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Conventional(valence and dipole-bound anions of the nitromethane molecule are studied using
negative ion photoelectron spectroscopy, Rydberg charge exchange and field detachment
technigues. Reaction rates for charge exchange betweers@sdlj and Xefqf ) Rydberg atoms

with CH3;NO, exhibit a pronounced maximum at an effective quantum numbef sf13=1 which

is characteristic of the formation of dipole-bound anigpgCH;NO,)=3.46 D|. However, the
breadth(An~5, FWHM) of then-dependence of the reaction rate is also interpreted to be indicative
of direct attachment into a valence anion state via a “doorway” dipole anion state. Studies of the
electric field detachment of GNO, formed through the Xe{f ) reactions at various values
provide further evidence for the formation of both a dipole-bound anion as well as a contribution
from the valence bound anion. Analysis of the field ionization data yields a dipole electron affinity
of 12+3 meV. Photodetachment of GNO, and CDNO, formed via a supersonic expansion
nozzle ion source produces a photoelectron spectrum with a long vibrational progression indicative
of a conventionalvalence boungdanion with a substantial difference in the equilibrium structure of
the anion and its corresponding neutral. Assignment of the ofigir0, v"=0) transitions in the
photoelectron spectra of GNO, and CBNO, yields adiabatic electron affinities of 0.26.08

and 0.24-0.08 eV, respectively. €996 American Institute of Physid§0021-96066)02831-(

INTRODUCTION late 1960s numerous other theoretical studies provided con-

Presently there is considerable interest in the formatior(irm""_tion of this result(for an interesting histor_ical account
and structure of dipole-bound anions, i.e., the binding of! this development see Tunferin 1960, Wallis, Herman

electrons to highly polar molecules. The wave functions de@nd M|Ine§ showed that the electron binding energy as a
scribing these anions are much more diffgssembling that  function of the dipole moment is a very small valdess
of a highly excited stajethan that of a more tightly bound than a typical rotational energgand exhibits a slow increase
conventional “valence” anion. A number of molecules are Up to about 2 D. Their calculations show a very steep in-
expected to exhibiboth “valence” and "dipole” bound an- ~ crease of the binding energy above about 2.2 D. Following
ions. The calculation of an accurate binding energy forthese results, Crawford and Garfetmployed calculations
“pure” dipole-bound anions represents a serious challengéising a more realistic molecular potential to suggest that
to quantum chemistry as a result of the large number of verynolecules whose dipole moment is abev& D should per-
diffuse wave functions necessary to adequately represemanently bind an electron.
these stateSThese calculations become even more compli-  Presently, ground state dipole-bound anions have been
cated when the molecule possesses a lower energy valenpeoduced by free electron attachment under high pressure
anion configuration as well as a dipole-bound sfdfer the  nozzle expansion conditiofis, e.g., (HF),, (HCI-H,0)™,
specific case of nitromethane, Adamowicz has calculated aracil” (H,O-CH;CN)~, (H,0), by dissociative electron at-
dipole-bound electron affinity o3 meV. Other studi€s tachment to clusters, e.d(CHCN);,)*° and by photodisso-
show that in the CENO, valence state the —CNQyroup  ciation of the } acetone and-lacetonitrile complex to pro-
becomes nonplanar with a dihedral angle of 148.5° betweeduce | atoms and dipole-bound negative ibh®ne can also
the NQ, plane and the CN bond. Thus, the dipole and vatake advantage of the fact that in dipole-bound anions, elec-
lence adiabatic states are coupled through a breakdown @fons are in very diffuse orbitals which turn out to be well-
the Born—Oppenheimer approximation perhaps as a result ghatched by those of Rydberg atoms excited in the appropri-
the wagging motion of the —NQOgroup. ate quantum states. The Rydberg electron techni&EeT)
Fermi and Tellet were the first to predict that a fixed has thus also proved to be an excellent method for selec-
(nonrotating dipole should bind an electron or positron pro- tiyely producing these fragile aniof&:4 This method uses
vided that the dipole moment is larger than 1.625 D. In theyioms excited in Rydberg states by means of tunable lasers
as a source of well-controlled very low energy electrons.
dCorresponding author. These atoms collide with thermal or supersonic beams of
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polar molecules or clusters resulting in the transfer of theiiClary*’ due to its large dipole moment is followed quickly by
external electron, giving birth to anions which are stabilizedcharge exchange to the GO, molecule either directly into
against the reverse process, autodetachment, by the presetice valence anion state or through the dipole state of
of the Rydberg ionic core. A crucial point of the RET CH3NO, . In the latter sense, the dipole anion would be con-
method is that charge exchange reaction rates exhibit presidered as a doorway state to conventional anion formation.
nounced maxima in the cross sections due to the necessity ®his suggestion is partially supported by recent observations
rather good orbital “matching” for efficient electron transfer of dipole—dipole charge exchange by Popgleal?° The ex-
to polar molecules. These maxima appear at specific valuggeriments reported herein are specifically designed to ex-
of the effective quantum number* (principal quantum plore the dynamic relationship between the “dipole” and
number values corrected for angular momentudependent “valence” anion states of nitromethane.
quantum defecis ny..,, which decrease with increasing di-
pole moment* The range of effective principal quantum
numbers around eadt, ,, are also very narrowXn*/n}, ..
~1/5, whereAn* represents the FWHM The electron af- Theoretically, CHNO, cannot be treated as a pure di-
finities for the dipole-bound anions produced by Rydbergpole or pure valence state. However, it is useful to discuss
charge exchange were deduced from measurements of tkeparately the two experimental methods which are em-
thresholds for electron detachment by an electric fiéldls  ployed to probe the two extreme limits where the anions are
predicted by theor{;’ a marked increase in binding energy more “valencelike” or “dipolelike.” Moreover, one can
with dipole moment was observed abov®.5 D (0.5 meV  consider, in a very crude approximation, the nitromethane
for ©=2.66 D to 11.5 meV fou=3.92 D). Molecules with molecule as consisting of two nearly independent moieties,
dipole moments of 2.33 and 2.52 D were not observed t@s far as electron attachment is concerned, the methyl group
form dipole-bound anions, probably as a result of their frag-and the nitro group. In the pure dipole state, the excess elec-
ile nature. tron is mostly found on the CHside while in the valence

