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Two color resonance-enhanced multiphoton ionization (REMPI) scheme gftiNQugh the E2=," (3po)
Rydberg state was used to prepare,N@ its ground and (100), (010), (@, (020), and (001) vibrational

states. Photoelectron spectroscopy was used to vef§26 state selection purity, in good agreement with
results of Bell et at for a similar REMPI scheme. The effects of BiOvibrational excitation on charge
transfer with NO have been studied over the center-of-mass collision erfeggyrénge from 0.07 to 2.15

eV. Charge transfer is strongly suppressed by collision energy,at ~0.25 eV but is independent &

at higher energies. Mode-specific vibrational effects are observed for both the integral and differential cross-
sections. The N& bending vibration strongly enhances charge transfer, with enhancement proportional to
the bending quantum number, and is not dependent on the bending angular momentum. The enhancement
results from increased charge transfer probability in large impact parameter collisions that lead to small
deflection angles. The symmetric stretch also enhances reaction at low collision energies, albeit less efficiently
than the bend. The asymmetric stretch has virtually no effect, despite being the highest-energy mode. A
model is proposed to account for both the collision energy and the vibrational state dependence.

I. Introduction that our REMPI scheme gives good state selection, then report
on the effects of collision energy and MOvibrational mode

on the CT reaction with NO. In the following, we will denote
the states asn{ n, ng), wheren; are the number of quanta in
the v1* (symmetric stretch)y,* (bend), andvst (asymmetric
stretch) modes, respectively. For the bend overtone state, (020),
there areZ and A components, indicated by the associated
bending angular momentum: @3 and (020), respectively.

As part of a continuing study of vibrational-mode effects on
polyatomic reactions, we are studying energy transfer and
reaction dynamics in several simple reactions of,NONO,*
is an important ion in electrophillic nitration, and this sort of
NO.* chemistry has been studied extensively in both gas and
solution phases, with both experimental and theoretical
approached 11 On the other hand, not many NOreactions
have been studied from a dynamical perspecth@ne that has ) )
is the exoergic charge transfer (CT) reaction of N@ith NO. Il. Experimental Section
Fehsenfeld and co-workéfseported a flowing afterglow study
at 300 K, where the rate constant was reported to bex2.9
1019 cm?/mol—s for ground-state N@. A later drift tube study
by Durup-Ferguson et af.used different buffer gases and drift
potentials to show that CT is enhanced by NQibrational
excitation. There is a large geometry change accompanying
neutralization of N@" (NO.*, linear; NQ, bent at 132), thus
an effect of NQ" bending excitation is not unexpected. In a
similar vein, Clemmer and Armentrout showed by quenching
experiments that the endoergic CT reaction of ;NQuvith
trifluorotoluene can be driven by N®vibrational (presumably
bending) excitation. The purpose of this paper is to explore the
effects on CT of all three N@ vibrational modes and how the
effects change as collision energy is varied over a large range.

Grant, Pratt, and co-workers have recently reported several
spectroscopic studies indicating that Néan be state-selectively
ionized by resonance-enhanced multiphoton ionization (REMPI)
through the EZZ," (3po) Rydberg statél516 Their work
indicates that all three modes can be populated with high purity,

and for this paper, we have used a simplified version of their . . .
REMPI scheme to prepare mode-selectively excitedNOr for REMP'_ and atyp|cal spectrum. The first phonlX excites
NO- to an intermediate level lying in a near-continuum resulting

reaction studies under beam conditions. We first demonstrate : . o
from vibronic mixing of levels of the groundA,, ?B;, and

T Part of the special issue “William Hase Festschrift”. 2B,, states. To eliminate predissociation at this leueljs kept
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The experiments were performed in an instrument that can
be configured either as a time-of-flight (TOF) photoelectron/
mass spectrometer or as a guided-ion-beam tandem mass
spectrometer. Both the photoelectron spectroriétfand ion-
beam configuratiod82°have been described previously, along
with operation, calibration, and data analysis procedures. In both
configurations, N@"(v) was generated by two-color, three-
photon ionization of a pulsed, skimmed molecular beam of NO
(Matheson Tri-Gas 99.5%) seeded in He at a 1:5 ratio. Two
dye lasers (Continuum ND6000 and ND60) were pumped by a
single Nd:YAG laser (Continuum NY-82S). The lower-energy
photons {1 = 23 097 cnl) were generated by mixing 730
nm from one dye laser with residual Nd:YAG fundamental in
a KD*P crystal, giving 56 mJ/pulse. The higher-energy
photons ., = 32527-34 885 cml) were generated by
frequency-doubling the output of the second dye laser, giving
2—4 mJ/pulse. Below, we separately describe the methodologies
for NO,+ state selection and for the iemolecule studies.

A. REMPI and State Selection.Figure 1 shows the scheme
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spectra using the expression

