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Photoelectron spectra of the I2~CO2!n51–13, I
2~N2O!n51–12, and Br2~CO2!n51–11 clusters are

presented. The spectra provide information about the stepwise solvation of the bromide and iodide
anions and about the size of the first solvation shells in these clusters. The data suggest that
significantly different solute–solvent interactions exist in the three sets of clusters studied here. The
X2~CO2!n spectra exhibit resolved progressions which are assigned to in-phase CO2 solvent bending
vibrations in the neutral clusters. These vibrations are excited by photodetachment of anion clusters
in which the CO2 molecules are distorted from linearity by a charge-quadrupole interaction. The
I2~N2O!n spectra do not show any vibrational structure, presumably because the weaker ion–solvent
interactions are insufficient to distort the N2O molecules. ©1995 American Institute of Physics.
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I. INTRODUCTION

The study of molecular clusters has developed into
diverse field directed towards understanding the evolution
molecular interactions from simple gas-phase dimers to b
chemical material. An important subset of cluster resea
involves the stepwise solvation of a chromophore, so t
one can follow how its properties change as a function of
number and type of solvent molecules. If the chromophor
an ion, the resulting ion clusters can be readily mass
lected, which makes them especially amenable to kine
thermodynamic, and spectroscopic studies of this typ1

From cluster ion mass spectroscopy and thermochemi
one can learn about solvation energetics and infer the e
ence and size of particularly stable ‘‘solvent shells;’’ su
experiments have been performed with great success
Kebarle,2 Castleman,3 Hiraoka,4 and Meot-ner.5

In recent years, numerous optical spectroscopy exp
ments have been carried out on cluster ions; these hold
promise of providing more detailed information on clus
structure and dynamics than experiments which rely so
on mass spectroscopy. In studies of positive ion clusters,
vibrational predissociation experiments of Lee,6 Lisy,7

Stace,8 and Okumura9 and the electronic spectroscopy e
periments of Miller10 and Maier11 have used the spectral pa
terns and shifts with cluster size as a detailed probe of clu
structure. Lineberger and co-workers have used photodi
ciation spectroscopy to study the effects of clustering on b
positive and negative ions.12,13

However, most spectroscopic studies of negative
clusters have been performed with photodetachment t
niques, namely photoelectron spectroscopy~PES! and zero
electron kinetic energy~ZEKE! spectroscopy, both of which
combine mass selectivity with reasonable spectral resolut
The negative cluster ions studied by these techniques can

a!Present address: Department of Chemistry, University of Southern Ca
nia, Los Angeles, California 90025.
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the most part, be divided into two groups. Several studie
have been completed on elemental and molecular clusters
the typeAn

2, in which the negative charge is fairly delocal-
ized; these have been carried out in our laboratory14 as well
as those of Smalley,15 Lineberger,16 Meiwes-Broer,17

Bowen,18 Johnson,19 and Eberhardt.20 The second group of
clusters is of the form, X2~M!n , where the charge remains
localized on a single chromophore, X2, that interacts with
solvent molecules, M. The signature of this type of cluster i
that the photodetachment spectrum retains the primary fe
tures associated with the X2 species because of the relatively
weak X–M interactions. Photoelectron spectra of X2~M!n
clusters have been obtained in several of the laboratori
mentioned above,21,22,23as well as by the Cheshnovsky24,25

and Kaya26 groups. This paper focuses on clusters of th
latter type. We are specifically interested in the solvation o
I2 and Br2 by CO2 and N2O. This work is an extension of
the preceding paper27 which was concerned with the binary
X2~CO2! complexes, with XvF, Cl, Br, and I.

Related studies of this type have been carried out i
other laboratories as well as our own. In the first study o
X2/CO2 clusters, Markovichet al.

24 obtained photoelectron
spectra of I2~CO2!n51–7 in order to probe the solvation en-
ergetics of these clusters. Markovichet al.25 have also used
this technique to study hydrated iodide clusters
I2~H2O!n<60. From their results, they suggest the formation
of a solvent shell around I2 composed of 6 H2O molecules.
They also assign features in some of their spectra to anoth
isomer of the cluster in which the I2 resides on the surface of
a water cluster rather than in the center. In our laboratory,22

we have reported photoelectron spectra of the cluste
I2~CO2!n51–13. The higher resolution in these spectra~10
meV! as compared to those of Markovichet al.,24 revealed
vibrational structure which indicated that the I2–CO2 inter-
action in the anion clusters was strong enough to bend th
CO2 solvent molecules. The nature of this interaction is dis
cussed in detail in the preceding paper27 on binary X2~CO2!
complexes. We have also measured the ZEKE spectrum
I2~CO2! at a resolution of 0.3–0.4 meV.28 This spectrum
yielded the splitting of the I~2P3/2! level due to its

ifor-

hi-
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3511Arnold et al.: I2(CO2)n , Br
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interaction with the CO2 in the neutral complex and the fre-
quencies of the low frequency C–I stretching modes in th
anion and neutral; from this we obtained detailed I2/CO2 and
I/CO2 potentials.