A number of free-radicals are known to exhibit both state it is mostly located on the nitro group. In this study, the
dipole-bound anion states and more tightly bound convenvalence anion states are examined using photodetachment
tional (valence anions. The groups of Braum&@nand while information on the dipole states is gained through Ry-
Lineberget® have reported very narrow resonance featuresiberg electron attachment.
in the photodetachment spectrum corresponding to rotation- Valence anionsnegative ion photoelectron spectroscopy
ally excited shape and Feshbach resonances for many dipolat Johns Hopkins University was employed to determine the
bound radical anions. Clary has calculdfethe energy lev- adiabatic electron affinities EA’s for GNO, and CBNO,.
els and widths of the rotational resonances for two of theseDetails of the experimental apparatus and procedure have
CH,CN™ and CHCHO . His calculations confirm the ex- been previously describéd.Briefly, nittomethane negative
perimental observations that the widths of these resonancésn currents of up to 500 pA were produced from a super-
increase(lifetimes decreagewith increasing energy above sonic nozzle expansion ion source in which the nitromethane
threshold. The implication of these results to the reverse provapor was coexpanded with 7 atm of Ar through a 2%
cess, electron attachment, was also considered by Clary amibzzle heated to 50 °C. The mass-selected negative ion beam
HenshaWf with the result that the exothermior thermo-  was crossed with an argon ion laser beam operating intrac-
neutra) electron attachment rate coefficient depends upomvity at 488 nm. A small solid angle of photodetached elec-
BY3/T, whereB is the molecular rotor constant afidis the  trons was then passed through a hemispherical electron en-
temperature. ergy analyzer with an energy resolution of approximately 30

In a series of experiments, Comptenal. reported Ry- meV (FWHM). In addition, beams oiCH3;NO,), ; were also
dberg charge exchantjeand fast atom charge transfer formed and photodetached. In a supersonic nozzle expansion
reaction$® with nitromethane to produce GNO, . The lat-  ion source, low energy electrons are injected from a biased
ter experiment provided an estimate of the valence electrofilament directly into the expansion jdgfust outside the
affinity for CH3;NO, of 0.35+0.2 eV (K reactiong and 0.44  nozzle orificg in the presence of a weak axial magnetic field.
+0.2 eV(Cs reactions Free electron attachment to @#0, A microplasma is formed and anions are extracted froff it.
produces a short-lived anidff <1 us) which was found to  Under the conditions of this experiment, the many collisions
be stabilized by three body collisions in an electron swatm. experienced by the anions should allow for relaxation to their
The observed three-body rate coefficient was seen to increageound state configuration.
with buffer gas in the order of He to GHo CGO,, as ex- Dipole anions:Charge exchange reactions between ex-
pected. However, an anomalously large three-body attacleited Rydberg atoms and pulsed supersonic beams of helium
ment coefficient was observed for acetone. It wasseeded with nitromethane were studied both at the Oak
suggestetf that “The rather large three-body rate coefficient Ridge National Laboratory using Qs§nd) Rydberg
for acetone could be due in part to a reaction of virtual acatomg® and at the University of Paris-Nord using Xef()
etone negative ions with GNO, to form stable negative Rydberg atom$?* The negative ions were mass-analyzed by
ions.” Based upon the above discussion, it is reasonable tome-of-flight spectroscopym/Am~100). Monomer anions
suggest that electron attachment to temporary dipole neg&H;NO, as well as cluster anion€CH;NO,),_5 were ob-
tive ion states of acetone GHOCH; as discussed by served under usual conditions. It appeared necessary to sup-

