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Microsolvation of small anions by aromatic molecules:
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This work was motivated by the experimental finding that thg/l@nzene interaction energy is
unexpectedly large. To further explore the interactions of small anions with aromatic molecules,
anion photoelectron spectroscopy was utilized to measure interaction strengths of the seed anions,
0O, and NO, complexed with several aromatic molecules, including benzene, naphthalene,
pyridine, and pyrimidine. As in the case of, (benzeng the anioflaromatig, binding energies for

the other complexes studied were also higher than one might have anticipated. In addition, the
interaction energy of © complexed with a given aromatic molecule was, in every case studied,
higher (by a factor of ~1.5) than that of NO complexed with the same aromatic. While the
dependence of interaction strengths on solvent dipole moments and/or polarizabilities implied a
substantial electrostatic component to the binding in these complexes, differences in the binding of
0O, and NO with these aromatic molecules showed that there is a distinct covalent aspect to the
interaction as well. A significant portion of this interaction was attributed to the fact thaar@

NO™ are both open-shell anions that are interacting with closed-shell aromatic molecules. In the
accompanying papdd. Chem. Physl16 9672(2002] calculations on @(benzeng by Jalbout

and Adamowicz shed additional light on the nature of small anion—aromatic molecule interactions.
Last, results are also presented comparing the interaction energies of several multisolvent, anion—
molecule complexes. @002 American Institute of Physic§DOI: 10.1063/1.1475750

I. INTRODUCTION in character, the latter is predominantly electrostatic. As a

. : . : [esult, the bonds in transition metal cation/aromatic molecule
Gas-phase studies of size-dependent microsolvation al-

low the observation of specific binding effetias well as coordination complexes can be quite strong. Interestingly,

- . . . however, alkali cation# system interactions, despite their
providing direct comparisons with theory. In the past, both o :
. . : . argely noncovalent character, exhibit considerable strength
our groups have investigated the microsolvation of smal

aromatic anions by water, i.e., the solvent stabilization oS We”'. Therells, in fact, growing ewdenge that catla'm—'
otherwise unstable anioRs.In these, the excess charge Wassys_tem interactions may be of \_N|despre_:ad importance in bio-
delocalized over the aromatie-system, resulting in an ex- logical processes. From experiments, it has been found that

tended electron cloud which was then weakly solvated b>ponpolar benzene competes favorably with water in the sol-

one or more water molecules. In the present work, we revation of potassium cations. Interestingly, however, the re-

verse the role of the aromatic molecules and use them t4erse is the case for sodium cations, and it is thought that this
solvate the small anion seeds, N@nd G . The solvation difference in behavior may be the molecular basis for ion

of anions by aromatic molecules had received little attentiorp€/€Ctivity in potassium c_hannél’s. From theory, calcula-
prior to the present study. tions on prototypical cations systems suggest that they

By contrast, the interactions of cations with aromatic™ay @lso play important roles in molecular recognition in
molecules has been the subject of numerous stddfés. neuroreceptors, in the structural biology of proteins, in bio-
Among these, transition metal cation/aromatic ligand binding0gically relevant ch_aztrzge transfer systems, and in some bio-
and alkali metal cation/aromatic interactions are probably th&atalytic _proce_ss_e’é. o _ _
most thoroughly investigated. Whereas the bonding in the Intuitively, it is easy to imagine that a cation would in-

