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Anion solvation at the microscopic level: Photoelectron spectroscopy
of the solvated anion clusters, NO ~(Y),, where Y =Ar, Kr, Xe, N,O, H,S,
NH;, H,O, and C,H,(OH),
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The negative ion photoelectron spectra of the gas-phase, ion-neutral complexe@rNO; _14,

NO™ (Kr);, NO™ (Xe)n=1_4, NO"(N,0),,-3_5, NO"(H,S),;, NO"(NH3),, and NO (EG), [EG
=ethylene glyco] are reported herein, building on our previous photoelectron studies of
NO™(N,0);, and NO (H,0);,. 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 stabilizati@olvation) energies for each of the species studied.

An examination of NO (Ar),,-1_14 €nergetics as a function of cluster size reveals that its first
solvation shell closes at=12, with an icosahedral structure there strongly implied. This result is
analogous to that previously found in our study of (@r),,. Inspection of stepwise stabilization
energy size dependencies, however, suggests drastically different structures TAMNOand

O™ (Ar),, 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
NO™(Ar),, NO™(Kr)4, and NO (Xe),, 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 NO (rare gas atominteraction energies for
helium, neon, and radon, as well. The relative strengths of the molecular solve@tsHpS, NH;,

H,O, 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.

[DOI: 10.1063/1.1457444

I. INTRODUCTION rally, the variation of these can cause significant changes in
the energetic, structural, and dynamic properties of the re-
Anion solvation at the microscopic level is strongly in- sulting cluster anion.
fluenced by the interaction between the negative Xn, Over the past quarter century, both theory and experi-
and the first few neutral solvents, Y, surrounding it. For thisment have sought to explore the effects of varying these
reason, the stqdy of gas.-phase anion—molecule complexgsarameters on anionic solvation at the microscopic l&vel.
X“(Y)n, containing relatively few solvent atoms or mol- cajculations on anion—molecule complexes were among the
ecules, is of fundamental importance for understanding iongarliest applications of theory to clustérs? Experiments
solvation phenomena. For a given anidn,, the two param-  have provided information about solvated cluster anions
eters that can most easily be varied in such studies are thgrough thermochemical measuremediS® photoelectron
nature of the solvent, Y, and the number of solveni$atu- 54 photodetachment spectroscopies, ion—molecule reactiv-

ity studies*% jon transport measuremerifs’’ charge
dAlso at: National Institute of Standards and Technology, Gaithersburgtransfer work3®3° photodestruction studié8;*° photodisso-
, MD 20899. _ o , ciation spectroscopl~%°and ultrafast experimentd.Ther-

)Also at: Department of Chemistry, Howard University, Washington, - . .

DC 20059. mochemical measurements, especially those based on high-
9Also at: Northrop-Grumman Corporation, Baltimore, MD 21203. pressure mass spectrometry, were the earliest substantial
:’AIISO at: Air Force Reslg%&(l:rﬁh L‘aboratorthanlfcorg AFB, MA01731. sources of data on solvated cluster anions, and together with

Also at: Department o emistry, North Dakota State University, Fargo, : :

ND 58105 negatllve ion phgto_electrpn spegtroscopy, they thus ff':\r have
DAlso at: Stanford Research Systems, Sunnyvale, CA 94089. supplied the majority of information about these species and
9Also at: International Pharmaceutical Aerosol Consortium, Washingtonthe variation of their properties with the parameters, Y and

DC 20005. The first study to focus on the photodetachment of elec-

WAlso at: Taylor Technology, Inc., Princeton, NJ 08540. .
DAuthor to whom correspondence should be addressed. Electronic mailfons from an anion—molecule complex was conducted on

kitbowen@jhunix.hcf.jhu.edu OH™ (H,0), in 1968 by Steiner, who obtained its photode-
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FIG. 1. A schematic diagram of the supersonic nozzle ion source used td
generate NO(Y),, cluster anions in this work.

tachment threshold spectrum in a tunable wavelength
experimenf? Negative ion photoelectron spectroscopy is a
fixed wavelength approach to conducting photodetachmeni
experiments. It utilizes electron energy analysis and yields
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line spectra rather than threshold spectra. The first study tc
apply this technique to a negative cluster ion was performed
on H (NH3); in 1985 by our group® Subsequently, nega-

tive ion photoelectron spectroscofiyoth the continuous and F!G: 2. The negative ion photoelectron spectra of NA¥),—o_4. The
the pulsed versionsbecame Widely used in studying sol- origin containing peak, i.e., th@®,0) transition, is labeled with ah on each

Electron Binding Energies (eV)

spectrum.
vated cluster ions. We measufdd? the spectra of
NO™(N2O0)n=1.2, NH, ™ (NH3)1_5, H™(NH3)1_,
Noi(Hzo)nzl_z, 027(Ar)]_, and O(Ar)n:1_26134. ” EXPERIMENT

Linebergef* recorded the spectrum of HH,0);;
Johnsof*="®  studied Q™ (H,0), 0, (N,)4,
NO, (N,0);, and I'(CH3Cl);; Cheshnovsk${~®investi-
gated I'(H20)n-1-60, Br (Hy0)n=1-16, CI"(H20)n-1_7,
and CI'(NH3);; Neumark?-84 examined T(CO,),_1_13,

A. Apparatus

Negative ion photoelectron spectroscopy is conducted by
crossing a mass-selected beam of negative ions with a fixed-
frequency photo beam and energy analyzing the resultant
17 (N,O),_1_15, and BF(CO,),_;_1,; and Nagata and photodetached electrons. Oyr negatiye ion_ photoelectron
Kondow®  studied [(CO,).H,O]". In  addition, spectrometer has been described previotshnions gener-

Braumafi®~%8 utilized tunable wavelength photodetachmentated in a supersonic expansion ion source are accelerated,
to study RO (HF); and F (ROH), [R= organic group collimated, and transported via a series of ion optical com-
In this paper, we present the negative ion photoelectrorﬁ’onents’ before being mass selected witfEarB Wien ve-

spectra of several anion—neutral complexes in which the arlocity filter. The mass-selected ion beam is then focused into

ion is NO . Nitric oxide plays a role in atmospheric photo- a f|eld—freg, collls.lon-free. interaction region, where it 1S
. ) . ; . crossed with the intracavity photon beam of an argon ion
chemical cycles and in several important biological func-

tions. Here, we examine the anion solvation energetics Olfe\ser operated at 488 nf@.540 eV and with a circulating