EXPERIMENTAL METHODS
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FIG. 1. Laser photodetachment photoelectron spectrum aNCH anions. FIG. 2. Laser photodetachment photoelectron spectrum @NCB anions.
The arrow denotes the origin transition which is equated to the electrorThe arrow denotes the origin transition which is equated to the electron
affinity (0.26:0.08 e\j of CH3;NO,. affinity (0.240.08 e\j of CD3;NO,.

press cluster formation by either using an effusive beam or

by varying the time delay between the opening of the mo-, 26 . oo
lecular pulsed valve at very short valui@sAt larger delay for the CD;NO, molecules® Following the vibrational pro-

times, the monomer anion signals did not correspond to dig_res_sion in either photoelectron spectrum down in electron
rect Rydberg electron attachment to monomers, but rather t‘B'”d'”g energy 1o its last well-defined and equally-spaced

attachment to dimers and larger clusters followed by evapopegkc’: Wlslcf)mql':]hel uppelr_ I'T't? f(?[L thesgA,EA’s f%r ?N'Dé b
ration leading to monomers. Both of these experiments hav nd CRNO,. The lower limits for these s are defined by

; ; 24 identifying the last discernable peaks at the low electron
been described previousty: binding energy ends of these spectra. This brackets the value
of EA for CH;NO, between 0.26 and 0.68.02 eV and for
RESULTS AND CONCLUSIONS CD3NO, between 0.24 and 0.68.02 eV. The actual value

The laser photoelectrofphotodetachmeitspectra for of EA is unlikely to be toward the lower end of these win-
both CHNO, (Fig. 1) and CDNO, (Fig. 2) do not show dows, because in our experierfté cases where conven-
the sharp low electron binding energy spectral feature that isonal and dipole-bound anions have comparable electron
characteristic of dipole-bound anion photoelectron spectréinding energies, both states are observed in the photoelec-
[see Refs. 8 and]9Instead, they exhibit long vibrational tron spectrum. We do not see the dipole-bound feature in the
progressions superimposed upon a broad envelope. This is apectra of either the nitromethane anion or its deuterated ana-
indication that the equilibrium geometry of the anion is sub-log, suggesting that the electron binding energy of the con-
stantially different from that of the neutral and that the ex-ventional anion is somewhat greater than that of the dipole-
cess electron binding is covalent. bound anion. We conclude that the above mentioned

This is consistent with a number of theoretical and ex-intervals represent both the upper and the lower limits to the
perimental studies of the nitromethane anidh.Since the value of adiabatic electron affinity of GNO, and CBQNO,.
main goal in performing these experiments was the determiAdditional considerations in identifying the origin transition
nation of the adiabatic electron affinity of nitromethane, itcome from the earlier experiments by Comptiral1° mea-
was necessary to identify the origie’=0, v”"=0) of the  suring energy thresholds for charge exchange between
vibrational progressions for GNO, and CDNO, spectra. CH;NO,/CD3NO, molecules and fast alkali atoms. There,
The photoelectron spectra presented in Fig. 1 and Fig. the following values of the EA’s were reported: 0:43.2
show neutral vibrational spacings of 6430 cmi! and and 0.350.2 eV for CHNO, colliding with Cs and K at-
484+70 cm 1, respectively(The error bar is the width of a oms, respectively, and 0.3®.2 eV for CDNO, colliding
single channel of the collected photoelectron spectrum with Cs atoms. Thus, we assign the peaks at the arrows
These observed spacings match the neutral ,»-Néhding marked on the spectra as the origin transitions for,/ 0B,
mode of 655 cm! and the —NQ “wag” of 607 cm™ ! for ~ and CDNO,, and determine the corresponding values of
the CHNO, molecule and the neutral NGvag of 545 cmi®  EA’s as 0.26-0.08 and 0.24:0.08 eV respectively. The er-
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FIG. 3. Relative rate constants for the production 0f3NB£ anions in FIG. 4. Fraction of CWOZ neutrals detected after field detachment of the

electron transfer reactions between laser excitedn€§)s(Cs(nd), and corresponding anions, as a function of the applied electric field. Anions were

