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The adiabatic ionization energy (IE) of NO, is measured to be 9.60 4 0.03 eV by studying the
charge-transfer reactions of Zn* , NO* , and CH;I* with NO, and those of NO," with
a,a,a-trifluorotoluene and CH,I using guided ion-beam mass spectrometry. This value
confirms the accuracy of a very precise spectroscopic value measured by Haber ez a/. [J. Chem.
Phys. 144, 58 (1988)] and Tanaka and Jursa [J. Chem. Phys. 36, 2493 (1962)],.

IE(NO,) ==9.586 + 0.002 eV, but is much lower than many other measurements that are
limited by very unfavorable Franck—Condon factors. The mechanism that allows the charge-
transfer reactions to occur at the thermodynamic limit is discussed by examining qualitative
potential-energy surfaces for the charge-transfer processes.

. INTRODUCTION

During the past 60 years the value for the ionization
energy (IE) of nitrogen dioxide has been measured many
times by electron impact,’”” photoionization,®** photoelec-
tron,'>!? spectroscopic,'®?° and chemical techniques.?'*
Thelack of agreement between these measurements, listed in
Table I, is surprising since NO, is a stable three-atom mole-
cule and normally all of the aforementioned techniques can
accurately measure IE’s for such species. The difficulty in
measuring the adiabatic IE of NO, is due to the radical ge-
ometry change in going from NO, (having an equilibrium
bond angle of 134°) (Ref. 23) to NO;" (a linear ion that is
isoelectronic with CO,). Thus, the vanishingly small
Franck—-Condon factors that couple the ground states of
neutral and ionic NO, make the adiabatic ionization transi-
tion virtually impossible to access.

The earliest measurements of IE(NO,) generally yield-
ed values, Table I, close to the vertical IE of ~11 eV.** Of
the early work, the photoionization study of Dibeler et al.,"!
which agreed with earlier values of Nakayama et al.’ and
Frost et al.,'° seemed to provide the most accurate assess-
ment of the adiabatic IE, 9.75 4- 0.01 eV. This value is often
cited.?® This comfortable state of affairs was disrupted in
1968 by the photoelectron study of Natalis and Collin,'*
who suggested that IE(NO,) was 8.8 eV based on an extra-
polation of vibrational features. Reasonably definitive evi-
dence that IE(NO,) could not be this low was provided Feh-
senfeld, Ferguson, and Mosesman (FFM) in 1969.2' They
found that the charge-transfer reaction of NO,* + NO oc-
curs efficiently at thermal energies, suggesting that
IE(NO,)>IE(NO) = 9.264 36 4 0.00006 eV.”” 1In the
study of FFM, NO," was produced by charge transfer from
O, , and a buffer gas of Ar was used to ensure that the NO;+
ions were thermalized. In 1970, Brundle!® suggested that
the lowest value for IE(NO,) that could be reasonably de-
termined by photoelectron spectroscopy is 10.0 eV and that
the anomalously low value given by Natalis and Collin was a
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result of NO contamination. Upon reinvestigation of their
system, Natalis, Delwiche, and Collin agreed that the 8.8 eV
value was based on vibrational features due to an NO con-
taminant in the NO, sample.®

In 1973, Killgoar et al.'* carefully examined the pho-
toionization efficiency for NO, in its threshold region be-
tween 1295-1225 A (9.57-10.12 eV). To attempt to over-
come the Franck—-Condon overlap problem, they relied on
autoionization processes. They obtained IE(NO,)<9.62 eV
from the lowest-energy peak observed coupled with a vibra-
tional progression from larger, more easily distinguished
peaks at higher photon energies. Many of the peaks in the
photoionization efficiency curve corresponded well with op-
tically observed peaks in the vacuum ultraviolet absorption
measurements of Tanaka and Jursa;*® however, Killgoar
et al. did not observe an ionization peak at 1293 A (9.589
eV) which Tanaka and Jursa had assigned as the v = 0 level
of one member of the autoionizing Rydberg state. This could
either be because this level is below IE(NO,) or because the
autoionization rate at this energy is too slow to allow easy
observation of an ion signal.