= S
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] O, where KE is the kinetic energy of photoelectraris the length
%’ ] of the flight patht is the measured flight timéy is an adjustable
5 ] A& ~56900 cm! parameter representing the actual time of the ionization event,
E ] and me is the mass of the electron. Theandt, parameters
+ o] were obtained by fitting the two peaks in the spectrum for the
% 3po (000) intermediate. On the basis of the results of Bell et
al.! these peaks are assumed to result from production of
ground-state N@ by ionization of the 3p (000) level by a
final photon ofw; or w,. The resulting- value is close to the
physical length of the flight path, arnd is nearly 2 orders of
magnitude smaller thain The calibrated parameters were then
used to analyze the results for the otheo 3jbrational levels.
The absolute accuracy of the TOF to KE conversion is estimated
' ' T T to be418 meV.
55610 55620 _155630 For this study, we did not make much effort to achieve high
®y+ o, (cm’) photoelectron energy accuracy or resolution, because higher-
Figure 1. REMPI spectra taken for ground state of N@hset: two- resolution results have been reported for ionization out of the
color pumping scheme. same E3," (3po) intermediate stateThis previous study used
a magnetic bottle photoelectron spectrometer and therefore also
photon (v7) is used to reach a specific vibrational level of the had much higher sensitivity for minor peaks in the photoelectron
E 2Z,* (3po) Rydberg state. Finally, ionization is achieved by spectra (PES). The motivation for our PES study was simply
absorption of an additional photon af; or w,. The REMPI to verify that good state selection is achieved using our slightly
spectra were taken in the TOF spectrometry configuration, where different REMPI scheme. In their study; was kept low enough
ions are produced inside and near one endwofizetal magnetic  in energy that it could not ionize the 3pevels, allowing only
shielding tube. For TOF mass spectrometry, grids are used tothe w; + w, + w- ionization route. We use@; ~ 1000 cnt?
accelerate the ions toward a microchannel plate detector locatechigher in energy (and- correspondingly lower), opening the
~0.75 m from the ionization region. REMPI spectra for o; + w, + w; ionization channel and thereby increasing the
production of NQ* parent ions were acquired by integrating ion intensity, which is important in the iermolecule reaction
the corresponding TOF peak, while scanning the second laserstudies. In principle, the ion state distribution should depend
(w2), keepingw, fixed to maximize ion intensity. This type of  only on the FranckCondon factors for ionization of the 8p
scan probes levels of theZ," (3po) intermediate state, with  levels and not on the route used to populate them. Nonetheless,
energies corresponding to; + w. Rotational structure was  we felt it prudent to verify N@" state selection, and low
partially resolved, and the most intense transition in each resolution spectra suffice for this purpose.
vibrational band was chosen for both photoelectron spectroscopy C. lon—Molecule Reaction Studies.NO," cations were
measurement and generation of ions for reaction studies. generated by REMPI inside a radio frequency (rf) quadrupole
B. Time-of-Flight Photoelectron SpectroscopyThe setup ion guide. At the exit of this guide, the beam is energy- and
for the photoelectron spectroscopy was identical to that for TOF mass-filtered by TOF gating using a split pair of ion lenses,
mass spectrometry. For the relatively intense transitions throughresulting in a narrow kinetic energy spread-ed.15 eV. Next,
the (000), (@0), and (001) levels of the E,"(3po) Rydberg the ions enter a two-segment, eight-pole rf ion guide. The first
intermediate state, no acceleration potentials were used to aidguide segment passes through a scattering cell, 10 cm in length,
electron collection, and collection efficiency 161074, deter- filled to a pressure of 5« 107> Torr with the NO reactant
mined by the solid angle subtended by the detector. For the (Matheson Tri-Gas 99%). Product ions and unreacted primary
weaker transition through the (100) level, a repeller voltage was ions are collected by this ion guide, then pass into the second,
used to improve collection efficiency, and the effect on the TOF longer segment where TOF is used to measure the velocity
was calibrated by varying the voltage from 0.25 to 2.0 V. The distributions of reactant and product ions. Finally, ions are
photoelectron signal was preamplified, then averaged over 5000collected, mass-filtered, and detected. Because we are measuring
laser shots by a Tektronix 500M digital oscilloscope, running subtle effects, it is important to minimize systematic variations
at a 2.5 G sample/s acquisition rate, and finally transferred to in experimental conditions that might be caused by drifting
a computer for analysis. To correct for the signal from scattered potentials, changes in laser intensity or focal position, and so
laser light and for baseline curvature in the oscilloscope, we forth. For each state, we cycled through the series of collision
also measured background spectra with the molecular beam off.energy E.,) values several times. For a check on reproduc-
Analysis of the photoelectron spectra is simple in this case, ibility, we measured the cross-sections for the ground state at
because the ionization out of the BRydberg state is quite  the beginning of each complete experimental run and measured
diagonal, i.e., there is a strong propensity to preserve tie 3p the entire set of cross-sections versids and vibrational state
vibrational state in the ion. Because ionization of they3p several times on separate days.
intermediate can occur by absorption of an additional photon  For integral cross-section measurements, the ion guides were
of eitherw; or w,, each spectrum is dominated by two peaks operated at high rf amplitude whia 1 V potential drop between
with quite distinct TOFs, reflecting thel eV energy difference  the scattering cell and TOF segments of the guide, to aid in
betweenw; andw,. The TOF spectra were converted to energy collection of slow ions. Integral cross-sections were calculated

; Oz




1280 J. Phys. Chem. A, Vol. 110, No. 4, 2006 Uselman et al.

from the ratio of reactant and product ion intensities, the target
gas pressure, and the effective length of the target gas cloud.
The effective length factor was determined by calibration, using
the well-established cross-section for the" Ar D, — ArD* +

D reaction?2 and is within 10% of the geometric length of the
scattering cell (Chui, 1995 #198). The integral cross-sections 100
are estimated to have absolute uncertainties 9%, mostly

from possible collection efficiency issues (see below). The
relative uncertainties for comparing cross-sections are somewhat
better and are indicated below.