former (pseudocoordination complexeis largely covalent teract attractively with the electron-richr-cloud of an aro-
matic molecule. When, however, one considers the prospects
9 _ , _ __for anion—aromatic molecule binding, the same essentially
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nonpolar molecule, benzene, in the complex,(Benzeng . sis, it was 3.5 me(FWHM) at an electron kinetic energy of
With neither component of this complex having a dipole mo-40 meV in the apparatus used in these studies. Negative ions
ment, one might have expected a significantly smaller bindwere generated by focusing a pulsed beam of energetic elec-
ing energy. The surprising strength of this interaction raisedrons into a pulsed supersonic expansion, where low-energy
the possibility that anion—aromatic binding might also play asecondary electrons were produced, anions were formed and
significant role in biological systems, where on averageCooled, and anion—molecule complexes were prepared. The
there are as many anions present as cations. stagnation chamber of the pulsed nozzle source was heated
In this work, we explore the microsolvation of the small to ~100°C, as needed, to obtain a sufficient vapor pressure
anions, @ and NO', by the aromatic molecules, benzene of a given aromatic sample, while its total pressure was
and naphthalene, as well as the conjugated heterocyclic molaintained at 8 bar with a mixture of nitrogen and a small
ecules, pyridine and pyrimidine. Both,Oand NO play ~ amount of oxygen. The diameter of the nozzle wa200
significant roles in biology. The superoxide ion, Qcauses ~“M. Once the expansion had done its work, ions and neutrals
oxidative damage in biological systefisyhile the nitroxyl ~ alike drifted through a skimmer into the next chamber, where
anion, NO', along with neutral NO, mediate a variety of the anions were pulse extracted perpendicularly into the
biological processe¥. Our strategy in studying anion— Mass spectrometer.
aromatic interactions was to vary both the anion and the In the Hopkins apparatus, anions were mass selected us-
aromatic molecule in order to create a matrix of informationind & magnetic sector, photodetachment was accomplished
that would facilitate comparisons, permit the recognition ofWith a continuous laser beam operated intracavity, and elec-
trends, and provide benchmarks for theory. To insure that thBons were energy-analyzed with a hemispherical electro-
location of the excess charge is well defined, we used onlytatic energy analyzer. In these experiments00 circulat-
small aromatic molecules with negative adiabatic electrodnd W of 488 nm(2.540 eV light from an argon ion laser
affinities. In this way, we were assured that excess negativé/@s used for photodetachment. The electron energy resolu-
charge was localized primarily on the similar-size aniontion of hemispherical analyzers is constant with electron en-
seeds, Q and NO". ergy and was 30 meVFWHM) during these experiments.
Our two groups collaborated in this effort. The TechnicalPhotoelectron spectra were calibrated against the well-
University of Munich group, which had originally found the known spectrum of O. Negative ions were generated by
large Q, (benzeng binding energy, utilized pulsed, anion injecting low-energy electrons from a biased filament di-
photoelectron spectroscopy to measure the spectra of sevef§Ftly into a continuous supersonic expansion in the presence
O, /aromatic molecule complexes, while the Johns Hopkin®f @ weak, axial magnetic field and a secondary gas “pick-
University group used continuous, anion photoelectron spedP” line. The diameter of the nozzle used in these experi-
troscopy to record the spectra of several NGomplexes Ments was~20 um. The stagnation chamber of the source
with mostly the same aromatic molecules. Here, we preserfras heated to-80 °C, as needed, to obtain a sufficient vapor
the results of this joint effort. Theoretical support was pro-Pressure of aromatic sample, while its total backing pressure
vided by Jalbout and Adamowicz. Their results on theWas maintained at 4 bar of argon gas. A small flow gON
O, (benzeng complex are presented in the accompanyingd@s was continuously introduced through the pick-up line to

The resulting anions were extracted continuously and coaxi-
ally.
Il. EXPERIMENT While the two apparatus used in these experiments differ

. . in several ways, the photoelectron spectra that they are ca-
Anion photoelectron spectroscopy is conducted by cross- . . .
pable of measuring are essentially the same. The main op-

ing a mass-selected beam of negative ions with a fixed: : ) . . .
frequency photon beam and energy-analyzing the resulta ortunity for differences occurs in their source environments.
here, one could imagine that differing source conditions

photodetached electrons. This is a direct approach to the de-.

o — . . . might give rise to different isomers and thus to spectral dif-
termination of electron binding energiéSBE), relying as it : .
: . ferences. To check for this possibility, the photoelectron
does on the relationship,

spectrum of both @(benzeng and NO (benzeny were
hv=EBE+ EKE, (1) measured on both the Munich and the Hopkins instruments.
O{;lo significant spectral differences were found, leading us to

elieve that the two sources provide rather similar anion for-
mation environments.

in which hv is the photon energy, and EKE is the measure
electron kinetic energy.

Both the TU-Munich and the Johns Hopkins anion pho-
toelectron spectrometers have been described elsewhere in
detail>>?° Briefly, in the Munich apparatus, anions were | pesyiTS AND ANALYSIS
mass selected using a quadrupole mass spectrometer, photo-
detachment was accomplished with a pulsed laser beam, and The seed anions in these experiments were OO, .
electrons were energy-analyzed by measuring their flighThe photoelectron spectra of,0Oand NO are both well
times along a field-free pathway. In these experiments, thenown?"? The nitric oxide anion was the first molecular
third harmonic(355 nm of a Nd:YAG laser was normally anion to be studied by anion photoelectron spectroscopy, and
used for photodetachment. While electron energy resolutioas such, it has been well characterized. The photoelectron
is strongly energy dependent in time-of-flight energy analy-spectrum of NO shows a long progression in the neutral