In 1978, Ausloos and Lias** (AL) examined the reac-
tion of NO,;" + a,a,a-trifluorotoluene in an ion cyclotron
resonance (ICR) mass spectrometer. Here, NO;* was pro-
duced by electron impact ionization of ethyl nitrate at an
electron energy of 25 V. They found that the thermal rate
constant for this charge-transfer reaction was (6.9 + 0.4)
%10~ cm?®/s, a result that has been interpreted®*’ to in-
dicate - that IE(NO,)  exceeds IE(C H,CF;)
= 9.685. 4+ 0.004 eV (Ref. 25) and, hence, that the pho-
toionization value of IE(NQ,) =9.75 4 0.01 eV must be
correct, rather than a value near 9.6 eV.

The most recent report of IE(NO,) was given by Grant
and co-workers in 1988.%° In an elaborate three-color exper-
iment, two photons were used to excite the bent neutral mol-
ecule to low-lying rovibrational states of a linear Rydberg
state,”®?° and a third photon was used to ionize the mole-
cule. Utilizing the linear Rydberg state in this manner by-
passed the Franck—Condon constraints encountered by
more conventional one-photon spectroscopic and electron
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TABLE I. Reported values for the first or adiabatic ionization enérgy of
NO,. :

IE(NO,) (eV) Reference Technique® Year
11.0+ 1.1 1 EI 1930
12.3+0.2 18 spec. 1941

9.91 2 EI (indirect)® 1955
11.34+04 8 PI . . 1959 .
9.78 + 0.05 9 PI . 1959
11.27 +0.19 4 _EL . 1961
<9.93 5 EI (indirect)® 1962
9.80 + 0.05 10 P . . . 1962
9.589 26 spec. 1962
10.97 17 PE 1966
10.75 4-0.01 11 P1 1967
8.8 14 PE 1968
>9.25 21 chem. 1969
10.0 13 PE 1970
£9.62 12 PI 1973
>9.685 22 chem. 1978
9.586 + 0.002 20 spec. 1988
9.60 4 0.03 This work chem, 1992

* El represents electron impact, PE the photoelectron spectroscopy, PI the

photoionization, spec. the spectroscopy, and chem. the chemical tech-
niques.

®These values are considered indirect since they are derived by measuring
the appearance energy of NO;" from EI of nitromethane (Ref. 2) and
ethyl nitrate (Ref. 5).

impact ionization techniques. Their value of IE(NO,)

= 9.586 + 0.002 eV agrees with the limit of Killgoar et al.}?
and corresponds exactly with the 1293 A line observed by
Tanaka and Jursa.?® It disagrees, however, with the value
from AL and most previous measurements. While the deter-
mination of this threshold is relatively straightforward (al-
though experimentally complex), it is possible that the ioni-
zation limit observed corresponds to a vibrationally excited
state of the NO," ion.

The primary purpose of the present work is to measure
the ionization energy of NO, by using guided ion-beam mass
spectrometry and to resolve some of the discrepancies in the
literature. To do this, we have studied five charge-transfer
reactions: Zn+,NO™*, and CH;I* 4+ NO, and NO,"

+ a,a,a-trifluorotoluene, and CH,I. In cases where the re-
actions are endothermic, a determination of the collision en-
ergy necessary to induce charge-transfer allows us to mea-
sure a value for IE(NO,). We also undertook this work as a
challenging model problem to see if guided ion-beam tech-
niques can be used to measure accurate IE’s for molecules
that undergo radical geometry changes upon removal of an
electron. This question is particularly interesting since trans-
lational, vibrational, and rotational energy is being used to
drive a process that is intrinsically electronic, a violation of
the Born—Oppenheimer principle.