The TOF data can be converted to product ion axial velocity
distributions, i.e., the projection of the product ion velocity
distribution on the ion guide axis. In our experimental geometry,
the relative velocity of the reactants and the velocity of the
center-of-mass in the lab/¢y) are both coaxial with the ion
guide, on average. As a consequence, considerable dynamical
information can be gleaned directly from the axial velocity
(vaxia)) distributions. For example, if reaction is mediated by a T T T T T
complex with a lifetime {coliision) that is long in comparison to 1.3 1.4 1.5 1.6 1.7
its rotational periodotation), the resultingaxia distribution must Electron Energy (eV)

be symmetric abou/cy. Conversely, an asymmetrigay . ; . .
Y M Y y Cavial Figure 2. Photoelectron spectra showing production of N@n its

dIS'[rIbu.'[IOI’l Is a clear sign that the reaction is no.t mediated Ipy ground state and in the fundamental levels of the three vibrational
along-lived complex and also reveals the predominant scattering,;,qdes.

mechanisms (i.e., forward- or back-scattering). Finally, the
deviation of the velocity distribution frofWcy is a measure of ~ TABLE 1. Pumping Wavelengths and Resulting NQ* State
the maximum energy going into recoil in the forward and Purity

001

010

Intensity

000

backward scattering directions. 3po NO,* vibrational
w1 w,  Vvibrational vibrational mode energy
Ill. Results (cm™) (cm™) level distributior? description  (meV)
. 23097 32527 000 (000) 97%; ground state 0
A. REMPI and PES Data. Figure 1 shows an example of (020) 3%
our REMPI spectra, in this case, for ionization via the vibra- 23093 33158 010 (010) 99%; bend 78
tionless level of the EX,"(3po) state. As shown, we partially (000) 1%
resolve the , K) rotational structure of the transition; however, 23097 33759 0D  (020) 10024 bend 153
;_otat_ional ass_ignment is nontrivial, begause the identity of the gggg; ggg% (1%)0 (0(21)82))18202; Sl;i?r?] etric 1%85
irst intermediate Ievel populated_byl is unknown._ For our (000) 1% _ stretch
purpose, the most important requirement is large intensities of (200) 1%:
vibrationally state-selected N© therefore in the PES and ien (300) 1%
molecule reaction studies, we simply pumped the most intense 23097 34885 001 (001) 99%; asymmetric 290
rotational transition in each 3pvibrational band. Rotational (000)1%  stretch
intensities largely reflect the rotational population in the seeded 2 vibrational-state purity from high-resolution photoelectron spec-
supersonic N@ beam; thus, the resulting NO rotational troscopy results of Bell et &l.

distribution should be similar for all N& vibrational states, o )
with a significant population only foE,,; < ~10 meV. Because  lous, we assume that ionization is also largely diagonal for those
E.ot is roughly constant and small compared to our collision levels. The reactivity results below support this assumption.

and vibrational energies, no rotational effects are expedté8, B. Reaction of NG, () with NO. 1. Reaction Coordinate:
and we made no attempt to either assign or vary the ion Ab Initio and N80 Reaction Result€harge transfer is the only
rotational levels produced. energetically accessible product channel for,N@ NO in the

Figure 2 shows the photoelectron spectra collected when collision energy range from 0.07 to 2.15 eV
ionizing NG, through the indicated vibrational levels of thes3p
intermediate. The ionization is essentially diagonal, i.e., there NO," + NO— NO, + NO" AH = —0.322 e\#*
is a single photoelectron peak, and the peak energies are
consistent with N@" being generated in the same vibrational To aid interpretation of the experiments, we looked for possible
state that was populated in thec@3Rydberg intermediate. The  [NO,—NO]* complexes that might mediate reaction, and the
magnetic bottle photoelectron spectra of Bell etale similar, results are shown in Figure 3, with energetics taken from
but because they have higher sensitivity, they were able to QCISD(T)/6-31H1-G** calculations at geometries optimized at
observe low-intensity nondiagonal ionization transitions, and the MP2/6-31G* level of theory, and zero-point energies (ZPE)
their measured Ng vibrational distributions are given in Table  from MP2/6-31G* frequency calculations. The only complex
1. The important point is that for all states, the state selection found by straightforward optimization from several different
purity is = 96%. This purity level is high enough that we have starting geometries is an ONENO™ structure bound by 0.74
not attempted to correct the ieimolecule cross-sections for eV relative to reactants. The ONO bend angle (136 this
the small nondiagonal populations. Neither we nor Bell et al. complex is similar to that in free neutral N@134°), and as
measured PES for pumping through the °@2and (020) this angle suggests, onmy5% of the Mulliken charge is on the
bending overtone levels; however, since there is nothing in the NO, moiety. This structure is, therefore, a weakly bound
REMPI spectra suggesting that the bend overtones are anomaeomplex of the charge transfer products. The structure of this
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Figure 3. Schematic reaction coordinate for MO+ NO. Energies
are derived from QCISD(T)/6-3#1G** calculations, including MP2/
6-31G* zero-point energies.
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Figure 4. Charge transfer cross-sections Eg,. Also shown is the
estimated collision cross-section.

productlike complex raised the possibility that N@roduction
might occur by O transfer, in addition to CT. We were unable
to find any low-lying transition state for O transfer; nonetheless,
we looked experimentally for O transfer in the reaction of NO
with N80. Only N8O* products are observed, i.e., CT is the
only mechanism producing NQin this energy range.

The CT exoergicity calculated at the QCISD(T) leveh8.09
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Figure 5. Vibrational enhancement factors vs NCE,, for different
ranges of collision energy.
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over the entirdeo range. Finally, excitation of the bend overtone
enhances CT by about a factor of 2, except at the lowest collision
energies, where the relative enhancement is 613$%. TheX
symmetry ((020) = 155 meV) andA symmetry ((020) = 153
meV) overtones have effects that are identical within the
uncertainty of the experiments.

