
JOURNAL OF CHEMICAL PHYSICS VOLUME 116, NUMBER 18 8 MAY 2002
Anion solvation at the microscopic level: Photoelectron spectroscopy
of the solvated anion clusters, NO À

„Y…n , where YÄAr, Kr, Xe, N 2O, H2S,
NH3 , H2O, and C2H4„OH…2
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The negative ion photoelectron spectra of the gas-phase, ion-neutral complexes; NO2~Ar!n51 – 14,
NO2~Kr!1 , NO2~Xe!n51 – 4, NO2(N2O)n53 – 5, NO2(H2S)1 , NO2(NH3)1 , and NO2(EG)1 @EG
5ethylene glycol# are reported herein, building on our previous photoelectron studies of
NO2(N2O)1,2 and NO2(H2O)1,2. Anion solvation energetic and structural implications are
explored as a function of cluster size in several of these and as a result of varying the nature of the
solvent in others. Analysis of these spectra yields adiabatic electron affinities, total stabilization
~solvation! energies, and stepwise stabilization~solvation! energies for each of the species studied.
An examination of NO2(Ar) n51 – 14 energetics as a function of cluster size reveals that its first
solvation shell closes atn512, with an icosahedral structure there strongly implied. This result is
analogous to that previously found in our study of O2(Ar) n . Inspection of stepwise stabilization
energy size dependencies, however, suggests drastically different structures for NO2(Ar) 2 and
O2(Ar) 2 , the former being ‘‘Y’’ shaped, and the latter being linear. While stepwise stabilization
energies usually provide good estimates of ion–single solvent dissociation energies, in the cases of
NO2(Ar) 1 , NO2(Kr) 1 , and NO2(Xe)1 , it is possible to determine more precise values. A plot of
these anion–solvent dissociation energies shows them to vary linearly with rare gas atom
polarizability, confirming the dominance of an ion-induced dipole interaction in these complexes.
Extrapolation of this trend permits the estimation of NO2

¯ ~rare gas atom! interaction energies for
helium, neon, and radon, as well. The relative strengths of the molecular solvents, N2O, H2S, NH3,
H2O, and EG are reflected in their stepwise stabilization energies and in the degree of broadening
observed in their photoelectron spectra. ©2002 American Institute of Physics.
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I. INTRODUCTION

Anion solvation at the microscopic level is strongly i
fluenced by the interaction between the negative ion,X2,
and the first few neutral solvents, Y, surrounding it. For t
reason, the study of gas-phase anion–molecule comple
X2(Y) n , containing relatively few solvent atoms or mo
ecules, is of fundamental importance for understanding i
solvation phenomena. For a given anion,X2, the two param-
eters that can most easily be varied in such studies are
nature of the solvent, Y, and the number of solvents,n. Natu-
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rally, the variation of these can cause significant change
the energetic, structural, and dynamic properties of the
sulting cluster anion.

Over the past quarter century, both theory and exp
ment have sought to explore the effects of varying th
parameters on anionic solvation at the microscopic lev1

Calculations on anion–molecule complexes were among
earliest applications of theory to clusters.2–19 Experiments
have provided information about solvated cluster anio
through thermochemical measurements,20–30 photoelectron
and photodetachment spectroscopies, ion–molecule rea
ity studies,31–35 ion transport measurements,36,37 charge
transfer work,38,39 photodestruction studies,40–49 photodisso-
ciation spectroscopy,50–60 and ultrafast experiments.61 Ther-
mochemical measurements, especially those based on h
pressure mass spectrometry, were the earliest substa
sources of data on solvated cluster anions, and together
negative ion photoelectron spectroscopy, they thus far h
supplied the majority of information about these species
the variation of their properties with the parameters, Y andn.

The first study to focus on the photodetachment of el
trons from an anion–molecule complex was conducted
OH2(H2O)1 in 1968 by Steiner, who obtained its photod
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7927J. Chem. Phys., Vol. 116, No. 18, 8 May 2002 Solvated anion clusters
tachment threshold spectrum in a tunable wavelen
experiment.62 Negative ion photoelectron spectroscopy is
fixed wavelength approach to conducting photodetachm
experiments. It utilizes electron energy analysis and yie
line spectra rather than threshold spectra. The first stud
apply this technique to a negative cluster ion was perform
on H2(NH3)1 in 1985 by our group.63 Subsequently, nega
tive ion photoelectron spectroscopy~both the continuous and
the pulsed versions! became widely used in studying so
vated cluster ions. We measured63–72 the spectra of
NO2(N2O)n51,2, NH2

2(NH3)1 – 2, H2(NH3)1 – 2,
NO2(H2O)n51 – 2, O2

2(Ar) 1 , and O2(Ar) n51 – 26,34.
Lineberger73 recorded the spectrum of H2(H2O)1 ;
Johnson74–78 studied O2

2(H2O)1 , O2
2(N2)1 ,

NO2
2(N2O)1 , and I2(CH3Cl)1 ; Cheshnovsky79–81 investi-

gated I2(H2O)n51 – 60, Br2(H2O)n51 – 16, Cl2(H2O)n51 – 7,
and Cl2(NH3)1 ; Neumark82–84 examined I2(CO2)n51 – 13,
I2(N2O)n51 – 12, and Br2(CO2)n51 – 11; and Nagata and
Kondow85 studied @(CO2)nH2O#2. In addition,
Brauman86–88 utilized tunable wavelength photodetachme
to study RO2(HF)1 and F2(ROH)1 @R5organic group#.

In this paper, we present the negative ion photoelect
spectra of several anion–neutral complexes in which the
ion is NO2. Nitric oxide plays a role in atmospheric photo
chemical cycles and in several important biological fun
tions. Here, we examine the anion solvation energetics
NO2(Y) n , in some cases as a function of cluster size and
others as a result of changing the nature of the solvent. In
cases of NO2(Ar) n51 – 14, NO2(Xe)n51 – 4, and
NO2(N2O)n53 – 5, we explore ion solvation as a function o
cluster size~and thus in a stepwise manner!, while in the
cases of NO2(Kr) 1 , NO2(H2S)1 , NO2(NH3)1 , and
NO2(EG)1 @EG5ethylene glycol#, we investigate the effec
of varying the nature~and thus the strengths! of the solvent
on ion solvation. Combining the results of this study w
those from our previous work on NO2(Y) n species, we cu-
mulatively have studied the effects of solvating NO2 with
the simple atomic solvents; Ar, Kr, and Xe and with the mo
complex molecular solvents: N2O, H2S, NH3, H2O, and
EG.

