, which is, however, more prominent than in XeI2, is
found above 25 850 cm21 and must be due to transitions to
the I state. Note that the intensity of the I state of Xe2I2 is
considerably higher than that of XeI2. While a rich hot band
structure in the ZEKE spectra allowed a particularly good
characterization of the anion and neutral energy levels and
potential curves in our earlier study of the XeI2 diatomic, in
the case of Xe2I2 the spectral congestion is already quite
severe, which makes further assignments impossible. There
is neither a clear 0–0 transition nor any other well-resolved
peaks for the weaker I state feature. The ZEKE spectra for
n53 – 12 become even more congested, and no particularly
sharp peaks can be found. The only exception is Xe3I2, also
shown in Fig. 3, where some regular structure shows up in
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the sequence band region around 26 200 cm21.
This spectral congestion suggests a fairly high anion vibrational temperature, which was also observed in our study
of the XeI2 diatomic. The exact reason for this remains unclear. Careful optimization of the source conditions yielded
only a slight reduction in vibrational temperature (T vib
5130 K compared to about 160 K in our previous study,33
both deduced from fitting the intensities of sequence band
peaks in the XeI2 X state spectrum by assuming a Boltzmann
distribution of the anion vibrational level population!.
Due to the low ion signal, we were unable to obtain X
1I state ZEKE spectra for clusters with n.12. However,
spectra could be taken in the PDTP mode which has the
advantage of a considerably larger electron sensitivity, although at the cost of some resolution. The results for n
50 – 14 are shown in Fig. 4. While similar in appearance to
the total photodetachment cross-section spectra of Becker
et al.,28,29 the features in our spectra are somewhat narrower.
We typically obtain a FWHM of 150 cm21 in the PDTP
mode, as can be seen in the iodine PDTP spectrum for the
transition to the 2 P 3/2 spin–orbit state in Fig. 4. The PDTP
spectrum rises sharply at the threshold up to a maximum and
then tails off toward higher energies.
With an increasing number of xenon atoms, the PDTP
spectra broaden corresponding to the development of the
double peak structure observed in the ZEKE spectra. Starting
with n57, the double peak structures also clearly appear in
the PDTP spectra. Most importantly, we were able to obtain
spectra for n513 and 14. The blue-shift between Xe12I2 and
Xe13I2 is comparable to that between n511 and 12. However, the peak maximum in the PDTP spectrum for Xe14I2
appears at only slightly higher energies than for Xe13I2.
While at first glance this might be associated with the closing
of the first shell of xenon atoms around the iodide anion at
n513, the simulated annealing MD simulations presented in
Sec. V will show that the situation is more complicated.
We next consider the Xen I2 II state spectra shown in
Fig. 5, starting with the ZEKE spectra in Fig. 5~b!. The iodine 2 P 1/2 spectrum (n50) consists of a sharp single peak
with a FWHM of about 2 cm21. The XeI II state spectrum
(n51) was already discussed in detail in our earlier ZEKE
study.33 The envelope of the Xe2I2 spectrum (n52) looks
very similar to that of the diatomic, but is relatively unstructured and therefore is not shown in greater detail. This is due
to the fact that the ZEKE delay has to be reduced to get a
large enough electron signal, mainly because of low laser
detachment energies ~frequency doubling is necessary!.
No ZEKE spectra of good quality could be recorded for
n.2. Therefore we measured additional PDTP spectra for
the clusters up to Xe8I2, shown in Fig. 5~a!. PDTP spectra
for clusters with n.8 could not be obtained because at
shorter wavelengths background electrons originating from
the metal surfaces due to stray light became a severe problem
~the work function for iron is 4.5 eV, corresponding to about
276 nm47!.
As in Fig. 4 it is observed that the PDTP spectra are
progressively blue-shifted with increasing n. The most striking difference is that for all clusters the width of the II state
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TABLE I. Experimental adiabatic electron affinities, excited state origins, and electronic state splittings for
Xen I. Estimated uncertainties ~6! for state origins and splittings extracted from ZEKE and PDTP data are given
in parentheses. All energies are in cm21.

n
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14

EAa
~X state origin!
c

24 672.80
25 235.9 ~2.0!
25 771.2 ~2.0!
26 255 ~15!
26 711 ~20!
27 149 ~20!
27 556 ~30!
27 931 ~30!
28 262 ~40!
28 572 ~50!
28 880 ~50!
29 175 ~50!
29 443 ~50!
29 780 ~70!
29 900 ~70!

I state origina
--25 295.9 ~3.0!
25 861 ~50!
26 360 ~50!
26 818 ~50!
27 259 ~50!
27 683 ~50!
28 065 ~50!
28 394 ~50!
28 707 ~50!
29 006 ~50!
29 289 ~50!
29 558 ~50!
-----

D X–I
--60.0 ~5!
90 ~52!
105 ~65!
107 ~70!
110 ~70!
127 ~80!
134 ~80!
132 ~90!
135 ~100!
126 ~100!
114 ~100!
115 ~100!
-----

II state originb
c,d

32 275.8
32 880 ~5!
33 405 ~20!
33 879 ~20!
34 336 ~30!
34 774 ~30!
35 181 ~40!
35 566 ~40!
35 936 ~40!
-------------

D X – II
7603.0d
7644.1 ~7!
7634 ~22!
7624 ~35!
7625 ~50!
7625 ~50!
7625 ~70!
7635 ~70!
7674 ~80!
-------------

a

n51 – 12 extracted from the ZEKE spectra; n513 and 14 from the PDTP spectra; see the text.
n51 from the ZEKE spectrum; n52 – 8 from the PDTP spectra; see the text.
c
Reference 49.
d
Reference 46.
b

PDTP spectra is considerably smaller, because only a single
electronic state contributes to the signal. For the Xe8I2 cluster this is demonstrated in Fig. 5~c!, which compares the
PDTP spectrum for the Xe8I2 X and I states from Fig. 4
~dotted line! and the II state spectrum from Fig. 5~a! ~solid
line!.
The question arises of how to extract reliable values for
the adiabatic detachment energies ~ADEs! for the X and I
state from the cluster spectra. For the ZEKE spectra in Figs.
2 and 3 this was done by fitting the observed spectral features to the sum of two Gaussian functions with variable
position, amplitude, and width by employing a Levenberg–
Marquardt least squares fitting procedure.48 In the XeI2 and
Xe2I2 spectra, the maximum of the X band corresponds approximately to the ADE. We therefore assume that the position of the maximum for the lower-energy Gaussian peak
gives a sufficiently precise estimate for the ADE of the X
state ~in other words, the adiabatic electron affinity of each
cluster!. The reliability of this procedure was checked by
convoluting the X state ZEKE spectra of XeI2 and Xe2I2
~Figs. 2 and 3! with a Gaussian of 10–20 meV FWHM to
mimic the progressively broader features appearing in the
ZEKE spectra of the larger clusters. It was found that the
maximum position of the Gaussian convolution and the accurately known X state 0–0 transitions in the ZEKE spectra
of XeI2 and Xe2I2 ~Table I! agree very well.
For n513 and 14 only the PDTP spectra are available
~Fig. 4!. For n512, the PDTP spectrum exhibits a shoulder
at the same position where the X state peak of the corresponding ZEKE spectrum is located ~Fig. 2!. We therefore
estimated the ADEs for n513 and 14 from the position of
the shoulder to the left of the maximum in each PDTP spectrum ~see Table I!.
The location of the 0–0 transition in the ZEKE spectra
of the I states is less obvious: our earlier spectral simulations