- . . . . power of 150—-200 W. A small solid angle of the resulting
NO™(Y),, in some cases as a function of cluster size and i ; : : .
. hotodetached electrons is accepted into the input optics of a
others as a result of changing the nature of the solvent. In th

_ agnetically shielded, hemispherical electron energy ana-
casias of NO(Ar)“:l‘“’. NO (xe)”zl“" a_md lyzer, where the electrons are energy analyzed and counted.
NO™ (N,0),-3_5, We explore ion solvation as a function of

. . ) L Photoelectron spectra in this study were recorded with an
cluster size(and thus in a stepwise manpewhile in the ;511 mental resolution of 30 meV and were calibrated, be-
cases of NO(Kr);, NO (H,S);, NO (NH3),, and

= , S fore and after each new cluster anion spectrum, using the
NO™ (EG), [EG=ethylene glycd], we investigate the effect | a|l_known photoelectron spectrifof NO™.
of varying the naturéand thus the strengthsf the solvent
on ion solvation. Combining the results of this study with
those from our previous work on NQ@Y) ,, species, we cu-
mulatively have studied the effects of solvating N@vith The cluster anions, NO(Ar) ,, were generated by ex-
the simple atomic solvents; Ar, Kr, and Xe and with the morepanding 8—10 atm of argon through a L2n nozzle into
complex molecular solvents: J®, H,S, NH;, H,O, and vacuum, while a small amount of ® was introduced into
EG. the plasma via a secondary effusive “pick-up” line located

B. Cluster anion production
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was created with 4 atm of JO behind a 17um nozzle
maintained at—70°C. No pick-up gas was used. Typical
source conditions were 4 atm neatgas behind a 1Zm

_ o nozzle, and a source temperature -670°C. To generate
just above the nozzle. The source nozzle and cooling JaCkGf\tIO‘(HZS)l, 2-3 atm of a 5% HS/Ar gas mixture was

temperatures were main.tained afr0°C by recirculating expanded through a 26m nozzle at a source temperature of
methanol through a dry ice/acetone temperature bath. Th|§63 °C. Nitrous oxide was introduced through the pick-up

pick-up anio'n source is shown schematically in 'Fig.. L. Aline into the expanding supersonic jet. Typical filament emis-
negatively biased filament (Th@r) was used for ioniza-  gjon cyrrent and bias were 8 mA andL00 V, respectively.
tion, forming NG anions from the HO pick-up 9as, Wh'Ch_ Cluster anions of NO(EG); were produced by coexpanding
then clustered with the cold argon expansion, forming, s 41m of 0.39% EG/Ar gas mixture through a 261 nozzle
NO™ (Ar)n—1_14 Cluster ion series. A predominantly axial 5; 5 source temperature between 60—-90 °gD Mas intro-
magnetlc f|el_d confined the plasma r_:md enhanced cluster afy;,.qq through the pick-up line. Typical filament emission
lon _ production. The cluster “anions, NCKr), and ¢, rent and bias were 25 mA and90 V, respectively.
NO (Xe)y-,_4 were generated under source conditionsyo-(NH,), was similarly generated, using 2—3 atm of neat

similar to those described above, except that 6 atm of a gaﬁH3 gas behind the nozzle and introducingQ\through the
mixture containing 25% Kr/Ar or 10% Xe/Ar, respectively, pick-up line.

was used behind the nozzle, and the source was maintained
at 0°C. Typical filament emission current and bias were
5-10 mA and—60 V, respectively. Il RESULTS

For the production of NO(N,O),-i_s, the same The negative ion photoelectron  spectra  of
source shown in Fig. 1 was used. A supersonic expansioNO™ (Ar),,—o_14 are presented in Fig. 2, those for

FIG. 3. The negative ion photoelectron spectra of N®,O),,-1_s.
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TABLE I. The values of EA, Sk{n), and Sk, determined from th¢0,0)
origin peaks in the spectra of NQAr) ,—1_14 as described in the text. All
é NO_(HZS)l energies in eV(Typical error is=3 meV for EBE’s)
é n (0.0 EBE®  EAINO(AN,]  SEefn)  SEu
= 0 0.044 0.026
8 * 1 0.102 0.084 0.058 0.058
151 2 0.168 0.150 0.066 0.124
2 3 0.226 0.208 0.058 0.182
8 4 0.283 0.265 0.057 0.239
b=y 5 0.338 0.320 0.055 0.294
= 6 0.390 0.372 0.052 0.346
R M I 7 0.428 0.410 0.038 0.384
25 20 15 10 05 00 8 0.466 0.448 0.038 0.422
ST 9 0.498 0.480 0.032 0.454
Electron Binding Energy 10 0.529 0.511 0.031 0.485
L 11 0.553 0.535 0.024 0.509
FIG. 5. The negative ion photoelectron spectrum of NB,S), . 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

NO™(N,O),-1_5 are given in Fig. 3, those for NQ "EBE=electron binding energy.