FIG. 1. A schematic diagram of the supersonic nozzle ion source use
generate NO2(Y) n cluster anions in this work.
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II. EXPERIMENT

A. Apparatus

Negative ion photoelectron spectroscopy is conducted
crossing a mass-selected beam of negative ions with a fi
frequency photo beam and energy analyzing the resul
photodetached electrons. Our negative ion photoelec
spectrometer has been described previously.89 Anions gener-
ated in a supersonic expansion ion source are acceler
collimated, and transported via a series of ion optical co
ponents, before being mass selected with anE3B Wien ve-
locity filter. The mass-selected ion beam is then focused
a field-free, collision-free interaction region, where it
crossed with the intracavity photon beam of an argon
laser operated at 488 nm~2.540 eV! and with a circulating
power of 150–200 W. A small solid angle of the resultin
photodetached electrons is accepted into the input optics
magnetically shielded, hemispherical electron energy a
lyzer, where the electrons are energy analyzed and coun
Photoelectron spectra in this study were recorded with
instrumental resolution of 30 meV and were calibrated,
fore and after each new cluster anion spectrum, using
well-known photoelectron spectrum90 of NO2.

B. Cluster anion production

The cluster anions, NO2(Ar) n , were generated by ex
panding 8–10 atm of argon through a 12mm nozzle into
vacuum, while a small amount of N2O was introduced into
the plasma via a secondary effusive ‘‘pick-up’’ line locate

to

FIG. 2. The negative ion photoelectron spectra of NO2(Ar) n50 – 14. The
origin containing peak, i.e., the~0,0! transition, is labeled with an* on each
spectrum.
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7928 J. Chem. Phys., Vol. 116, No. 18, 8 May 2002 Hendricks et al.
just above the nozzle. The source nozzle and cooling ja
temperatures were maintained at270 °C by recirculating
methanol through a dry ice/acetone temperature bath.
pick-up anion source is shown schematically in Fig. 1.
negatively biased filament (ThO2 /Ir) was used for ioniza-
tion, forming NO2 anions from the N2O pick-up gas, which
then clustered with the cold argon expansion, form
NO2(Ar) n51 – 14 cluster ion series. A predominantly axia
magnetic field confined the plasma and enhanced cluste
ion production. The cluster anions, NO2(Kr) 1 and
NO2(Xe)n51 – 4 were generated under source conditio
similar to those described above, except that 6 atm of a
mixture containing 25% Kr/Ar or 10% Xe/Ar, respectivel
was used behind the nozzle, and the source was mainta
at 0 °C. Typical filament emission current and bias we
5–10 mA and260 V, respectively.

For the production of NO2(N2O)n51 – 5, the same
source shown in Fig. 1 was used. A supersonic expan

FIG. 3. The negative ion photoelectron spectra of NO2(N2O)n51 – 5.
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was created with 4 atm of N2O behind a 17mm nozzle
maintained at270 °C. No pick-up gas was used. Typic
source conditions were 4 atm neat N2O gas behind a 17mm
nozzle, and a source temperature of270 °C. To generate
NO2(H2S)1 , 2–3 atm of a 5% H2S/Ar gas mixture was
expanded through a 25mm nozzle at a source temperature
263 °C. Nitrous oxide was introduced through the pick-
line into the expanding supersonic jet. Typical filament em
sion current and bias were 8 mA and2100 V, respectively.
Cluster anions of NO2(EG)1 were produced by coexpandin
2–3 atm of 0.3% EG/Ar gas mixture through a 25mm nozzle
at a source temperature between 60–90 °C. N2O was intro-
duced through the pick-up line. Typical filament emissi
current and bias were 25 mA and290 V, respectively.
NO2(NH3)1 was similarly generated, using 2–3 atm of ne
NH3 gas behind the nozzle and introducing N2O through the
pick-up line.

III. RESULTS

The negative ion photoelectron spectra
NO2(Ar) n50 – 14 are presented in Fig. 2, those fo

FIG. 4. The negative ion photoelectron spectra of NO2, NO2(Ar) 1 ,
NO2(Kr) 1 , and NO2(Xe)1 .
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NO2(N2O)n51 – 5 are given in Fig. 3, those for NO2,
NO2(Ar) 1 , NO2(Kr) 1 , and NO2(Xe)1 are shown in Fig. 4,
that of NO2(H2S)1 is presented in Fig. 5, and that o
NO2(EG)1 is presented in Fig. 6. The electron binding e
ergy ~EBE! of the origin transition’s peak center in eac
spectrum is indicated with an asterisk~* !, and this energetic
information is tabulated in Tables I–V. This information
also included for the spectra of those ion–neutral comple
which were recorded, but not shown. From the origin tran
tions, adiabatic electron affinities~EA’s!, ion–solvent disso-
ciation energies~D0’s!, sequential or stepwise ion solvatio
energies (SEstep), and total ion solvation energies (SEtotal)
were determined as described in Sec. V below and also t
lated in Tables I–V.

FIG. 5. The negative ion photoelectron spectrum of NO2(H2S)1 .

FIG. 6. ~a! The negative ion photoelectron spectrum of NO2(EG)1 @EG
5ethylene glycol#. ~b! The NO2(EG)1 spectrum with the spectral profile o
NO2 fit within it.
-
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IV. CHARACTERIZATION OF NO À
„SOLVENT…n

CLUSTERS

An important aspect of ion–neutral bonding concer
the distribution of excess negative charge over the nega
cluster ion. One might imagine two extreme charge distrib
tion categories; in one the excess charge is localized o
single component of the cluster ion, and in the other,
negative charge is dispersed over part or all of the clu
ion. The situation in which the excess charge is localized
a single component of the cluster ion is reminiscent of
usual notion of a solvated anion, where a central negative
is surrounded by a sheath of neutral solvent molecu
There, the central negative ion may be thought of as rem
ing largely intact even though it is perturbed by its solven
In this case, electrostatic interactions between the ion
solvent molecules presumably dominate the bonding.
other cases, however, charge dispersal effects may also m
significant contributions to the bonding. These contributio
may arise either in the sense of covalency in ion–neu
bonds or in the sense of excess electron delocalization
electron tunneling between energetically and structura
equivalent sites within the cluster ion. In favorable cases
photoelectron spectra of negative cluster ions can offer c
as to the nature of the excess charge distribution in th
species.