of the I state ZEKE spectrum of XeI233 located it on the
low-energy side of the electronic band. Here we convoluted
the best fit vibrational stick spectrum from our earlier study
with a Gaussian of 8 meV, which resulted in a I state spectrum of approximately Gaussian shape and similar in appearance to those of the clusters Xe2I2 and Xe3I2 in Figs. 2 and
3. It was found that the very accurately known XeI X – I
splitting obtained from the XeI2 ZEKE spectrum corresponds to about 60% of the value obtained when taking the
energetic spacing between the X state 0–0 transition and the
maximum of the simulated I state band. Assuming the same
behavior for the spectra of the larger clusters in Figs. 2 and 3,
we consistently estimated the X – I splitting as 60% of the
spacing of the fitted Gaussian peaks. The resulting experimental electron affinities, I state 0–0 transitions ~ADEs! and
X – I splittings obtained from this procedure are summarized
in Table I, together with estimated error bars.
The II state 0–0 transitions were extracted from the
PDTP spectra in Fig. 5 by taking the XeI2 II state ZEKE
spectrum with its known 0–0 transition33 as a reference. The
XeI2 PDTP spectrum was superimposed, and it was found
that for this particular cluster the 0–0 transition in the ZEKE
spectrum is located at the energy, where the PDTP spectrum
reaches 62% of its maximum. For all the other II state PDTP
spectra this value was taken as the reference point. The extracted energies for the II state 0–0 transitions are also given
in Table I together with the X – II splittings and estimated
uncertainties. The EAs, state origins, and splittings will be
discussed in greater detail together with results from the
simulated annealing MD calculations in Sec. V.
IV. SIMULATION OF EXPERIMENTAL RESULTS

In this section we discuss our methodology for setting up
model potentials for the anion and neutral clusters and then
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TABLE II. MMSV pair potential parameters for XeI and XeI2. ‘‘Set I’’5the original set from Ref. 33; ‘‘Set II’’5but shifted by 10.25 Å and refitted to the
MMSV-type model potential. Note that both potential sets yield identical spectral fits for the X1/2, I3/2, and II1/2 state ZEKE spectra of XeI2 ~Ref. 33!.
Set I

e ~meV!
R m ~Å!
b1
b2
x1
x2
C 6 (eV Å 6 )
C 8 (eV Å 8 )
B 4 (eV Å 4 )
B 6 (eV Å 6 )
a

Set II

X1/2

I3/2

II1/2

Anion

X1/2

I3/2

II1/2

Anion

33.07
4.049
16.889628.455 66•R
11.420 29•R 2
6.29
1.091
1.753
185.5
1982
-----

25.06
4.34
7.20

27.48
4.24
5.20
~6.88!a
7.10
1.095
1.635
192.0
2065
-----

103.2
4.09
3.79

33.07
4.30
17.862528.487 40•R
11.347 30•R 2
6.60
1.424
1.998
185.5
1982
-----

25.06
4.59
7.62

27.48
4.49
5.51
~7.41!a
7.37
1.010
2.000
192.0
2065
-----

103.2
4.34
4.02

5.95
1.100
1.588
198.4
2148
-----

6.03
1.010
1.430
----28.98
365.4

6.23
1.182
1.998
198.4
2148
-----

5.56
1.189
1.686
----28.98
365.4

The value in parentheses used in the simulated annealing MD calculations; see the text.

finding the minimum energy structures based on these potentials. From these we can determine theoretical electron affinities and electronic state splittings that can be compared
directly to experiment. Figure 1 illustrates the connection
between theoretical and experimental quantities. The electron affinity EA(Xen I) of a Xen I cluster is given by
X
EA~ Xen I! 5EA~I!1 e an2 v an
0 2 e X1 v 0 ,

~3!

where EA~I! is the electron affinity of atomic iodine
(24 672.796 cm21 53.059 038 eV), 49 e an and e X are the clasX
sical binding energies ~well depths!, and v an
0 and v 0 are the
zero-point energies of the anion and X state, respectively.
The experimental X – I splitting, defined with respect to the
vibrational ground states, can be obtained via
D X – I 5 e X 2 v X0 2 e I 1 v I0 ,
D X – II 5 e X 2 v X0 2 e II 1 v II
0 1D so~I!.

C 6r 5

A. Two-body potential functions

Just as in our previous fitting33 of the ZEKE spectra of
diatomic XeI2, we used a flexible, piecewise Morse–Morseswitching function–van der Waals ~MMSV! potential. For
neutral XeI, the reduced form of this potential @with f (x)
5V(R)/ e and x5R/R m # is
0,x<1,

52C 6r x 26 2C 8r x 28 [W ~ x ! .

1,x<x 1 ,
x 1 ,x,x 2 ,

x 2 <x,`.

The switching function SW(x) is given by

~7!

C6

,
e R 6m

C 8r 5

C8

~8!

e R 8m

where R m represents the equilibrium bond length ~position of
the well minimum! and e is the potential well depth. C 6 is
the induced dipole–induced dipole dispersion coefficient,
and C 8 represents the corresponding coefficient for the induced dipole–induced quadrupole interaction.
For the XeI2 anion potential the same functional form
was used, except that the dispersion terms were replaced by
f ~ x ! 52B 4r x 24 2B 6r x 26 [W ~ x ! ,

~5!

5SW~ x ! M 2 ~ x ! 1 @ 12SW~ x !# W ~ x ! ,

D

x 2 <x,`,

~9!

with

Here D so~I! is the spin–orbit splitting of atomic iodine
(0.94265 eV57603.0 cm21). 46 To evaluate Eqs. ~3!–~5! sufficiently, accurate model potential functions are needed. Using these, the minimum energy cluster geometries as well as
zero-point energies have to be determined.

5e 2 b 2 ~ 12x ! 22e b 2 ~ 12x ! [M 2 ~ x ! ,

S

p ~ x2x 1 !
1
cos
11 ,
2
~ x 2 2x 1 !

and the reduced dispersion coefficients C nr take the form

~4!

and the X – II splitting in an analogous manner by

f ~ x ! 5e 2 b 1 ~ 12x ! 22e b 1 ~ 12x ! ,

SW~ x ! 5

~6!

B 4r 5

B4

,
e R 4m

B 6r 5

B6

e R 6m

~10!

and
B 4 5 12 q 2 a d ~ Xe! ,

B 6 5 21 q 2 a q ~ Xe! 1C 6 .

~11!

q is the iodide charge and B 4 represents the coefficient of the
leading term in the long range XeI2 potential, reflecting the
dipole induced in the xenon atom by the iodide anion. The
two contribution to B 6 are from quadrupole induction and
dipole dispersion. a d (Xe) and a q (Xe) are the dipole and
quadrupole polarizabilities of the xenon atom, respectively.
Further details about the construction of the XeI~2! two-body
potentials can be found in our earlier publication.33
The original potential parameters for the XeI diatomic
potentials are included in Table II, denoted as ‘‘Set I.’’ As
discussed previously,33 the diatomic ZEKE spectra are sensitive only to changes in the well depth e and equilibrium
internuclear separation R m upon photodetachment. During
the current work an improved set of potential parameters,
denoted as ‘‘Set II’’ ~also included in Table II!, was found
that better describes the size-dependent electron affinities for
the largest clusters, as will be discussed further in Sec. V.
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The new set was obtained by simply increasing R m for all
potentials of ‘‘Set I’’ by 0.25 Å and refitting these shifted
curves to the MMSV potential form of Eq. ~6!. This means
that the well depth and the shape in the Franck–Condon
region, as well as the relative position of all the potentials,
remained unchanged. Both sets of potentials therefore yield
indistinguishable Franck–Condon simulations for the X1/2,
I3/2, and II1/2 state ZEKE spectra of XeI2. Thus, all the
spectral assignments and conclusions drawn in our earlier
publication33 remain valid for our new set of potentials.
While the absolute position of each potential in the original ‘‘Set I’’ was based on the X1/2 state potential for XeI
from emission studies by Tellinghuisen and co-workers
(R m 54.049 Å), 50 the new set can be seen as referenced to
the position of Lee’s X1/2 state scattering potential (R m
54.30 Å), 51 while still keeping the improved well depth and
shape of the Tellinghuisen potential. Note also that for ‘‘Set
II’’ the R m value of the I state potential (R m 54.59 Å) is now
almost identical to Lee’s value (R m 54.60 Å) and the equilibrium bond length and well depth of the XeI2 anion potential (R m 54.34 Å, e 5103.2 meV) is in perfect agreement
with the very recent CCSD~T! calculations by Schröder et al.
(R m 54.34 Å, e 5100 meV).52
In addition to the XeI and XeI2 pair potentials, a Xe–Xe
potential is required. For this we used the accurate Hartree–
Fock dispersion ~HFD-B2! potential of Aziz, Meath, and coworkers (R m 54.3656 Å and e 524.37 meV).53
The pairwise additive approximation to the Xen I2 binding energies was found by minimizing the additive potentials
using the simulated annealing MD simulations described below via