In this study, we present and discuss the phot
electron spectra of I2~CO2!n51–13, Br

2~CO2!n51–11, and
I2~N2O!n212 in order to study the evolution of the solute–
solvent interactions as a function of solute, solvent, and siz
The two solvent species, N2O and CO2, are isoelectronic and
the two chromophores are both halides, I2 and Br2. None-
theless, as will be seen, the spectra clearly show that
ion–solvent interactions for all three systems studied are d
ferent. While both the I2~CO2!n and the Br2~CO2!n spectra
suggest that the similar ion–CO2 interactions exist in two
types of clusters, the stepwise solvation energies indicate t
the size of the first solvent shell is smaller for the Br2~CO2!n
clusters, and that the solvent–solute binding is considera
stronger in the first solvent shell of Br2~CO2!n clusters. The
vibrational structure seen in many of the I2~CO2!n and
Br2~CO2!n spectra also point to stronger interactions in th
Br2~CO2!n clusters. The I2~N2O!n spectra, which differ sig-
nificantly from those of the CO2 clusters, show that the
I2/N2O interaction is weaker, resulting in no distortion of th
N2O and a larger solvent shell around the I2 chromophore.

II. EXPERIMENT

The apparatus employed in these experiments, a d
time-of-flight anion photoelectron spectrometer, has been d
scribed in detail previously.27,29An overview of the appara-
tus, with details relevant to the present results, will be sum
marized here. Anion clusters are generated at the intersec
of a pulsed molecular beam and a 1 keV electron beam.30

The pulsed molecular beam is made from a gas mixture
1% HI ~or HBr! in a carrier gas~N2O or CO2! which is
expanded through a piezoelectric valve operated at 20
with a stagnation pressure of;3–4 atm. I2 and Br2 ions are
formed by dissociative attachment of low-energy~;1 eV!
secondary electrons to HI and HBr. As the free jet expansi
evolves, the ions cluster with the carrier gas and relax ro
tionally and vibrationally.

The cooled ions are extracted into a Wiley–McLaren
type time-of-flight mass spectrometer31 where they separate
according to mass. The ion of interest is selectively photod
tached by a properly timed 8 ns laser pulse. Photoelectr
energies are determined by time-of-flight measurements in
1 m field-free flight tube. The resolution of the apparatus
0.010 eV for electrons with 0.65 eV of electron kinetic en
ergy ~eKE! and degrades as~eKE!3/2. For these experiments,
the 4th~266 nm; 4.657 eV; 15 mJ/pulse! and 5th~213 nm;
5.822 eV; 6 mJ/pulse! harmonics of a Nd:YAG pulsed laser
are employed for photodetachment. The 213 nm photo
generate background signal through the interactions of sc
tered light with the surfaces of the detector chamber. A bac
ground spectrum, collected using the same laser power u
during data collection, is fitted to a smooth function which i
scaled and subtracted from the data to correct for the mo
erate level background signal.
J. Chem. Phys., Vol. 102Downloaded¬03¬Mar¬2003¬to¬128.32.220.150.¬Redistribution¬subjec
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III. RESULTS

For comparison to the cluster data, photoelectron spectr
of I2 and Br2 using a 4.657 eV photodetachment energy are
shown in Fig. 1. The spectra represent electron signal as
function of electron kinetic energy~eKE! where

eKE5hn2EA2T02Ev
01Ev

2 . ~1!

In Eq. ~1!, hn is the laser photon energy, EA is the electron
affinity of the neutral cluster, andT0 is the term value of the
neutral electronic state. In the case of the polyatomic spectr
presented below,Ev

0 and Ev
2 are the vibrational energies

~above the zero point! of the neutral and anion, respectively.
The two peaks in each halide spectrum~Fig. 1! represent
photodetachment transitions from the closed-shell halide an
ions to the two spin–orbit states of the halogen atoms. The
peaks at high and low eKE in each spectrum represent pho
todetachment transitions to the halogen ground~2P3/2! and
excited ~2P1/2! spin–orbit states, respectively. The2P3/2
peaks are slightly broader because they occur at higher eKE
The electron affinities and spin–orbit splitting for each of
these atoms are well-known and are listed in the precedin
paper.27

Shown in Fig. 2 are the photoelectron spectra collected
for the I2~N2O!n clusters,n51–12, at a photodetachment
energy of 4.657 eV. Forn51–3, the spectra contain two
peaks separated by an energy equal to that of the iodin
spin–orbit splitting. We refer to these peaks as the
I~2P3/2!•~N2O!n and I~2P1/2!•~N2O!n bands; similar notation
will be used for the CO2 clusters discussed below. In Fig. 2,
the most obvious change which occurs as a function of clus
ter size is the consistent shift of the spectra to lower eKE
For the I2~N2O!3 cluster, the

2P1/2 band state intensity is
affected by the cutoff of the experimental detection effi-
ciency. For the larger clusters, the excited state is energet

FIG. 1. Photoelectron spectra of I2 and Br2 collected using a photodetach-
ment energy of 4.657 eV.
, No. 9, 1 March 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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cally out of range at the photodetachment energy used. T
peaks at high eKE are significantly broader than the peaks
low eKE. The peak widths are larger than would be expect
by the experimental resolution function for individual trans
tions, suggesting the presence of underlying structure.