TABLE I. The values of EA, SEstep(n), and SEtot determined from the~0,0!
origin peaks in the spectra of NO2(Ar) n51 – 14 as described in the text. All
energies in eV.~Typical error is63 meV for EBE’s.!

n ~0,0! EBEa EA@NO(Ar)n# SEstep(n) SEtot

0 0.044 0.026 ¯ ¯

1 0.102 0.084 0.058 0.058
2 0.168 0.150 0.066 0.124
3 0.226 0.208 0.058 0.182
4 0.283 0.265 0.057 0.239
5 0.338 0.320 0.055 0.294
6 0.390 0.372 0.052 0.346
7 0.428 0.410 0.038 0.384
8 0.466 0.448 0.038 0.422
9 0.498 0.480 0.032 0.454
10 0.529 0.511 0.031 0.485
11 0.553 0.535 0.024 0.509
12 0.584 0.566 0.031 0.540
13 0.598 0.580 0.014 0.554
14 0.607 0.589 0.009 0.563

aEBE5electron binding energy.

TABLE II. The values of EA, SEstep(n), and SEtot determined from the~0,0!
origin peaks in the spectra of NO2(Xe)n51 – 4 as described in the text. All
energies in eV.~Typical error is63 meV for EBEs.!

n ~0,0! EBEa EA@NO(Xe)n# SEstep(n) SEtot

0 0.044 0.026 ¯ ¯

1 0.211 0.193 0.167 0.167
2 0.381 0.363 0.170 0.348
3 0.531 0.513 0.150 0.498
4 0.65 0.63 0.12 0.618

aEBE5electron binding energy.
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The nomenclature, NO2(Y) n , implies that an intact
NO2 ion interacts with, or is solvated byn neutral solvent
molecules of Y, which is to say that the excess nega
charge is essentially localized on the nitric oxide compon
of the cluster ion. In this solvated-ion~ion–neutral complex!
bonding picture, the perturbed NO2 subion acts as a ‘‘chro
mophore’’ for photodetachment. This in turn leads to a ph
toelectron spectrum for the NO2(Y) n cluster ion that closely
resembles the photoelectron spectrum of free unpertu
NO2, except for its features being shifted to higher electr
binding energy~corresponding to increased stabilization! and
perhaps, broadened.

The nitric oxide anion was the first molecular anion to
studied by negative ion photoelectron spectroscopy,91 and as

TABLE III. The values of EA, SEstep(n), and SEtot determined from the
~0,0! origin peaks in the spectra of NO2(N2O)n51 – 5 as described in the text
All energies in eV.~Typical error is63 meV for EBEs.!

n ~0,0! EBEa EA@NO(N2O)n# SEstep(n) SEtot

0 0.044 0.026 ¯ ¯

1 0.265 0.247 0.221 0.221
2 0.520 0.502 0.255 0.476
3 0.747 0.729 0.227 0.703
4 0.964 0.946 0.217 0.920
5 1.146 1.128 0.182 1.102

aEBE5electron binding energy.
e
t

-

ed
n

such, it has a very well-characterized photoelectr
spectrum.90 When an electron is attached to NO to for
NO2, it is accommodated in an antibonding orbital, and t
nitrogen–oxygen bond length increases from 1.151 Å92 in
NO to 1.258 Å91 in NO2. ~A NO2 bond length of 1.267 Å
also appears in the literature.93! This structural difference
between the anion and its corresponding neutral results in
photoelectron spectrum of NO2 being a vibrationally re-
solved envelope which exhibits (n8,n9) transitions between
the n950 vibrational level of NO2 and then850 – 6 vibra-
tional levels of NO. Transitions from highern9 levels of
NO2are not observed due to autodetachment. The transi
NO (X 2P,n850)←NO2(X 3S2,n950), corresponds to
the origin transition~0,0! and is labeled with an asterisk~* !
in Figs. 2–6. When the center-of-mass electron kinetic
ergy corresponding to the center of this peak is subtrac
from the photon energy~2.540 eV!, one obtains a nomina
electron affinity for NO of 0.044 eV. Consideration of rot
tional and spin–orbit effects leads to a correction of20.018
eV to this value to yield the accepted value of 0.026 eV
the adiabatic electron affinity~EA!90 of NO.

Our interpretation of the photoelectron spectra
NO2(Y) n is that they can be viewed as the spectra of NO2

ions which have been perturbed to one extent or anothern
solvent molecules, Y. We therefore assign the peak aris
from the origin transition in the photoelectron spectrum
the NO2 subion to be the nominal adiabatic electron a
ectron
ies
TABLE IV. Spectral assignments, vibrational spacings, and relative peak intensities for the photoel
spectra of NO2, NO2(Ar) 1 , NO2(Kr) 1 , and NO2(Xe)1 are tabulated along with the electron binding energ
~EBE! of their ~0,0! origin peaks plus the extracted EA and anion–solvent dissociation energy,Do, values.
~Typical error is63 meV for EBEs.!

Assignment
peak (n8,n9)

Spacing between
adjacent peaks~cm21!

Normalized
peak intensity

~0,0! EBE
~eV!

EA@NO(Ar)1#
~eV!

Do

~eV!

NO2

~0,0! ¯ 0.121 0.044 0.026 ¯

~1,0! 1875 0.307
~2,0! 1848 0.312
~3,0! 1820 0.177
~4,0! 1791 0.064
~5,0! 1763 0.019
NO2~Ar!
~0,0! ¯ 0.123 0.102 0.084 0.068
~1,0! 1895 0.283
~2,0! 1873 0.298
~3,0! 1820 0.193
~4,0! 1796 0.078
~5,0! 1749 0.025
NO2~Kr!
~0,0! ¯ 0.118 0.143 0.125 0.111
~1,0! 1889 0.288
~2,0! 1872 0.302
~3,0! 1824 0.187
~4,0! 1768 0.080
~5,0! 1773 0.025
NO2~Xe!
~0,0! ¯ 0.124 0.211 0.193 0.182
~1,0! 1887 0.283
~2,0! 1862 0.303
~3,0! 1792 0.186
~4,0! 1778 0.077
~5,0! ¯ 0.027
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finity of the respective NO2(Y) n clusters. The same correc
tion of 20.018 eV was then applied to these values. T
resulting EA values for NO~Y!n clusters are listed in Table
I–V.

