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Nitrobenzene anions (NB in both valence and dipole bound states are examined using laser
(photodetachmept photoelectron and Rydberg electron transféRET) spectroscopies.
Photoelectron spectroscopy of the valence Niion yields a valencédiabati¢ electron affinity

of 1.00+£0.01 eV. The reaction rates for charge transfer between atoms of cesium and xenon in high
Rydberg statefCs(ns,nd) and Xefif )] and NB exhibit a prominent peak in theirdependencies
consistent with the formation of a dipole bound anion having an electron affinity of 28 meV.
Para-dinitrobenzenépDNB) has a zero dipole moment and a large quadrupole moment. RET
studies with pDNB show a complexdependence. The rate of formation of pDN®ns exhibits

a broad peak at low-values and a second very broad feature extending to fakgdues. The peak
atlown s tentatively attributed to charge exchange into a quadrupole bound stajg(EAmeV).

The absence of field-detachment for these ions suggests that if these are in a quadrupole bound state
they are strongly coupled to the valence state. Meta-dinitroben@zaB&IB) has a large dipole
moment and a small quadrupole moment. The observation of a weak but narrow peak at a low
n-value in the RET measurement is consistent with electron attachment into a primarily dipole
bound state (EA=68meV) which is also strongly coupled to the valence state.1999
American Institute of Physic§S0021-960609)30534-]

I. INTRODUCTION attachment results in anions which are metastdbldess
_radiation occursand the lifetime of the state decreases with
Free electrons are known to attach to molecules Vignqreasing total energy in the anion. The quasiequilibrium
shape, nuclear or electronically excited Feshbach resonancg%ory embodied in Eq(1) has been shown to adequately
(see review by Schultz The lifetime of the negative ion jegcrine the lifetimes and cross sections for a number of
intermediate state is a complicated function of the COUp“n%olecules most notably for the SFnolecule? In recent
0:] electronic and_ nuclear mo'lt_lon. For thle case _Of ?] Iour%/ears, this vibrational autodetachment process has been ob-
shape resonancg.e., no coupling to nuclear motiprthe served in neutral molecules and clusters and has become

- - - 715 - -
lifetime i very short (-10°""s). Th_e lifetime, 7, of a known as “thermionic emission’{see the review by Klots
nuclear excited Feshbach resonance is related to the electrgﬂd Comptof‘l)

capture cross sectiom, through the principle of microscopic

STy FermP was the first to point out that the reaction be-
reversibility;

tween an atom in a high Rydberg state and a molecule can be
=(1No)(p~1p°), ) approximated by that of the interaction of a slow quasifree
B ) _ electron with the scatterer together with the polarization in-
yvhereog represents the density of states for the negativgjyced upon the scatterer by the Rydberg ion core. This
ion, p~ is the density of states of the free electron plus mol-yq4e| has been successfully applied to electron attachment
ecule, andv is the velocity of the incident electron. Many re4ctiond In those reactions, the ion core also acts to stabi-
complex molecules are known to form long-livét-1000  |iz¢ the negative ion through removing vibrational energy.
ws) negative ion states through the sharing of the incident ¢ js often useful to represent the interaction of an elec-
electron energy and electron affinity energy among the manyo, with an atom or molecule in terms of its static and
degrees of freedom of the molecdiélnimolecular electron dynamic electrostatic energies. If we consider only the dipole
and quadrupole terms, the potential of interaction between an
dAuthor to whom correspondence should be addressed. electron and a molecule is conveniently expressed as
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ew e lecular structure contribution must be included. In addition,
V(r)=— -z Pir-R) = 5 Pa(r'R) the quadrupole moment is expected to play a role in the
binding of electrons to molecules which possess a permanent
dipole moment. In some molecules for which the dipole mo-
ment is almost large enough to produce a “dipole bound”
state, the quadrupole momeiong with polarizability can