J. Chem. Phys., Vol. 116, No. 22, 8 June 2002 Microsolvation of small anions 9665

* NO' ©,
*
NO’(Benzene)
04l eV O, (Benzene)
@ Z
= =
3 3 0.61 eV
O -
= NO'(Pyridine) ©
£ | 059ev S -
5] ~
% _/ % O, (Pyridine)
o}
& NO°(Naphthalene) é
0.63 eV ~ 0.94 eV
- v
NO (Pyrimidine) O, (Naphthalene)
0.72 eV
0.96 eV
LR L ‘ LI | rrvi | L | LI I
0.0 05 1.0 15 20 25 ||||||||||]Il|||ll|l|llll
0.0 0.5 1.0 1.5 2.0 25

Electron Binding Energy (eV)

Electron Binding Energy (eV)
FIG. 1. Photoelectron spectra of N@nd four NO (aromatic) complexes.

Spectral shifts from their NO seed ion are indicated for each complex.  F|G. 2. Photoelectron spectra of, Oand three @ (aromatic) complexes.
Spectral shifts from their © seed ion are indicated for each complex.

ground-state vibration of 1895 crh Its intensity pattern in-

dicates a significant geometry difference between the neutr&gmain localized on them in the anion—molecule complexes
and its anion, i.eR.=1.151 A versus 1.270 A, respectively. studied here. Thus, these complexes are made up of intact
The lowest EBE peak in the NOphotoelectron spectrum is seed anions and the neutral aromatic molecules that solvate
the origin transition ¢ =0<v =0). Due to vibrational auto- them, with the seed anions acting as the primary chro-
detachment, this spectrum exhibits no vibrational hot bandgnophores for photodetachment. Also, notice that in the cases
The adiabatic electron affinity of NO is given by the EBE of 0f NO™ (benzeng, NO™ (pyridine);, and to a residual ex-
this peak which, after being corrected for rotational andtent, in NO (pyrimidine);, the vibrational structure of the
spin—orbit effects, is 0.026 eV. The photoelectron spectruni®®@ NO™ spectrum, although broadened, is preserved. No-
of O, shows photodetachment transitions to both the groungce, on the other hand, that the vibrational structure of the
state and the first excited¢A) state of neutral @. Each of free G, spectrum is not preserved in any of the
these also shows long vibrational progressions, indicative o~ (aromati¢ spectra, showing that there are significant dif-
significant structural differences between the ground state derences in the solvation of Oand NO. We now consider

0, and these two neutral states. In the absence of vibration&ow adiabatic electron affinities, E.A., were determined for
hot bands, the lowest EBE peak in thg @pectrum is its the anion complexes studied, and how spectral shifts be-
origin transition, from which the adiabatic electron affinity of tween E.A.-determining spectral features were used to deter-
O, has been determined to be 0.451 eV. mine anion—neutral interaction energies.

Figure 1 presents the photoelectron spectrum of NO
along with the photoelectron spectra of NGcomplexed
with benzene, pyridine, naphthalene, and pyrimidine, whil
Fig. 2 presents the spectrum of @long with the spectra of While in vibrationally resolved photoelectron spectra
O, complexed with benzene, pyridine, and naphthalene. Nowith assigned origin transitions the determination of adia-
tice that the spectral envelopéshapes and widthof free  batic electron affinities is straightforward, this is not the case
NO™~ and G , while shifted to higher EBEs, nevertheless when the spectra are unresolved. Below, we describe a pro-
coincide rather wellespecially on their low EBE sidgsith cedure which allows us to determine adiabatic electron af-
the spectral profiles of their corresponding anion-neutrafinities, to a good approximation, for complexes whose anion
complexes. These observations imply that, at least to firgphotoelectron spectra exhibit various degrees of spectral
order, the excess electrons on the seed anions, &@ G , broadening.