V. CLUSTER ION ENERGETICS

The energetic relationships between the generic solv
anion clusters,X2(Y) n , and their corresponding neutra
clusters,X(Y) n , are expressed through the identities

EA@X~Y!n#5EA@X#1 (
m50

n21

D@X2~Y!m¯Y#

2 (
m50

n21

DWB@X~Y!m¯Y#, ~1!

and

EA@X~Y!n#5EA@X~Y!n21#1D@X2~Y!n21¯Y#

2DWB@X~Y!n21¯Y#, ~2!

where EA@X(Y) n# denotes the adiabatic electron affinit
D@X2(Y) m¯Y# is the ion–neutral dissociation energy f
the loss of a single solvent, Y, from a given cluster anion, a
DWB@X(Y) m¯Y# is the analogous neutral cluster wea
bond dissociation energy for the loss of a single solvent
from a given neutral cluster. Naturally, both of these dis
ciation energies areDo’s rather thanDe’s. Since ion–solvent
interaction energies generally exceed van der Waals b
strengths, it is evident from Eq.~1! that clustering can be
expected to stabilize the excess electronic charge on a n
tive ion, i.e., the electron affinities of clusters should incre
with cluster size. An example of this is seen in the pho
electron spectra of NO2(Y) n , where the subion is stabilize
as the number of solvent atoms increases, shifting the spe
toward higher and higher electron binding energies. Even
ally, however, as the mean number of solvent neighbors
teracting with the anion becomes constant, this trend sho
reach a limit, and cluster electron affinities will become
dependent of cluster size. For these reasons, one expec
values to increase relatively rapidly with cluster size
small n and then to approach a limiting value at some lar
n. At still another level of refinement, one may anticipate t
existence of structured EA versusn envelopes, due to unusu
ally stable species such as those associated with filled so
tion shells.

TABLE V. EAs and stepwise stabilization energies, SEstep(1)’s, determined
from the ~0,0! peaks in the spectra of the NO2(molecular solvent)1 com-
plexes reported here. All energies are in eV.~Typical error is620 meV for
EBEs.!

Species ~0,0! EBEa EA@NO~Solvent!# SEstep

NO2 0.044 0.026 ¯

NO2(N2O)1 0.265 0.247 0.221
NO2(H2S)1 0.286 0.268 0.242
NO2(NH3)1 0.50 0.48 0.45
NO2(H2O)1 0.77 0.75 0.72
NO2(EG)1 1.22 1.20 1.17

aEBE5electron binding energy.
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From Eq. ~2! it follows that the relationship betwee
electron affinities of adjacent-sized NO2(Y) n clusters can be
expressed as

EA@NO~Y!n#2EA@NO~Y!n21#

5Do@NO2~Y!n21¯Y#2DWB@NO~Y!n21¯Y#. ~3!

The change in a cluster’s EA upon the addition of a sin
solvent is the stepwise or sequential stabilization~solvation!
energy, SEstep

SEstep~n!5EA@NO~Y!n#2EA@NO~Y!n21#. ~4!

Substitution of Eq.~4! into Eq.~3! leads to an expression fo
a given cluster anion single solvent dissociation energy
terms of SEstep(n) andDWB

Do@NO2~Y!n21¯Y#5SEstep~n!

1DWB@NO~Y!n21¯Y#. ~5!

The neutral–neutral interaction energy (DWB) in Eq. ~5! is
typically substantially smaller than the ion–solvent intera
tion energy (Do), and so in cases whereDWB is not known,
its relatively minor contribution may be neglected, resulti
in the relatively good approximation that the anion sing
solvent dissociation energy is essentially equal to the seq
tial solvation energy

Do@NO2~Y!n21Y#'SEstep~n!. ~6!

The total stabilization~solvation! energy SEtot(n) is the dif-
ference between the EA of a given NO~Y!n cluster and the
EA of NO ~which is also equal to the sum of all the ind
vidual sequential stabilization energies for a given cluster
of size,n!

SEtot~n!5EA@NO~Ar!n#2EA@NO#,

SEtot~n!5 (
m51

n

SEstep~m!. ~7!

Again, given that weak bond dissociation energies are
always known, substitution of Eq.~6! into Eq.~7! shows that
SEtot(n) is an approximation to the total ion–solvent diss
ciation energy of a given NO2(Y) n cluster

SEtot~n!' (
m51

n

D@NO2~Y!m21¯Y#. ~8!

In the following sections, the results presented in this pa
are interpreted in terms of Eqs.~1!–~8!.

VI. INTERPRETATION AND DISCUSSION

A. NOÀ
„Ar …nÄ1 – 14 , NOÀ

„Xe…nÄ1 – 4 , and NOÀ
„N2O…nÄ1 – 5

Our previous photoelectron study of O2(Ar) n explored
the solvation of a monatomic anion by simple monatom
solvents, which themselves interact with one another o
weakly.69 In the present study of NO2(Ar) n , additional ele-
ments of complexity have been added by making the io
heteronuclear diatomic molecular anion. As in the case
O2(Ar) n , in this study there are three main types of info
mation to be interpreted: total stabilization energy vers
cluster size data~SEtot versus n!, the appearance of an
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magic numbers in the mass spectrum, and stepwise stab
tion energy versus cluster size data~SEstep versusn!. The
photoelectron spectra of NO2(Ar) n51 – 14 are presented in
Fig. 2, and the energetic information extracted from them
given in Table I.

In Fig. 7, the SEtot values of both NO2(Ar) n and
O2(Ar) n are plotted as a function of cluster size~number of
argon atoms per cluster ion!. For both systems, the size d
pendencies of SEtot show smoothly increasing trends throug
n512, at which point a decrease in the values of their slo
occurs. This is obvious at a glance for O2(Ar) n , where the
data extend out ton526, and upon closer inspection of th
data, it is also seen to be the case for NO2(Ar) n . Thus, for
n.12, the average stabilization energy per argon atom
creases for both systems, implying that additional argon
oms beyondn512 are being shielded from the subion. Th
is interpreted for NO2(Ar) n , as it was previously for
O2(Ar) n , as evidence that the first solvation shell around
subion closes with the addition of the 12th argon atom, an
suggests, in analogy with O2(Ar) n , that the structure of this
closed solvation shell is an icosahedral cage with the
inside.

Although the size dependencies of SEtot for NO2(Ar) n

and O2(Ar) n are indeed similar to each other in most r
spects, SEtot(n) values for NO2(Ar) n are consistently smalle
than SEtot(n) values for O2(Ar) n of the same size,n. This is
presumably due to NO2 having a more diffuse excess ele
tron distribution than O2. Said differently, the trends in Fig
7 suggest~if they can be assumed to continue with size! that
NO2 will have a smaller total stabilization energy in bu
argon than will O2. Bulk solvation energies can be estimat
using the Born equation, and they are inversely proportio
to Ri , the radius of the ion. Thus, for a given solvent, t
larger of the two ions, i.e., NO2, is expected~consistent with
the argument above! to have the smaller total stabilizatio
energy in bulk, essentially because its excess charge occu
the greater volume, i.e., its excess electron distribution
more diffuse.