where u is the electric dipole moment ar@ is the quadru- P the balance and provide the necessary binding.
pole momentP4(r-R) andP,(r-R) are the Legendre poly- Experimental evidence for binding to a molecular quad-

nomials, and the last two terms represent the polarizabilityUPOl€ is scarce and contradictory. However, the interesting
attraction and centrifugal repulsion for an electron with an-N€gative ion properties of GHias stimulated interest in it as

gular momentunL with respect to the center of the charge & posséble candidgte for quadrupole binding. H.arth, Ruf, and
distribution. « represents the polarizability of the atom or Hotop'® were the first to report a very interestimgdepen-
molecule. dence for the Cs production cross section in collisions with

In recent years, there has been growing interest in th&€(ns) and Nefd) high Rydberg atoms. The cross section
bound states of the electron—atom or electron—molecule sy§xhibited a steep rise at low a characteristic maximum for
tem that result from their multipole moments as embodied if’~18 and a steep decr?gse toward hlgEeA number of
Eq. (2). Since only atoms in degenerate states can have ¥g&rs ago, Dunningt al,™ Carmanet al,”* and Desfran-
dipole momente.g., H, the quadrupole is generally the first §0IS’ et al,'®reported a similan-dependence in the Rydberg
nonzero electric moment for atoms. For molecules, the studgharge transfer cross section to the,@8olecule which is
of the binding of electrons to molecules possessing a dipo|éeminiscent of the features exhibited by dipole bound states.
moment has a rich history. Fermi and Tellerere the firstto AlS0, Dunninget al*® further showed that the GSanion
predict that a fixednonrotating dipole should bind an elec- Was easily undergoing field induced electron detachment in
tron or positron provided that the dipole moment exceeddhe presence of a weak electric field, again characteristic of a
1.625 D. By considering the dipole potential outside of aweakly bound state. Prompted by these reports, Compton,
molecule, Crawford and Garrtivere able to neglect other Dunning, and Nordlandét performed calculations which
effects of the molecular electrons and to show that moleculesuggested that electron binding to the quadrupole field of
whose dipole moments are abov& D should permanently CS(Q= +3.3a.u.) might account for these results. The ab-
bind an extra electrotfor an interesting historical account of sence of weakly bound states and no pronounced peak in the
this development see TurferRydberg atom charge transfer n dependence for the formation of COS added further cre-
to polar molecules is one method of preparing the fragiledence to this proposa] Q(COS)=—0.2a.u]. However,
dipole bond anions. Recently, Desfraiet al’® have pro- ~ given the results of Prasaet al,*> a negative quadrupole
vided direct evidence for dipole bound anions in a series ofnoment of CQ(Q=—3.1a.u.) should have also led to the
experiments showing a narraw(principal quantum numbgr formation of a quadrupole bound anion, but no anions were
dependence in the Rydberg electron tran§RET) rate with  reported for CQin Ref. 16 or 17. It should be pointed out,
molecules having dipole moments above the critical momenlhowever, that these anions were not specifically under inves-
(now thought to be~2.5 D). They also used the electric field tigation there and could have eluded detection as a result of
detachment method introduced by Haberland to show thaheir extreme fragility or narrom dependence. Also on the
these anions were weakly bound and to measure electroregative side, Gutsev, Bartlett, and Comptdmave recently
affinities for many of the polar molecules. The measuredeported calculations for the binding energies for ,CO
affinities fit well with the dipole model. The Villetaneuse COS", and CS, that were not definite as to the formation of
group! has provided a comprehensive review of ground-quadrupole bound states.
state dipole bound anions. These experiments can be better understood in light of