A. Electron affinity determinations
eand solvent-induced spectral shifts
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TABLE |. Electron affinities and spectral shifts for,@aromatic) and
0.44 eV NO™ (aromatic) complexes. All values in eV.
NO’(Benzene) a)
O, (aromatic) E.A. Shift relative to @
O, (benzene) 1.06 0.61
O, (pyridine) 1.39 0.94
O, (pyridine) (H,0) 1.87 1.42
O, (naphthalene) 1.41 0.96
‘2 O; (naphthalene) (kD) 2.09 1.64
2 O, (naphthalene) (kD). 2.72 2.27
p b
g NO™ (aromatic) E.A. Shift relative to NO
Q
= NO~(benzene) 0.44 0.41
g : NO™~ (benzene) 0.79 0.76
£ O, (Benzene) NO~(pyridine) 0.62 0.59
1.06 eV NO™ (naphthalene) 0.66 0.63
’ NO™ (naphthalene) 1.06 1.03
NO™ (pyrimidine) 0.75 0.72
with an asterisk. Because of their matching profiles, one can
recognize the same origin transition in the spectrum of
NO™ (benzene), assign it as such, and determine from it the
LIS I L I E.A. of NO(benzeng). This was found to be 0.44 eV, as is
0.0 0.5 1.0 15 2.0 25 indicated in Fig. 3. Thus, the solvent-induced shift between

the spectra of NO and NO (benzene), i.e., the E.A. dif-
ference between NO and NO(benzenels 0.41 eV. While
FIG. 3. Comparison of spectral profiles of NGrs NO™(benzene) in the  remnants of free O vibrational structure are not evident in
top panel and @ vs O.[('benzenej) in t_he bottom panel. The E.A. values  tha spectrum of @(benzene), there is nevertheless a good
of the complexes are indicated on their panels. match between the spectral envelopgsapes and width®f
the lower EBE electronic bands in,Oand G (benzene).
The origin transition in the free O spectrum is marked in

Under the aSSUmption of an intact anion Chromophorq:ig_ 2 with an asterisk. By a"gning the Spectrum OEO
within the anion—molecule complex, one can make the apunder the spectrum of {{benzene) until the best graphical
proximation that the E.A. of the complex is the energy dif- fit js achieved, one can locate the point on the spectral profile
ference between the solvent-stabilizedlvated anion and  of O, (benzene) that corresponds to its estimated origin
its solvent-stabilized neutral. This can be accomplished byransition. The EBE of this location provides the E.A. of
identifying the spectral origin transition of the free anion o,(henzene). This was found to be 1.06 eV, as is indicated
within the spectral profile of the corresponding anion—on Fig. 3. Thus, the solvent-induced shift between the spectra
molecule complex and taking the EBE of that point or fea-of 0, and G (benzene), i.e., the E.A. difference between
ture on the complex’s spectrum as the E.A. of the complexp, and Q,(benzene), is 0.61 eV. The ability to match the
Since the equilibrium structures of the anion—neutral comzpectral envelope of the seed anion with that of its corre-
plex and its corresponding neutral—neutral complex may no§ponding complexes provides a rationale for assigning origin
be the same, the application of this perturbative approximagansitions for these complexes and thus for determining
tion can lead to an overestimation of the E.A. of a binaryejectron affinities. All electron affinities and spectral shifts in
complex by an energy that is of the magnitude of thethis work were determined by this procedure. Both quantities
neutral—neutral interaction energy. Most of the complexegre given in Table I. Spectral shifts, relative to their corre-

studied here are expected to have neutral—neutral interactiofhonding free seed anion spectrum, are marked in Figs. 1, 2,
energies which are small in comparison with the specifig gnd 5.

effects observed.

This procedure for determining electron affinities of
complexes is illustrated in Fig. 3, where in the top panel th
spectrum of free NO is overlaid onto the spectrum of
NO™ (benzene), and where in the bottom panel the spec- For anion—molecule complexes, XY),, where X is
trum of free GQ is overlaid onto that of @(benzene). In  the seed anion and Y is a solvent, the following relationship
the spectrum of NO(benzene), its partially resolved vibra- holds?®
tional features correspond well, in terms of both spacings -~
and intensities, with those in the spectrum of free NGhe EALX(Y)n] =B AX(Y)n-1]
origin transition in the NO spectrum is marked in Fig. 1 =Daniod X" (Y)n—1=Y]=Dpewrad X(Y)n_1=Y], (2