Returning to the issue of the first shell closing
NO2(Ar) n , evidence that it occurs atn512 is also provided
by mass spectral data. We observed a single magic num
at n512, in the mass spectrum of NO2(Ar) n . The closing of

FIG. 7. The total stabilization~solvation! energy (SEtot) of NO2(Ar) n as a
function of the number of argon atoms per cluster anion. The SEtot values for
O2(Ar) n are also presented in this figure for comparison.
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the first solvation shell in NO2(Ar) n at n512 and our inter-
pretation of its structure as being icosahedral are also con
tent with mass spectral studies of the cationic cluste
NO1~Ar!n , by Feigerle and Miller.94 Their cation mass spec
trum contained a magic number atn512 which was attrib-
uted to the formation of an icosahedral structure with NO1

inside a cage of argon solvents.
The size dependence of stepwise stabilization ener

also provides strong evidence for a solvation shell closing
n512 both in NO2(Ar) n and in previously studied
O2(Ar) n , and both of these plots are shown in Fig. 8. T
stepwise stabilization energy, SEstep, is the change in the
electron affinity of a given cluster upon the addition of
single solvent@see Eq.~4!#. Also, the dissociation energy fo
a given cluster anion losing a single solvent is given by E
~5!, and it is approximately equal to the stepwise stabiliz
tion energy. Thus, SEstep(n) represents the additional stabil
zation energy acquired by a cluster anion of size,n, by the
addition of thenth solvent atom or molecule. To first orde
one expects the size dependence of SEstep to decrease mono
tonically with n, since the interaction between an ion and
first few solvents is expected to be the strongest, and
stabilizing effect of each additional solvent tends to dimin
as the cluster ion grows. Deviations from this expectation
the result of the presence of unusually stable structures. G
erally speaking, both NO2(Ar) n and O2(Ar) n follow the
expected trend, and there is a remarkable quantitative s
larity between most of the data for these two systems. Ho
ever, in both series, local maxima are seen in these p
indicating enhanced stability for specific sizes of cluster
ions. The largest single local maximum in the SEstepplot for
O2(Ar) n occurs atn512, followed by an abrupt drop in
SEstep for n513 andn514. Consistent with our interpreta
tion based on SEtot(n) and mass spectral data, this is taken
be additional evidence for an unusually stable structure
n512, specifically the closing of the first solvation she
around O2 by an icosahedral cage of argon atoms. The sh
drops in SEstepvalues atn513 andn514 are consistent with
the 13th and 14th argons sensing an O2 subion that is sub-
stantially shielded by the cage, i.e., the sheath of 12 arg
comprising its first closed solvation shell. The situation f

FIG. 8. The stepwise stabilization energies (SEstep) of NO2(Ar) n as a func-
tion of cluster size. The SEstepvalues for O2(Ar) n are also presented in this
figure for comparison.~Typical errors for these data were65 meV or less.!
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NO2(Ar) n at n512 is completely analogous to that o
O2(Ar) n at the same size. The SEstep versus n plot for
NO2(Ar) n also shows a local maxima atn512, with abrupt
drops in SEstep values atn513 and 14. As in the case o
O2(Ar) 12, our interpretation of NO2(Ar) 12’s structure is
that the NO2 anion sits inside an icosahedral cage of
argon atoms. Interestingly, the value of SEstep at n512 is
nearly identical for both systems. This is essentially the
ergy required to remove one argon atom from the icosahe
cage, i.e., to disrupt it. The fact that this energy should
indifferent to whether O2 or NO2 is inside~given that both
can fit there! is consistent with the structure atn512 being
an unusually stable cage.

One might expect that differences between the solva
of a spherical ion, such as O2, and a rod-like ion, such a
NO2, by a common solvent would be most pronounced w
relatively small numbers of solvents, and that is what we
in Fig. 8. In addition to NO2(Ar) n displaying smaller SEstep

values than does O2(Ar) n for the first few numbers of sol
vents, a second local maximum is also seen in the step
stabilization energy plot for NO2(Ar) n , and it occurs atn
52. Such a local maximum does not occur among the fi
few solvents in the SEstep plot for O2(Ar) n , and its occur-
rence atn52 in NO2(Ar) n is, at first sight, unexpected
Nevertheless, it was observed repeatedly in data set after
set, and we believe it to be real. Calculations
Chalasinski95 found the global minimum structure o
NO2(Ar) 1 to be a collinear structure, either@Ar¯(O–N)2#
or @Ar¯(N– O)2#, with the former structure being slightl
lower in energy. While these calculations did not specifica
explore the potential surface of (NO)2Ar2 , one might ex-
pect, based on examining the (NO)2Ar1 surface, that a sec
ond argon would attach itself to the other end~the nitrogen
end! of NO2. If so, this would not result in the SEstep for
n52 increasing in value over that ofn51, as is actually
observed. Based on the experimental evidence, it se
more likely that the second argon atom is adding to the sa
end of NO2 as did the first, forming a Y-shaped structure f
(NO)2Ar2 . In this case, the second argon would be sta
lized not only by the NO2¯Ar interaction energy~;58
meV!, but also by the Ar̄ Ar interaction energy, which is
;12 meV.96,97Consistent with this, the measured increase
SEstep for n52 over that forn51 is 8 meV.

While the present study is certainly not a structural d
termination, it is interesting to speculate, based on our d
and available theoretical guidance, about the structures o
NO2(Ar) n cluster anions having several more argon s
vents. Using Monte Carlo methods, Amar98 has calculated
the minimum energy structures for Br2

2~Ar!n52 – 13, thereby
examining the structures of a different diatomic anion s
vated by argon atoms. Some of what he found for Br2

2~Ar!n

may be analogous to NO2(Ar) n , while some of it is not. For
example, he found that Br2

2~Ar!11 forms a particularly stable
structure of icosahedral geometry, with one bromine at
residing inside the icosahedral argon cage and with the o
bromine atom forming part of the wall of the cage. This
different from what we observe for NO2(Ar) n . We see a
prominent SEstep feature at 12 argons, but not at 11 argo
implying that the entire NO2 subion is inside the cavity, an
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that it does not form part of the skin of the cage. Amar a
found that the first five rare-gas solvent atoms add around
waist of the homonuclear diatomic molecular anion, Br2

2.
Figure 8 shows that NO2(Ar) n’s SEstep values, while de-
creasing gradually fromn53 – 6, are actually fairly constan
there, falling precipitously only byn57. ~We see nothing
special atn55.! Could this ‘‘shelf’’ betweenn53 – 6 be the
result of four argon atoms~the 3rd through the 6th! adding
themselves around the waist of the NO2 subion? If one as-
sumes that all of the foregoing is valid and then combine
to make an educated guess, NO2(Ar) 6 could be envisioned
with two of its argon atoms bound to the oxygen end of NO2

in a Y configuration and with the other four argon atom
distributed around the waist of the NO2 subion’s molecular
axis. This would look somewhat like a ‘‘Pac-man’’ structur
with the ion largely covered, but not completely enveloped
argon atoms.