The possibility of electron binding to molecules possess+ecent studies which have provided experimental evidence
ing large quadrupole moments has been under investigatidior quadrupole bound statésThese diffuse states have been
since 1979. The existence of quadrupole bound states of aobserved and characterized by means of Rydberg electron
ions was first considered by Jordamvho predicted a large transfer and field detachment for moleculesy., succinoni-
electron affinity for (BeQ®, mostly due to the quadrupole trile) and clusterge.g., formamide dimemvhich possess null
attraction. Prasad, Wallis, and Hermardurther performed dipole moments but considerably larger quadrupole moments
calculations which demonstrated a dependence on the sign tifan those considered above. To our knowledge, the only
the quadrupole momen(.e., charge distributionfor the  rigorous quantum chemistry calculations dealing with quad-
binding of an electron to a fixed linear electric quadrug8le. rupole bound anions are those of Refs. 12 and 22, but a
As a result of the shorter range for the quadrupole potentiakimple electrostatic mod&lallows consideration of the sta-
it was not possible for them to make a statement as to thbility of anions possessing excess electrons which are
“critical” quadrupole moment necessary to bind an extraweakly bound in very diffuse orbitals by multipolar poten-
electron as has been done in the case of the dipole field. ltials. The existence of a potential well responsible for elec-
fact, since the quadrupole field falls off as3.the singular- tron binding is due to the sum of attractive potential terms
ity at r=0 assures bindingnegative energyfor an unreal- describing dipolar, quadrupolar, and polarization forces, and
istic point quadrupole of any magnitu@® In real molecules a short-range repulsive potential due to the Pauli exclusion of
at these close distances the details of the atomic and/or mdéhe excess electron from the closed-shell valence orbitals. It
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can be showAt that a single empirical parameter can be em-the influence of cooling collisions. In the past, a wide variety
ployed to describe the repulsive part of the interaction potenef ground-state dipole bound anions have been generated and
tial. This repulsion parameter is a function of the polarizabil-photodetached with this souré&ln cases where the valence
ity with a typical value close to 1. Although this model is anion state is lowest in energy, however, the nozzle ion
rather simple, the accuracy of its prediction is comparable t@ource preferentially produces the valence anions, as has
that of more elaborate ab initio calculations. Typically, thebeen demonstrated for nitrometh&hand for solvated uracil
relative error for the prediction of electron binding energiesanions?® Once the ions are formed, they are then accelerated
is less than 50%. and transported via a system of ion optical elements through
In this paper, we report measureme(Rydberg charge an ExB Wien mass filter, and the resulting mass-selected

exchange and/or photodetachmeart molecules which form ion beam is crossed at right angles with the fixed-frequency
long-lived valence anions and which possess either a suffargon ion laser operated intracavity. Photodetachment spec-
ciently large dipole momenfu(NB)=4.22D, u(mDNB) tra were recorded at the wavelengths of 457.9 nm, 488.0 nm,
=4.29D0] or quadrupole momenfQ(pDNB)=—59a.u] and 514.5 nm. A small solid angle of photoejected electrons
which might be expected to bind an electron into a diffusewas then collected and passed through a hemispherical elec-
anion state. tron kinetic energy analyzer having a typical resolution of 27

meV. The electron binding enerd¥BE), the incident pho-

ton energy fiv), and the kinetic energy of the photodetached
Il. EXPERIMENT electron(EKE) are related through the conservation of en-
gLay, EBE=hv—EKE. This apparatus has been described