To show how the vibrational effects vary wika, Figure 5
gives vibrational enhancement factors, i.e., ratios of cross-
sections for N@* in particular vibrational states, to the ground-
state cross-section. Because thé@p2nd (020) bend overtones
have nearly identical energies and vibrational effects, we show
just the average vibrational effect for the two states. The error
bars were determined from reproducibility over several data sets.
The only change in vibrational effects over dti, range is a
~20% reduction in the effects at lof,, even though this is
where vibration makes up the largest fraction of the total reactant
energy. As noted above, we do not have photoelectron spec-
troscopic measurements confirming the state selection purity
for the bend overtones. The observation that the CT enhance-
ment is linear in the bending quantum number supports the idea
that these states are also produced with reasonable purity.

eV greater than the experimental value. The reactants, products, 3. Recoil Velocity DistributionsTime-of-flight (TOF) data
and productlike complex were also studied at the G3 level of were collected for the NO product ions for each reactant

theory, and in that case, the calculated exoergicityGs06 eV
too small, and the productlike complexi®.06 eV less strongly

vibrational state and collision energy and converted to velocity
distributions. LAB frame velocity distributions for reaction of

bound with respect to reactants than in the QCISD(T) result ground-state Ng are plotted in Figure 6. The effects of NO

(i.e., nearly identical binding energy with respect to products). vibrational excitation on the velocity distribution will be
For reasons discussed below, there is some reason to thinkdiscussed below. The solid vertical line in each frame of the

that a reactantlike complex of the form NG-NO might also figure gives the average velocity of the CM frame with respect

play a role in the reaction. The methodology used to locate the to the lab, Vcmll Because of the high symmetry of the

reactantlike complex shown in Figure 3 is discussed below.

2. Integral Cross-Section$he cross-sections for CT of NO
with NO are plotted in Figure 4 as a function of collision energy
and the NG* vibrational state. Also shown for reference is the
collision cross-sectiongcolisions €Stimated as the greater of the
capture cross-sectiondaprurd and the hard-sphere cross-section
(OHardspherpy- OHardsphereWas calculated from the orientation-
averaged contact radius of NOand NO, assuming covalent
radii for each atom, and exceedgpurefor Eco > ~1.5 eV.

For all reactant states, the cross-section is essentally
independent foE., > 0.3 eV but increases sharply at lower
Eco. Excitation of the asymmetric stretch ((00%£)290 meV)

experimental configuration, the LAB.ya distributions can be
approximately converted to the CM frame by simply subtracting
[WemO In the discussion below, “forward” and “backward” are
defined as product ions with axial velocities faster or slower,
respectively, thamVem

For Eco = 0.48 eV (i.e., in the range wherect is
Ecorindependent), theaxia distributions are asymmetric, peaking
in the backward direction but extending well into the forward
direction. The asymmetry implies that CT is direct, i.e., the
collision time is less thamgation for any complex that might
form. Given the weak binding of the only complex we were
able to locate, it is not surprising that the reaction would be

has negligible effect on the cross-section except at the lowestdirect at highEco.

Eco, Where it enhances CT by10%. Excitation of both the
symmetric stretch ((100F 170 meV) and the fundamental of
the bend ((010¥ 78 meV) enhance the cross-sectiony0%

For E¢o = 0.26 eV (in the range wherect becomesEcq-
dependent), the NOdistributions are symmetric aboWn,
within the experimental uncertainty. Forwardackward sym-
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Figure 6. Axial recoil velocity distributions for NO at differentEco.
Solid symbols: experimental. Solid line: simulation based on the
osculating complex model. Heavy vertical liné/cyC

metry is a necessary but not a sufficient condition to infer a

Uselman et al.

It should be noted that the osculating complex model assumes
that the angular distribution dependsly on rotation of the
complex duringreision. Of course, the angular distribution is
also influenced by other factors such as the distribution of
reactive collision geometries (impact parameters, reactant
orientation) and how collision geometry maps to scattering
angle. In the lowEg, long-caision limit, complex rotation is
the dominant factor. In the highe limit of impulsive collisions,
collision geometry is the dominant factor. For this system at
the highestEcy studied,zcolision & 4+Try—by, and both lifetime
and geometry effects are likely to be significant.

IV. Discussion

The increase iwct at low E¢ is partly attributable to the
increase imvcaiision, @nd this trivial contribution has been divided
out in Figure 7, which shows the CT reaction efficienoy{
Ocoliision) for ground-state Ng@. The efficiency at our lowest
Ecol (0.07 eV) can be compared with the thermal rate constant
of 2.9 x 1071° cm® molecule® s71, corresponding te~20%
reaction efficiency. Given that the width of our collision-energy
spread is comparable t&. at Eco = 0.07 eV, we conclude
that the beam and thermal results are consistent within the
absolute uncertainties. A detailed comparison with drift tube
results of Durup-Ferguson et Hlis given in the final section.
The efficiency has opposite., dependence at low and high
Ecol, With the transition occurring at0.25 eV. This is just the

complex-mediated mechanism, suggesting that the increasingenergy where theaya distributions switch from symmetric to

cross-section at lowEc, might signal transition to such a
mechanism. Alternatively, the apparent forwatzhckward
symmetry might simply be coincidental or might result if the
recoil energy Eecoi) IS low enough that the asymmetry is
masked by the experimentil, distribution.

asymmetric, again suggesting that the mechanism at higher and
lower E¢o may be different. We therefore will address the CT
mechanism for low and higkg, separately.