The photoelectron spectra of NO2(Xe)n51 – 4 all exhibit
the now familiar spectral fingerprint of the NO2 subion, just
shifted to higher electron binding energies with increas
cluster size and broadened. Energetic information, extra
from these spectra, is presented in Table II. We did not
low this series up far enough in cluster size to see the clos
of the first solvation shell, but the qualitative trend in the s
dependence of SEstep is interesting. It shows a small loca
maxima atn52 ~see Table II!, just as NO2(Ar) n did. The
magnitude of the energy difference between SEstep at n51
and SEstep at n52 is less than expected, based on the fo
going discussion, but this may be misleading, since the d
quality for this system was somewhat lower than that
NO2(Ar) n . The significant point here is that SEstepdoes not
decrease smoothly fromn51 to n52, as it does in substan
tial increments fromn52 ton53 and fromn53 ton54. In
fact, SEstep increases slightly fromn51 to n52.

In a previous study, we reported64 on the photoelectron
spectra of NO2(N2O)n51,2. Here, we add NO2(N2O)n53 – 5

to this series, providing cumulative data o
NO2(N2O)n51 – 5. The photoelectron spectra o
NO2(N2O)n51 – 5 are presented in Fig. 3, and energetic
formation extracted from them is given in Table III. Here,
in the case of NO2(Xe)n , we have not followed the
NO2(N2O)n series up in size far enough to see the closing
its first solvation shell, but the trend in the size depende
of SEstep is again interesting at small sizes. Inspection of t
SEstepversusn data for NO2(N2O)n51 – 5 in Table III reveals
that, in this system as well, there is a pronounced lo
maxima atn52. Local maxima in SEstepversusn plots have
their origin in attractive, neutral–neutral interactions. T
increase in SEstepin going fromn51 to n52 is 34 meV, and
while the interaction energy between two neutral nitrous
ide molecules is apparently not known,;30–40 meV is
probably a reasonable estimate of its actual value. This s
ports the hypothesis that the first two solvents bind relativ
close to each other at one end of the NO2 subion, in order to
get stabilization from both NO2¯solvent and solvent–
solvent interactions. If, as appears to be the case, the oc
rence of local SEstep maxima at small cluster sizes is due
some specific property of NO2 and how it interacts with
solvents, then it would be interesting to see whether SEstep
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size dependencies for O2(Y) n species show the same effec
In fact, we have already seen that O2(Ar) n exhibits no such
local maxima atn52 in its SEstep size dependence, nor fo
that matter does it show any local maxima belown56. Also,
while we do not have data for O2(N2O)n , it is noteworthy
that neither our O2(Kr) n51 – 5 nor our O2(Xe)n51 – 3 photo-
electron data show any local maxima in their SEstep size
dependencies.99 So, why should NO2(Y) n , but not
O2(Y) n , exhibit local SEstep maxima atn52? After all, it
might seem that if the second solvent in NO2(Y) 2 gets its
stabilization from the combination of both NO2

¯Y and
Y¯Y interactions, then the second solvent in O2(Y) 2

should do the same, giving rise to a local maxima atn52 in
the SEstepsize dependence of O2(Y) n . While the anisotropy
of the NO2

¯solvent potential is presumably at the root
the reason for why the first two solvents attach themselve
the same end of NO2 in NO2(Y) 2 , we postulate the follow-
ing explanation for why the first two solvents to attach on
O2 apparently do not interact closely with one another. T
electronic configuration of O2 is 1s22s22p5, and rare-gas
atoms often act as weak bases in the bonding of wea
bound complexes. Since linear N2O is a very poor acid, it
probably acts as a weak base as well. Thus, the first
solvents should preferentially interact with the one half-fill
p orbital of O2. This would result in a linear structure fo
O2(Y) 2 , e.g., Ar̄ O2

¯Ar, with the first two solvents well
separated from one another at the opposite lobes of the
erative p orbital. Recently, Fajardo has performed calcu
tions that support our contention that O2(Ar) 2 is linear with
the O2 ion in the middle.100 Of course, as more solvents a
added, the stabilization from solvent¯solvent interactions
will begin to come into play, but by then, it will act princi
pally to moderate the descending slope of the SEstepversusn
plot. Exceptions will be those structures which have unus
stability by virtue of their especially attractiv
solvent̄ solvent interactions.

Furthermore, an interesting development has occu
since our original paper on NO2(N2O)n51,2. Hiraoka, using
high-pressure mass spectrometric techniques, has rep
thermochemical evidence for covalent bond formation
NO2(N2O)1 , i.e., N3O2

2 and higher clusters.101 His and our
experiments are mutually complementary, but both have t
blind spots on this issue. It is rather challenging in his e
perimental environment to make and to maintain an anion
delicate as NO2 ~NO has a low EA!. In our experiment, we
do not yet have the ultraviolet photons available that wo
likely be necessary to detect the presence of anions s
as N3O2

2 by photodetachment~N3O2 probably has an
EA by .2.5 eV!. Nevertheless, it is evident from th
NO2 fingerprint seen in our photoelectron studies th
NO2(N2O)n51,2 as well as NO2(N2O)n53 – 5 all exist, at
least initially, as anion–molecule complexes with intact
O2subions. Hiraoka’s experiment operates on an inhere
longer time scale than ours~seconds versus milliseconds!,
and interestingly, his results seem to imply that, giv
enough time and collisions, at least some of the NO2(N2O)n

ion–molecule complexes that we observe will interna
react to form covalent anions and clustered covalent an
of the form N3O2

2(N2O)m . Our present studies o
to

e

ly

o

p-
-

al

d

ted

ir
-
s

d
ch

t

ly

ns

NO2(N2O)n53 – 5 take on added significance in this ligh
given that they provide significantly more reactants ‘‘o
board’’ the cluster ion and thus more opportunity for intern
ion–molecule reactions than did our earlier work wi
smaller cluster ions. Still, we see strong spectroscopic
dence for the presence of intact NO2 subions in the larger as
well as the smaller of these species. Nevertheless, the an
products of internal ion–molecule reactions involving clus
ions of nitrogen oxides may well be occurring side by si
with anion–molecule complexes, as implied by the combi
tion of Hiraoka’s and our work together. Another examp
of the formation of covalent anions in clusters may be fou
in the Rydberg electron transfer studies of nitric oxi
clusters by Carman,38 in which he proposed the formatio
of a (NO)3

2 core solvated by nitric oxide dimers, i.e
(NO)3

2@(NO)2#x .