e an5min~ V Xe–I21V Xe–Xe! ,

~12!
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FIG. 6. A pictorial representation of selected many-body effects for Xe2I~2!.
~a! Induction nonadditivity ~repulsion between induced dipoles!; ~b! the attraction between the iodide charge and the exchange quadrupole of two
xenon atoms; ~c! Axilrod–Teller triple-dipole dispersion: this is repulsive
for the triangular arrangement shown here, but attractive for the linear configuration. The most important effect is the destabilization of the anion
cluster by induction nonadditivity.

X, I, and II state potentials yield an iodine spin–orbit coupling constant D so~I! slightly smaller than in atomic
iodine.60–62 This was achieved by slightly increasing the b 1
parameter for the II state potentials in both potential parameter sets. The values obtained this way are given in parentheses in Table II.
B. Many-body interactions

where
V Xe–I25

(i

V i0 ~ u ri 2r0 u !

~13!

V Xe–Xe5

V i j ~ u ri 2r j u ! .
(
i, j

~14!

and

The sums run over the xenon atoms; ri is the position of the
xenon atom i, and r0 is the position of the iodide anion.
The calculation of the Xen I neutral potentials is more
complex due to the open-shell nature of the iodine atom. As
in studies of other groups4,54–59 and our earlier work on polyatomic rare gas–halogen clusters,39 we used a first-order perturbation theory treatment of the interaction of the open-shell
iodine atom with several xenon atoms in terms of the diatomic XeI potentials. The resulting potentials are frequently
referred to as ‘‘matrix additive’’ ~due to the 636 matrix
structure of the perturbation Hamiltonian4,58,59!, and this term
will be used below.
The model itself was deduced under the assumption of
R-independent spin–orbit splitting for the halogen atom. In
the current study it was found necessary to adjust the repulsive wall of one of the neutral diatomic potentials to fulfill
this requirement because at very short range the original XeI

In the following we only briefly summarize those manybody interactions most important in the systems studied here.
Simplified schematics of the most important effects are given
in Fig. 6 and will be discussed below. Further details can be
found in the Appendix and in our earlier publication.39
From Eq. ~3! we expect that the experimentally measured electron affinity of the cluster will be most sensitive to
nonadditive effects occurring only in the anion or neutral
cluster. In contrast, effects occurring both in the anion and
neutral act in the same direction, i.e., either both stabilize or
both destabilize the respective cluster, which results in a
much smaller net effect on the electron affinity.
1. Nonadditive induction in the anion

Based on our earlier results for the Arn I2 and Arn Br2
systems,39 we expect the largest nonadditive effect in Xen I2
to arise from the interaction between multipole moments induced in the xenon atoms by the iodide charge. Figure 6~a!
shows a ‘‘cartoon’’ of this effect for Xe2I2 in a triangular
arrangement. The iodide anion induces dipole moments in
both xenon atoms, and the induced dipoles repel one another,
yielding a net reduction of the binding energy. The anion is
therefore destabilized and the electron affinity decreases.
We include nonadditive charge-induced dipole and
charge-induced quadrupole contributions in the framework
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of the ‘‘full iteratively calculated induction model’’ ~see the
Appendix for more details and specific parameters!. As in
our earlier work, due to the high computational expense for
the substantial number of MD runs required, a simpler model
was used in which the interaction energy between dipoles
directly induced in the xenon atoms by the iodide charge is
calculated.39,63 The minimum energy structures found with
the simple model were optimized using the full iteratively
calculated induction model.
2. Charge-exchange quadrupole interactions in the
anion

The charge–exchange quadrupole interaction, sketched
in Fig. 6~b! for the case of Xe2I2, is due to the interaction of
the iodide charge with the Xe2 exchange quadrupole. This
quadrupole results from the redistribution of electron density
in the region between the two xenon nuclei in order to reduce
overlap repulsion.64 Compared to the electron density in the
absence of exchange repulsion, the net effect can be approximated as a positive partial charge 12d between the xenon
atoms and two negative partial charges 2d at each xenon
nucleus. The first nonvanishing moment for two identical
atoms is a quadrupole. Because the positive partial charge is
closer to the iodide anion, the net effect is an attractive force,
resulting in an increase of the cluster binding energy, i.e., a
stabilization of the anion cluster relative to the situation
where only two-body forces are acting. To model this effect
we use the ‘‘Gaussian exchange charge’’ formalism ~see the
Appendix!.
3. Charge-dispersion multipole interactions in the
anion

There are also multipole moments induced in the xenon
atoms due to dispersion that interact with the iodide charge.
As in our earlier work we calculated the dipole and quadrupole moments induced in the xenon atoms using the model
of Hunt65 in terms of atomic polarizabilities and dispersion
coefficients; more details can be found in the Appendix.
4. Axilrod – Teller triple-dipole interaction (anion and
neutral)

The Axilrod–Teller triple-dipole interaction ~DDD!66–68
is a pure dispersion effect and therefore present both in the
anion and the neutral. The effect arises from the change in
mutual polarization of two atoms by the presence of a third
atom and is attractive for a linear Xe–I(2) – Xe, though repulsive for a triangular Xe2I~2! arrangement @shown in Fig.
6~c!#. Note that the latter type of arrangement is the dominant structural element in both the anion and neutral Xen I~2!
clusters. For specific details see the Appendix.
We do not include triple-dipole terms for Xe–Xe–Xe,
because they are expected to be almost identical in the anion
and neutral clusters. We also neglect higher multipole threebody dispersion terms such as the dipole–dipole–quadrupole
potential ~DDQ!. For Arn I and Arn Br the DDQ effect was
estimated to be ,50% of the size of the DDD contribution.
Moreover, the net effect for the electron affinities for all
nonadditive dispersion terms is expected to be even smaller.