II. EXPERIMENT
A. General

The guided ion-beam instrument used for these experi-
ments has been described in detail previously.*® Ions are
created as described later, extracted from the source, accel-
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erated, and focused into a magnetic sector momentum ana-
lyzer for mass analysis. The mass-selected ions are slowed to

“a desired kinetic energy and focused into an octopole ion

guide that radially traps the ions. The octopole passes
through a static gas cell containing the neutral reagent (ei-
ther NO,, CH,I, or a,a,a-trifluorotoluene).3! Pressures
within the cell are kept low (between 0.02 and 0.18 mTorr)
so that multiple ion-molecule collisions are improbable.
Product and unreacted beam ions are contained in the guide
until they drift out of the gas cell where they are focused into
a quadrupole mass filter for mass analysis and then detected.
Absolute cross sections are calculated from ion intensities as
described before.”® Uncertainties in cross sections are esti-
mated to be 4 20%.

Laboratory ion energies are related to center-of-mass
(c.m.) frame energies by E_,, = E,,,m/(M -+ m), where
M and m are the ion and neutral reactant masses, respective-
ly. Below ~0.3 eV lab, energies are corrected for truncation
of the ion-beam energy distribution as described previous-

"1y.3° Absolute energy scale uncertainties are + 0.05 eV lab.

Two effects broaden the data: the ion energy spread, which is
independent of energy and has a full width at half maximum
(FWHM) of 0.3 to 0.7 eV lab, and thermal motion of the
neutral gas, The latter effect, referred to as Doppler broaden-
ing, can be calculated according to an equation given by
Chantry,** and in these experiments ranges from 0.2 E '2
to 0.5 E1/2 3

B. lon sources

Ions were produced in a flow tube source.>* Here, a
microwave discharge forms helium ions and metastables
that interact downstream with the reagent gas, either NO,
NO.,, or CH,l, to form the parent ions through charge trans-
fer or Penning ionization. The flow tube length was 100 cm
and the He flow rate was ~6000 standard cm>/s. Under
these conditions, ions undergo ~ 10° collisions with the He
buffer gas before leaving the flow tube. Zn* ions were pro-
duced in the flow tube by using a dc-discharge source, de-
scribed in detail elsewhere.®® Briefly, Ar is added to the He
flow (up to 10% ) and ionized in a high voltage dc discharge
where the cathode is made of zinc. Argon ions sputter the
cathode to produce the atomic metal ions.

C. lon state distributions

Since the initial ionization process in these sources is a
highly energetic process, the possibility that the ions have
significant populations of excited states must be considered.
It seems unlikely that excited electronic states of the molecu-
lar ions, NO *, NO,", and CH,I* are present since radia-
tive emission can cool any states having lifetimes shorter
than milliseconds and metastable states are exposed to elec-
tron collisions in the weak plasma and ~ 10° collisions with
He. Such conditions do not guarantee that there are no elec-
tronically excited states,?®” but the present experiments
show no obvious indication of the presence of such states.
We have verified that the present results correspond to
ground-state Zn * (2S) by finding comparable results for re-
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action of NO, with Zn * formed in the flow tube and formed
by low-energy electron impact ( < 15eV), asource known to
produce only Zn * (25,383
The presence of vibrationally excited states in our mo-
lecular ion beams is more difficult to ascertain quantitative-
ly. Previous work in our laboratory indicates that ions pro-
duced in the flow tube source [these include O, (Ref. 40),
7+ (Ref. 41), N;* (Ref. 42), Fe (CO),F (x = 1-5) (Ref.
35),and SF (x = 1-5) (Ref. 36) ] are thermalized to 300
K. As discussed further later, the present results for reac-
tions of NO+ and CH,I* are consistent with ions that are
also thermalized with respect to vibrational and rotational
states. A Maxwell-Boltzmann distribution at 300 K predicis
that vibrational excited states are virtually unpopulated in

the NO * beam (the fraction is ~2X 10~°) and comprise
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the lowest-frequency mode** at 570 cm~! (v =1 and 2 of
this mode comprise ~5% and ~2% of the beam, respec-
tively).