B. NOÀ
„Ar …1 , NOÀ

„Kr …1 , NOÀ
„Xe…1

Thus far in this paper, we have examined the gas-ph
solvation of nitric oxide anions as a function of cluster siz
Now, we consider the effect on their solvation caused
changing the nature of the solvent in single solvent co
plexes. In this particular section, we present a compara
study of the relatively simple complexes, NO2(Ar) 1 ,
NO2(Kr) 1 , NO2(Xe)1 . Inspection of their photoelectron
spectra in Fig. 4 reveals the well-known spectral signature
NO2 in every case. While this fingerprint pattern shifts
higher EBEs and broadens in going from NO2(Ar) 1 to
NO2(Kr) 1 to NO2(Xe)1 , Table IV shows that neither thei
vibrational spacings nor their relative peak intensities ha
been altered significantly upon solvation with single rare-g
solvents. If the interaction between NO2 and any of these
rare-gas solvents had been strong enough to change the2

bond length, this would have revealed itself, as it did in o
previous study64 of NO2(N2O)1 , through a measurable
change in the Franck–Condon profile~the relative peak in-
tensities! of the NO2 subion pattern. The fact that it did no
supports the contention that these are simple system
which the rare-gas atom only weakly perturbs the NO2

subion. Nevertheless, the excess electron on a nitric o
anion is stabilized to some extent by its interaction with
rare-gas solvent, and the degree of its stabilization is
flected directly in its electron affinity, EA, and indirectl
through its ion–single solvent dissociation energy,Do .
Equation~5! shows thatDo is the sum of SEstep, which we
measure, andDWB , which is usually relatively small, but no
necessarily known. In the case of these systems, howe
the neutral weak-bond dissociation energies,DWB , are
known, and they are;10,;12, and;15 meV for NO(Ar)1 ,
NO(Kr)1 , and NO(Xe)1 , respectively.102–107The availabil-
ity of these numbers allows us to reportDo values by
adding the corresponding values of SEstep and DWB . They
are: Do@NO2

¯Ar#568614 meV, Do@NO2
¯Kr#5111

618 meV, andDo@NO2
¯Xe#5182623 meV. The cited

errors are the result of combining the reported error inDWB

values and our assessment of the error in measured Sstep

values.
Inspection of Table IV sows that both EA andDo for
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these ion–neutral complexes increase with increasing r
gas atom polarizabilities, and Fig. 9 shows that the relati
ship betweenDo and rare-gas atom polarizability,a, is linear.
The Do values reported here are, of course, also anio
solvent interaction energies, and the linearity of Fig. 9 i
plies that the ion-induced dipole interaction is the main
teraction between a NO2 subion and a rare-gas atom,
expected. A linear least-squares fit of the threeDo versusa
data points plus the origin as a fourth point results in a go
straight line having a correlation coefficient of 0.999. E
trapolation of this line~see Fig. 9! leads to estimates of ion–
neutral dissociation energies for the complexes, NO2(He)1 ,
NO2(Ne)1 , and NO2(Rn)1 . Using polarizability values of
0.205 Å3, 0.396 Å3, and 5.3 Å3 for He, Ne, and Rn,
respectively,108–110 the resultant ion–neutral dissociatio
energies are Do@NO2

¯He#57 meV, Do@NO2
¯Ne#

516 meV, and Do@NO2
¯Rn#5238 meV. Interestingly,

Chalasinski95 has calculatedDe@NO2
¯He# to be 8.7 meV.

The nitric oxide anion–radon interaction energy and
method of its determination are also noteworthy. Radon
two prominent physical properties: it is ‘‘sticky’’~it has a
large polarizibility!, and it is radioactive. Because of th
former, it may be possible to take advantage of its very s
stantial ion–neutral radon interaction energy to collect a
concentrate the radon, either for analytical or for scrubb
purposes. Since the ion–neutral radon interaction energ
about an order of magnitude greater than the compar
neutral–neutral radon interaction energy~using NO2

¯Rn
and an extrapolation for NŌ Rn as prototypes!, the collec-
tion of radon by ion precipitation or high surface area i
adsorption might potentially be more effective than presen
used neutral adsorption techniques.~Conversely, the adsorp
tion of radon on charged biological surfaces and on char
airborne particulates might be more dangerous to health
its weaker adsorption on uncharged biological surfaces
neutral dust/smoke particles.! Because radon is radioactiv
and has a short half-life, it is also unlikely that one wou
elect to measure ion–neutral radon interaction energies

FIG. 9. A plot of the ion–solvent dissociation energies of NO2(Ar) 1 ,
NO2(Kr) 1 , and NO2(Xe)1 vs the polarizabilities of their correspondin
rare-gas solvents.~The polarizability of each rare-gas atom is indicated
arrows at the top of the figure.! A linear relationship is evident, and it
extrapolation is shown as a dotted line.
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rectly. Given the linear relationship between ion–rare-g
atom interaction energies and rare-gas atom polarizabilit
this extrapolation approach is probably a general method
indirectly obtaining ion–neutral radon interaction energ
for arbitrary ions. Such numbers might be useful in desig
ing ion-based radon collection media.