NO™(Ar),, NO™(Kr), and NO (Xe), are shown in Fig. 4,

that of NO (H,S); is presented in Fig. 5, and that of

NO™~(EG), is presented in Fig. 6. The electron binding en-1V. CHARACTERIZATION OF NO ~(SOLVENT),

ergy (EBE) of the origin transition’s peak center in each CLUSTERS

spectrum is indicated with an asteri€®, and this energetic An important aspect of ion—neutral bonding concerns

information is tabulated in Tables I-V. This information is the distribution of excess negative charge over the negative

also included for the spectra of those ion—neutral complexeglus,[er ion. One might imagine two extreme charge distribu-
which were recorded, but not shown. From the origin transi-

. : . N o ) tion categories; in one the excess charge is localized on a
tions, adiabatic eIe’ctron affinitig&As), ion-—solvent disso- single component of the cluster ion, and in the other, the
C|at|or_1 energiesDy’s), sequc_entlal or s.tepW|se lon solvation negative charge is dispersed over part or all of the cluster
Svr;?;géiie(rrsn%li,d ngdégglit;gg iioévea::tlti?beerlgvgfr? d (a]&sﬁc)) tab iqn._ The situation in which the excess c.harge.is_ localized on
lated in Tables |-V ' % single _component of the gluster ion is reminiscent pf the

' usual notion of a solvated anion, where a central negative ion
is surrounded by a sheath of neutral solvent molecules.
There, the central negative ion may be thought of as remain-
ing largely intact even though it is perturbed by its solvents.
In this case, electrostatic interactions between the ion and
NO_(EG)l solvent molecules presumably dominate the bonding. In
other cases, however, charge dispersal effects may also make
significant contributions to the bonding. These contributions
may arise either in the sense of covalency in ion—neutral
bonds or in the sense of excess electron delocalization via
electron tunneling between energetically and structurally
equivalent sites within the cluster ion. In favorable cases the
photoelectron spectra of negative cluster ions can offer clues

~ as to the nature of the excess charge distribution in these
NO (EG)1 species.

T T T

Photoelectron Counts

TABLE II. The values of EA, SEe{n), and Sk, determined from th¢0,0)
origin peaks in the spectra of N@Xe),-1_4 as described in the text. All
energies in eV(Typical error is+3 meV for EBES)

n (0,0 EBE? EA[NO(Xe),] SEqedN) SEq
(0) — L T— T T
! 0 0.044 0.026 ..
25 20 15 10 05 00 1 0.211 0.193 0.167 0.167
Electron Binding Energy (eV) 2 0.381 0.363 0.170 0.348
3 0.531 0.513 0.150 0.498
FIG. 6. () The negative ion photoelectron spectrum of NBG), [EG 4 0.65 0.63 0.12 0.618

= ethylene glyca]. (b) The NO (EG), spectrum with the spectral profile of
NO™ fit within it. 8EBE=electron binding energy.
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TABLE Ill. The values of EA, SEefn), and Sk, determined from the such, it has a very well-characterized photoelectron
'(Aoliogr?e”%'ir(‘es?:kesv'?T;hp‘?gl)?ﬁ?;f?’;‘;g}nfzi-égzgesc”bed'”the Xt spectrun?® When an electron is attached to NO to form
i _ NO™, it is accommodated in an antibonding orbital, and the

n (0,0 EBE* EA[NO(N,0),] SEqedN) SEq nitrogen—oxygen bond length increases from 1.15% iA
NO to 1.258 R in NO™. (A NO~ bond length of 1.267 A
0 0.044 0.026 . : : .
1 0.265 0.247 0.221 0221 also appears in the literatufd. This structural difference
2 0.520 0.502 0.255 0476  between the anion and its corresponding neutral results in the
3 0.747 0.729 0.227 0.703  photoelectron spectrum of NObeing a vibrationally re-
4 0.964 0.946 0.217 0920 gplved envelope which exhibits/(,v") transitions between
> 1.146 1128 0-182 1102 the »”=0 vibrational level of NO and they’ =0—6 vibra-
3EBE=electron binding energy. tional levels of NO. Transitions from higher” levels of

NO™are not observed due to autodetachment. The transition,
NO (X2II,»'=0)«NO"(X33",»"=0), corresponds to
The nomenclature, NQO(Y),,, implies that an intact the origin transition(0,0) and is labeled with an asterigk)
NO™ ion interacts with, or is solvated hy neutral solvent in Figs. 2—6. When the center-of-mass electron kinetic en-
molecules of Y, which is to say that the excess negativeergy corresponding to the center of this peak is subtracted
charge is essentially localized on the nitric oxide componenfrom the photon energy2.540 eV}, one obtains a nominal
of the cluster ion. In this solvated-idion—neutral complex  electron affinity for NO of 0.044 eV. Consideration of rota-
bonding picture, the perturbed NGsubion acts as a “chro- tional and spin—orbit effects leads to a correction-@f.018
mophore” for photodetachment. This in turn leads to a pho-eV to this value to yield the accepted value of 0.026 eV for
toelectron spectrum for the N@Y),, cluster ion that closely the adiabatic electron affinitfEA)° of NO.
resembles the photoelectron spectrum of free unperturbed Our interpretation of the photoelectron spectra of
NO™, except for its features being shifted to higher electronNO™ (Y), is that they can be viewed as the spectra of NO
binding energycorresponding to increased stabilizajiamd  ions which have been perturbed to one extent or another by
perhaps, broadened. solvent molecules, Y. We therefore assign the peak arising
The nitric oxide anion was the first molecular anion to befrom the origin transition in the photoelectron spectrum of
studied by negative ion photoelectron spectrosComnd as the NO  subion to be the nominal adiabatic electron af-

TABLE IV. Spectral assignments, vibrational spacings, and relative peak intensities for the photoelectron
spectra of NO, NO™ (Ar),, NO™ (Kr),, and NO (Xe), are tabulated along with the electron binding energies
(EBE) of their (0,0) origin peaks plus the extracted EA and anion—solvent dissociation eri2sgwalues.
(Typical error is=3 meV for EBES)

Assignment Spacing between Normalized (0,0 EBE EA[NO(Ar),] D,
peak @',v") adjacent peak&cm %) peak intensity (eV) (eV) (eV)
NO~

0,0 e 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

NO™ (Ar)

(0,0 g 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

NO™ (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

NO™ (Xe)

0,0 e 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 e 0.027
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finity of the respective NO(Y), clusters. The same correc- From Eq. (2) it follows that the relationship between
tion of —0.018 eV was then applied to these values. Theelectron affinities of adjacent-sized NQY) , clusters can be
resulting EA values for NOY), clusters are listed in Tables expressed as