This is due to the fact that the electron affinity is only sensitive to the difference in the anion and neutral DDD ~DDQ,
...! contributions @see Eq. ~3!#. Finally, we neglect three-body
exchange effects, which are also present in both the anion
and the neutral, because they are expected to be small.39
C. Simulated annealing MD calculations

Our particular implementation to locate global and local
minimum energy anion cluster geometries uses a flexible
simulated annealing MD algorithm,39 which can be briefly
summarized by the following steps.
~1! Selection of initial conditions: Random initial xenon
and iodide positions are selected within a 6–18 Å box, depending on the cluster size. As a constraint no two atoms
may be closer than 3.5 Å to prevent the evaporation of atoms
starting in a highly repulsive region of the potential energy
surface.
~2! Quenching: Kinetic energy is removed very quickly
by rescaling the atomic velocities, i.e., the cluster is rapidly
quenched into a nearby minimum on the potential energy
surface.
~3! Simulated annealing: Starting with the minimum energy configuration of step ~2!, a randomly selected portion of
kinetic energy ~restricted usually to 5%–35% of the classical
binding energy! is added. The system is then cooled by
gradually removing kinetic energy until the lowest energy
state is reached. Variable ‘‘annealing schedules’’ with a
length of up to 10 ns and a ~within reasonable bounds! randomly selected annealing velocity are used. ~Note that theoretically simulated annealing will always find the global
minimum if the cooling schedule is slow and the trajectory
infinitely long.!69
~4! Gradient minimization is used to locate the minimum energy structure obtained from step ~3! more precisely.
~5! Steps ~1!–~4! are repeated up to 1000 times, depending on the cluster size and potential model applied.
In contrast to our earlier study,39 the complete algorithm
@steps ~1!–~5! and the cluster normal mode analysis mentioned below# is now contained in a single program package.
Moreover, the number of trajectories @step ~5!# was increased
by more than a factor of 50, which allows us to obtain a
complete survey of all the relevant global and local cluster
minima. Most of the quantities, especially those controlling
the annealing run @step ~3!#, are now chosen randomly to
search the cluster potential energy surface in an unbiased
way.
Interestingly, for the anion clusters with n<12, it was
found in this study that rapidly quenching a large enough
number of random starting configurations alone @i.e., without
the annealing step ~3!# was equally well suited to find the
global minimum and the most important local minima on the
potential energy surface. The interaction between xenon and
the iodide anion is more than four times stronger than that
between two xenon atoms, and therefore Xen I2 structures
which maximize the number of Xe–I2 bonds are energetically favored. This seems also to affect the topology of the
cluster hypersurface in a way that these structures are easily
reached within a moderate number of simple quenching
steps.
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Because we are interested in adiabatic electron affinities
and detachment energies, the neutral X, I, and II state configurations are obtained by relaxing the optimized anion geometry on the respective neutral potential energy surface.
Finally, zero-point energies for the anion and neutral clusters
are determined using the ‘‘anharmonic normal mode analysis,’’ as described in our earlier paper.39 Electron affinities
and the other detachment energies can then be calculated via
Eq. ~3! and the analogous expressions for the I and II states.
V. ANALYSIS AND DISCUSSION
A. Electron affinities

In the following section we discuss our experimental
findings for the cluster-dependent electron affinities ~EAs!
and compare these results with electron affinities calculated
from the model potentials. This is done first for the anion
pair potentials and the matrix additive X state potentials, for
which anion and neutral minimum energy structures are
found using the MD simulation procedure described above.
After that, the different many-body effects are added successively, and the MD procedure is repeated to find the lowestenergy structures for the resulting model potentials. Note that
all calculations in this section use the two-body potential
parameter ‘‘Set II’’ given in Table II. A complete compilation of cluster energies and individual potential term contributions is available from the authors upon request.
First, we focus on the experimental electron affinities as
a function of cluster size, depicted in Fig. 7~a! ~‘‘h’’!. With
increasing n, the electron affinities increase due to the increasing stabilization of the anion relative to the X state. The
EA curve shows a pronounced decrease in slope toward large
n, with a particularly significant decrease in slope at n513
~see also Table I!. This will be discussed in more detail in
Sec. V C.
Next, we consider the simulations based on a simple pair
potential for the anion and the matrix additive potential for
the X state, completely neglecting many-body effects. These
results are shown in Fig. 7~a! and also in Fig. 7~b! in terms of
differences between the calculated and experimental values
~‘‘m’’!. As n increases, the calculated EAs become significantly larger than the experimental values. Note also that for
the pair potential the drop in the EA slope occurs at n512
rather than n513.
In the next step the nonadditive induction effect is added
to the anion model potential ~the X state model potential does
not change!. These results are shown in Fig. 7~b! ~‘‘s’’!, but
are not included in Fig. 7~a! for the sake of clarity. Most
importantly, a significant decrease in the EAs is observed,
which is mainly due to repulsion of adjacent induced dipoles
on the xenon atoms. There is also a repulsion between adjacent induced quadrupoles; however, this effect contributes
only about 9% of the total induction effect. Including the
nonadditive induction improves the agreement with the experimental EAs, but overcorrects the results obtained for the
pair potentials, resulting in a deviation of opposite sign ~e.g.,
about 2400 cm21 for n514).
Inclusion of nonadditive induction and both the chargeexchange quadrupole and charge-dispersion multipole inter-

FIG. 7. ~a! A comparison of size-dependent experimental electron affinities
with those calculated from different potential models. ‘‘h:’’ experimental
data from Table I; ‘‘m:’’ pair potential ~abbreviation ‘‘P’’! for an anion,
matrix additive potential ~M! for the X state; ‘‘d’’: P1nonadditive induction ~I!1exchange/dispersion multipole-charge interactions ~C!1Axilrod–
Teller ~A! for an anion, M1A for the X state; ~b! differences between
calculated and experimental electron affinities: ‘‘m’’ and ‘‘d’’ as in ~a!;
‘‘,’’: P1I1C for an anion, M for the X state; ‘‘s:’’ P1I for an anion, M
for the X state. Uncertainties of the experimental EAs from Table I are
shown as grey-shaded regions.

actions leads to the results shown in Fig. 7~b! ~‘‘,’’!. The
net increase of the calculated EAs is due to the dominant
charge-exchange quadrupole contribution, which stabilizes
the anion. In contrast, the charge-dispersion dipole interaction is opposite in sign and roughly a factor of 2 smaller. The
charge-dispersion quadrupole term is small and could be neglected without any significant loss of accuracy. Inclusion of
these three nonadditive effects yields slightly larger EAs
than found in the experiments ~e.g., roughly 1200 cm21 for
n512).
Finally, we add in the Axilrod–Teller triple-dipole dispersion. This leads to the size-dependent EAs shown in both
Figs. 7~a! and 7~b! ~‘‘d’’!. The Axilrod–Teller term is more
repulsive for the anion than for the neutral due to the larger
polarizability of the iodide anion relative to neutral iodine,
which results in a larger C 9 coefficient. Consequently, a
greater destabilization of the anion relative to the X state is
observed, which leads to a decrease of the calculated EAs for
all clusters, bringing them very close to the experimental
values. @Note that the experimental uncertainties from Table
I have been included in Fig. 7~b! as shaded regions.#
The contributions of the various effects to the total classical binding energy at the equilibrium structure of each cluster are shown in Fig. 8~a! for the Xen I2 anions and in Fig.
8~b! for the Xen I X states. The observed trends are largely
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FIG. 8. Contributions to the total classical binding energies for the Xen I2
anion clusters ~a! and the Xen I X state clusters ~b! extracted from the simulated annealing MD calculations, including all nonadditive potential terms.
‘‘d:’’ total classical binding energy; ‘‘s:’’ the XeI21 ~XeI! contribution for
an anion ~neutral!; ‘‘j:’’ a Xe–Xe contribution; ‘‘n:’’ combined charge–
exchange quadrupole, charge–dispersion dipole and charge–dispersion
quadrupole contributions ~‘‘C-E/D/Q’’!; ‘‘.:’’ Axilrod–Teller triple-dipole
dispersion; ‘‘,:’’ nonadditive induction.

consistent with our earlier results for Arn I~2! and Arn Br~2!,
where many-body induction in the anion cluster was also
found to be the largest nonadditive effect.39 However, due to
the much higher polarizability of xenon relative to argon the
effect is much more pronounced for xenon clusters, and, in
general, the neglect of many-body interactions leads to a
larger deviation from the experimental results in the xenonbased clusters. For example, with pair potentials only, the
calculated EA for Ar12I differs from the experimental EA by
1560 cm21,39 compared to a deviation of 12880 cm21 for
Xe12I. The latter deviation is clearly larger, even when
scaled by the change of the electron affinities @ EA(n512)
2EA(n50) # , which is 2230 cm21 for argon and 4770 cm21
for xenon.
B. Neutral X – I and X – II state splittings

In Fig. 9 we compare the splittings for the different neutral states obtained from experiment ~Table I! and the potential models with all many-body options included. The X – I
state splittings are shown in Fig. 9~a!. The general agreement
between experiment and simulation is very good, especially
if one keeps in mind that the experimental values extracted
by the procedure described in Sec. III are only approximate
~see error bars!. Overall, the simulated annealing MD calculations support the assignment of the X and I states to the
broad double peak features observed in the experimental
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FIG. 9. Experimental and calculated neutral state splittings. ~a! X – I splitting; ~b! X – II splitting. ‘‘h:’’ experiment ~Table I!; ‘‘d:’’ simulation including all many-body effects ~abbreviations for potential models as in Fig.
7!. Uncertainties of the experimental splittings from Table I are included as
error bars.