The experimental methods used here are the same ; . 26
Jreviously in detaif

those employed in our recent study of electron binding t
nitromethané&? Briefly, charge exchange reactions between
excited Rydberg atoms and beams of nitrobenzene weng. RESULTS AND DISCUSSION
studied at both the University of Paris-Nord using Xéj
Rydberg atom¥ and at the Oak Ridge National Laboratory
using Csfs,nd) Rydberg atoms’ In addition, Rydberg Rydberg electron transfeiRET) is a well established
charge transfer to meta- and para-dinitrobenzene was studiedethod for the production and study of weakly bound anions
at the University Paris-Nord. Laser photodetachment negan which excess electrons occupy very diffuse orbifdfsin
tive ion photoelectron spectroscopy of the nitrobenzeneontrast with the source described immediately above, the
negative ion was performed at Johns Hopkins University. single collision operating conditions of the RET anion source
The Rydberg electron transfer meth@RET) uses elec- are such that even very weakly bound anions can survive
trons which are initially bound to Rydberg atoms and trans-after electron attachment. The experimental lower limit for
ferred under single collision conditions to molecular assemthe excess electron energy under study is not determined by
blies. In the experiments described herein, laser-excitedollisional processes but rather by the accelerating, focusing
Cs(ns,nd) (Ref. 17 or Xe(nf) (Ref. 1)) atoms are allowed and/or stray electric fields which can induce field detach-
to cross beams of molecules or neutral clusters. lons creatadent. With careful control of these fields along the anion
by charge transfer are extracted from the collision region angath, anions with excess electron binding energies as low as
further mass-analyzed in a time-of-flight mass spectromete.3 meV can be producéd.The RET signature for the pro-
The Rydberg atom principal qguantum numbers vary from 7duction of such weakly bound anions is the presence of a
to 50 (corresponding to mean Rydberg electron energies beaarrow peak ah,,in the RETn-dependence. This Rydberg
tween 280 and 5 meV The n-dependencies of the rate con- selectivity in anion production can be understood within the
stants for the formation of NB and p,mDNB anions are framework of a multiple ionic-covalent crossing modehn
determined by comparison with $Fsignals which are pro- empirical lawt! which has been tested with a large number of
duced by Rydberg atom collisions with thermal effusivedipole bound aniongsand a few quadrupole bound anigpns
beams of Sk At high principal quantum numbens, the  directly relates the corresponding electron affinity EA to the
Rydberg charge transfer should proceed via attachment intexperimentally ~ determined n,,, Vvalue, EAeV)
a long-lived nuclear excited Feshbach resonance in accok= 23/(n,)>%. The signature for creation of valence anions,
dance with Eq(1). The attachment into dipole or quadrupole on the other hand, is the observation of a smooth variation of
anion states is expected to occur over a narrow range dhe RETn-dependencies over a wide range of highalues.
lower principle quantum numbers where resonance charge Another method for probing electron binding energies is
transfer can occur. field detachment by means of an externally applied uniform
In the photodetachment experiments, NBnions were electric field. Unfortunately, neither RET nor field detach-
formed by coexpanding nitrobenzene vapor at two differentment experiments provide any means of determining valence
temperatures with several atm argon gas through au®5 electron affinities, and one must then rely on PES measure-
nozzle. The primary electrons were supplied by a negativelynents. Moreover, as was shown in our previous studies of
biased ThO/Ir filament placed just outside the noziriethe  nitromethané? a diffuse state can be more or less strongly
presence of an axial magnetic figl create a microplasma coupled to a valence state. The existence of a diffuse state
discharge in the dense region of the expansion. The seconthen only appears through the shape of the RET curve which
ary, thermalized electrons, coming primarily from the argonis dominated by the electron transfer at large electron—
atoms, attach themselves to the molecules of interest undemolecule distance&&lectron attachment over a wide range of

A. Rydberg charge exchange
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FIG. 1. Then-dependence of the relative rate constant for the formation of ) )
hitrobenzene anions in collisions of Xe(nf) (squaresand C&* (ns,nd) FIG. 2. Then-dependence of the relative rate constant for the formation of
(circles laser excited atoms with nitrobenzene. 1,4-dinitrobenzene anions (pDNBin collisions of pDNB with X&* (nf)
atoms.