In the case of NO,, the behavior observed is more com-
plex. A Maxwell-Boltzmann distribution at 300 K predicts
that excited vibrational states comprise about 10% of the
beam (mainly due to the v = 1 state of the lowest-frequency
mode at 614.5 cm ~1).** As discussed further in Sec. III,
when NO," is formed as described earlier (in a flow contain-
ing only He gas), the results clearly indicate the presence of
excited ions. Addition of CO, to the He flow gas at a flow
rate of 500 sccm was found to substantially reduce this popu-
lation of excited states as observed by changes in the reaction
cross sections. Further addition of CO, in 500 sccm incre-
ments to a maximum of 2000 sccm did not result in any
further changes in the results nor did addition of other buffer
gases such as Ar and N,. These results are consistent with
formation of thermalized (300 K) NO," ions under these
latter conditions.
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D. Charge-transfer threshold analyses

The adiabatic IE of a molecule is by nature a 0 K value.
In order to accurately measure this quantity in processes
involving reactants and products at other temperatures, the
contributions of all sources of energy to the ionization pro-
cess must be accounted for. For systems at equilibrium, this
has been discussed previously.* In the present work,
charge-transfer occurs via a nonequilibrium process in
which the internal energy of the reactants is characterized by
the temperatures of the reactant sources while the internal
energy of each product depends on how the total energy is
partitioned. Recent work in our laboratories*>3¢ has sug-
gested that the most reasonable assumption regarding the
measurement of the energy thresholds for endothermic dis-
sociation reactions is that all available translational and in-
ternal energy of the reactants is available to drive the reac-
tion and that products at threshold are formed with no
excess energy, i.e., at 0 K. This assumption will be explicitly
tested in the present system since it is not obvious that nu-
clear motion (vibrational, rotational, and translational ener-
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gy) will necessarily couple directly to facilitate the elec-
tronic transition involved in charge transfer.

Theory*>*” and experiment*®>! show that cross sec-
tions for endothermic reactions can be modeled by

a=0y S (E+E, — E)"/E (1
&

which involves a summation over the reactants’ internal
states 7 having energies E; and relative populations of g,,
where 2, = 1. Eis the relative kinetic energy, z is an adjus-
table parameter, and £, is the 0 K threshold energy. o, is a
scaling factor and we assume that the relative reactivity of
each state is the same, i.e., 0y and # are the same for all states
i. Before comparison with the experimental data, this model
is convoluted with the neutral and ion kinetic-energy distri-
butions as described previously.*® The oy, 1, and E; param-
eters are then optimized by using a nonhnear least-squares
analysis to give the best reproduction of the data. Error lim-
its for E, are calculated from the range of threshold values
obtained for different data sets and the error in the absolute
energy scale.

In previous work,*® we have introduced a method to
explicitly include the vibrational states in the summation of
Eq. (1). In the present study we extend this method to expli-
citly include both vibrational and rotational states of both
reactants. The relative electronic and vibrational state popu-
lations and energy levels for inclusion in Eq. (1) can be de-
rived as discussed previously.?* The rotational and rovibra-
tional state populations and energies are calculated as a
Maxwell-Boltzmann distribution at 300 K where the
Beyer-Swinehart algorithm®? is used to calculation the rota-
tional and rovibrational density of states of the reactants.
The resulting distribution of energies and modes is then di-
vided into a maximum of 32 bins, and the bin populations are
used as the weighting factors g; in Eq. (1). The bin sizes are
chosen to be as small as possible (5-30 cm~ ') while includ-
ing at least 90% of the total available internal energy. They
are also chosen to maintain an average internal energy with-
in 0.01 eV of the average of the model frequencies used,
which is calculated exactly by statistical mechanics for com-
parison.