Figure 3 displays the photoelectron spectra of I2~CO2!n
and Br2~CO2!n , n51,2 collected at photodetachment energ
of 4.657 eV. As in the I2~N2O!n spectra~Fig. 2!, the peaks
shift to lower energy with increasing cluster size and th
general spin–orbit splitting of the halogen atom is preserve
However, the X2~CO2!n spectra show additional structure fo
each electronic state which extends to low eKE. As discuss
previously,22,27 the additional peaks in the spectrum resu
from excitation of the CO2 bending vibration upon photode-
tachment. The length of the vibrational progression increas
as a function of cluster size. The peaks at high eKE a
significantly broader than the peaks at low eKE. In th
Br2~CO2! spectrum, an additional splitting of the peaks i
the 2P3/2 band is discernible.

Figures 4 and 5 show the photoelectron spectra
I2~CO2!n , for n50–13, and Br2~CO2!n , for n50–11, re-
spectively, at a photodetachment energy of 5.822 eV. In bo
sets of data, the vibrational progression in the2P1/2 band
becomes more extended asn is increased throughn55. In
the Br2~CO2!n spectra, no vibrational structure is eviden
from n56–8, but forn59–11, some structure can be seen i

FIG. 2. Photoelectron spectra of I2~N2O!n , n51–12, collected using a pho-
todetachment energy of 4.657 eV.
J. Chem. Phys., Vol. 102Downloaded¬03¬Mar¬2003¬to¬128.32.220.150.¬Redistribution¬subjec
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FIG. 3. Photoelectron spectra of I2~CO2!n and Br
2~CO2!n , n51–2, using a

photodetachment energy of 4.657 eV.

FIG. 4. Photoelectron spectra of I2~CO2!n , n50–13, collected using a pho-
todetachment energy of 5.822 eV.
, No. 9, 1 March 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3513Arnold et al.: I2(CO2)n , Br
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the2P1/2 band. In contrast, one observes vibrational structu
in the 2P1/2 band of all the I2~CO2!n spectra until the inten-
sity of the this band is degraded by the detector cutoff fun
tion and becomes inaccessible at the 5.822 eV photon ene
~i.e., n.11!. A notable feature of this data set is thereap-
pearanceof vibrational structure in the2P3/2 band as the size
increases pastn59, culminating in a distinct progression for
the largest cluster studied, I2~CO2!13. No such reappearance
of vibrational structure occurs in the Br2~CO2!n data set.

IV. ANALYSIS AND DISCUSSION

In the following sections, we will treat the data in more
detail. The size-dependent solvation thermodynamics a
analyzed in Sec. IV A. As part of the interpretation of th
thermodynamic information, the dominant bonding intera
tions and the geometries of the complexes are considered
Sec. IV B, the vibrational structure observed in th
X2~CO2!n photoelectron spectra are discussed in terms of t
cluster size and symmetry.

A. Thermodynamics and geometries

As illustrated in Fig. 6, the shift of the photoelectron
spectra to lower eKE as a function of cluster size resu
from the different interactions of the solvent molecule wit
the anion and neutral. Assuming the 0–0 transition can
identified in the photoelectron spectrum, Eq.~2! shows the

FIG. 5. Photoelectron spectra of Br2~CO2!n , n50–11, collected using a
photodetachment energy of 5.822 eV.
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relationship between the adiabatic EAs of the two cluster
and the charge stabilization provided by a solvent molecul
DEn,n21,

EAn5EAn211DEn,n21
a 2DEn,n21

n . ~2!

DEn,n21
a and DEn,n21

n are the stepwise solvation energies
~SSE! for the anion and neutral, respectively. The electro
static forces responsible for most of the binding energy in th
anion cluster are considerably stronger than the van d
Waals forces in the neutral cluster,28 so we expect
DEn,n21

a @DEn,n21
n . This means that the EA increases with

cluster size, and that the anion SSE is given, to a good a
proximation, byDEn,n21

a 5EAn2EAn21. The electron affin-
ity changes therefore map out how much a given anion clu
ter is stabilized by the addition of a solvent molecule.