While still on the subject of ion-induced dipole intera
tions, it is interesting to consider how much they contribu
to total anion–molecule interaction energies. For exam
the ~total! ion–neutral dissociation energies of NO2(N2O)1

and NO2(H2O)1 were previously determined in our lab to b
258 meV64 and 720 meV,68 respectively, using the approxi
mation in Eq.~6!. Based on polarizabilities alone, extrapol
tions from the linear fit in Fig. 9 predictDo’s of only ;120
and ;60 meV for NO2(N2O)1 and NO2(H2O)1 , respec-
tively. Thus, for NO2(N2O)1 , ;45% of its total ion–neutral
dissociation energy is due to ion-induced dipole interactio
with most of the remainder presumably due to ion
permanent dipole interactions. For NO2(H2O)1 , on the
other hand, where the solvent is both polar and capable
strong hydrogen bonding, only;8% of its total ion–neutral
interaction energy is due to ion-induced dipole interaction

In the cases of NO2(Ar) 1 and its corresponding neutra
NO(Ar)1 , there is enough additional information availab
to make unique refinements to our analysis. As noted ear
Chalasinski has conducted theoretical calculations
NO2(Ar) 1 , finding its global minimum to correspond to
collinear structure.95 Furthermore, scattering experiments b
Thuis104 and by Casavecchia,105 and theoretical calculation
by Alexander107 have provided potential energy curves th
show the global minimum of neutral NO(Ar)1 to correspond
to a ‘‘T’’-shaped geometry. Since photodetachment is a v
tical process, transitions from the ground state of the an
will access the neutral’s potential surface at the geometry
the anion. By locating NO2(Ar) 1’s calculated ground-state
geometry on NO(Ar)1’s potential surface, one finds that th
photodetachment of electrons from NO2(Ar) 1 accesses the
neutral’s potential surface;4 meV above the energy o
NO(Ar)1’s T-shaped, global minimum configuration. In th
light, our reported EA for NO(Ar)1 of 8465 meV is slightly

FIG. 10. Summary of SEtot vs n results for NO2(Ar) n51 – 6, NO2(Kr) 1 ,
NO2(Xe)1 – 4, NO2(N2O)n51 – 5, NO2(H2S)1 , NO2(NH3)1 ,
NO2(H2O)n51 – 2, and NO2(EG)1 . ~Results for NO2(Ar) 7 – 14 are not
shown on this graph due to lack of space.!
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too large, and it should be refined by24 meV to 80
65 meV. While the magnitude of this correction is subje
to several uncertainties, this exercise does provide an ap
ciation for the size of this effect in these systems, implyi
that it is minor.

The ion–solvent dissociation energy of NO2(Ar) 1 is
given by rearranging Eq.~3!

Do@NO2
¯Ar#5EA@NO~Ar!# – EA@NO#

1DWB@NO¯Ar#. ~9!

Using 84 meV as our experimentally determined value
EA@NO~Ar!#, 26 meV as the literature value for EA@NO#,
and 10 meV as the literature value forDWB@NO¯Ar#, gives
68 meV forDo@NO2

¯Ar#, as already mentioned. Then, em
ploying the24 meV correction to EA@NO~Ar!# from above
yields 64 meV for Do@NO2

¯Ar#. Interestingly,
Chalasinski’s95 calculations predictDe for NO2~Ar! to be
509 cm21 ~63 meV!. This discussion might seem to sugge
a need to further refine theDo values used to make Fig. 9
However, since we do not know the analogous correction
the EAs of NO(Kr)1 and NO(Xe)1 , and since, in any case
they would have a near-negligible effect on extrapolatedDo

values derived from this plot, we have not attempted to
prove theDo’s used to make it.

We close this section with a word about the practica
of the approximation in Eq.~6!, and we illustrate the poin
for anion–rare-gas systems with NO2(Ar) 1 and Eq. ~9!.
While the neglect ofDWB@NO¯Ar#, called for in the ap-
proximation, causesDo@NO2

¯Ar# to be underestimated, th
use of SEstep(1), i.e., EA@NO~Ar!#–EA@NO#, has the oppo-
site effect, since uncorrected EA@NO~Ar!# values tend to be
slightly too large. Thus, in the practical application of th
commonly used approximation, there is a partial compen
tion of unknowns that leads to somewhat better values
ion–solvent dissociation energies than one might have
pected,viz., D0@NO2

¯Ar#558 meV using the approxima
tion versus 64 meV upon applying both corrections.

C. NOÀ
„H2S…1 , NOÀ

„NH3…1 , NOÀ
„H2O…1 ,

and NOÀ
„EG…1

The photoelectron spectrum of NO2(H2S)1 shows the
characteristic spectral fingerprint of the NO2 subion, and is
presented in Fig. 5. The photoelectron spectrum
NO2(EG)1 is shown in Fig. 6~a!, and neither it nor the pho
toelectron spectrum of NO2(NH3)1 shows a resolved NO2

subion profile. Note, however, that the NO2 subion profile
fits neatly within the NO2(EG)1 spectrum@see Fig. 6~b!#,
permitting the extraction of the~0,0! transition energy for
NO2(EG)1 . The ~0,0! transition energy for NO2(NH3)1

was extracted from its photoelectron spectrum in an an
gous way. The same kind of behavior was seen
NO2(H2O)1 in our previous study of it.68 There too, the
spectral profile of the NO2 subion fit nicely within the un-
resolved photoelectron spectrum of NO2(H2O)1 , indicating
that its features had been broadened by its interaction
water. We presume that the same has happened in the
of NO2(EG)1 and NO2(NH3)1 . The SEstep(1) values~re-
call that SEstep'D0! for all four of these anion–molecul
t
re-

f

t

to

-

a-
r

x-

f

o-
r

th
ses

complexes are listed in Table V, where their ion–neutral
teraction energies are seen to decrease in the or
NO2(EG)1 , NO2(H2O)1 , NO2(NH3)1 , NO2(H2S)1 . It
appears that the extent of spectral broadening in their ph
electron spectra is related to the strength of their ion–neu
interactions. Also, notice that NH3 behaves more like H2O
than does H2S, probably reflecting the relatively weak hy
drogen bonding propensity of H2S.

VII. SUMMARY OF SEtot VERSUS n RESULTS
FOR THE SYSTEMS STUDIED

The present photoelectron study of NO2(Y) n cluster
ions complements the two other photoelectron studies on
vated nitric oxide anion systems that we have conduc
previously.64,68 The energetics for all of the NO2(Y) n spe-
cies we have studied to date are summarized in Fig. 10@see
Fig. 7 for n57 – 14 in NO2(Ar) n#. Figure 10 plots SEtot(n)
versus n for NO2(EG)1,2, NO2(H2O)1,2, NO2(NH3)1 ,
NO2(H2S)1 , NO2(N2O)1 – 5, NO2(Xe)1 – 4, NO2(Kr) 1 ,
and NO2(Ar) 1 – 6. Taken together, the data plotted here
flect the considerable range of interactions involved in io
neutral bonding.
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