Ill. RESULTS AND DISCUSSION
A. NO; 4+ CgHsCF;

Figure 1 shows the charge-transfer (CT) cross section
for interaction of NO;" with a,a,a-trifluorotoluene:

NO;* + C¢H,CF,— C,H,CF;" + NO,. (2)

Results are shown for NO, ions produced in a pure flow of
He, and when CO, buffer gas is added to the flow at 500
sccm. Under the former flow conditions, reaction (2) has a
large cross section at the lowest kinetic energies that de-
creases as the energy is increased until ~0.8 eV. This behav-
ior suggests an exothermic reaction, consistent with the ob-
servations of Ausloos and Lias** who produced NO," by
electron impact ionization of ethyl nitrate (CsH;ONO,) us-
ing 25 eV electrons and did nothing to quench the ions before
reaction. In contrast, when CO, is added to the flow, the
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FIG. 1. Cross sections for formation of C;H;CF;" from the reaction of
NO;* with a,a,a-trifluorotoluene as a function of kinetic energy in the cen-
ter-of-mass frame (lower axis) and laboratory frame (upper axis). Open
circles show the reaction cross section when NO;' is produced in a flow of

helium. Solid circles show the cross section obtained when CO, is added to
the helium flow.

cross section for reaction (2) changes appreciably such that
it no longer behaves like an exothermic reaction, Fig. 1. This
change in behavior clearly indicates that the exothermic
reactivity observed is due to excited NO,* ions. It seems
likely that this excitation is vibrational since CO, and NO,*
are isoelectronic and have nearly resonant vibrational fre-
quencies. Thus, CO, should be an efficient quencher of vi-
brationally excited NO," .

These observations lead to two important results. First,

we can discard the limit of IE(NO,) > IE(C,H,CF;)
= 9.695 eV suggested by AL, and replace it with an upper
limit for IE(NO,) of <9.695 eV. Second, it is clear that in-
ternal energy can couple to facilitate the charge transfer.
Thus, in order to measure an accurate IE from a CT reac-
tion, the internal energy of the reactants must be taken into
account.

We do not model the cross section for reaction (2) to
obtain a threshold since this analysis is complicated by com-
petition between the CT reaction channel and several addi-
tional products formed at low energies in the exothermic
reactions (3)—(6):

NO,;* + CJH;CF,»NO* + [C;H;F,0]  (3)
—C4H;CF;" + NO,F 4
-C,H,F,0* +NO (5)
~C;H;F;NO* +0. (6)

At low energies (~0.06 €V), these reactions are roughly
67%, 3%, 9%, and 19%, respectively, of the total reaction
cross section of 386 A2, somewhat larger than what we cal-
culate for the Langevin-Gioumousis—-Stevenson®® (LGS)
collision cross section at our lowest energies.* Formation of
CH,CF;", CH;CF,", and C.H,CF,O * ions were also ob-
served in the ICR study of AL; however, they do not men-
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tion reactions (3) and (6), although it is not clear that an

.. exhaustive search for all products was performed.

B. NO; + CHal = CHal* +NO,

Figure 2 shows the cross sections for charge transfer
between NO," (produced using a flow that contains CO,)
and CH,I:

NO;* + CH,;I-CH;I* + NO,. (7

The magnitude of o(CH;I* ) is large and comparable to
total collision cross sections calculated by the LGS (Ref. 53)
and locked-dipole (LD) (Ref. 55) models. This shows that
the reaction occurs exothermically for most if not all states
of NO," in the beam and that IE(NO,) >IE(CH,I)
=9.534 - 0.005 V. This limit is confirmed by the obser-
vation that the reverse of reaction (7) is slightly endother-
mic, Fig. 2. A more detailed evaluation of the endothermi-
city of this reaction using Eq. (1) was attempted but the
shape of the reaction cross section is difficult to analyze de-
finitively. We note that the cross section can be reproduced
by Eq. (1) using thresholds that are consistent with values
predicted from the thermochemistry determined later from
the Zn* + NO, and NO* + NO, systems.