Figure 7 shows the plot of SSE vs cluster size for the
three systems. Two sources of peak broadening contribu
the uncertainty in the determination of the adiabatic EA’s
The peaks are broadened due to unresolved underlying stru
ture which results primarily from excitation of van der Waals
progressions upon photodetachment. The second source
broadening, which affects only the2P3/2 bands, results from
a splitting of the halogen2P3/2 ground state degeneracy by
the solvent molecules.28 For consistency, the measurement o
the EAs~used to determine the SSEs! are made at 25% of the

FIG. 6. Schematic diagram of the thermodynamics of solvation for a singl
solvent molecule. The difference betweenDEn,n21

a andDEn,n21
n leads to the

observed spectral shift upon solvation.

FIG. 7. Plot of the stepwise solvation energy for the I2~N2O!n , I
2~CO2!n ,

and Br2~CO2!n clusters as a function of the number of solvent molecules
Energies are determined at 25% of the full peak height for the highest eK
feature in each spectrum.
, No. 9, 1 March 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Spectral shifts as a function of stepwise solvation.

n

I2~N2O!n I2~CO2!n Br2~CO2!n

eKE ~eV! DE ~meV! eKE ~eV! DE ~meV! eKE ~eV! DE ~meV!

0 1.600 0 2.77 0 2.460 0
1 1.485 115 2.598 172 2.230 230
2 1.358 127 2.442 156 2.011 219
3 1.242 116 2.283 159 1.792 219
4 1.122 120 2.127 156 1.568 224
5 1.006 116 1.993 134 1.387 181
6 0.905 101 1.864 129 1.214 173
7 0.808 97 1.720 144 1.056 158
8 0.715 93 1.587 133 0.897 159
9 0.612 103 1.467 120 0.820 77
10 0.535 77 1.430 37 0.741 79
11 0.492 43 1.385 45 0.720 21
12 0.434 58 1.316 70 ••• •••
13 ••• ••• 1.270 46 ••• •••
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full height of the peak at highest eKE for each cluster. T
peak position and SSE’s are summarized in Table I.

The data show that for the first several solvent mo
ecules, the ordering of the SSE’s is Br2~CO2!n
.I2~CO2!n.I2~N2O!n . The first several CO2 and N2O mol-
ecules added to the cluster provide approximately equal
bilization of the halide charge. This behavior is in agreeme
with a previous study of I2~CO2!n51–7, where Markovich
et al. also observe approximately equal SSEs for the
clusters.24 However, above a certain cluster size, the SS
decreases abruptly for all three series. The dropoffs oc
after Br2~CO2!n58, I

2~CO2!n59, and I2~N2O!n511. It is ap-
parent that the additional solvent molecules bind to the cl
ters through different, weaker interactions. This implies th
that these three cluster sizes represent the formation of
first solvent shell around the halide anion, resulting in a s
nificant shielding of the charge from any additional solve
molecules. The larger shell size indicated for I2~N2O!n vs
I2~CO2!n is consistent with the stronger interaction betwe
I2 and CO2 as evidenced from the SSE’s; one expects t
N2O molecules to form a ‘‘looser’’ shell about the I2, so it is
not surprising that the size of this shell is larger. The sma
shell size implied for the Br2~CO2!n clusters is also ex-
pected, given that Br2 is smaller than I2 and that the Br2

interaction with CO2 is stronger than the I
2/CO2 interaction.

A similar analysis by Markovichet al.25 indicates that
the first solvent shell for I2~H2O!n clusters occurs atn56.
The smaller H2O solvation shell, as compared to CO2, is
consistent with the stronger binding with H2O; the well depth
for I2~CO2! is 0.212 eV,28 whereasDH for I2~H2O! disso-
ciation is 0.44 eV.32 The stronger interactions will results in
shorter halide–solvent separations which, in turn, will res
in a smaller solvation shell due to steric effects. There h
been some controversy regarding the interpretation of
I2~H2O!n PES data; calculations by Berkowitz33 and
Garrett34 have suggested that halide anions reside on the
face of the water clusters, while recent calculations by Co
barizaet al.35 support the interpretation of the PES data
terms of a caged iodide anion. The surface structure is fav
able in the I2~H2O!n clusters as it allows for maximum hy
J. Chem. Phys., Vol. 102Downloaded¬03¬Mar¬2003¬to¬128.32.220.150.¬Redistribution¬subjec
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drogen bonding among the H2O molecules. The attractions
between CO2 molecules are weaker, however;De>0.10 eV
for ~CO2!2.

36 It is therefore reasonable to expect maximum
solvation of the I2 in the lowest energy I2~CO2!n structure.

Our results can also be compared with the photodisso
ciation experiments by Lineberger and co-workers13 on
Br2

2~CO2!n and I2
2~CO2!n clusters. They found thatn514 and

n516 are the minimum number of solvent molecules re
quired form complete caging of the Br2

2 and I2
2 , respectively,

and interpret these values ofn to be the size of the first
solvent shell for these clusters. This interpretation is sup
ported by the simulations of Amar and Perara.37 One expects
the size of the first solvent shells for Br2~CO2!n and
I2~CO2!n clusters to be somewhat larger than half of thos
for Br2

2~CO2!n and I2
2~CO2!n clusters, and that is indeed what

is implied by the SSE’s in Fig. 7. Finally, Bowen and
co-workers38 have recently measured photoelectron spectr
of O2~Arn! clusters and find strong evidence for a shell clos
ing atn512 based on their measured SSE’s.