high n-values. The RETn-dependence curve is still peaked
in this case, but it is broader than for a pure dipole bound or=—59 a.u.; Q,,= +14a.u. The parallel and perpendicular
quadrupole bound state. Also, field detachment in the case @olarizabilities are evaluated to be 22.6 and 16.6 & re-
coupled states is no longer possible since a fraction of thepectively. From the simple electrostatic model, we can pre-
excess electron orbital is localized at a very short distancdict the approximate value of the quadrupole bound electron
near the molecule. affinity to be 23t 15 meV. The RETn-dependence for the
Figure 1 shows th@-dependence of the reaction rates production of para-dinitrobenzene ions pDNBhown in
for charge transfer between atoms of cesium and xenon iRig. 2 displays a peak arounmd=11-12 suggesting the ex-
high Rydberg stategCs(ns,nd) and Xefnf)] and nitroben- istence of a weakly bound anion. The corresponding experi-
zene(NB). The nitrobenzene oven was kept at 23 °C. Themental electron affinity deduced from the above empirical
RET n-dependence curve exhibits a prominent peak at amelationship is about 25 meV. The increase of the anion cre-
effective principal quantum number,,,=11. This result is ation rate betweem=20 andn=25 is similar to that ob-
consistent with the formation of a dipole bound anion andserved for several other anions created by Rydberg electron
the corresponding electron affinity deduced from the empiri-attachment to aromatic systems. It may be due to Rydberg
cal formula given above is Ef=28 meV. There has been electron transfer intar orbitals, but until now, no quantita-
one previous report on the effects of the dipole states in théve explanation has been given for this observation. No
electron/nitrobenzene interaction. Frey al?® detected a field-detachment is observed for pDNBnions produced by
manifestation of anionic states supported by the dipole fielRET from Xe(1Z ) atoms. This result and the rather large
of the nitrobenzene molecule in an inelastic electron—dipolavidth of the RETn-dependence indicate that the diffuse state
molecule scattering experiment at sub-meV energies. is strongly coupled to a valence state. Indeed, it is krfdwn
In order to test the nature of the orbital occupied by thethat NO,-containing disubstituted benzene derivatives
excess electron of the NBanions, we have performed field strongly attach epithermal electrons and form long-lived va-
detachment measurements while tuning the laser for produdence negative ions.
tion of Xe(11f ) or Xe(25 ) Rydberg atoms. In both cases, The oven containing pDNB was kept at 90 °C, which is
no detachment of the NBanions was observed. We con- a temperature well below the melting point of pDNB
clude from the absence of field-detachment of the dipol€173°Q but equal to the melting point of mDNB0 °O).
bound aniongfor n=11) that there is a strong coupling of We were thus concerned about the possibility of isomeriza-
the diffuse state to the valence state. Nitrobenzene has taon taking place in the heated oven, leading to the formation
large dipole moment of 4.22 D and a rather small quadrupolef 1,3-dinitrobenzenémDNB) from pDNB. In that case, the
moment component along the dipole axis of onl9 a.u. Its  observed weakly bound anions could be attributed to dipole
parallel and perpendicular polarizabilities are respectively esbound mDNB' anions. However, the RET method not only
timated to be 17.3 Aand 11.6 A. From these values and provides a nonperturbative ionization process, but also an
using the electrostatic model, we calculate an approximatanalytical tool which allows one to distinguish between iso-
value of the dipole bound electron affinity equal to 30 meric pDNB™ and mDNB™ anions. mDNB has a large di-
+10meV. pole moment =4.29D), very close to that of nitroben-
The study of RET electron attachment to pDNB waszene, and a quadrupole moment@# + 18 a.u. Its parallel
prompted by the anticipation of the observation of quadru-and perpendicular polarizabilities are respectively estimated
pole bound anions. pDNB appears to be a good candidat® be 21.2 & and 17 A. From the electrostatic model, the
since its dipole moment is null, and the components of itpredicted electron affinity of mDNB is 1@525 meV, corre-
quadrupole moments are equal Q,,=+45a.u.; Q,,  sponding to a peakin the RET curve around7. To test for
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B. Photoelectron (photodetachment ) spectra