Xe(nf ) Rydberg atoms and nitromethane molecules. obtained in charge exchange collisions with laser-excitechX¢(Rydberg
atoms, in absence of dimer production. The different curves correspond to
anions produced from Rydberg atoms with different principal quantum num-
ber n (starsn=19, lozengesn=16, down trianglesn=13, up triangles

. . . . . n=11, squarexn=10, circlesn=8).
ror bar in this case reflects the uncertainty in choosing the a )

origin peak.

Photodetachment from the potential surface of the anion
to that of the neutral at the equilibrium geometry of the anionD,” but donot possess a bound valence ground state negative
is accessing highly excited vibrational states of the nitroion configuration. In studies of this type, thé& dependence
group. This is reasonable since it is the geometry of thiof the rate constant for the formation of pure dipole-bound
group that undergoes the most significant changes upon thanions exhibited a sharply peaked function which can be
addition of an extra electron to the molecule. Similar conclucharacterized byAn*/nj;. ~ 1/5 whereAn represents the
sions were reached in other studies of alkali charge trafisfer FWHM spread about the peak at. For the case of ni-
with nitromethane. Noteworthy is the fact that the same wagtromethane, however, the width of thedependence is con-
ging motion of the —NQ@group is likely to be responsible for siderably larger 4n*/n’ . ~ 3). Also, a tail in the CHNO;
a breakdown of the Born—Oppenheimer approximation irmsignal persists to large indicative of a “free” electron at-
this system. tachment process. This contribution at high (above~25)

Finally, it is important to note that ion source conditionsis attributed to evaporative electron attachment to pre-
were widely varied in an unsuccessful effort to produce theexisting dimers(and larger polymejspresent in the nozzle
dipole-bound nitromethane anion with the supersonic exparijet. The mass spectrum for reactions using a series afi-Cs(
sion ion source. It is significant that many dipole-bound an-s,nd) states presented in Fig. 3 reveals the presence of
ion species have been made with this solrtés men- (CH3NO,),,—,_, anions. RET reactions with beams contain-
tioned above, the signature of its occurrence would havéng only monomers produce anions onlyrét values below
been a sharp photoelectron peak occurring at a low electro?0. The Rydberg core is apparently not capable of stabilizing
binding energy. We conclude that any dipole-bound anionshe short-lived CHNO, formed by the attachment of the
which might have been produced were relaxed by collisions'slow” electrons brought up to the molecule by the high
into the valence anion state. Rydberg atom. As discussed in the Introduction, ;NB,

Figure 3 shows the experimentally measured; 8, undergoes three-body electron attachment in the high pres-
yield as a function of the effective principal quantum num-sure electron swarm experiments. However, the;\0B},
ber,n*, for collisions between Cs(s,nd) and Xeff ) Ry- initially formed in the RET reaction is apparently too short
dberg atoms and nitromethane molecules entrained in a slived to be stabilized by the presence of the distant 6s
personic jet of He. All the data are relative to the reactionXe™ ion core.
rate for Sk formation. It is rather difficult to accurately Measurements of the electric field detachment of
determine the absolute rate coefficients, therefore all the dataH;NO, anions formed for differenb* provides informa-
have been normalized to unity at their maximum value. Theion relative to the interpretation of the anomalously wide
maxima for all three collision pairs occur at~13+1 and  dependence. Figure 4 displays the fraction of neutrals pro-
there is very little difference observed with the angular mo-duced via electric field detachment as a function of the ap-
mentum,| of the Rydberg atom, or the core, Ter Xe". plied electric field for anions produced at varion% for
The n dependence of the reaction rate for B, is, how-  Xe(nf ). The complexity of these curves as compared to that
ever, somewhat different from that found previously for afor the “pure” dipole-bound anion cases makes an exact
series of over 12 molecules which have dipole momenténterpretation difficult. Qualitatively, the “threshold” for the
(2.66—3.92 D above the effective critical moment ef2.5  occurrence of field detachment increases with decreasing
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FIG. 5. Fraction of CHNO, neutrals detected after field detachment of the
corresponding anions, as a function of the applied electric field, in presence
of dimer formation. Squares correspond to nitromethane monomer anions
which originate from dimer anion evaporations and circles correspond to
dimer anions, obtained in charge exchange collisions with laser-excited
Xe(25f ) Rydberg atoms.