V. EAINO(Y),]—EA[NO(Y),-1]

V. CLUSTER ION ENERGETICS =DJ[NO (Y)n-1"Y]=Dwe[NO(Y)n_1--Y]. (3

The energetic relationships between the generic solvatede change in a cluster's EA upon the addition of a single
anion clusters, X" (Y),, and their corresponding neutral Selvent is the stepwise or sequential stabilizatisolvatior)
clusters X(Y),, are expressed through the identities energy, Skiep

n-1 SEstef ) =EAINO(Y )] = EAINO(Y)_4]. 4

EALX(Y)n]=EA[X]+ mzzo DIX™(Y)m--Y] Substitution of Eq(4) into Eq.(3) leads to an expression for

a given cluster anion single solvent dissociation energy in

) nil DX (Y)Y @ terms of Sl%ep(n) andDyg
m=0 DJNO (Y)nfl"'Y]:SEste;(n)
and +Dye[NO(Y)p-1Y].  (5)
EALX(Y)n]=EALX(Y)q—1]+DIX"(Y)q-1+-Y] The neutral—neutral interaction energ®(g) in Eq. (5) is
— Dyl X(Y)n_1-Y], ®) typically substantially smaller than the ion—solvent interac-

_ _ - tion energy D), and so in cases whe®,g is not known,
where EAX(Y)n] denotes the adiabatic electron affinity, its relatively minor contribution may be neglected, resulting
DIX"(Y)m --Y] is the ion—neutral dissociation energy for in the relatively good approximation that the anion single

the loss of a single solvent, Y, from a given cluster anion, andolvent dissociation energy is essentially equal to the sequen-
DwelX(Y)m--Y] is the analogous neutral cluster weak- tig| solvation energy

bond dissociation energy for the loss of a single solvent, Y, _

from a given neutral cluster. Naturally, both of these disso- ~ PolNO™ (Y)n-1Y]~SEsedn). ©)
ciation energies arb,’'s rather tharD.'s. Since ion—solvent The total stabilizatior(solvation energy SE(n) is the dif-
interaction energies generally exceed van der Waals bonférence between the EA of a given KO, cluster and the
strengths, it is evident from Ed1) that clustering can be EA of NO (which is also equal to the sum of all the indi-
expected to stabilize the excess electronic charge on a negadual sequential stabilization energies for a given cluster ion
tive ion, i.e., the electron affinities of clusters should increasef size, n)

with cluster size. An example of this is seen in the photo-

electron spectra of NOUY) , ,pwhere the subion is stabiﬁzed SEo(n) = EAINO(AN),] ~EALNO],
as the number of solvent atoms increases, shifting the spectra n

toward higher and higher electron binding energies. Eventu- SEg(n)= E SEsiedM). )

ally, however, as the mean number of solvent neighbors in- m=1

teracting with the anion becomes constant, this trend shouldgain, given that weak bond dissociation energies are not
reach a limit, and cluster electron affinities will become in-always known, substitution of E¢g) into Eq.(7) shows that
dependent of cluster size. For these reasons, one expects B (n) is an approximation to the total ion—solvent disso-
values to increase relatively rapidly with cluster size forciation energy of a given NQO(Y),, cluster

smalln and then to approach a limiting value at some larger n

n. At still another level of refinement, one may anticipate the SE(n)~ 2 D[NO~(Y),,_1--Y]. @)
existence of structured EA versnenvelopes, due to unusu- m=1

ally stable species such as those associated with filled solv

. ?ﬁ the following sections, the results presented in this paper
tion shells. 9 P bap

are interpreted in terms of Eqgl)—(8).

TABLE V. EAs and stepwise stabilization energiesgFL)'s, determined  \/|, INTERPRETATION AND DISCUSSION

from the (0,0) peaks in the spectra of the N@molecular solvent) com-

plexes reported here. All energies are in éWypical error is=20 meV for ~ A. NO™(Ar) ,—1_14, NO™(Xe),=1_4, and NO™(N,O) ,_1_5
EBEs)

Our previous photoelectron study of QAr),, explored

Species (0,0 EBE? EA[NO(Solvent] SEstep the solvation of a monatomic anion by simple monatomic
NO- 0.044 0.026 solventﬁsg, which themselves interact with one gnother only
NO™(N,0), 0.265 0.247 0.221 weakly’® In the present study of NOUAr) ,, additional ele-
NO~(H,S), 0.286 0.268 0.242 ments of complexity have been added by making the ion a
NO™ (NH3), 0.50 0.48 0.45 heteronuclear diatomic molecular anion. As in the case of
NO™ (H,0), 0.77 0.75 0.72

O™ (Ar),, in this study there are three main types of infor-
mation to be interpreted: total stabilization energy versus
3EBE=electron binding energy. cluster size dataSE, versusn), the appearance of any

NO™(EG), 1.22 1.20 1.17
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FIG. 7. The total stabilizatiofsolvation energy (Sk,) of NO™(Ar), as a
function of the number of argon atoms per cluster anion. Thg @#ues for
O™ (Ar), are also presented in this figure for comparison.

FIG. 8. The stepwise stabilization energies {gFof NO™ (Ar), as a func-
tion of cluster size. The SE,values for O (Ar),, are also presented in this
figure for comparison(Typical errors for these data weres meV or less.

magic numbers in the mass spectrum, and stepwise stabiliza-
tion energy versus cluster size ddEge, versusn). The  the first solvation shell in NO(Ar), atn=12 and our inter-
photoelectron spectra of NQAr),-,_14 are presented in pretation of its structure as being icosahedral are also consis-
Fig. 2, and the energetic information extracted from them igent with mass spectral studies of the cationic clusters,
given in Table I. NO™ (Ar),,, by Feigerle and Mille?* Their cation mass spec-