o
-

The photoelectrorphotodetachmeptstudies were un-
| dertaken to further explore the energy states of the nitroben-
I ] zene anion and their relationship to neutral nitrobenzene. Ex-
L 05 n tensive efforts were devoted to attempts to produce a dipole
. bound anion of nitrobenzene, since its dipole moment of 4.22
| D is considerably larger than the critical value eR.5 D
necessary to support a stable dipole bound state. In the pho-
todetachment experiments, however, we did not observe the
. dipole bound anion of nitrobenzene. This was probably due
to the tendency of the ion nozzle source to produce only the
most stabl€in this case, the valengeanion state of a mol-
10 20 30 40 50 ecule. As a result, the primary contribution of the photode-
tachment experiment to this study is the characterization of
the valence anion state of nitrobenzene.
FIG. 3. Then-dependence of the relative rate constant for the formation of The photoelectron_spectrum Of_the nitrobenzene a_nlon,
1,3-dinitrobenzene anions (mDNB in collisions of mDNB with ~recorded at514.5 nm, is shown in Fig. 4. Notably, there is no
Xe** (nf) atoms. The inset displays the weak peakat8 corresponding  photodetachment signal characteristic of a dipole-bound an-
to the dipole bound state of the mDNBanion. ion. Based on our previous experiefit® we would expect
the signal due to a transition from a dipole bound anion state
to be located near zero electron binding energy and to be
distinguished by a single, narrow feature reflecting the nearly
édentical geometries of the anion and the neutral. The spec-
trum of NB™, however, is typical of a valence anion.

The vibrational structure in Fig. 4 is indicative of a sub-

N
o
T

-

—_
(8;]

o

Relative anion formation rate constants
-—
o
T
<o
o
=
IS
]
1

Rydberg quantum number n

isomerization and contamination, we have replaced pDN
with mDNB and studied Rydberg electron transfer to this

moIe_cuIe. The exp_erlmental RET_dependence for the Pro' stantial difference in the equilibrium geometries of the anion
d%lc“o” OT meta-d!n|troben;ene ions mDNBs shown in and its neutral. The energy interval between the prominent
Fig. 3. ThIS curve is very different from the RET curve €O yibrational peaks is 134570 cm ! and corresponds to the
responding to pDNB. The broad peakrat 11-12 has dis-  gymmetrical ~NQ stretching frequencyliterature value®
appeared and is replaced by a very small peak=a8, close  are 1345 criit in IR or 1351 cm* in Raman spectja This

to the predicted value for the dipole-bound mDNBnion.  result confirms our expectations that the excess electron
The anions reported here are not observed to undergo fiekhould be localized on the —NQnoiety of the molecule.
detachment. This observation is attributed to the coupling ofFurthermore, according to the experiments in the
these diffuse states with the ground valence anion state. Igas-phasé! in solution®> and in the crystaf® both the
our previous study of RET on nitromethane (§4D,),>>  neutraf! nitrobenzene and its radical anf8i° have planar
both the dipole bound and the valence state were observed geometry due to the conjugation of theorbitals of oxygen
direct analogy to the case of nitrobenzene studied here. Howatoms with them-electron orbital of the aromatic ring. Be-
ever, for nitromethane, field detachment of the dipole state

was observed for some valuesrofWe conclude that for the

nitrobenzenes reported here, the weakly bound anion state Electron Kinetic Energy (eV)

are coupled to the valence anion state more strongly than ir 0.0 0.5 1.0 - 2.0

the case of nitromethane, probably due to the larger valence T AT B A B

electron affinities and number of degrees of freedom in ni-
trobenzenes.