C.Zn* and NO* 4+NO,

Our results for reactions (2) and (7) establish that
9.534 eV < IE(NO,) <9.695 ¢V. In order to obtain a more
precise value, we studied the CT reactions of Zn* and
NO* with NO,:

Zn* + NO,-»NO;* + Zn, (8)
NO* 4 NO,—-NO," + NO. 9)

These ionic reactants were chosen for three reasons. First,
the IE’s of Zn and NO are 9.394 20 -+ 0.000 02 eV (Ref. 57)

1034 e . N I —

NO," + CHgI — NO, + CHjI
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FIG. 2. Cross sections for formation of CH,;I* from the reaction of NO,*
+ CH;I (open circles) and formation of NO;* from the reaction of CH,I +
+ NO, (solid circles multiplied by a factor of 50) as a function of kinetic

energy in the center-of-mass frame (lower axis) and laboratory frame (up-

per axis). The solid lines show the LGS and LD theoretical collision cross
sections.
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FIG. 3. Cross sections for formation of NO,;* from the reactions of
Znt* + NO, (open diamonds) and NO* 4 NO, (solid circles) as a func-
tion of kinetic energy in the center-of-mass frame (lower axis) and laborato-
ry frame (upper axis). The solid lines are Eq. (1) with the parameters in
Table II convoluted over the experimental kinetic-energy distribution,
while the dashed lines are the unconvoluted models.

and 9.264 36 + 0.000 06 eV (Ref. 25), respectively, such
that reactions (8) and (9) are near thermoneutral but defin-
itely endothermic. Second, there are no reactions that com-
pete with reactions (8) and (9) in the threshold region.*®
Third, these ionic reactants minimize the number of internal
degrees of freedom. At 300 K, the average energy stored in
vibrational modes (E,; ) and rotational energy (E,.,) of
NO, is 0.003 and 3k7/2 =0.039 eV, respectively. For
NO*, E,;, islessthan0.0001 eVand E,,, = kT = 0.026 eV,
and atomic Zn ™ contains no vibrational or rotational ener-
gy.

The cross sections for reactions (8) and (9) are shown
in Fig. 3. The thresholds for these cross sections are analyzed
by using Eq. (1) and the optimized parameters are given in
Table II. The thresholds of 0.21 4+ 0.03 and 0.28 + 0.11 eV
forthe Zn+ and NO ™ reactions, respectively, are believed
to be those appropriate for O K products since their deriva-
tion explicitly includes contributions from the distributions
of translational, vibrational, and rotational states of both
reactants. When these thresholds are combined with the IE’s

of Zn and NO, we obtain values for IE(NO, ) of 9.60 + 0.03 _

and 9.55 4 0.11 eV, respectively. We take our most reliable
value to be the weighted average of these two results,
IE(NO,) = 9.60 4- 0.03 eV. This value falis within the lim-
its set by our results for reactions (2) and (7) and is in good
agreement with the results of Killgoar et @l.,'> Tanaka and
Jursa,?® and Grant and co-workers.?°

We note that if the internal energy of the reactants was
not included in the final determination of the thresholds for
reactions (8) and (9), the values for IE(NQ,) that would
have been obtained are 9.56 + 0.03 and 9.48 4 0.11 eV, re-
spectively. While both values are still within experimental
error of the 9.586 eV value from the literature, the agreement
is certainly less satisfying than that obtained for the values
that include the internal energy. While these results do not
definitively show whether internal energy assists the charge-
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TABLE II. Parameters of Eq. (1) used to model reaction cross sections.

System 0o E, (eV) n
Zn* + NO, 1.9+ 04 0.21 +0.03 1.2+ 0.1
NO* +NO, 0.22+0.06 0.28 + 0.11 2240.1

transfer reactions (8) or (9), when coupled with our obser-
vations for reaction (2), the present study does suggest that
the contribution of internal energy needs to be carefully con-
sidered when evaluating the thermochemistry of charge
transfer reactions.