ZEKE and PDTP spectra ~Figs. 2–4!. This assignment is
further supported by the presence of only a single peak in the
PDTP spectra, where transitions to the II states are seen ~see
Fig. 5 and the discussion in Sec. V D!.
In Fig. 9~b! the results for the X – II splittings are shown.
Again good agreement between experiment and simulation is
found when taking the error bars into account. However, all
experimental values for n.1 appear to be lower than those
obtained from the simulations. This is not unexpected and
might be due to a decrease of the iodine spin–orbit coupling
constant D so(I) in the cluster, which has been observed in
iodine-doped xenon matrices and crystals4 as well as in our
ZEKE study of the XeI diatomic.33 In contrast, for our simulations the same spin–orbit coupling constant as for atomic
iodine was assumed.
C. Improved absolute Xe–I„2… bond lengths from
Xen I2 ZEKE and PDTP spectra

The energetics as a function of cluster size provide an
absolute—albeit indirect—measure of the equilibrium bond
distances in XeI2 and XeI. A larger XeI~2! equilibrium bond
length favors a higher coordination number of xenon atoms
in the first shell around the central iodine atom than a shorter
bond length. This uniquely affects the structure and energetics of both the anion and neutral Xen I~2! clusters and is expected to have a pronounced influence on the size-dependent
EAs.
We therefore systematically studied the slope of the
EA(n) curve as a function of the XeI~2! bond lengths. Simu-
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FIG. 10. A comparison of experimental and calculated electron affinities
based on different sets of Xe–I~2! two-body potential parameters. ‘‘h:’’
experimental; ‘‘d:’’ calculated using the XeI~2! two-body potentials of ‘‘Set
II’’ in Table II, including all many-body-options; ‘‘m:’’ the same, but using
‘‘Set I’’ from Table II; ‘‘.:’’ the same, but using ‘‘Set III’’ with R m (X)
54.40 Å; in the latter two cases, the Gaussian range parameter b ~see the
Appendix! was slightly changed to 0.72 and 0.79 Å21, respectively.
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values and clearly lie outside the error bars. The same deviation persists for all sets with approximately R m (X)
<4.25 Å. In contrast, all potentials sets with R m (X)
.4.36 Å systematically overestimate the experimental EAs
for larger cluster sizes, as can be seen for n511– 14 with
‘‘Set III’’ in Fig. 10.
Our systematic study therefore allowed us to determine
the absolute position of the Xe–I~2! diatomic potential functions with much higher precision: The potential curves in
‘‘Set II’’ should have an estimated uncertainty of DR m 5
60.05 Å, which corresponds to a roughly six-fold improvement compared to the uncertainties in the absolute positions
extracted on basis of the XeI2 diatomic ZEKE spectra
alone.33
The sharp change in slope for ‘‘Set I’’ in Fig. 10 is
largely due to the specific structures of the anion clusters for
n>12, which are all based on an icosahedral motif with 12
xenon atoms forming the first shell around the central iodide
anion. The additional one ~two! xenon atom~s! for n513
~14! are placed on the outside of the first shell, and are more
loosely bound because they are much farther away from the
iodide anion. This reduces the additional stabilization of the
anion clusters considerably when adding a 13th and 14th
xenon atom and therefore produces the abrupt change of
slope for the size-dependent EAs. In contrast, structures with
more than 12 atoms in the first shell are energetically preferred for ‘‘Set II.’’ This will be discussed in more depth
below.
D. Global and local minimum energy structures

lated annealing MD calculations for the Xen I~2! clusters were
carried out for a variety of potential parameter sets. The anion, X, I, and II potential curves for different sets had exactly
the same relative position and shape in the Franck–Condon
region. However, all potentials belonging to a specific set
were shifted by the same amount on the R axis. Here we deal
with three specific examples: those denoted as ‘‘Set I’’ and
‘‘Set II’’ in Table II @R m (X)54.049 Å and 4.30 Å, respectively#, as well as ‘‘Set III’’ ~not included in Table II! with
even larger equilibrium bond lengths @ R m (X)54.40 Å # .
‘‘Set II’’ is the one that was used to obtain all the results
discussed in the earlier sections. ‘‘Set I’’ represents the original anion, X, I, and II state two-body MMSV potential functions, as used in our earlier ZEKE study of the XeI2
diatomic.33 ‘‘Set III’’ is one of six additional sets with a R m
for the X state between 4.05 and 4.44 Å, which we tested in
the course of this study. In all cases the X, I, and II state
ZEKE spectra of the XeI2 diatomic are fit equally well by
these different potential parameter sets.
A comparison of the EA curves for n>8 obtained using
Sets I–III is shown in Fig. 10. The experimental EAs and
their error bars from Table I are also included. Note that for
each simulation all many-body terms in the potential are utilized. For n<9, the three sets of potential parameters yield
almost the same ~good! agreement with experiment. However, a pronounced difference is observed for n513 and 14,
where ‘‘Set II’’ still gives an optimal description, while the
EAs of ‘‘Set I’’ substantially underestimate the experimental

In Fig. 11 we show the global minimum energy structures for the Xen I2 clusters with n52 – 14 obtained with
‘‘Set II’’ ~from Table II!, including all many-body
contributions.70 In all the clusters the xenon atoms are
grouped around the central iodide anion, allowing the maximum number of Xe–I2 bonds to be formed. Each of these is
roughly four times stronger than a bond between two xenon
atoms. Next, the xenon atoms are grouped in such a way that
the number of Xe–Xe bonds is maximized. The n512 cluster forms an icosahedron of xenon atoms around the central
iodide anion. All clusters with n,12 can be seen as fragments derived from this icosahedral structure. Thus, for example, the n56 cluster represents half an icosahedral shell.
It is convenient to use the following notation to characterize the clusters based on the pictorial representation of
Fig. 11. The icosahedron can be referred to as ‘‘1–5–5–1,’’
where the first ‘‘1’’ denotes the single xenon at the bottom,
the ‘‘5’’ is the lower five-ring structure, the second ‘‘5’’
represents the five atoms of the upper ring structure, and the
final ‘‘1’’ is the xenon atom at the top. The n56 ‘‘halfshell’’ cluster is termed ‘‘1–5–0–0,’’ and an icosahedral
cluster with one additional atom in the second solvent shell
is labeled ‘‘~1–5–5–1!–1,’’ where the parentheses denote a
closed first solvent shell.
Interesting effects are observed for n.12. Rather than
following the icosahedral motif of n512, the n513 cluster
is a different closed-shell arrangement ~‘‘1–5–6–1’’!. The
lower half still looks very similar to the icosahedron, but a
ring of six xenon atoms replaces the upper five-membered
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FIG. 11. Global minimum energy structures of Xen I2 anion clusters for n
52 – 14. All structures were obtained using the MMSV two-body potential
‘‘Set II’’ from Table II, including all many-body options. For n514 two
nearly isoenergetic isomers ~‘‘14’’ and ‘‘14B’’! of a different structure exist.
Note that ‘‘12,’’ ‘‘13,’’ ‘‘14,’’ and ‘‘14B’’ all consist of a closed shell of
xenon atoms around the central iodide anion. Xenon and iodide atoms
shown with less than their van der Waals radii for the sake of clarity. For
details see the text.