At the present time, we can only suggest that the pDNB
anions formed under Rydberg charge transfer for
=10-15 are a result of transfer into a quadrupole bound
state. In this connection, a recent theoretical study by Gu-
towski and Skursk? finds that pDNB does not support a
qguadrupole bound anion state but only a valence anion state
The quadrupole moment tensor reported by that group is
however close to the one reported herein. A further possibil-
ity therefore is that a short-lived quadrupole state is formed
followed by rapid intramolecular conversion to the bound 25 20 185 10 o5 0o
valence state. In this sense, the quadrupole state is a doorwe Electron Binding Energy (eV)
state to the formation of bound valence anions. This issue

will _Only be _resowed throth further eXpe”mental and the'FIG. 4. The photoelectron spectrum of the nitrobenzene valence anion re-
oretical studies. corded with 514.5 nni2.409 eV} photons. The origin is indicated 48, 0).

(0,0)

Photoelectron Counts
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cause of this restriction in the degrees of freedom for -NO
moiety, the primary effect of the excess electron is to
lengthen the N—O bonds in the anion. Correspondingly, upon
the photodetachment of this electron, primarily the -NO
stretch would be excited. This situation is somewhat differ-
ent from that of a nitromethane ani6hwhere the —NQ@
attached to a methyl group assumed a pyramidal configura-
tion around nitrogen atom upon the attachment of the excess
electron. As a result, the most highly populated vibrations in
the neutral nitromethane upon photodetachment of the excess
electron were —N@bend and —N@wag.

One of the most important physical properties of a mol-
ecule deduced from its negative ion photoelectron spectra is
its electron affinity, i.e., the measure of the stability of the
ion with respect to the neutral. The adiabatic electron affinity
(EA,) is the energy difference between thé=0 level of
the ground electronic state of the anion andhe 0 level
of the ground electronic state of the neutral. Therefore, in a
photoelectron spectrum, EAcorresponds to the energy of L L B L L B L
thev’=0+v"=0, i.e., the(0, 0) transition. In the absence 457.9 nm
of “hot” bands originating from the vibrationally excited
levels of the anion, thé), 0) transition is the first peak in the (c)
vibrational progressiofunless the geometrical distortion be-
tween the anion and the neutral is so great that(€he0)
transition is inaccessible through verticaptica) excita-
tion]. Under the supersonic expansion conditions of this
source, the temperature of these anions was probably low, on
the order'of 10-100 K. However, to explore the possjbility "2's 20 15 10 o0s oo
of observing hot bf':mds, we recorded spectra at two different Electron Binding Energy (eV)
temperatures of nitrobenzene vapor, 23°C and 100°C. The
two spectra taken at these temperatures with 514.5 nm pho- _ _
tons are presented in Fig(e. The effect of the higher tem- F': 5 The photoelectron spectra of the nitrobenzene valence anion re-

" . . corded with(a) 514.5 nm(2.409 eV}, (b) 488.0 nm(2.540 eV}, and (c)
perature is seen as only a slight broadening of features. HQ&7.9 nm(2.708 eV photons. The thick line spectra were taken at 23 °C,