Photoelectron Counts

fromn=19 ton=8. Atn=8 and 10, in fact, field detachment
is very difficult and only a small fraction of the ions are

detached even at a field of 35 kV/cm. We interpret this as
partial stabilization of the initially produced anions by the
Rydberg core. At highn* in the region aboven}..,
(n*=13-19, where the ionic core is expected to be weakly
effective at stabilization, a threshold can be identified corre-
sponding to electron affinities of 6 to 23 meV. These values
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n
] .
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are consistent with the electron affinities derived from the
empirical relationshipEg, = [(23)/((n%.0)>%)] eV estab-
lished previousiy?® For anions formed at lowen* the
“threshold” for field detachment is broadened and shifted to
such an extent that no unique binding energy can be as-
signed. Field detachment experiments reflect the efficiency
of the anion stabilization processes. For example, evapora-
tion from a dimer anion takes place at the expense of anion
internal energies and leaves the anions nearly totally relaxegyg g Laser photodetachmerphotoelectron spectra of (CHNO;)
This is shown in Fig. 5 where anions produced by evapora¢cH,NO,),_,_, and (CD;NO;)(CD;NO,),_o_» (8 CH;NO;. (b)
tion from nitromethane dimers and larger clusters are in vatCHNO;)CH;NO,. ()  (CHgNO;)(CHNO,),. (d) CDyNO;. (e)
lence states and are not observed to be field-detached witfPsNO2)CDNO,- () (CDNO;)(CDNO,),.
the electric fields applied. Photoelectron spectra of the dimer
and trimer aniongFig. 6) confirmed the increased binding
energies of these cluster anions. The stabilization shift due tepacing of these steps correspond to energies in the range of
solvation is 0.66:0.01 eV for the first solvent molecule and approximately 3—8 meV. This would imply that there is an
0.58+0.01 eV for the second one in the case of both hydrointernal energy of the anion of this order of magnitude which
genated and fully deuterated nitromethane. The profile of theould increase the effective binding energy by this amount.
spectra in each instance repeats the envelope of the corr€his energy is too large to correspond to a rotational energy
sponding monomer which indicates that in a cluster anion thand is too small to correspond to a typical vibration. One
excess charge is still localized on a single nitromethane molpossibility is internal hindered rotational motion. The CN
ecule. torsion frequency for the CHO, molecule corresponds to
The field detachment curves shown in Fig. 4 also appea2.6 meV and increases to 27 meV in the valence anion as a
to exhibit structures which can be described as inflexionsesult of the tetrahedral structure of the ground state of the
followed by plateaus. We interpret these steps as evidenanion (increased hindrance of the torsional mo}idrThus
that the initially produced dipole-bound state has undergoneve assign the “breaks” in the field detachment curves to
partial stabilization by collisions with the Rydberg core field ionization of a mixed dipole—valence state in which the
which couples the dipole state with the valence state. Théow energy torsional frequency gives rise to fast vibrational
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for electron attachment to the acetaldehyde enolate molecule.
N9 For the case of RET reactions, the dipole-bound anion states
are initially bound. Coupling between the pure dipole and
valence state occurs through a breakdown of the Born—
Oppenheimer approximation and the ratio of the time spent
in the pure dipole, D, to valence state, V, is given by the
ratio of the density of stategpp/p,. We estimate that
CH;NO, has ~190 states with energy less than 0.26 eV.
Also, the density of states for the valence anignis roughly
2.8x10%eV. If we assume a single dipole state at this energy
then pp/py ~3X10™%. Sincepp<py , we expect the system
to spend most of its time in the valence configuration. If the
anion initially possesses internal energiot bands”) and
this energy is not removed by the third body, autodetachment
into the continuum is possible through the mixed state inter-
action. In nozzle expansion experiments, this is of low prob-
ability. However, it could become important in room tem-
perature or hot effusive beam reactions. The important point
is that the presence of valence anion states provides a path-
way to vibrational autoionization not present in pure dipole
anion states.

Note added in proofG. L. Gutsev and R. J. Bartlett
have recently calculated the valence-bound and dipole-bound
electron affinities for CENO, to be 0.223 eV and 13 meV,
respectively. These values agree well with our experimental
values of 0—265.08 eV and 3 meV.
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