ring structure. Note that the xenon atom at the top can occupy different binding sites on the upper six-membered ring,
giving rise to additional isomers that are extremely close in
energy to ‘‘13.’’
For n514 there are two nearly isoenergetic minimum
energy structures of different geometry. Both are again characterized by a closed shell of xenon atoms. The cluster numbered as ‘‘14’’ in Fig. 11 can be termed as ‘‘1–5–6–2’’ ~i.e.,
compared to the n513 cluster an additional xenon atom is
placed on top of the six-ring!. This is accompanied by a
slight rearrangement of all atoms. The structure can be derived from a decahedron, which has its two halves opened up
on the lower side so that the two additional xenon atoms can
approach the iodide anion much more closely. The second
structure ~‘‘14B’’! represents a bicapped hexagonal antiprism, and can be described as ‘‘1–6–6–1,’’ i.e., now there
are two six-rings. As with ‘‘13,’’ additional nearly isoenergetic isomers of this structure are possible due to the different binding sites available for the two single xenon atoms at
the bottom and top. Note that these two atoms are closer to
the central iodide anion than any of the xenon atoms in the
six-rings.
The global minimum energy structures for n512– 14
obviously all possess a closed shell of xenon atoms, and the
question arises as to at what cluster size an additional xenon
atom goes into the second solvent shell. We have therefore
extended our survey of structures to the clusters with n
515 and 16 ~not shown here in detail!. For n515 a structure
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FIG. 12. Selected local minimum energy structures of Xen I2 anion clusters
for n58, 10, and 14. All structures were obtained using the MMSV twobody potential ‘‘Set II’’ from Table II and including all many-body options.
Xenon and iodide atoms shown with less than their van der Waals radii for
the sake of clarity. For details see the text.

very similar to ‘‘14’’ in Fig. 11 is obtained, with the additional xenon atom located on top of the six-membered ring.
Interestingly, this additional atom is about 0.5 Å farther
away from the iodide anion than the next closest xenon atom,
so one might think of this cluster as neither fully closed shell
~‘‘1–5–6–3’’! nor forming a second shell @‘‘~1–5–6–2!–
1’’#. For n516, however, the crowding becomes so pronounced that the 16th xenon atom is truly located in the
second shell: it is almost 1.5 Å farther away than the most
distant xenon atom in the n515 cluster. The global minimum energy structure for n516 is based on that of Xe15I2
and might therefore be termed ‘‘~1–5–6–3!–1’’ or ‘‘~1–5–
6–2!–2.’’
The question arises as to how the appearance of almost
isoenergetic anion isomers, as, e.g., ‘‘14’’ and ‘‘14B,’’ affects the trend for our simulated electron affinities. Moreover, the calculated cluster geometries are ‘‘0 K structures,’’
whereas the experimental spectra are taken at a finite temperature, so one must consider how the population of local
minima could affect our results. We therefore carried out an
extensive survey of local minima for all cluster sizes. Selected structures for n58, 10, and 14 can be found in Fig.
12.70
In the case of Xe8I2 the local minimum structures ‘‘8B’’
and ‘‘8C’’ still have all xenon atoms in contact with the
iodide anion ~as the global minimum ‘‘8’’ in Fig. 11! but
fewer Xe–Xe bonds. Including the zero-point energies they
are located about 140 and 300 cm21, respectively, above the
global minimum. The detachment energies, however, are almost identical because the corresponding X state structures
accessed by photodetachment are destabilized by nearly the
same amount. Note also that the X – I and X – II splittings
~not shown here! are very similar. The isomer ‘‘8D’’ differs
from the others as one of the xenon atoms is no longer di-
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rectly bound to the iodide anion. This local minimum structure is therefore located at an even higher energy, about 440
cm21 above the global minimum. For this isomer the detachment energy is 260 cm 21 lower than for the lowest-energy
isomer.
Very similar results are obtained for the two other examples in Fig. 12 (n510 and 14!, as well as for all the other
clusters we studied. In nearly all cases, isomers having all
xenon atoms in contact with the iodide yield almost identical
detachment energies, whereas isomers with less Xe–I2
bonds detach at significantly lower energies ~200–260
cm21!.
For the interpretation of our ZEKE and PDTP spectra
this means the following: Isomers near the global minimum
~e.g., ‘‘8’’/‘‘8B’’ or ‘‘14’’/‘‘14B’’! will yield almost indistinguishable spectra. In contrast, higher lying isomers should
produce features clearly separated in energy. Note that 260
cm21 (Xe8I2) correspond to about twice the size of the experimental X – I splittings in Fig. 9~a!. Most important, an
‘‘isomer splitting’’ of the same size must also appear in the
II state spectra; however, such a splitting is not observed in
these spectra. On the contrary—the PDTP spectra show only
a single peak and are much narrower than those for the corresponding X and I states @Fig. 5~c!#.
It is also illuminating to consider the shell closing for
different potential models in greater detail. As is clear from
the discussion above, the structures calculated with ‘‘Set II,’’
including all many-body terms, do not show a well-defined
shell closing at a single specific n; in fact, n512– 14 are all
clear closed-shell structures. This behavior, together with the
specific structure and energetics of the neutral clusters accessed by photodetachment, results in the specific curvature
of the electron affinity curve in Fig. 7~a!. Moreover, for n
513 and 14, structures based on the icosahedral motif cannot compete energetically. In contrast, if pair potentials alone
are used, we find that for the n513 cluster the 13th xenon
atom goes into the second solvent shell, and this is why the
pairwise-additive model yields a sharp drop in slope of the
electron affinity at n512.
Finally, we comment on the relation between electron
affinities and peak intensities in the Xen I2 mass spectrum.
Becker et al.28,29 reported a particularly intense ‘‘magic
number’’ peak for Xe12I2. Here, we found the mass peak
intensities to decrease monotonically with cluster size up to
n512, and cluster intensities above n512 were considerably
lower. Observations of this type are often attributed to shell
closing, but a shell closing at n512 in the anion is inconsistent with our electron affinities and simulations.
While mass spectra are sensitive primarily to the relative
stablilites of the anions, electron affinities depend on both
anion and neutral binding energies. To illustrate this point,
we show in Fig. 13 ‘‘sequential solvation energies’’ for the
Xen I~2! anion and neutral clusters, which we calculated from
the global minimum energy structures obtained from our MD
simulations. The sequential solvation energy DSE(n) of a
cluster with n xenon atoms is defined as
DSE~ n ! 5E C~ n ! 2E C~ n21 !
5 e ~ n ! 2 v 0 ~ n ! 2 e ~ n21 ! 1 v 0 ~ n21 ! ,

~15!
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FIG. 13. Sequential solvation energies DSE(n)5E C(n)2E C(n21) @Eq.
~15!# as a function of the cluster size. ‘‘j:’’ anion clusters; ‘‘s:’’ X state
clusters. All values were obtained using the MMSV two-body potential ‘‘Set
II’’ from Table II, including all many-body options. The energetic difference in DSE(n) between the anion and X state clusters represents the ‘‘sequential electron affinity’’ DEA(n)5EA(n)2EA(n21). For details see
the text.