A. High-Energy Mechanism. As shown in Figure 4, the
cross-section is nearli.o-independent for all initial states at

To address the issue of experimental broadening and to extracEco above ~0.25 eV. Over this energy range, theya

more insight from thevaxia distributions, it is necessary to fit
the data. The fitting program is simply a Monte Carlo-based

distributions become increasingly backward-peaked, indicating
that CT occurs by a direct mechanism. In the limit of impulsive

simulation of the experiment, including the ion and target gas scattering at higttco, the velocity distributions should depend

velocity distributions, target rotational energy distribution,
appropriate Jacobian factors, and so féPtA model recoil
energy and angular distribution is put through the simulation
and adjusted until the resultingaxia distribution fits the

mostly on the range of impact parameters (b) leading to CT.
Because the charge is transferred in the collision, our definition
of “backward” corresponds to small scattering angles, attributed
to large b collisions, and “forward” corresponds to rebound

experimental data. For the data here, we used a model designegcattering and small b collisions. The backward peak indicates
for the case where the mechanism changes from complex-that the largest component of the CT products is formed in

mediated to direct with increasitig}o. In the model, the angular
distribution is described by the osculating complex mdfel,
which assumes formation of a short-lived collision complex,
with rotational angular momentum equal to the orbital angular
momentum of the collision (the reactant rotational angular
momentum is negligible). This rotating collision complex is
assumed to decay to products with a lifetimgjision, and recoil
energy distributionP(Erecoi)). Here,P(Erecoi) is assumed to be

a Gaussian distribution controlled by width and peak value

collisions with b large enough that the scattering angle is less
than 90.

For the discussion below, we will somewhat artificially
distinguish three ranges of collision impact parameters. “Small
impact parameter” refers to nearly head-on collisions resulting
in forward-scattered NQ “Large impact parameter” refers to
collisions with b large enough to generated backward-scattered
NO™ but small enough that there is a “real” collision, i.e, where
the minimum reactant separatid®yi,, becomes comparable to

parameters defined in terms of the total available energy in the the hard-sphere radiuRnarasphere Finally, “long range” refers

CT channel Eavai). In this model, the degree of forward
backward symmetry depends on the ratigision/Trotation Where
Trotation IS Calculated from the largest moment of inertia for the
productlike collision complex (Figure 3) and the angular

to collisions at such large impact parameters tRal, >
Ruarasphere but still in the range of significant inter-reactant
potential energy.

Exoergic CT between polyatomic species is often possible

momentum, in turn estimated from the magnitude of the capture even for such long-range collisions, and because forces are weak

cross-section ané.. The fitting results are summarized in

at long range, little momentum transfer can occur. The signature

Table 2, and the fits are shown as solid lines in Figure 6. For of such a long-range CT process is, therefore, product ions that

comparison, we also giveny-ny, i.€., the time it would take

are slow in the lab frame, i.e., strongly backscattered in the CM

undeflected reactants to move a distance comparable to the rangé&ame. If long-range CT is efficient, it will dominate the reaction,

over which the intermolecular interaction is significant (5 A).
Comparison Ofregiision and zay —py provides a measure of how
“sticky” the collisions are.

resulting in CT cross-sections substantially greater ihapns
sphere and vaxiar distributions that are sharply backward-
peaked!36 For the NQ™ + NO system, the distributions
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TABLE 2: NO * Velocity Distribution Fit Results for the Osculating Complex Model

Ecol (Eavail? (Erecoild [ErecoillEavaill Tcollision Tﬂy—byb Vibs/

(eV) (eV) (eV) (%) (pS) (ps) Tflyfbyc [Erecoilmmzcolm
0.09 0.45 0.09 20 >4.2 0.52 8.9 1.00
0.16 0.55 0.09 16 >3.6 0.35 6.7 0.39
0.26 0.62 0.11 18 2.3 0.30 5.2 0.38
0.48 0.86 0.16 19 1.0 0.22 3.8 0.32
0.71 1.09 0.32 29 0.67 0.18 3.2 0.43
0.96 1.34 0.45 33 0.59 0.15 2.7 0.46
1.55 1.88 0.77 41 0.48 0.12 21 0.50
2.04 2.42 1.07 44 0.40 0.11 1.9 0.52

a[J= mean valueP tyy_yy defined as time for undeflected reactants to travel a relative distance of Bumber of classical bend vibrational
periods duringrsy —py.
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Collision Energy (eV) Figure 8. Normalized axial recoil velocity distributions for the CT
from the ground state and bend overtone.

Figure 7. Plot of the reaction efficiency vs collision energy for the

ground state. . ) . )
parameter collisions leading to backward scattering, CT is

remain quite broad even at the highest energies, peaking farStrongly enhanced. As a consequence, the CT cross-section
from vag = 0, and with a large forward-scattered component. increases t0-80% of onaraspherdOr the (020) state, compared
This observation indicates that long-range CT is not efficient t0 ~45% for the ground state. Note, however, that, even for
in this system, consistent with our observation that the ground- the (020) state, both the magnitude ofr and the broadness
state CT cross-section is less than half the collision cross-section Of the vaxia distribution show that CT is still quite inefficient
In fact, the small CT cross-section and large contribution of for long-range collisions. The effect of the bending vibration is
forward-scattered NOtogether indicate that ground-state CT Primarily to enhance CT in the large impact parameter range,
is efficient only for small impact parameters. The reasons are i-€., in grazing/glancing collisions.
discussed in the following section. There are several ways to think about CT probability in

B. Vibrational Effects. The most obvious vibrational effect =~ medium- to long-range collisions. In the long-range limit, CT
in this system is that the N©® bending excitation strongly IS simply an electronic transition, where the source and
enhances CT, with an approximately linear dependence on thedestination orbitals happen to be on different molecules.
bending quantum number (Figure 5). Symmetric stretch (100) Therefore, the FranckCondon factors coupling the initial state
excitation has a similar effect to that of one quantum of the to energetically accessible product states are important. Fur-
bend, despite having about twice the vibrational energy content.thermore, the intermolecular interaction at long range is too
Finally, the highest-energy mode, the asymmetric stretch (001), weak to allow much translationat vibrational energy (V<>
has very little effect. The pattern of effects is nearly independent T) conversion, implying that the product vibrational state must
of Eco over the energy range studied, i.e., frég < Eyp to be nearly resonant with the reactant state. In this system, the
Eco > Eyip. NO geometry is nearly unchanged during CT, but the;Réhd