Electron Binding Energy (eV)

eB. Anion—neutral interaction energy determinations
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FIG. 4. Photoelectron spectra of NQnhaphthaleng) and _ _
~ . . - FIG. 5. Photoelectron spectra of,Q O, (H,0), O, (naphthalene),
NO™ (naphthalene). Spectral shifts relative to NOare indicated for each. 0, (naphthalene) (kD) and G (naphthalene)(5D),, along with their
spectral shifts from their seed anion, O

where E.A,[X(Y),] and E.A,[ X(Y),_1] denote the adia-

batic electron affinities of the X(Y)and the X(Y)—1 Clus- ¢ jite small (x=0.159 D), and the same conclusion for neu-
ters. Daniod X~ (Y)n-1-Y] is the anion dissociation energy o) NO/neutral aromatic complexes is also likely to be valid.
for the loss of a single neutral solvent molecule, Y, froM g, thermore, the E.A. value extracted from the spectrum of a
X7(Y)n, and Dreyrad X(Y)n-1-Y] is the weak-bond, gien pinary anion—molecule complex is likely, as was
neutral—neutral dissociation energy for the Ios§ of a S'nglebointed out above, to overestimate the actual E.A. by an
_solvent molecule, Y, from X(Y,. Espeual_ly pertinent here ;. .0unt on the order @ X=Y], improving Eq.(4) as
is the case Whgren: 1. Under these circumstances, the 5, approximation still further. Thus, for each of the
above relationship becomes O, (aromatic) and NO (aromatic) photoelectron spectra
E.ALX(Y)1]=E.ALX]=Daniod X~ =Y]—Dpeutral X= Y1, studied here, the vast majority of the observed spectral shift
(3 is due to the attractive interaction between the anion and the
where the difference between electron affinities is the Specz;romatic molecule. Therefore, equating the observed spectral

tral shift described above. Since anion dissociation energie%hift t0 Daniol X~ —Y] is a reasonable approximation. The

are usually somewhat larger than weak-bond, neutral—neutr§PeCtral shifts shown in Table 1 for binary complexes are
therefore also anion—neutral interaction energies.

interaction energies, the following approximation can often )
be applied: When the complex contains more than two components,
and the observed spectral shift is measured relative to the
EALX(Y)1]=E.AX]=Daniod X~ =Y]. (4)  spectrum of the free seed anion, the following energetic re-

This gives an estimate 4, X —Y], which is also the lationship holds’
interaction energy between the anion, dnd its neutral sol- E A_[X(Y),]—E.A [ X]
vent molecule, Y. The assumption that the neutral binding

n-1 n—-1
energy is small is valid to a good approximation for the B _
complexes investigated here. For example, theli@nzene _mE:O D anior X (Y)m_Y]_mE:o Dreural X(Y)m=Y1.

(neutral-neutral dissociation energy is known to be about
0.05 e\?*~31This value can be neglected in comparison with (5)

the magnitudes of the spectral shifs.A. differenceg en-  For those anion—neutral complexes, the spectral shifts are
countered here. Also, while NO has a dipole moment, it isdue to the sum of the individual anion—neutral interaction
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energies minus the sum of the individual neutral-neutral in{naphthalene)NO(naphthalene). ~ The dimer anion,
teraction energies. Again, if the latter can be neglected, th@ﬁaphthaleneg is known3® and the monomer anion,
spectral shift is predominantly due to the anion—neutral in{naphthalene) can be stabilized by solvatidit. The elec-
teraction energies present. In the case of complexes wheggyn affinities of their corresponding neutrals, however, are
water is a component, however, this approximation is weak--0.11 and—0.18 eV, respectively. Thus, both the second and
ened due to the strength of hydrogen bonding. In addition tenird possibilities above are quite unlikely, since their sol-
spectral shifts for binary anion—molecule complexes, Table {,enfs) would not be able to shift their seed anion electron
also lists spectral shifts for multicomponent complexes refyinding energies to the relatively large energy at which it is
erenced to the spectra of their free seed anion. actually observedsee below The trimer anion in question
is therefore NO (naphthalene).

Figure 4 compares the spectra of N@aphthaleng)
and NO (naphthalene). Whereas the solvent shift for