A more detailed examination of the SSE’s in Fig. 7
shows that as the first solvation shell is being filled, the
SSE’s for the I2/CO2 and I2/N2O clusters remain relatively
constant, on the average, while those for the Br2/CO2 clus-
ters appear to decrease systematically. This suggests tha
the I2 based clusters, the nature of the binding sites for th
solvent molecules in the first shell does not vary much with
the size of the cluster, but this may not be the case in the Br2

clusters. This point is considered further when the vibrationa
structure in the spectra is discussed below.

The results presented in Fig. 7 show that the SSE’s fo
the I2~N2O!n clusters are consistently lower than those fo
I2~CO2!n and Br

2~CO2!n clusters. This is rather surprising in
light of the fact that the charge-dipole is a stronger interac
tion than the charge-quadrupole interaction which is ex
pected to be the dominant term in the X2~CO2!n clusters.
There are several effects which may contribute to this resu
Since these clusters are weakly bound, the thermodynam
and geometries are determined primarily by the dominan
electrostatic interactions involved. By considering the
X2~CO2! and X2~N2O! long-range electrostatic interactions
, No. 9, 1 March 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3515Arnold et al.: I2(CO ) , Br2(CO2)n , and I2(N2O)n clusters
using the known properties of the CO2 and N2O molecules, a
qualitative understanding of the observed results is obtain

While CO2 and N2O are isoelectronic molecules, the
possess slightly different electrostatic properties, leading
significantly different interaction with the halides. As di
cussed in detail previously,27 the leading term in the
X2–CO2 interaction is the charge-quadrupole interaction,

EqQ5
q•Q

2R3 @3•cos2~j!21#, ~3!

whereq52e is the halide charge andQ is the quadrupole of
the CO2 molecule @QCO2

5 2(4.3 6 0.14) 3 10226

esu cm2#.39 The geometrical variables,R and j, are illus-
trated in Fig. 8. The negative sign ofQ indicates that the
carbon atom is positively charged relative to the oxygen
oms. According to Eq.~3!, the X2~CO2! cluster will be
T-shaped. However, as shown previously,27 the charge-
quadrupole interaction actually distorts the CO2 molecule
from linearity. The CO2 distortions were determined by
Franck–Condon analysis of the photoelectron spectra to
uOCO5174.561.5° for I2~CO2! and 172.261.5° for
Br2~CO2!. This distortion presumably causes the vibration
structure seen in the photoelectron spectra of the larger c
ters containing CO2 as well.

In contrast, no vibrational structure is observed in t
I2~N2O!n spectra. This implies that the N2O solvent mol-
ecules are not significantly distorted by the core ion. To
derstand the different binding for the I2~N2O! clusters, one
must consider the both charge-dipole and charge-quadru
interactions because N2O has a small dipole momen

(mN2O
5 0.1608 D;N

1

–N–O
2

! ~Ref. 40! and a quadrupole
moment @QN2O

5 2(3.36 6 0.18) 3 10226 esu cm2#
~Ref. 41! which is slightly less than that of the CO2 mol-
ecule. The charge-dipole energy expression is given in
~4!,

Eqm5
q•m•cos~j!

R2 , ~4!

wherem is the N2O dipole. This favors a linear X2–N–N–O
orientation in contrast to the charge-quadrupole interacti

Although one normally expects electrostatic interactio
involving lower order moments to dominate, the dipole a
quadrupole moments of N2O are such that the charge

FIG. 8. Schematic diagram of X2~M!n complex with coordinates used in th
electrostatic calculations. In the figure, X5I or Br andA–B–C5O–C–O or
N–N–O, inorder. Note that for N2O the variable,R, refers to the distance
from the halide to the center of charge of the molecule, which is not
same as the center of mass.

2 n
J. Chem. Phys., Vol. 102Downloaded¬03¬Mar¬2003¬to¬128.32.220.150.¬Redistribution¬subje
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quadrupole interaction is considerably stronger over t
range of internuclear distances expected for these spec
Our ZEKE study28 of I2~CO2! yielded RC–I53.8 Å, so a
separation of 4 Å between the charged and neutral particle
is a reasonable upper bound to expect for I2~N2O!. At this
distance, asj varies from 0 top/2, Eqm increases from
20.03 eV to 0 whileEqQ drops from 0.157 eV to20.079
eV. The energy minimum in the sum of the two terms is ve
close to j5p/2, so we expect that I2~N2O! is nearly
T-shaped. Thus,Eqm appears to act only as a slight perturba
tion, and will become even less important at smaller valu
of RC–I . The lack of distortion of the N2O moiety may be
due simply to the smaller quadrupole moment of N2O com-
pared to CO2; the electrostatic interaction responsible for th
distortion may not be strong enough to compensate for t
concomitant strain energy associated with bending the N2O
@Eq. ~8! of preceding paper27#.