The source of the bending enhancement can be seen in Figuré@ngle changes from 18Gor NO," to 134 in NO,. Figure 9
8, which compares theaya distributions atEcy ~ 2 eV for shows the MP2/6-311G** bending potentials and bending
NO* products from reaction of N& in its ground state and ~ €nergy levels for N@" and NG, with the energy scale offset
with (0220) excitation. Thevaxa distributions are normalized ~ Such that the difference between zero-point levels is equal to
so that they correctly reproduce the relative CT cross-sectionsthe CT exoergicity. It is clear that the NOground state only
for the two states. Bending excitation has little effect on the has significant FranckCondon overlap with energetically
forward-scattered portion of the distribution but substantially inaccessible N@vibrational levels, thus explaining why long-
enhances backward-scattering. This result indicates that the CTrange CT does not occur in this system. Even for the (020)
probability for small impact parameter collisions is essentially evels studied, the overlaps with accessible states are negligible.
unaffected by N@" bending—not surprising because CT is quite A model appropriate for CT at somewhat shorter ranges is
efficient for such collisions. In contrast, for the larger impact based on crossing of the reactant and product potential energy
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bend overtone functions. The squares of the coefficients show
that each perturbed state had0% admixture of the other
zeroth-order state, i.e., the “symmetric stretch” state populated
in our experiment has'10% bend overtone character. The large
enhancement observed for bending excitation raises the question
of whether the modest enhancement from “symmetric stretch”
excitation might partly result from the bend overtone admixture.
This issue can be assessed by comparison of the effects of the
] (02°0) and (020) excitations. If the symmetric stretch had no
effect on CT, then the enhancement from the pure bend
overtone, (02), should be larger than that from (02
excitation, where there is’10% symmetric stretch character.
Within experimental error, the two (8@ and (020) states have
identical effects (Figure 4), suggesting that the symmetric stretch

200 180 160 140 120 100 does cause significant enhancement in its own right. This

O-N-O Bond Angle / degrees analysis is somewhat tentative because of the small symmetric
Figure 9. Bending potential for N@and NG* calculated atthe MP2/  Stretch component in the (8 state; nonetheless, for the same
6-311G** level of theory. The curves are plotted so that the difference reason, it is unlikely that the enhancement observed from
between zero-point levels equals the CT exoergicity. exciting the symmetric stretch could result only from the 10%
surfaces. The curves in Figure 9 represent a cut along the NO bend overtone admixture.
o : i Figure 7 shows that in the higB., regime Eqo > ~0.25

bending coordinate through the NO+ NO and NG + NO eV), where reaction is clearly direct, the ground-state CT

potential surfaces at infinite reactant separation. As reactants fici is st v d dent The CT i
approach, the crossing becomes avoided, resulting in a lowerEMcleNcy IS strongly dependen @R, The cross-section,

adiabatic surface consisting of NO+ NO and NQ + NO* itself, is essentially Er-independent. Therefore, the efficiency

potential wells separated by a barrier. The height of this barrier pehavior implies that the CT probability for small-to-medium

decreases as the strength of the intermolecular interaction!MPAct parameters increases rapldly enough W.'th Incre&sing
increases at decreasing reactant separations. For ground-sta(lttg compensate for the decrease in the range of impact parameters
NO,*, a low barrier is needed to allow significant “leakage” of eading to coII|S|pns. We propose the following elaboration of.
the reactant wave function into the N& NO™* potential well. the CT mechanism discussed above: CT appears to be quite
A low barrier implies close reactant approach, which does not efficient for small impact parameter collisions, and there is no
oceur in large b collisions at higcy. For NOs* with bending reason to expect strong collision energy effects for Iong-range
excitation, significant CT can occur for a higher barrier, i.e., Ccollisions, which only sample the weak long-range potential.
larger reactant separations, allowing CT to occur in larger impact | nerefore, theeeo effect must result from enhancement of CT

parameter collisions. This effect enhances the CT cross-sectiori the large impact parameter range. Consider a long-range
and also leads to more backward-scattered product ions, a<ollision where CT does not occur during reactant approach.
observed. In the actual intimate collision, there is some probability for

The asymmetric stretch (001) mode has essentially no effect, Collisional excitation of NO and N@vibrational modes, with
despite being the highest-frequency vibration. Both,N@nd  the lowest-frequency mode (i.e., the libend) most likely to -
NO, have symmetric NO bond lengths, and the asymmetric P€ excited. During the subsequent separation of the collision
stretch is not FranckCondon-active, nor is there a surface Partners, this bend excitation would enhance the charge-state
crossing along this coordinate. Asymmetric stretching energy Mixing and therefore the net CT probability. Because the level
is, therefore, ineffective in driving the transition between the Of bend excitation presumably increases Vith, the net effect
NO,* + NO and NQ + NO* regions of the potential surface. IS to increase CT efficiency at higBe,. For high levels of