In Fig. 1, one observes that NQaromatic) interaction NO™ (naphthaleng) is 0.63 eV, the solvent shift for
strengths(spectral shifts relative to the spectrum of free NO™ (naphthalene), relative to NO, is 1.03 eV, and this is
NO™) increase in the order, NUbenzene), significantly less than two times 0.63 eV. This is a nonaddi-
NO™ (pyridine);, NO™ (naphthaleng), NO™ (pyrimidine), , tive effect; each successive solvent stabilizes the cluster an-
i.e., by 0.41, 0.59, 0.63, 0.72 eV, respectively. Likewise, inion against electron loss less than the one before it, i.e., se-
Fig. 2, one notices that {{aromatic) interaction strengths quential interaction(solvation energies tend to decrease
(spectral shifts relative to the spectrum of freg)dncrease  with cluster size. To one extent or another, this nonadditive
in the order, Q(benzene), O, (pyridine);, and effect usually occurs in ion solvation. For comparison, sol-
O, (naphthalene), i.e., by 0.61, 0.94, and 0.96 eV, respec- vation of NO™ by one water molecule shifts the E.A. by 0.72
tively. Interaction strengths evidently increase in going fromeV, while solvation by a second water shifts it by an addi-
benzene to pyridine to naphthalene, whether the seed anidional 0.68 e\? In this particular case, the non-additive ef-
is O, or NO . Also, in comparing the spectra of fectis much less drastic than in NQnaphthaleng),, even
NO™ (aromatic) with those of G (aromatic), one notices though it is still apparent. In most instances, sequential shift,
that the spectral shift observed for each (@romatic) is  nonadditivity is probably due to a reduction in the available
larger than the spectral shift seen for its correspondinglectrostatic interaction with the seed anion as subsequent
NO~ (aromatic) complex. Interestingly, there is a persistent solvents are added. At a rudimentary level, this can be envi-
3:2 ratio between them. Thus, despite similarities betweewsioned either in terms of a partial cancellation of the charge
O, and NO, it is clear that these two diatomic anions be- on the seed anion by the parti@pposit¢ charges of nearby
have differently when solvated by aromatic molecules. solvents) [present due to either a permanent or an induced

Another important observation can also be made from &harge asymmetiyor by partial charge transfer to the sol-
comparison of Figs. 1 and 2. Spectral broadening, as meaents). In either case, the more solvents are attached, the
sured by the degree of loss of seed anion vibrational strudess effective charge is left localized on the anion seed. Of
ture, is correlated with increasing interaction strengths, asourse, once a solvation shell is filled, dielectric shielding
measured by spectral shifts. This is seen by comparing cofurther reduces the available electrostatic interaction between
responding spectra of NQGaromatic) and G, (aromatic) , the seed anion and additional solvents, but this effect is not
where the NO(aromaticy complexes, which exhibit in play here, where only small numbers of solvents are being
smaller interaction strengths than thg @romatic) com-  considered.
plexes, retain some free NOvibrational structure in most Next, consider the multicomponent  anion—
cases, while all ©(aromatic) complexes studied here have molecule complexes, f(naphthalengH,0);, and
lost their free @ vibrational structure. This same correlation O, (naphthalenglH,0),. The excess electrons on these
can be seen by comparing the spectra of NI®,0); and anion complexes are no doubt located as indicated
NO™(H,0);, both recorded in previous studi#s>?[In the by the formulas, @(naphthalengfH,0);, and
present study, the only exception to this correlation appear®, (naphthalengH,0),. While the species, (D), ,
to be the comparison between N(haphthaleng) and (naphthalene)(H,0);, and (naphthaleneH,0), are
NO~ (pyrimidine), .] The spectral broadening of the photo- known?334 the electron affinities of their corresponding
electron structures is caused by progressions of lowneutrals are again much too small to permit them to be
frequency intermolecular vibrations which are not resolvedshifted by their putative solvef# to the electron
in our machines. They superimpose the intramolecular vibrabinding energies at which fgnaphthalengH,0); and
tional transitions leading to a broad envelope. The correla©, (naphthalenglH,0), are actually observed spectro-
tion observed here points to a decreasing intermoleculascopically (see Table la and Fig.)5Hence, the surplus
Franck—Condon overlap with increasing anion—neutral intercharge is on the © moiety, while water and naphthalene act

C. Specific observations

action (coupling strength. as solvents.
Interesting observations may also be made about multi- Figure 5 compares the spectra of, © O, (H,0),,
component anion—molecule complexes. Consider, for ex©, (naphthaleng), O, (naphthaleng)H,0), and

ample, the trimer anion made up of one NO molecule, twoO, (naphthalengXH,0),. The origin transition in the spec-
naphthalene molecules, and an excess electron. In principleum of G, (H,0), is shifted relative to the origin in the
it could be NO (naphthaleng), NO(naphthaleng), or  spectrum of bare Dby 1.01 eV The water—Q interaction
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is quite strong, and it has been interpreted by Weber anc 1.0
Johnson in terms of the interaction of th& orbital of G, L
with H,0.% Interestingly, the spectral shift of Qinteracting
with a single water molecule is similar in magnitude " e