B. Vibrational structure

As we have discussed previously,22,27 the relaxation of
the CO2 solvent molecules from a bent to linear geometr
upon photodetachment of the X2~CO2!n species results in the
vibrational progressions seen in the photoelectron spec
The lengthening of this vibrational progression as the clus
increases in size is quite interesting and provides informati
about the stepwise solvation of the halide anion. In gener
the longer progression suggests a larger displacement al
the relevant normal coordinate of vibration in the cluste
While a zero-order interpretation of this result suggests th
the CO2 subunits become more distorted as the cluster s
increases, a more detailed analysis of the vibrations reve
that, in fact, the individual CO2 molecules are distorted by an
approximately equal or lesser amount as the cluster grow

We consider the photodetachment of an X2~CO2!n clus-
ter in which all OCO angles and bond strengths~i.e., force
constants! are the same as that of the binary comple
X2~CO2!. Photodetachment should primarily excite the co
lective CO2 bending vibration in which all of the CO2 mol-
ecules vibrate in-phase with each other. The extent of t
observed vibrational progression in the photoelectron sp
trum is determined byDQn

CO2, the displacement along the
normal coordinate for this in-phase bend between the an
and the neutral clusters. Assuming the change inuOCO upon
photodetachment for each CO2 molecule is independent of
cluster size, the appropriate normal coordinate for the colle
tive in-phase bend can be derived by treating then vibrating
CO2 molecules as an ensemble of equivalent, uncouple
one-dimensional harmonic oscillators. SupposeQ1

CO2 is the
value of the CO2 bend normal coordinate of the I

2~CO2!n51
cluster. For a cluster containingn CO2 molecules, each with
uOCO equal to that found in the binary complex, the proper
normalized normal coordinate42 is given by Qn

CO2

5An•Q1
CO2. This means that if the clusters I2~CO2! and

I2~CO2!n are photodetached, and identical changes occur
all of the OCO angles, the normal coordinate displaceme
for the larger cluster,DQn

CO2, is enhanced relative to

DQ1
CO2 by

he
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DQn
CO2'An•DQ1

CO2. ~5!

Therefore, ifuOCO is independent ofn in the anion clusters
and equal to 180° in all of the neutral clusters, then Eq.~5!
predicts longer vibrational progressions asn increases.

Shown in Fig. 9 are comparisons of Franck–Condo
simulations performed under the constraint of Eq.~5! with
the I2~CO2!n51–4 and Br2~CO2!n51–4 experimental data.
The simulations are compared with the2P1/2 region of the
spectrum; the2P3/2 data are complicated by transitions to th
two subcomponents of the2P3/2 state which are split by the
solvent molecules.28 The lengths of the CO2 bending pro-
gressions are the same for the ground and excited state ba
since they are primarily determined by the CO2 distortion in
the anion cluster. In the photoelectron spectra, the intensit
of the vibrational peaks,I , are determined by the Franck–
Condon factors~FCFs! as in Eq.~6!,

I5ve•uteu2•u^cv8~QCO2
8 !ucv9~QCO2

9 !&u2. ~6!

In Eq. ~6! te is the electronic transition dipole, which is
assumed to be constant over the energy range of the vib
tional progression andve is the asymptotic velocity of the
photoelectron.43 As in the previous paper, harmonic oscilla
tor wave functions are used for the CO2 bend. The normal
coordinate displacementsDQ1

CO2 for the I2~CO2! and
Br2~CO2! photodetachment are determined by fitting the v
brational progressions,27 and for the higher clusters, the dis-
placements are given by Eq.~5!. The FCFs are convoluted

FIG. 9. Comparison of Franck–Condon simulations performed under t
constraints of Eq.~5! with the photoelectron spectra of I2~CO2!n and
Br2~CO2!n , n51–4. See text for details.
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n

nds

es

ra-

-

with the experimental resolution function plus an addition
Gaussian with a full-width at half-maximum~FWHM! of
;15 meV~to account for unresolved van der Waals progre
sions! for comparison to the experimental data.