bands are thus probably not an important issue in this speevhile the hairline spectra were taken at 100 °C.
trum. Consequently, we assign the lowest-EBE resolved vi-
brational peak as th@, 0) transition. From the energy of the
(0, 0) peak top we determine the EAf nitrobenzene to be source from 23 °C to 100 °C has a relatively minor effect on
1.00+£0.01eV. This value of EAagrees well with the pre- all of these spectra, slightly broadening them but leaving the
vious determinations of 1.01 eV and 0.959 eV by Kebarleoverall shape unchanged.
and co-worker¥ based on the measurements utilizing gas-  The observed non-Franck—Condon behavior is probably
phase electron-transfer equilibria. Earlier charge exchangdue to the presence of an excited anion state within the en-
studies reported the lower limit to the adiabatic electron af-ergy range of our photons. Indeed, it has been sRbutmat
finity of nitrobenzene to be-0.7+0.2 eV >® Estimates were nitrobenzene molecule captures sl¢@+5 e\} electrons. It
also provided via microscopic reversibility calculatiths has three temporary anion resonant states, one of which lies
which found EA, to be ~0.5 eV. 1.36 eV above the neutral molecule and has a full-width-at-
The photoelectron spectra of the nitrobenzene aniomalf-maximum of 0.5 eMthe other two states are at 0.55 eV
were also recorded with 488.0 n(®.540 eV} and 457.9 nm and 4.7 eV. Thus, if one adds the Efof NB to 1.36 eV, the
(2.708 eV photons, again at two temperaturldsgs. 5b)  above mentioned resonance lie®.36 eV above the anion
and Fc)]. Note that the relative intensities of individual vi- ground state. This temporary anion state is therefore readily
brational peaks in these spectra are wavelength-dependeatccessible from the anion ground state with our photons
Nevertheless, there are wavelength-invariant traits present ifirom 2.4 to 2.7 eV. As a result, the shape of the photoelec-
all of these spectra. The value of EAs determined from tron spectrum of NB is influenced by the exact location and
any of these spectra is the same, namely £.0@1eV. the width of this resonance as well as by the photon energy
Also, the vibrational spacings between the major peaks redsed to reach that state. The degree of the spectral distortion
main the same, indicating identical modes of vibrational ex-depends on the lifetime of the excited state during which the
citation. The additional peak that emerges in the 457.9 nnanion geometry relaxes and departs from the equilibrium
spectrum is spaced from the neighboring peak by the ~NOground-state geometry.
stretching frequency, just as are the others. Essentially, the In addition, this resonance has been shown to decay both
peak locations do not change with wavelength. Heating théy low kinetic energy electron emission and by dissociation

514.5 nm
(a)

Photoelectron Counts

Photoelectron Counts

Photoelectron Counts
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energy of nitrobenzene dimerizatidand using electric per-
mittivity e=1 for vacuum. Using Eq.(3), the dissociation
(a) energy of the nitrobenzene dimer anion into N8nd NB is
therefore determined to be0.67 eV. The EA’'s for NB,

and NB; as estimated from the threshold energies of their
anion photoelectron spectra arel.5 eV and~1.8 eV, re-
spectively. The substantial increase in the excess electron
binding energy of0.5 eV in going from NB to NB, may

be partially due to the resonance stabilization of the charge
— in the dimer anion. The trimer anion, on the other hand,
lacking the symmetry of the dimer, shows a much smaller
(b) increase of only~0.3 eV relative to NB.

Photoelectron Counts

IV. CONCLUSION

Nitrobenzenep- and m-dinitrobenzene anions all have
both diffuse and valence states. For nitrobenzene and
m-dinitrobenzene, the diffuse states may correspond to di-
N B e R pole bound anions. A simple electrostatic model assuming

25 20 1.5 10 05 0.0 the same geometries of the neutral and its anion enables us to
Electron Binding Energy (eV) predict dipole bound electron affinities with fair accuracy.
Photoelectron spectroscopy reveals large structural differ-
FIG. 6. The photoelectron spectra @ NB, and (b) NB; recorded with ~ €NCES between neutral NB and its valence Nfion. Good
514.5 nm photons. The dashed line @ shows the spectrum of NB  agreement between the predicted and the experimentally-
shifted by 0.53 eV and superimposed on the spectrum of MBdemon-  determined values of the diffuse-state electron affinities of
strate the similarity of their spectral width. NB, mDNB, and pDNB leads us to suggest that pDNB
anions have a quadrupole bound state. The absence of field-
detachment for ions initially formed in the diffuse states may
yielding NO, ions? We observed both an accumulation of indicate that the dipole and quadrupole bound states act as a
near zero kinetic energy electrons in the photoelectron specdoorway” to the formation of the more stable valence an-
tra as well as N@ anions in our mass spectrum. Slow elec-jon states.
trons and NQ ions are both observed because the dissocia-
t|_0ﬂ reaction and thermal elect.ron.autodetachment proceeECKNOWLEDGMENTS
via a common temporary negative ion state.
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