where E C(n) represents the difference between the well
depth e (n) and the zero-point energy v 0 (n). The resulting
DSE(n) for the anion and X state clusters are shown in the
plot ~‘‘j’’ and ‘‘s,’’ respectively!. Note that the energetic
difference in DSE(n) between the anion and X state clusters
represents the ‘‘sequential electron affinity’’ DEA(n)
5EA(n)2EA(n21) @compare Eqs. ~3! and ~15!#.
The shape of the anion and neutral curves in Fig. 13 is
very similar. DSE(n) is largest for the anion cluster with n
512, and this cluster is therefore particularly stable. This is
easy to understand on the basis of the global minimum energy structures already presented in Fig. 11: the addition of
the 12th xenon atom to the n511 cluster leads to the formation of one additional Xe–I2 bond and five ~nearest neighbor! Xe–Xe bonds. In contrast, at n57 there is a dip in the
DSE(n) curves, because in this case only two Xe–Xe bonds
are formed in addition to the Xe–I2 bond.
The most interesting feature is the sharp drop in DSE(n)
from n512 to n513. The n513 cluster possesses the lowest
DSE value of all anion clusters. This decreased stabilization
of the n513 anion cluster and the particular stability of the
n512 anion cluster is consistent with the peak intensities
observed in the mass spectra of Xen I2. However, the simulations show that this drop in DSE(n) is not due to a shell
closing. In addition, this decrease in DSE(n) is about the
same for both the anion and neutral and is therefore not
apparent from the electron affinity measurements. It therefore appears that one should use caution in inferring shell
closings on the basis of mass spectrometry or electron affinity measurements alone.
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E. Effects of excited states in Xen I2 clusters

positions in our experiments are affected by the presence of
anion excited states.
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Recently, Cheshnovsky and co-workers obtained total
photodetachment cross sections ~TPCS! for Xen I2 clusters
(n51 – 54). 28,29 Their spectra for n>4 showed the development of three narrow peaks close to the detachment thresholds for the neutral X, I, and II states. These were assigned to
transitions to excited electronic states in the anion cluster in
which the electron is delocalized over the highly polarizable
xenon atoms. These electronic excitation energies were
found to be less than the vertical detachment energies determined via relatively low resolution ~;60 meV! photoelectron spectroscopy of the Xen I2 clusters; based on this, these
excited states were termed ‘‘bound delocalized excited
states.’’
The peaks in the TPCS spectra are remarkably similar to
those seen in our ZEKE and PDTP spectra. This is at first
glance surprising, because peaks in a TPCS experiment
should correspond to excited anion states that decay by autodetachment, whereas ZEKE and PDTP experiments measure transitions that generally involve direct photodetachment to neutral vibrational/electronic states. However, there
are important differences between the two sets of results
which do indicate the two sets of experiments are measuring
different phenomena. First, we observe peaks for all Xen I2
clusters, not just those with n>4. Second, for many of the
clusters, the peaks in the ZEKE/PDTP experiments occur at
slightly higher energy than in the TPCS experiments. For
example, the peaks for the n54 – 8 clusters in Fig. 5~a! ~corresponding to the II state! are progressively blue-shifted
~5–25 meV! relative to the corresponding resonances seen
by Becker and Cheshnovsky.29 For the X and I states, the
peaks in our ZEKE/PDTP experiments also appear at somewhat higher energies than in the TPCS spectra for most of
the clusters with n<12 ~e.g., about 5 meV higher for n
57). However, for these lower-energy features the differences between the two sets of experiments are definitely
smaller than for the peaks corresponding to the II states.
This situation bears close comparison with previous
work on C 2
6 , in which a series of peaks in the ZEKE spectrum occurred at 5 meV higher energy than the corresponding peaks in the TPCS measurement.41 The TPCS peaks
were attributed to autodetaching anion excited states lying
just below ~i.e., 5 meV! the corresponding direct detachment
thresholds, as determined in the ZEKE experiment. We believe that a similar explanation holds for the Xen I2 clusters,
although the situation is somewhat less clear because the
peaks are much broader than for C 2
6 and, in most cases,
overlap in the two sets of experiments.
The question remains as to how the presence of the anion excited states affects the ZEKE/PDTP experiments. The
overlap of the peaks in the two sets of experiments means
that resonant excitation to the excited anion state as well as
direct photodetachment contribute to the absorption cross
section near each photodetachment threshold. We do observe
that the intensities of the ZEKE and PDTP signals increase
markedly with cluster size, which could certainly result from
an increasingly strong resonant contribution to the cross section. However, we have no reason to believe that the peak

VI. CONCLUSIONS

ZEKE and PDTP spectroscopy of the Xen I2 anion clusters with n52 – 14 has allowed us to determine adiabatic
electron affinities and splittings between the neutral electronic states accessed by photodetachment. Clear double
peak structures in the ZEKE spectra for n52 – 12 could be
unambiguously assigned as bands arising from transitions to
the neutral X and I states. In contrast, the II state band for
each cluster in the PDTP spectra for n52 – 8 is much narrower and shows no splitting.
With the help of simulated annealing MD calculations of
the cluster structures we could show that EAs calculated
from pair potentials alone ~i.e., without any nonadditive effect included! drastically overestimate the experimental values. The dominant many-body effect is nonadditive induction, specifically the repulsion between the charge-induced
dipoles on adjacent xenon atoms. This effect alone accounts
for most of the discrepancy between ‘‘additive’’ and experimental EAs, but definitely overcorrects.
Inclusion of the attractive charge-exchange quadrupole
term provides the main contribution that counteracts this
overcorrection and brings the calculated EAs even closer to
experiment. However, the Gaussian range parameter for the
Xe2 exchange quadrupole is not extremely well defined ~see
the Appendix!. Therefore, although we obtained optimal
agreement with the experimental EAs by additionally including the charge-dispersion multipole and Axilrod–Teller
triple-dipole terms in our simulations, one should be careful
with conclusions about the exact influence of the latter two
effects, as we have also neglected three-body exchange and
higher-order multipole dispersion terms, as, e.g., dipole–
dipole–quadrupole. On the other hand, these effects are operative in both the anion and neutral clusters and should at
least partially cancel out as far as the electron affinities are
concerned.
Qualitatively, our findings about the relative importance
of the individual many-body effects agree very well with our
earlier results for the Arn I and Arn Br systems.39 However,
the absolute magnitude of the many-body effects for Xen I2
is much larger due to the much higher polarizability of xenon
relative to argon.
The Xen I2 anion global minimum structures obtained
from the simulated annealing MD calculations show interesting trends. The clusters Xe12I2, Xe13I2, and Xe14I2 all form
a closed shell of xenon atoms around the iodide anion. These
specific structures are also a direct consequence of manybody effects. In contrast, pure pair potentials predict a shell
closing at n512, and in this case the additional xenon atom
for n513 would be attached to the outside of the first solvent
shell.
The specific dependence of the experimental EAs on
cluster size also allowed us to refine the absolute Xe–I~2!
bond lengths for the anion, X, I, and II state diatomic potentials to within 60.05 Å without changing the relative positions of the potential curves or their shape in the Franck–
Condon region ~relative to our original potential set!.33
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APPENDIX: MANY-BODY EFFECTS

The most important equations for describing the various
many-body effects included in the simulations ~Sec. IV B!
are summarized in the following. For additional details see
our earlier publication.39
1. Nonadditive induction

We calculate the nonadditive induction term within the
framework of the ‘‘full iteratively calculated induction
model.’’ 39 The total induction energy of a Xen I2 anion cluster is given by
1
V 1,total5 ~ V q m 1V qQ !
2
5

qi
(i (
jÞi

S

D

1
1 ij! ~ j!
2 T ~ai j ! m ~aj ! 1 T ~ab
Q ab .
2
6

~A1!

Following Buckingham,72 the subscripts a and b denote any
of the Cartesian components of a vector or tensor, and repeated Greek subscripts stand for summation over the three
components. q i is the permanent electric charge of atom i
(i)
~21 for iodide and 0 for xenon!. m a(i) and Q ab
are components of the induced dipole and quadrupole moments, respectively, at atom i, given by72

m ~ai ! 5 a i E ~ai !

~A2!

i!
i!
5C i E ~ab
.
Q ~ab

~A3!