In Fig. 7, the SE; values of both NO(Ar),, and trum contained a magic humber @t 12 which was attrib-
O™ (Ar), are plotted as a function of cluster sigeumber of  uted to the formation of an icosahedral structure with™NO
argon atoms per cluster ipnFor both systems, the size de- inside a cage of argon solvents.
pendencies of Sk show smoothly increasing trends through The size dependence of stepwise stabilization energies
n=12, at which point a decrease in the values of their slopealso provides strong evidence for a solvation shell closing at
occurs. This is obvious at a glance for (Ar),,, where the n=12 both in NO (Ar), and in previously studied
data extend out to=26, and upon closer inspection of the O™ (Ar),,, and both of these plots are shown in Fig. 8. The
data, it is also seen to be the case for N@r),. Thus, for  stepwise stabilization energy, gk, is the change in the
n>12, the average stabilization energy per argon atom deelectron affinity of a given cluster upon the addition of a
creases for both systems, implying that additional argon atsingle solvenfsee Eq(4)]. Also, the dissociation energy for
oms beyonch=12 are being shielded from the subion. This a given cluster anion losing a single solvent is given by Eq.
is interpreted for NO(Ar),, as it was previously for (5), and it is approximately equal to the stepwise stabiliza-
O™ (Ar),, as evidence that the first solvation shell around theiion energy. Thus, Sidn) represents the additional stabili-
subion closes with the addition of the 12th argon atom, and ization energy acquired by a cluster anion of sizeby the
suggests, in analogy with @Ar) ,, that the structure of this addition of thenth solvent atom or molecule. To first order,
closed solvation shell is an icosahedral cage with the iorone expects the size dependence of S decrease mono-
inside. tonically with n, since the interaction between an ion and its

Although the size dependencies ofgEor NO™ (Ar),,  first few solvents is expected to be the strongest, and the
and O (Ar), are indeed similar to each other in most re- stabilizing effect of each additional solvent tends to diminish
spects, Sky(n) values for NO (Ar) , are consistently smaller as the cluster ion grows. Deviations from this expectation are
than SEky(n) values for O (Ar), of the same sizey. Thisis  the result of the presence of unusually stable structures. Gen-
presumably due to NO having a more diffuse excess elec- erally speaking, both NO(Ar), and O (Ar), follow the
tron distribution than O. Said differently, the trends in Fig. expected trend, and there is a remarkable quantitative simi-
7 suggestif they can be assumed to continue with gigeat  larity between most of the data for these two systems. How-
NO™ will have a smaller total stabilization energy in bulk ever, in both series, local maxima are seen in these plots,
argon than will O . Bulk solvation energies can be estimatedindicating enhanced stability for specific sizes of cluster an-
using the Born equation, and they are inversely proportionalons. The largest single local maximum in thesgFplot for
to Ry, the radius of the ion. Thus, for a given solvent, theO™ (Ar),, occurs atn=12, followed by an abrupt drop in
larger of the two ions, i.e., NQ, is expectedconsistent with  SEg, for n=13 andn=14. Consistent with our interpreta-
the argument aboyeo have the smaller total stabilization tion based on S(n) and mass spectral data, this is taken to
energy in bulk, essentially because its excess charge occupibs additional evidence for an unusually stable structure at
the greater volume, i.e., its excess electron distribution i:i=12, specifically the closing of the first solvation shell
more diffuse. around O by an icosahedral cage of argon atoms. The sharp