O, (Naphthalene) @

to the spectral shift of © interacting with a single - O Bemene) NO (Naphthalene)
naphthalene molecul€0.96 e\j. However, when a water L .
molecule is added to f(naphthaleng) to form yd

O, (naphthaleng)H,0),, the incremental shift due to the

added water molecule is only 0.68 eV, which is considerably r S NO'(Benzene)

Spectral Shift (eV)
o
(6]

less than the interaction energy between bayea®d a water L e

molecule. This is another example of a strongly nonadditive,

ion solvation effect. On the other hand, when still another i 3 Roxe)

water molecule is added to form,@naphthaleng)H,0),, - NO_(Z?'(K”

the Sequential shift is 0.63 eV, which, while nonadditive, is 0.0 TR W T PIRSEOE TUUY SN TR IS T N S T N
only slightly less than the 0.68 eV observed for the first 0 5 10 15
water. Perhaps, this means that the second water molecul Polarizability (A%)

has geometric access to the seed anion in a way that is simi-

lar to that enjoyed by the first water molecule. While theFIG. 6. A plot of spectral shifts vs solvent polarizabilities for selected O
spectra presented here may well be signatures of specifgfd NO complexes.

cluster structures, it does not follow that we can determine

them directly from such spectra, and absent theoretical sup-

port beyond binary complgxes, we resist the temptation tcby the photoelectron spectral shifts of NQAr);,
speculate further about their structures. NO™(Kr);, and NO (Xe);.%® Interestingly, linear depen-
dences with polarizability are found for each seed anion,
confirming the important role of polarizability in these inter-
IV. DISCUSSION actions. Of just as much interest, however, is the fact that
While using our data to shed light on the structures oftheir slopes are different. Given that the seed aniogsaad
these anion—molecule complexes may be out of reach, malNO™, are of similar size and that the dipole moment of NO
ing a contribution toward elucidating the nature of their in-is probably of little consequence, a linear dependence on
teractions may not. For this purpose, we focus on the binarpolarizability with a single slope would be expected in a
anion—molecule complexes that we have studied, considepurely electrostatic interaction. The fact that the dependence
ing both electrostatic and chemical aspects of their bindingis linear in each case but that the slopes are different implies
Obvious interactions which may be responsible for anion-that the interaction is not only electrostatic. The chemical
neutral binding include ion—dipole, ion—quadrupole, ion-identities of the two seed anions count; they are interacting
induced dipole(polarizability) interactions as well as cova- With the aromatic molecules differently.
lent bonding. Because anion—dipole interactions can be Theoretical calculations by Jalbout and Adamowicz on
expected to be significant, we will separate our discussion dthe O, (benzene) anion—aromatic molecule complex pro-
specific solvents according to whether or not they have &ide important insights into the structures of anion—aromatic
permanent dipole moment. Then, we will ponder the role ofmolecule complexes and the nature of their interactises
seed anion electronic structure in understanding why the inPaper I). Their calculations find a planar structure for the
teractions are as strong as they are, and why the binding 19, (benzene) complex, with the anion avoiding direct inter-
different between NO and Q complexed with the same action with therr-cloud of benzene. Specifically, they find
aromatic molecule. the axis of the @ molecular anion to be oriented alongside
the benzene molecule so as to maximize interaction between
its two oxygen atoms and two of the hydrogen atoms on the
The two nonpolar solvents that we utilized in this work perimeter of the benzene ring, i.e., it is predicted to be a
are benzene and naphthalene. In binary complexes of thesale-by-side structure with two contact sites. Important in-
solvents with NO and G, one observes that the interac- sight was also gained regarding the nature of the interaction.
tion energy between NOand naphthalene is greater than the While they found the charge-induced dipole interaction to be
interaction energy between NOand benzene, and that the the dominant binding mechanism, their analysis of the
interaction energy between,Oand naphthalene is greater O, (benzene) wave function also showed significant delo-
than the interaction energy betweep @nd benzene. For a calization of the excess electron onto thelectron region of
given seed anion, the larger aromatic solvent has the highdéhe benzene. They further commented that these features are
interaction strength. Qualitatively, this suggests that the poalso likely to appear in other complexes involving small co-
larizabilities of these aromatic solvents may play a role in thevalent anions interacting with aromatic molecules. In addi-
strength of these interactions. To explore this further, weion, we note that their results may carry over into the struc-
plot, in Fig. 6, various binary anion—neutral interaction tures of multicomponent complexes, such gy enzeney,
strengths(spectral shifts versus the polarizabilities of their where one might expect a planar, two-sided structure, viz.
solvents. Benchmarks at small polarizabilities are providedbenzene)©(benzene) in analogy to gH,0), clusters®