It is interesting that the symmetric stretch (100) causes Collisionally excited bending vibration, we expect that the wave
significant enhancementomparable to that from (010) excita-  function should freely explore both the NO-NO and NG~
tion. This enhancement may reflect the fact that there is a smallNO™ regions of the lowest adiabatic surface. In this case, the
change in bond length upon neutralizati®{NO,") = 1.143 net CT probability is simply the probability that the system ends
A andR(NO,) = 1.203 A at the MP2/6-311g** level of theory, ~ UP trapped in the lower-energy NONO* well as the collision
but it is probably more significant that the NOand NG partners separate. Given the energetics of the two charge states,
bending normal modes include some change in bond length,we might expect a limiting higle.o CT efficiency somewhat
and the NQ symmetric stretch normal mode involves some above 50%-consistent with the apparent trend in measured
bending. Given that the symmetric stretch has more than twice efficiency.
the energy of the bend fundamental, some enhancement is not It is interesting to note that Clemmer and Armentrout
surprising. There is a complication, however. The MO  observed that for the reverse reaction, i.e., endoergic CT df NO
symmetric stretch is in Fermi resonance with Bxgymmetry with NO,, the cross-section is enhancedBy. Of course for
(02°0) component of the bend overtone, as characterized by an endoergic reaction, it is not surprising that additional energy

2.0 A

Molecular Energy / eV
5

L

0.5 A

0.0

Matsui et al¥” in any form increases reaction efficiency, and the question is
how collision energy is converted to whatever form is required
W, 0= 0.949p,,,— 0.316p,,) to drive the electronic transition. N®ending excitation should
enhance NO + NO, CT for the same reasons that MO
Wy, = 0.316p,00+ 0.949p,,% bending enhances CT in NO+ NO. The discussion above

suggests that a likely mechanism might be collisional excitation
where theWs represents the wave functions for the perturbed of the NG, bend, leading to enhanced CT probability as the
states, and thes are the zeroth-order symmetric stretch and collision partners separate.
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C. Reaction at Low Energies. The forward-backward The energy reported in Figure 3 is from a QCISD(T)/6-
symmetricvaxial distributions observed fdE., < ~0.25 eV raise 311+G** single-point calculation at the MP2 geometry with
the possibility that growth of a complex-mediated mechanism the lowest energy. The vibrational frequency distribution
might account for the observation that CT efficiency increases associated with this “nearly optimized” structure looks quite
sharply at lowE¢,. From the fitting results in Table 2, it can be reasonable, with one exception. There are four modes associated
seen thatision ON the order of a few picoseconds would be with the NG moiety, four modes corresponding to inter-
required in order to yield symmetric distributions by complex reactant vibrations, and one for the NO stretch. The low-
rotation. The most strongly bound complex found in our frequency modes are in the 7@50 cn range expected from
quantum chemistry calculations is the productlike complex comparison with the converged productlike complex, the NO
shown in Figure 3, which is bound by only 0.34 eV with respect frequencies close to those in free NQand the obvious problem
to products at the QCISD(T) level and by 0.43 eV at the G3 is that the stretch frequency for the NO moiety~25% too
level of theory. To see if this complex might be stable enough high. For ZPE correction of the energy and for frequencies in
to account forregsion, We estimated the lifetime using RRKM  the RRKM calculation, we used these calculated frequencies
theory3® Ab initio vibrational frequencies and moments of but replaced the spurious NO stretch frequency with the value
inertia were used for the complex, and orbiting transition states for free NO.

(TSs) were assumed for dissociation to reactants and profiucts.  The properties of this calculated complex should be thought
As noted, the complex is productlike, i.e, the charge is mostly of as qualitative, but it is still useful to estimate the RRKM
on the NO moiety. There is no reason, therefore, to assumelifetime. In this case, we simply calculated the lifetime with
any sort of barrier along the coordinate for dissociation to respect to dissociation back to reactants, because we have no
products. For the purpose of estimating the rate of dissociationway to estimate the time scale for transition to products. The
back to reactants, we also assumed that there is no bottlenechifetimes turn out to be well below 100 fs for all values of
related to the required electronic transition. This assumption is reactant orbital angular momenta, even for our lowEs.
actually not important, because the lifetime is mostly determined Again, it appears that the potential surface does not support a
by dissociation to the more energetically favorable product mechanistically significant complex, and we conclude that CT
channel. The lifetimes from the productlike complex are less is direct at all energies.

than 100 fs, even at our loweBt,—far too short to account It is possible to rationalize the symmetiiga distributions

for zeanision- FUrthermore, even if this complex had substantial and increased CT efficiency at lo®.o within a direct CT
lifetime, it could not account for the increased reaction efficiency mechanism. Even if a statistical complex does not form, it is
at low Ecoi. To influence reactivity, a complex must enhance clear that the collision time (semy—ny, Table 2) must increase
passage through the rate-limiting step along the reaction asE., is decreased, and it may be that CT is enhanced at low
coordinate, which in this system appears to be the actual CT E_, simply because reactants spend more time in close proxim-
event. This productlike complex statistically dissociates almost ity, allowing more time for the wave function to “leak” into
entirely to CT products; therefore, it should have no effect on the product well. The symmetrigyiq distributions may simply

CT efficiency. indicate that the kinetic energy release in the CT reaction at

If there were a reactantlike complex with a significant 0w Ecolis simply too small for us to resolve any asymmetry in
lifetime, this could account for both the forwartackward the angular distribution.
symmetry and the increased CT efficiency. A reactantlike  D. Comparison with Drift Tube Results. As noted in the
NO,"—NO complex corresponds to an electronically excited Introduction, Durup-Ferguson et "ireported a drift tube study
state of the [N@—NO]* system, but given the large change in  of the NGQ;* + NO CT reaction where He and Ar buffer gases
ONO angle accompanying the NO-NO — NO,—NO* were used in conjunction with a variable drift potential to probe
transition (Figure 9), it is conceivable that such a complex could the effects of collision energy and vibrational excitation. The
have a significant lifetime. The reactantlike complex shown in idea in these experiments is that, as the drift potential is