The agreement between data and simulations
I2~CO2!n is excellent for the four spectra shown suggestin
that the above structural considerations are indeed plausi
The agreement of the I2~CO2!n simulations with the data
strongly suggest that the CO2 molecules surround the iodide
anion in equivalent positions~at least throughn54!. This is
consistent with the results of a distributed multipole analys
presented in the previous paper, illustrating that the solve
CO2 distortion is well modeled by considering only electro
static interactions. Thus, if there is negligible interactio
among the CO2 solvent molecules, each will have an identi
cal interaction with the halide. As a result, all of the CO2

molecules are equally distorted.
However, the agreement for the Br2~CO2!n data are not

as good. The simulations overestimate the vibrational exci
tion for the larger clusters, implying that the OCO angles
Br2~CO2!n become more linear, on average, as a function
cluster size. This suggests that different clustering intera
tions are involved for I2~CO2!n vs Br

2~CO2!n . As discussed
in the previous paper, charge transfer is expected to contr
ute more to the distortion of CO2 in Br2~CO2! than in
I2~CO!2. If this is so, then the addition of another CO2 to
Br2~CO2! might result in a both solvent molecules becomin
more linear because the degree of charge transfer per solv
molecule decreases. This would also lead one to expec
slight decrease in the SSE’s with increasingn for the
Br2~CO2!n series. As discussed above, this trend is inde
observed in the SSE’s plotted in Fig. 7.

An interesting trend in the2P1/2 band of the Br2~CO2!n
spectra is the gradual disappearance of vibrational struct
asn increases from 4–8 and its re-emergence forn.8. The
model used for simulating then51–4 spectra does not pre-
dict such an effect, since only one mode of the cluster
assumed to be active and its frequency does not change w
cluster size. In reality, however, the low frequency modes
the cluster involving overall motion of the solvent molecule
are expected to be active in the photoelectron spectrum,
that each feature in the photoelectron spectrum actually r
resents the envelope of one or more unresolved progressio
This was explicitly seen in the I2~CO2! ZEKE spectrum,
which showed extensive progressions in the low frequen
C–I stretch ~64 cm21 in the anion and 30 cm21 in the
neutral!.28 If these progressions become more extended
larger cluster sizes, the features in the photoelectron sp
trum associated with the high frequency CO2 bend will
broaden and overlap to the point where they cannot be
solved.

More extended progressions in the solvent modes mig
occur in the larger clusters simply because of larger norm
coordinate displacements between the anion and neutral c
ter minimum energy configurations. This would broaden th
features in the photoelectron spectrum even if all the clus
anions were in their ground vibrational state. Alternativel
this effect could arise from differences in cluster temperatu
as a function of size. For example, if then58 clusters are

e
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warmer than then53 clusters, more anion solvent mode
will be excited, and the features in the photoelectron spe
trum would clearly be broader for the warmer clusters.

Bowen and co-workers38 interpreted a variation in the
observed peak widths of O2~Arn! cluster photoelectron spec-
tra using such a temperature argument. For then512 cluster,
a maximum in the SSE indicated a closing of the first solve
shell and the peaks were noticeably broader than those of
nearby clusters. They argued that since smaller clusters
formed from larger ones by evaporative cooling,7,44 then the
n512 clusters should be warmer than the nearby cluste
because the solvent molecules are more strongly bound
then512 cluster and are less likely to evaporate for a give
cluster temperature. Such an argument is consistent with
reappearance of vibrational structure in the Br2~CO2!n spec-
tra for n.8; then58 cluster represents the formation of a
solvent shell, and the SSE drops substantially forn.8, so
that the larger clusters should be colder than those for wh
n<8. For the I2~CO2!n clusters, Fig. 7 shows that the SSE’
are smaller for the first solvent shell and the drop in the SS
is smaller forn.9. Thus, one might expect lower tempera
tures overall for the I2~CO2!n clusters, as well as less varia-
tion with cluster size. This is consistent with the observatio
of vibrational structure in the2P1/2 band of all the I2~CO2!n
spectra.

While temperature effects may account for differences
the vibrational structure between the2P1/2 bands of the
Br2~CO2!n and I2~CO2!n spectra, they cannot explain the
differences between the2P3/2 and 2P1/2 bands of the
I2~CO2!n spectra since these originate from the same ani
populations. The2P3/2 vibrational progression is only par-
tially resolved atn52 in the 4.657 eV data~Fig. 3!. No
resolved features are observed for the2P3/2 band in the 5.822
eV data until the cluster size reaches I2~CO2!n510. At this
point, a vibrational progression not onlyreappearsbut also
becomes better resolvedas additional CO2 molecules are
added. While the resolution of the apparatus does improve
lower eKE, this is not sufficient to explain the absence o
resolved peaks in then59 spectrum and their re-emergenc
in the n>10 spectra. Of these larger clusters, the most r
solved progression is observed in the I2~CO2!13 spectrum.