D. Potential—enefgy surfaces

The ionization mechanism that allows nearly resonant
endothermic charge-transfer reactions to produce vibration-
less NO," can be understood in terms of qualitative poten-
tial-energy surfaces. We discuss these surfaces in detail for
the Zn* + NO, reaction since this system contains the few-
est atoms; however, the ideas should be general to all of the
systems studied here. Of course, we need to consider both the
interaction of Zn* (3S) with NO,(%4,) and Zn('S) with
NO;+( 'E; ). Since the IE’s of Zn and NO, are similar, these
two different charge states correspond to two low-lying po-
tential-energy surfaces that couple as the Zn and NO, nuclei
approach each other. There are other low-lying electronic
states of NO,,* but these are unlikely to be important in the
present problem and we ignore them for simplicity.

Since the equilibrium bond angle of neutral NO, is 134°,
while that for NO;+ is 180°, it is important to consider the
charge-transfer process as a function of both the O-N-O
bond angle and the Zn—NO, reagent separation. Figure 4

C
[i/]
C
W-1.0 - / -
Zn------.N > e L
-2.0 \() —
- infinite reagent separation |
T ' T | T l’ T l T | T
a0 120 150 180 210 240 270

0-N~-0 Bond Angle

FIG. 4. Potential-energy diagrams as a function of the O-N-O bond angle
fortheZn* + NO, and Zn + NO;* charge states at infinite reagent sepa-

ration.
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shows the bending O-N-O coordinate of the potential sur-
faces for infinite Zn—-NO, separation. These surfaces are the
ground electronic surfaces of NO, and NO," offset by
IE(Zn) such that the minima of the two surfaces are separat-
ed by 0.19 eV =IE(NO,) — IE(Zn). Since the energy of
linear NO, neutral is ~1.8 eV (Refs. 59 and 60) higher in
energy than bent NO,, the lowest-energy charge state is a
function of the NO, angle, Fig. 4.

We now consider how these surfaces evolve as the Zn
and NO, species approach. We assume that the most favor-
able approach is along the C,, symmetry axis of NO, since
this geometry can lead to covalent bond formation between
the radical electrons on Zn* and on NO,. Figure 5 shows
qualitative one-dimensional potential-energy surfaces as a
function of reagent separation for two fixed angles of NO,:
134° [Fig. 5(a) ], as appropriate for neutral NO,, and 180°
[Fig. 5(b)], as appropriate for ionic NO,". At both angles,
the surfaces of both charge states should be attractive at long

134

Zn + NOZ

(a)

180°

+ NO

Zn + N0;

(b}

FIG. 5. Qualitative potential-energy surfaces for interaction of
* 4 NO,andZn + NO;* as afunction of reagent separation at O-N-O
bond angles fixed at (a) 134° and (b) 180"

D. E. Clemmer and P. B. Armentrout: lonization energy of NO,

range due to ion-dipole and ion-induced dipole interactions.
At 134°, Fig. 5(a), covalent bond formation between
Zn* (%S) and NO,(?4,) should lead to a deep potential well
along a '4,(0?) surface (where o is the molecular bonding
orbital). We estimate the depth of this well to be ~3 eV,
similar to the covalent bond energy for Zn+-CH, =3.06
+0.16 ¢V.* Interaction of Zn* and NO, also forms a
repulsive >4, (o'o*!) surface (where ¢* is the molecular an-
tibonding orbital). At 134°, interaction of Zn + NO;* leads
toa'd,(c'0*") surface that will be largely repulsive (except
for long-range attractions).®! When the O-N-O angle is
fixed at 180°, Fig. 5(b), the same surfaces [one strongly at-
tractive '4,(0?) surface, one repulsive !4, (o'o*') surface,
and one repulsive 24, (o'c*!) surface] are formed, but now
the strongly bound ZnNO;+ intermediate correlates adia-
batically with the Zn + NO,+ charge state since it has the
lowest asymptotic energy, Fig. 4.