A. Nonpolar solvent interactions
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B. Polar solvent interactions complexes we have studied here, e.g., it was 0.44 eV in
NO™ (benzene). This, however, is not a fair comparison,
because the spectral shifts of both, @romatic) and
NO™ (aromatic) complexes increase significantly with the
size and polarizability of a given aromatic. Anthracene is
_larger than any aromatic molecule utilized in our study, and

pect anion—dipole interactions to play a major role in gov he CI Janth : . . dest i
erning the magnitudes of interaction strengths. Against thget the ) anthracene interaction energy remains mo .est n
omparison to the other complexes studied here. This sug-

backdrop of this electrostatic expectation, several observa: . o . ST
tons can be made. The spectral shift exhibited bygests that_the relatively high mteractlon_strengths seen in this
NO™ (pyrimidine), is significantly greater than that exhibited yvork are in part due to © and NO be|n'g Qpen-shell an-

by NO™ (pyridine);, while the dipole moment of pyrimidine '°NS- For q sol\iated.by HO, povalent binding to the par-

is only slightly greater than that of pyridine. The spectraltlally OCCUP'ed_T’ orbital ha;, in fact, been observed. ,

shift exhibited by Q (pyridine), is slightly smaller than that _ '\€Xt consider observatid@). The key to understanding

exhibited by @ (H,0),, even though pyridine has a some- 'lt\r:gidifferenc_:es in tre binding of.dﬂgrokrraéi% versusb
what larger dipole moment than water €1.84 D). Like- (arﬁmatllc) COMPIEXES must r;:‘S|he in the |derehces e;j
wise, the spectral shift exhibited by NQpyridine), is sig- tween the electronic structures of the two seed anions an

nificantly smaller than that exhibited by NQH,O), [cf how these impact the covalent bonding contribution in each
0.72 eV],%2 despite the ratio of the dipole momtzantsl of t.heir case. Hence, one should consider their molecular orbitals and

solvents. Most striking of all, however, are the observationdnelr €lectron o_ccupatzlorls.*;'he _electron configuration of
that the spectral shift of X pyridine), is very similar to that ground SIata%'S*'Z'"U T V.Vh"e that.of ground state
of O, (naphthaleng), and that the spectral shifts of is ....m°0“7* . (Note the difference in the number of
NO™ (pyridine); and NO (pyrimidine), bracket the spectral

electrons in ther* orbital in each case and the reversal in
shift value of NO (naphthaleng), even though naphthalene energy ordering between tleand 7 orbitals in each anioi.
has no dipole moment. Thus, while anion—dipole interaction

éAs consequences of these electron configurations, the ground
are probably important, clearly they alone do not govern thetates

of @ and NO are thus?Il and 33 states, respec-
magnitudes of the interaction strengths measured in thestﬁlely’

while the ground states of&nd NO aré’Eg and?I1
experiments. These observations provide additional evidenciates: respectively. Again, because of differing electron con-
implicating an important role for covalency in anion—

figurations, the roles ofll and33 states in the anions and
aromatic molecule interactions. Covalency, in fact, appearg“air corresponding neutrals are exchanged in these systems.

to be a significant part of the reason for the unexpected The_most obvious qualitative difference between the
strength of small anion—aromatic molecule interactions. ~ €/€ctronic structures of ©and NO are the numbers of
electrons in theirr* orbitals, i.e., 3 versus 2, respectively.

Curiously, this corresponds to the persistently observed 3:2
C. The role of the electronic structures of O 5 ratio in O, (aromatic) versus NO (aromatic) spectral
and NO™ shifts that we described above. The question is whether this

There are two major observations emerging from thigS accidental or a clue to the interplay between the electronic

work. They are(1) the interactions between the small anionsStructures of these seed anions and the binding of their
and aromatic molecules studied here are unexpected@”'on_aroma“c molecule complexes. Unfortunately, our ex-

strong, and2) when G interacts with an aromatic molecule perimental results alone are insufficient to answer this ques-
and NO interacts with the same aromatic molecule, theirtion- The accompanying paper by Jalbout and Adamowicz

interaction strengths differ substantially, with the former be-(Paper 1) is the beginning of a partnership with theory,
ing the larger. which we hope will address this question.
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