This disappearance and reappearance of the vibratio
peaks most likely results from the effects of stepwise solv
tion on the electronic structure of the neutral halogen ato
The approach of the CO2 molecule to the halogen splits the
degeneracy of the halogen2P3/2 ground state. This effec-
tively broadens the peaks in the2P3/2 band and makes the
vibrational structure more difficult to resolve. The environ
ment about the I atom may become even more anisotro
with the addition of the next few solvent molecules, resultin
in an even larger electronic splitting. However, as the clust
grows large enough for the halogen to be completely su
rounded by solvent molecules, the isotropic spatial symme
of the isolated halogen atom should return. Under such c
cumstances, the subcomponents of the2P3/2 state become
nearly degenerate again and the peaks would narrow, allo
ing resolution of the vibrational progression. This may b
what is happening in the I2~CO2!n spectra. It is interesting to
note that the size at which the vibrational structure becom
J. Chem. Phys., Vol. 102Downloaded¬03¬Mar¬2003¬to¬128.32.220.150.¬Redistribution¬subjec
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most prominent~n513! is well beyond the solvent shell size
indicated by the SSE data~n59!. Further studies on larger
clusters may resolve this discrepancy.

In contrast to the I2~CO2!n spectra, the Br
2~CO2!n spec-

tra show no evidence for the reappearance of vibration
structure in the2P3/2 band. The spin–orbit splitting in Br is
considerably smaller than in I~0.457 eV vs 0.943 eV!, and
this makes it easier to split the2P3/2 degeneracy in Br. For
example, this splitting is 220 cm21 in I•CO2 and 280 cm

21 in
Br•CO2.

27,28 Moreover, both the SSE’s in Fig. 7 and the
simulations in Fig. 9 suggest that the addition of CO2 solvent
molecules to the first solvent shell becomes less favorable
the size of the cluster increases, raising the possibility th
the CO2 molecules bound to the Br2 are not equivalent. For
the range of cluster sizes studied here, the result of the co
bining these two effects may be that the environment of th
Br atom is never sufficiently symmetric to reduce the2P3/2
splitting to the point where vibrational structure appears i
the 2P3/2 band. It would clearly be of interest to extend the
studies here to larger Br2~CO2!n clusters to see if this struc-
ture eventually does reappear, and also to track the2P3/2
splitting as a function of size in simpler clusters such a
Br2~Ar!n . Apkarian

45 has recently presented a treatment o
the effect of clustering on the energy levels of a haloge
atom, and it will clearly be of interest to apply this to the
systems studied here.

V. CONCLUSIONS

Negative ion photoelectron spectroscopy of th
I2~CO2!n51–13, I

2~N2O!n51–12, and Br2~CO2!n51–12 clus-
ters has been used to investigate and compare the solva
of I2 by CO2 and N2O and Br2 by CO2. The stepwise sol-
vation energies~SSE’s! obtained from the photoelectron
spectra provide information about the size of the first solva
tion shell which forms around the halide in the X2~CO2!n
and I2~N2O!n clusters. The sudden decrease in the SSE aft
I2~N2O!n511, I

2~CO2!n59, and Br2~CO2!n58 suggests that
the first solvation shells for the I2~CO2!n and I

2~N2O!n clus-
ter contain nine and eleven molecules while eight CO2 mol-
ecules make up the Br2~CO2!n solvation shell. The size of
the CO2 shell determined here is larger than that determine
for the I2~H2O!n cluster by Markovichet al.25 Overall, the
results imply that the solvent shell size decreases as the bi
ing energy of the solute to an individual solvent molecul
increases.

The spectra show that there are significant differenc
between the X2/N2O and X2/CO2 clusters. Specifically, the
CO2 solvent molecules in the clusters are distorted from lin
earity, whereas the N2O molecules are not. This difference as
well as the lower SSE’s for the X2/N2O clusters are attrib-
uted to the slightly smaller quadrupole moment in N2O rela-
tive to CO2.

The vibrational features in the X2~CO2!n data, which are
assigned to excitation of an in-phase CO2 bending vibration
upon photodetachment of the anion cluster, are interpreted
terms of a CO2 distortion in the anion clusters. In the
I2~CO2!n clusters, n51–4, simulations indicate that the
OCO bond angle is independent ofn. This is consistent with
pure electrostatic interactions as the cause of the CO2 distor-
, No. 9, 1 March 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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tion. In contrast, simulations of Br2~CO2!n clusters indicate
that the CO2 molecules become slightly more linear asn
increases. This may indicate that charge transfer contribu
to the solvent/chromophore interaction in the Br2/CO2 clus-
ters. In both the2P1/2 band of the Br

2~CO2!n spectra and the
2P3/2 band of the I2~CO2!n spectra, the vibrational structure
becomes unresolved over an intermediate size range and t
reappears for the largest clusters. For the Br2~CO2!n spectra,
this effect is attributed to greater spectral congestion of t
low frequency van der Waals clusters in the intermediate s
regime, possibly due to temperature effects. For the I2~CO2!n
spectra, the reappearance of structure is attributed to the
vironment of the2P3/2 I atom becoming more isotropic in the
larger clusters.

Overall, the results suggest that the small differences
the composition of the clusters can results on significan
different clustering geometries and dynamics which will con
ceivably be carried over into the bulk solvation propertie
By studying the evolution of the clustering properties as
function of size, it is possible to investigate the interaction
which dominate the solvation of negative ions.
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