A better understanding of the interaction that results
between the two charge states can be obtained by combining
the information in Figs. 4 and 5 to derive qualitative poten-
tial-energy surfaces as a function of both NO, bending coor-
dinate and internuclear separation of the reagents. We do
this by considering how Fig. 4 evolves as the nuclei get clos-
er, Fig. 6, where only the singlet surfaces are shown. The first
thing to note is that the symmetry associated with inversion
of neutral NO, is broken due to the presence of the zinc
atom. Thus, the energy of one of the NO, wells should be
higher than the other, Fig. 6(a). As the nuclei approach
further, the diabatic surfaces corresponding to the two
charge states begin to mix since they both have ‘4, symme-
try. This mixing between the surfaces increases as the dis-
tance between the reagents decreases, Figs. 6(a) and 6(b),
and the crossing becomes avoided. In the region of the
ground state of the ZnNO;" complex, the splitting between
the two adiabatic surfaces that have evolved, Figure 6(c),
should be relatively large over a broad range of O-N-QO bond
angles.

The charge-transfer reaction of Zn* 4 NO, can be un-
derstood by considering the surfaces shown in Fig. 6 as the
reagents approach one another to form a ZnNQ," interme-
diate and as they separate to form products. At long ranges,
Znt approaches NO, with a bond angle near 134°. At closer
range where the two charge state surfaces mix, the ZnNO,*
complex has an internal energy equivalent to
D*(Zn* — NO,) plus the energy of the reagents. Therefore,
this intermediate is free to vibrate on the attractive '4, po-
tential-energy surface where it can sample a wide range of
NO, bond angles, Fig. 6(c). As the Zn and NO, nuclei sepa-
rate, the mixing between the surfaces lessens and the motion
of the system becomes trapped on one of the diabatic charge-
state surfaces. Figure 6 shows that the location of the elec-
tron depends on the NO, bond angle as the Zn and NO,
separate. If the bond angle is near 180° when the coupling
between the diabatic surfaces becomes weak, then the system
proceeds to form Zn + NO;', while if the O-N-O bond an-
gle is near 134°, there is a preference for returning to reac-
tants, Zn* -+ NO.,.

For a reaction involving NO *, the situation changes
somewhat in that the reaction is now more endothermic and
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long-range separation

I
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{a) 0-N-0 Bond Angle
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T | T 1 i i
a0 120 150 180 210
{b) 0-N-0 Bond Angle

T T T T

I
240 270

NO™ has a !2* ground state. Thus, no covalent two-elec-
tron bond can be formed between NO * and NO,, although
the radical electron that is transferred between these species
can form a one-electron two-center bond. Overall, the stabil-
ity of the NO * -NO, intermediate is expected to be less than
that for Zn+*-NO, This combined with the increased en-
dothermicity may decrease the degree of mixing between the
two charge state surfaces.This may explain why the cross
section for reaction (9) rises less rapidly from threshold
than that for reaction (8), Fig. 3, an indication that this
reaction is less efficient than in the zinc system.

The net result of this ionization mechanism is that the
NO, bond angle can easily adjust to minimize the energy
during the electron transfer process. Since the agent for in-
ducing ionization is the heavy Zn* or NO* ion, rather than
a photon or electron, the time scale for loss of the electron is

2457

T I T i
180 210 240 270

I
. g0 . 120 150
{c) 0-N-0 Bond Angle

FIG. 6. Qualitative singlet potential-energy surfaces for the Zn* + NO,
charge-transfer reaction as a function of the O-N-O bond angle. (a) Sur-
faces at long reagent separation. (b) Substantial mixing of the diabatic sur-
faces at close reagent separation. (¢) Two new adiabatic surfaces formed at

- internuclear distances near the minimum for the ZnNO;" complex.

directly comparable to the timescale for nuclear motion.
Thus, the Franck—Condon limitations on vertical processes
are not exhibited in these reaction systems. This result does
not necessarily hold for off-resonance charge-transfer reac-
tions. Here, the transition-state intermediates need not be as
intimate or as long lived. Thus, the nuclear motion of the
system may not control the ionization process and a vertical
ionization process may be observed.®
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