TABLE III. Atomic dipole and quadrupole polarizabilities, the effective
number of electrons, and triple-dipole C 9 coefficients for Xe–Xe–I2 and
Xe–Xe–I interactions. Values for the quadrupole polarizabilities C are
based on Buckingham’s definition (C50.5• a q ) ~Ref. 72!.
Atom

a d (a 30 )

C (a 50 )

N

C 9 @ eV Å 9 #

Xe
I2
I

27.16a
52.7d
33.1f

101.4b
254e
---

7.253c
7.253c
6.5f

--882
595

a

Reference 73.
Reference 74.
c
Calculated from the C 6 value of Ref. 73.
d
Reference 75.
e
Reference 76.
f
Reference 77.
b

We use Buckingham’s definition of the quadrupole moment
as a traceless tensor.72 Equation ~A1! already explicitly includes the Xe–I pair potential. To extract the additive portion V I,p of V I,total , the induction energy for each Xe–I pair is
calculated neglecting the other xenon atoms in the cluster
using the above equations. Finally, the nonadditive induction
energy V I is obtained via
V I5V I,total2V I,p .

To model this effect we use the ‘‘Gaussian exchange
charge’’ formalism.39 For calculating the interaction energy
between the iodide charge and the exchange quadrupole an
effective charge density r eff is formed, which gives the part
of the charge density that contributes to the exchange quadrupole:

r eff~ r ! 52 u e u
52

E

ij!
T ~ab
5“ a “ b ~ 1/R i j ! ,

~A4!

where Ri j is the vector from atom j to atom i. E a(i) represents
the electric field at atom i,77

S

D

1 ij! ~ j!
ij! ~ j!
2T ~ai j ! q j 1T ~ab
m b 2 T ~abg
Q bg ,
3

~A5!

(i)
and the electric field gradient E ab
is then given by72
i!
E ~ab
5

(
jÞi

S

u C 0i j ~ r,r8 ! u 2 dr8 2 r i ~ r! 2 r j ~ r!

u e u S 2i j

12S 2i j

3 @ e 2b

S D
b

3

Ap

2 u R 2ru 2
i

1e 2 b

2 u R 2ru 2
j

22e 2 b

2 u R 2ru 2
c

#.

~A8!

The values for the dipole and quadrupole polarizabilities a
and C used in this work are given in Table III ~note that a
5ad). The multipole tensors are defined as

(
jÞi

~A7!

2. Charge–exchange quadrupole interaction

and

E ~ai ! 5
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D

1 ij!
ij!
ij!
~ j!
2T ~ab
q j 1T ~abg
m ~gj ! 2 T ~abg
dQ gd .
3

~A6!

Here Rc represents the midpoint between the two xenon nuclei @ Rc50.5(Ri 1R j ) # . r eff is made up from two negative
Gaussian charge distributions located at the xenon nuclei,
and a positive Gaussian charge distribution, twice as large, at
Rc. 64 If one approximates the iodide with a point charge at
R0, the Coulomb interaction energy V C–E between the charge
and the exchange quadrupole is given by78,79
V C–E5

(
i, j

S

D

e 2 S 2i j erf~ b R i0 ! erf~ b R j0 !
erf~ b R C0!
1
22
.
2
R i0
R j0
R C0
12S i j
~A9!

R i0 , R j0 , and R C0 are the distances of the iodide from the
xenon nuclei and the midpoint between the nuclei, respectively; i and j run over the xenon atoms, and b is the Gaussian range parameter of the electron density. Nonphysical be-
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havior of Eq. ~A9! for small R C0 values ~near linear
geometries! is prevented by cutting off V C–E for Xe–Xe
separations greater than typically 6.5 Å.
This ‘‘Gaussian exchange charge’’ model requires an estimate for the b parameter of xenon. The only value available comes from Jansen’s work @ b (Xe)50.454 Å 21 # , 80
however, his values are known to underestimate the real ones
severely:81,82 as an example, in the case of Ar2 Jansen recommends b (Ar)50.632 Å 21 . This can be compared with
the values 0.93620 and 0.965 Å21 16 that were extracted by
Hutson and co-workers from a SCF calculation and distributed multipole analysis of the Ar2 quadrupole moment,71 or
with b (Ar)51.08 Å 21 , as recommended by Guillot et al.81
A better, but probably still too low, estimate for xenon
can be obtained, e.g., by rescaling Jansen’s b~Xe! by the
ratio b~Ar,Hutson!/b~Ar,Jansen!. By this we arrive at
roughly 0.7 Å21. For Kr2, Guillot et al.81 recommend a value
of 0.84 Å21, which certainly overestimates the xenon value.
In this study we used b (Xe)50.765 Å 21 as a reasonable
estimate, which also gave the best agreement with our experimental electron affinities, especially for Xe2I2.
3. Charge-dispersion multipole interactions

Following Hunt65 the average dipole moment induced on
atom i by the dispersion interaction with other like atoms is
given by

m i,disp5C m (

R̂i j

7
jÞi R i j

,

with C m 5

3C 6 B
.
2a

~A10!

Here, R̂i j denotes the unit vector pointing from atom j to i, a
is the xenon dipole polarizability ~Table III!, C 6 is the
Xe–Xe dispersion coefficient, and B represents the xenon
dipole–quadrupole hyperpolarizability.
The components of the dispersion-induced quadrupole
moment on atom i are calculated via
i,disp
52C Q
Q ab

T~i j!

ab
(
3 ,
2R
jÞi
ij

with C Q 5

C 6B
,
4a

~A11!

with the quadrupole tensor defined as in Eq. ~A4!. C 6 was
taken from the Xe–Xe HFD-B2 potential of Aziz, Meath,
and co-workers (C 6 5283.9e 2 a 50 ). 53 To our knowledge there
is no experimental information on B, and the only value
available so far comes from DFT calculations of Senatore
and Subbaswamy.83 The hyperpolarizabilities from this study
are expected to be too large in absolute value.83,84 We have
therefore rescaled their xenon value (B52912a 60 /e) by the
ratio of the experimental and DFT cubic hyperpolarizabilities
g exp~Xe!/gDFT~Xe!50.825,78,79 yielding a value of B
52752a 60 /e. Note that a similar procedure works extremely
well in the case of argon, where the rescaled value is B5
2155a 60 /e compared to 2141a 60 /e and 2164.3a 60 /e obtained in two other theoretical studies.85,86
The total dispersion induced dipoles and quadrupoles
can then be calculated via Eqs. ~A10! and ~A11! for each
xenon atom. Finally, standard electrostatic formulas are used
to evaluate the charge–dipole and the charge–quadrupole interaction energies, V C–D and V C–Q , respectively.72

4. Axilrod–Teller triple–dipole interaction

The leading term in the nonadditive dispersion energy,
the triple-dipole interaction is given by66–68
V A5C 9

~ 3 cos u i cos u j cos u k 11 !

R 3i j R 3jk R 3ik

,

~A12!

with u i being the interior angle / jik, R i j represents the
internuclear distance between atoms i and j, and C 9 is the
triple-dipole coefficient that depends on the type of atoms
involved. C 9 coefficients are now available for a variety of
systems,87–90 but unfortunately not for the interactions ~Xe–
Xe–I and Xe–Xe–I! relevant to this paper. Therefore, we
use the following approximation for C 9 : 39,89,91–93

h ih j h k~ h i1 h j 1 h k !
3
C 95 a ia ja k
.
2
~ h i 1 h j !~ h j 1 h k !~ h i 1 h k !

~A13!

Here a i and h i are the dipole polarizability and the average
excitation energy of atom i, respectively. h i ~in a.u.! can be
approximated as91–96

h i 5 AN i / a i ,

~A14!

where N i is an effective number of electrons depending on
the type of atom involved. Values for a and N can be found
in Table III ~note again that a 5 a d ).
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