Returning to the issue of the first shell closing in drops in SEg,values an=13 andn= 14 are consistent with
NO™(Ar),, evidence that it occurs at=12 is also provided the 13th and 14th argons sensing an &ubion that is sub-
by mass spectral data. We observed a single magic numbestantially shielded by the cage, i.e., the sheath of 12 argons
atn=12, in the mass spectrum of NQAr) ,. The closing of comprising its first closed solvation shell. The situation for
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NO (Ar), at n=12 is completely analogous to that of that it does not form part of the skin of the cage. Amar also
O (Ar), at the same size. The §E versusn plot for found that the first five rare-gas solvent atoms add around the
NO™ (Ar), also shows a local maxima at=12, with abrupt  waist of the homonuclear diatomic molecular anion; Br
drops in SEg, values atn=13 and 14. As in the case of Figure 8 shows that NQ(Ar),'s SEge, values, while de-
O™ (Ar);,, our interpretation of NO(Ar),,'s structure is creasing gradually from=3-6, are actually fairly constant
that the NO anion sits inside an icosahedral cage of 12there, falling precipitously only byn=7. (We see nothing
argon atoms. Interestingly, the value of §Fat n=12 is  special an=5.) Could this “shelf” betweemn=3-6 be the
nearly identical for both systems. This is essentially the enresult of four argon atoméhe 3rd through the 6jhadding
ergy required to remove one argon atom from the icosahedrdnemselves around the waist of the N@ubion? If one as-
cage, i.e., to disrupt it. The fact that this energy should bgumes that all of the foregoing is valid and then combines it
indifferent to whether O or NO™ is inside(given that both to make an educated guess, N@vr)¢ could be envisioned
can fit therg is consistent with the structure at=12 being  With two of its argon atoms bound to the oxygen end of NO
an unusually stable cage. in a Y configuration and with the other four argon atoms
One might expect that differences between the solvatiolistributed around the waist of the NGsubion’s molecular
of a spherical ion, such as™Q and a rod-like ion, such as @axis. This would look somewhat like a “Pac-man” structure,
NO™, by a common solvent would be most pronounced withwith the ion largely covered, but not completely enveloped in
relatively small numbers of solvents, and that is what we se@rgon atoms.
in Fig. 8. In addition to NO(Ar),, displaying smaller S, The photoelectron spectra of NOXe),-;_, all exhibit
values than does QAr) , for the first few numbers of sol- the now familiar spectral fingerprint of the NGsubion, just
vents, a second local maximum is also seen in the stepwisghifted to higher electron binding energies with increasing
stabilization energy plot for NO(Ar),,, and it occurs ah cluster size and broadened. Energetic information, extracted
=2. Such a local maximum does not occur among the firsfrom these spectra, is presented in Table IIl. We did not fol-
few solvents in the Sk, plot for O (Ar),, and its occur- low this series up far enough in cluster size to see the closing
rence atn=2 in NO (Ar), is, at first sight, unexpected. Of the first solvation shell, but the qualitative trend in the size
Nevertheless, it was observed repeatedly in data set after dsi@pendence of S, is interesting. It shows a small local
set, and we believe it to be real. Calculations bymaxima atn=2 (see Table ), just as NO (Ar), did. The
Chalasinsk® found the global minimum structure of magnitude of the energy difference betweengmat n=1
NO™ (Ar), to be a collinear structure, eithpAr---(O—N)"] and SEpatn=2 is less than expected, based on the fore-
or [Ar---(N—0) ], with the former structure being slightly going discussion, but this may be misleading, since the data
lower in energy. While these calculations did not specificallyquality for this system was somewhat lower than that for
explore the potential surface of (NOAr,, one might ex- NO™(Ar),. The significant point here is that §E does not
pect, based on examining the (NQdr, surface, that a sec- decrease smoothly from=1 ton=2, as it does in substan-
ond argon would attach itself to the other eftide nitrogen  tial increments froon=2 ton=3 and fromn=3 ton=4. In
end of NO™. If so, this would not result in the S, for  fact, SEepincreases slightly froom=1 to n=2.
n=2 increasing in value over that of=1, as is actually In a previous study, we reportdon the photoelectron
observed. Based on the experimental evidence, it seengpectra of NO(N,O),-1,. Here, we add NO(N,0),-5_5
more likely that the second argon atom is adding to the sam#®  this  series, providing cumulative data on
end of NO as did the first, forming a Y-shaped structure for NO™(N,O),-1_5.  The  photoelectron  spectra  of
(NO)~Ar,. In this case, the second argon would be stabiNO™ (N,0),-;_5 are presented in Fig. 3, and energetic in-
lized not only by the NO---Ar interaction energy(~58  formation extracted from them is given in Table Ill. Here, as
meV), but also by the Ar-Ar interaction energy, which is in the case of NO(Xe),, we have not followed the
~12 meV?%%" Consistent with this, the measured increase inNO™(N,0),, series up in size far enough to see the closing of
SEepfor n=2 over that fom=1 is 8 meV. its first solvation shell, but the trend in the size dependence
While the present study is certainly not a structural de-of SEe,is again interesting at small sizes. Inspection of the
termination, it is interesting to speculate, based on our dat&Eg,versusn data for NO (N,O),,-1_s in Table Ill reveals
and available theoretical guidance, about the structures of thbat, in this system as well, there is a pronounced local
NO™(Ar), cluster anions having several more argon sol-maxima atn=2. Local maxima in Ske,versusn plots have
vents. Using Monte Carlo methods, Amfahas calculated their origin in attractive, neutral—neutral interactions. The
the minimum energy structures for Br(Ar),_,_3, thereby increase in Sg,in going fromn=1 ton=2 is 34 meV, and
examining the structures of a different diatomic anion sol-while the interaction energy between two neutral nitrous ox-
vated by argon atoms. Some of what he found foy BAr), ide molecules is apparently not knowr;30—40 meV is
may be analogous to NQAr) ,, while some of it is not. For probably a reasonable estimate of its actual value. This sup-
example, he found that Br (Ar),; forms a particularly stable ports the hypothesis that the first two solvents bind relatively
structure of icosahedral geometry, with one bromine atontlose to each other at one end of the N&ubion, in order to
residing inside the icosahedral argon cage and with the otheyet stabilization from both NO --solvent and solvent—
bromine atom forming part of the wall of the cage. This issolvent interactions. If, as appears to be the case, the occur-
different from what we observe for NGAr),,. We see a rence of local Sk, maxima at small cluster sizes is due to
prominent SEg,feature at 12 argons, but not at 11 argons,some specific property of NOand how it interacts with
implying that the entire NO subion is inside the cavity, and solvents, then it would be interesting to see whetheg5E
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size dependencies for @Y),, species show the same effect. NO™ (N,0),-3_5 take on added significance in this light,
In fact, we have already seen that (\r) , exhibits no such given that they provide significantly more reactants “on-
local maxima an=2 in its SE,size dependence, nor for board” the cluster ion and thus more opportunity for internal
that matter does it show any local maxima below6. Also, ion—molecule reactions than did our earlier work with
while we do not have data for @N,0),, it is noteworthy  smaller cluster ions. Still, we see strong spectroscopic evi-
that neither our O(Kr),—;_s nor our O (Xe),—1_3 photo-  dence for the presence of intact NGubions in the larger as
electron data show any local maxima in their gEsize  well as the smaller of these species. Nevertheless, the anionic
dependencie® So, why should NO(Y),, but not products of internal ion—molecule reactions involving cluster
O (Y),, exhibit local Sk, maxima atn=2? After all, it  ions of nitrogen oxides may well be occurring side by side
might seem that if the second solvent in N{Y), gets its  with anion—molecule complexes, as implied by the combina-
stabilization from the combination of both N©-Y and tion of Hiraoka's and our work together. Another example
Y---Y interactions, then the second solvent in (), of the formation of covalent anions in clusters may be found
should do the same, giving rise to a local maxima=at2 in in the Rydberg electron transfer studies of nitric oxide
the SE,Size dependence of @Y) ,. While the anisotropy ~ clusters by Carmaif, in which he proposed the formation
of the NO - --solvent potential is presumably at the root of of a (NO);~ core solvated by nitric oxide dimers, i.e.,
the reason for why the first two solvents attach themselves tONO)3 [ (NO), ]y
the same end of NOin NO™(Y),, we postulate the follow-
ing explanation for why the first two solvents to attach onto 3 3 _
O~ apparently do not interact closely with one another. TheB: NO™ (A1, NO™(Kr),, NO™(Xe),
electronic configuration of O is 1s°2s°2p®, and rare-gas Thus far in this paper, we have examined the gas-phase
atoms often act as weak bases in the bonding of weaklgolvation of nitric oxide anions as a function of cluster size.
bound complexes. Since linear,® is a very poor acid, it Now, we consider the effect on their solvation caused by
probably acts as a weak base as well. Thus, the first twehanging the nature of the solvent in single solvent com-
solvents should preferentially interact with the one half-filledplexes. In this particular section, we present a comparative
p orbital of O". This would result in a linear structure for study of the relatively simple complexes, NQAr),,
O (Y),, e.g., Ar--O™ - --Ar, with the first two solvents well NO~(Kr),, NO™(Xe),. Inspection of their photoelectron
separated from one another at the opposite lobes of the ogpectra in Fig. 4 reveals the well-known spectral signature of
erative p orbital. Recently, Fajardo has performed calcula-NO™ in every case. While this fingerprint pattern shifts to
tions that support our contention that QAr) , is linear with  higher EBEs and broadens in going from N@r); to
the O ion in the middIe!® Of course, as more solvents are NO™(Kr); to NO™(Xe),, Table IV shows that neither their
added, the stabilization from solvensolvent interactions vibrational spacings nor their relative peak intensities have
will begin to come into play, but by then, it will act princi- been altered significantly upon solvation with single rare-gas
pally to moderate the descending slope of thg,3Eersusn  solvents. If the interaction between NCand any of these
plot. Exceptions will be those structures which have unusuatare-gas solvents had been strong enough to change the NO
stability by virtue of their especially attractive bond length, this would have revealed itself, as it did in our
solvent--solvent interactions. previous study® of NO™(N,O);, through a measurable
Furthermore, an interesting development has occurredhange in the Franck—Condon profiltae relative peak in-
since our original paper on NGN,0),_, ,. Hiraoka, using tensitieg of the NO  subion pattern. The fact that it did not
high-pressure mass spectrometric techniques, has reportedpports the contention that these are simple systems in
thermochemical evidence for covalent bond formation inwhich the rare-gas atom only weakly perturbs the NO
NO™(N,0);, i.e., N;O,~ and higher cluster®! His and our  subion. Nevertheless, the excess electron on a nitric oxide
experiments are mutually complementary, but both have theianion is stabilized to some extent by its interaction with a
blind spots on this issue. It is rather challenging in his ex-rare-gas solvent, and the degree of its stabilization is re-
perimental environment to make and to maintain an anion aected directly in its electron affinity, EA, and indirectly
delicate as NO (NO has a low EA. In our experiment, we through its ion—single solvent dissociation enerdy,.
do not yet have the ultraviolet photons available that wouldEquation(5) shows thaD, is the sum of Sk, which we
likely be necessary to detect the presence of anions suaheasure, an®,g, which is usually relatively small, but not
as N;O,” by photodetachmenfN3;O, probably has an necessarily known. In the case of these systems, however,
EA by >2.5e\). Nevertheless, it is evident from the the neutral weak-bond dissociation energi&,g, are
NO™~ fingerprint seen in our photoelectron studies thatknown, and they are-10,~12, and~15 meV for NO(Ar),,
NO ™ (N,0),-1, as well as NO(N,0),_5_5 all exist, at NO(Kr);, and NO(Xe), respectively’*~1%" The availabil-
least initially, as anion—molecule complexes with intact Nity of these numbers allows us to repddt, values by
O~ subions. Hiraoka’s experiment operates on an inherentladding the corresponding values of gFand Dyg. They
longer time scale than ourseconds versus milliseconds are: D JNO™---Ar]=68+14 meV, DJNO™---Kr]=111
and interestingly, his results seem to imply that, given£18 meV, andD[NO™---Xe]=182+23 meV. The cited
enough time and collisions, at least some of the \i®,0), errors are the result of combining the reported erroD {gg
ion—molecule complexes that we observe will internallyvalues and our assessment of the error in measurgd,SE
react to form covalent anions and clustered covalent aniongalues.
of the form N,O, (N,O),,. Our present studies of Inspection of Table IV sows that both EA amdl, for
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He Ne Ar Kr Xe Rn rectly. Given the linear relationship between ion-rare-gas

¢, \L atom interaction energies and rare-gas atom polarizabilities,

{10 J PSP R, S P P B S| this extrapolation approach is probably a general method for
indirectly obtaining ion—neutral radon interaction energies
for arbitrary ions. Such numbers might be useful in design-

250 | b

200 o n ing ion-based radon collection media.
'NO_(Xe) _ Whil_e _stiII on t_he subject _of ion-induced dipole inte_rac-
150 4 B tions, it is interesting to consider how much they contribute
100 4 B B to total anion—molecule interaction energies. For example,
NO™(Kr)

the (total) ion—neutral dissociation energies of NON,O),
50 .~ 7 NOT(Ar) - and NO (H,0); were previously determined in our lab to be
ol 258 meV* and 720 me\® respectively, using the approxi-
00' o '1'0' o '2’0' o '3‘0’ o '4'0' o ‘5‘0‘ - '60 mation in Eq.(6). Based on polarizabilities alone, extrapola-
' Rare Gas Polarizability in A ' tions from the linear fit in Fig. 9 predidd,’'s of only ~120
and ~60 meV for NO (N,O); and NO (H,0),, respec-
FIG. 9. A plot of the ion—solvent dissociation energies of N@r),, tively. Thus, for NO (N,O),, ~45% of its total ion—neutral
NO™(Kr)1, and NO (Xe), vs the polarizabilities of their corresponding dissociation energy is due to ion-induced dipole interactions,
rare-gas solvent§The polar_lzabllltylof each rare-gas gtomlls |nd|cateq by with most of the remainder presumably due to ion—
arrows at the top of the figupeA linear relationship is evident, and its permanent dipole interactions. For N(H,O) on the
extrapolation is shown as a dotted line. : 2Y)1,
other hand, where the solvent is both polar and capable of
strong hydrogen bonding, onk¢8% of its total ion—neutral
these ion—neutral complexes increase with increasing raré@terlicttfgoenczzzrsggflsNgl(],irgo :r?(;?tguc%er(rjeglp:rizilr?terzgﬁttlr?arlls'
gas atom polarizabilities, and Fig. 9 shows that the reIationNO(Ar) there is enoughladditional inforpmationgavailablle
ship betweet , and rare-gas atom polarizability, is linear. o ) ) ,
Thg D valueg reportedghere arep of cours? also anion-° make unique refinements to our analysis. As noted eatrlier,
o] ’ L] . . . .
solvent interaction energies, and the linearity of Fig. 9 im—ﬁgéil?z'rr;sm finhdailr? ﬁgndlggﬁdmitr:};%ﬁ:l?glcocr?éCsmgzgnt?) aon
plies that the ion-induced dipole interaction is the main in_collinear 1s’tructuré£?;5 Fur%hermore scattering ex e?iments b
teraction between a NOsubion and a rare-gas atom, as Thuid® and b C. hig5 ,d th tg Ip lculati y
- - uis™* an asavecchia; and theoretical calculations
expectgd. A linear Ieast-.squares fit of th.e thmﬁ‘ver.SUSa by AIexande?°¥ have provided potential energy curves that
data points plus the origin as a fourth point results in a gOOdéhow the global minimum of neutral NO(Arjo correspond
straight line having a correlation coefficient of 0.999. Ex- . 9 . b
trapolation of this lindsee Fig. 9leads to estimates of ion— tp a "T"-shaped gepmetry. Since photodetachment is a ver
neutral dissociation energies for the complexes, 14@e) tical process, transitions from the ground state of the anion
NO(Ne),, and NO (Rn),. Using polarizability 'value; 'of will access the neutral’s potential surface at the geometry of
0.205 ,&31’0 306 A and1.5 3 R for He. Ne. and Rn the anion. By locating NO(Ar) ;’s calculated ground-state
respectively%®~11 the resultant ion—neutral dissociation geometry on NO(Ar)'s potential surface, one finds that the
energies are DNO ---He]=7 meV, D,NO ---Ne] photodetachmerjt of electrons from N(Ar), accesses the
—16meV, and D[NO ---Rr]=238 meV. Interestingly. neutral’s potential surface-4 meV above the energy of
Chalasinsi<(15 has cglculatecﬂ)e[NO*---He] tc.) be 8.7 meV. , '.\IO(Ar)l’S T-shaped, global minimum configura}tion.. In this
The nitric oxide anion—radon interaction energy and the"ght’ our reported EA for NO(Ar of 84+ 5 meV is slightly

method of its determination are also noteworthy. Radon has
two prominent physical properties: it is “sticky(it has a

Ion-Solvent Dissociation Energy in meV

large polarizibility), and it is radioactive. Because of the 1.5

former, it may be possible to take advantage of its very sub- 1 NOEG) NO(H,0),

stantial ion—neutral radon interaction energy to collect and E NO~(NH) NO"(N,0)_
concentrate the radon, either for analytical or for scrubbing 1 ) o

purposes. Since the ion—neutral radon interaction energy is 1 NOT(HS),

about an order of magnitude greater than the comparable 0.8-:

; . . NO(Xe)
neutral—neutral radon interaction ener@ysing NO ---Rn n

and an extrapolation for N@ Rn as prototypes the collec-
tion of radon by ion precipitation or high surface area ion
adsorption might potentially be more effective than presently ]
used neutral adsorption techniquéSonversely, the adsorp- 0.0 T T | ] |
tion of radon on charged biological surfaces and on charged 00 1.0 20 30 40 50 60
airborne particulates might be more dangerous to health than Number of Solvents (n)

its weaker adsorption on uncharged biological surfaces and B
neutral dust/smoke particlésBecause radon is radioactive E'g_' &%‘) S“mma%gf(ﬁgc"’)s n results E’gf\'(a(é)r)”zl-ﬁ;\lg?(l\flfr))l’
and has a short half-life, it is also unlikely that one would No-(H.0) 1 ,. and NO(EG), . (Results for NO(Ar), ., are not
elect to measure ion—neutral radon interaction energies dshown on this graph due to lack of space.

1 . NO~(Ar)
0.4 o
1 NO™(Kr)_

Total Stabilization Energy (eV)
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too large, and it should be refined by4 meV to 80 complexes are listed in Table V, where their ion—neutral in-
+5meV. While the magnitude of this correction is subjectteraction energies are seen to decrease in the order:
to several uncertainties, this exercise does provide an appr®lO™ (EG);, NO™(H;0);, NO™(NHz);, NO™(H,S);. It
ciation for the size of this effect in these systems, implyingappears that the extent of spectral broadening in their photo-

that it is minor. electron spectra is related to the strength of their ion—neutral
The ion—solvent dissociation energy of NQAr), is  interactions. Also, notice that Nf-behaves more like O
given by rearranging Ed3) than does HS, probably reflecting the relatively weak hy-

d bondi ity of,iS.
DNO---Ar]= EAINO(Ar) ]~ EA[NO] rogen bonding propensity of

+Dwg[NO---Ar]. (9 VII. SUMMARY OF SE,, VERSUS n RESULTS
Using 84 meV as our experimentally determined value of OR THE SYSTEMS STUDIED
EA[NO(Ar)], 26 meV as the literature value for EXO], The present photoelectron study of NEY), cluster

and 10 meV as the literature value gg[ NO---Ar], gives  jons complements the two other photoelectron studies on sol-
68 meV forD[NO™---Ar], as already mentioned. Then, em- yated nitric oxide anion systems that we have conducted
ploying the —4 meV correction to EANO(Ar)] from above  previously?* % The energetics for all of the NQY), spe-
yields 64 meV for DJNO™---Ar]. Interestingly, cies we have studied to date are summarized in Figs&
Chalasinski’€® calculations predicD,, for NO(Ar) to be Fig. 7 forn=7—-14 in NO (Ar) ,]. Figure 10 plots SE(n)

509 cm * (63 me\V). This discussion might seem to suggestyersus n for NO™(EG),,, NO (H,0);,, NO (NHg)y,

a need to further refine thB, values used to make Fig. 9. NO™(H,S);, NO(N,O);_s, NO~(Xe);_ s, NO™(Kr),,
However, since we do not know the analogous corrections tand NO (Ar);_g. Taken together, the data plotted here re-

the EAs of NO(Kr) and NO(Xe), and since, in any case, flect the considerable range of interactions involved in ion—
they would have a near-negligible effect on extrapolddgd neutral bonding.

values derived from this plot, we have not attempted to im-
prove theD,'s used to make it.
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