Figure 3 was found as follows: Several different [ONRO]* increased, the average drift velocity of the ions increases, thus
starting geometries were optimized at the MP2/6-31G* level increasing the average collision energy. In addition, the-ion
under the constraint of a nearly linear (2Y®NO moiety, all buffer gas collisions can lead to rotational and vibrational

converging to a structure similar to that in Figure 3. We then excitation of the ions. For N£ drifting at a particular velocity,
attempted to optimized the resulting structure with the ONO the collisions with helium buffer gas atoms have much lower
angle unfrozen, with the result that the ONO moiety remains reduced mass, and hence collision energy, than those with the
nearly linear (ONO angle 17y. Unfortunately, neither the ~ NO reactant. As a consequence, the JNGOnternal energy
Berny nor DIIS optimization algorithms were able to converge distribution (set by N@"—He collisions) is relatively cold in

to an optimized structure in several hundred cycles. During comparison to the N&—NO collision energy. For the heavier
optimization, the energy initially decreased smoothly toward Ar buffer, the degree of N& internal excitation is much higher
an asymptotic value, as expected, but both algorithms got stuckfor the same N@ —NO collision energy. Thus, by comparing
“hunting” around a small range of geometries, with-2 reaction rates in the He and Ar bufféqHe) andk(Ar), at the
variations in various bond lengths and angles and correspondingsameEcy, it is possible to infer the effects of internal excitation.
energy variations on the order of 50 ppm. The problem does Our analysis of the drift tube data follows the discussion in the
not appear to be instability in the electronic configuration. Both recent review paper of Viggiano and Morffs.

the charge distribution and character of the singly occupied The Durup-Ferguson results fi(He) andk(Ar) are shown
molecular orbital were essentially unchanged during the “hunt- as the solid black symbols in the top frame of Figure 10. Note
ing” process. The coefficient of the HartreEock configuration that, at lowE.,, where both the He and Ar experiments are
was ~0.94 in a CASSCF(9,12) calculation at the minimum- essentially thermal, they are identical within the 30% uncertainty
energy geometry, suggesting that the MP2 method should bestated in the paper. A is increasedk(He) drops through a
adequate. The convergence problem is apparently related to theninimum, then increases. TIkAr) data rapidly diverge from
shape of the potential near the shallow minimum. k(He), as a consequence of the higher internal energy distribution
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O Simuated Helum Resut in its ground statek(000), and with one quantum of bend
2.8-10 | @ b DupForson excitation, k(010), as open symbols. Extracting state-specific
26610 —C- Simulated Argon Results rates from the drift tube data is more difficult. For a particular
—- kg - Durup-Ferguson E.ol and buffer gas, we can write (using He for example)
2.4e-10 A
2.26-10 1 k(He, E.,) = foosk(000,E,,) + f5,5k(010,E,,) +
_~ 2.0e-10 - foo0'k(020,Ecey) + F105k(100,Eq) + ...
7. 1.8e-10 .
g wheref,m andk(nml, Eco)) are the population and rate constant
g 16e-10 1 for state (ml) at Ec,. Because He and Ar give different
7 14101 l . . vibrational temperatures at eakly, there is sufficient informa-
3 ~@- K(000)-Durup-Ferguson tion to extractk(000) andk(010), if we can assume that only
2 —- K(010)-Durup-Ferguson these two lowest-energy states are significantly populated.
& 30e-10 4 —LI- k(010)-Current Data Unfortunately, except for the lowest drift tultge values, this
~O- k(000)-Current Data assumption is not good. To get around this problem, we use

our state-specific cross-sections to rewrite the rate constants for
2.0e-10 - the higher-energy vibrational states in termsk@10). For
example, our results show that020)= 1.97¢(010), therefore
k(020)= 1.97-k(010). By making such substitutions for all states
1.0e-10 - except (000) and (010), we can solve the expressionk(lfte,
Eco) andk(Ar, Ego) to extractk(000, Eco) andk(010,Ecy). This
analysis has been done Bty values up to the point where
00 . . . there starts to be significant population ofr{l) states for which
0.0 01 02 03 04 we have no cross-sections. The results are plotted in the lower
E_(eV) frame with filled symbols.
col The drift tube results correctly predict thi010) is larger
Figure 10. Comparison of drift tube _rate constants with our results. thgn k(000); however, the magnitude of the enhancement and
Top frame: Solid symbols are raw drift tube data k¢tle) andk(Ar). its Eqo dependence are in poor agreement with our direct

Open symbols are simulations of the drift tube results based on our .
absolute cross-sections. Lower frame: Open symbols are our state-Measurements. There are several factors that might account for

specific cross-sections converted to specific rate constants. Filled the discrepancy. ThEc distributions are different for the beam
symbols are state-specific rate constants extracted by compxéey and drift tube experiments, and there are also differences for
andk(Ar) from the drift tube experiments. He and Ar buffer gas. This issue is probably not important,
because ouk(000) andk(010) results (open symbols, lower
excited in the argon case. The effect was attributed to excitationframe) show that reactivity is weakB,-dependent in thig.
of the lowest-energy vibrational mode, i.e., the NMend. range. We have also ignored rotational effects in the analysis
We have two ways to compare our results with the drift tube of the drift tube results, and if rotation strongly enhanced CT,
data. In the top frame of the figure, we used our measured state-that would diminish the difference between the extra&{@00)
specific cross-sections to simulate the drift tube rate constants,andk(010) curves. Rotational effects on iomolecule reactions
assuming that rotational effects are negligible. The simulation have not been studied extensively. In beams, it is typically only
was done by taking thEgy values in the drift tube study and possible to access low J states, and the effects have been
calculating the associated vibrational temperatures expected fomegligible except at very loWE.o or very near the threshold for
both He and Ar buffer gas, using the procedures given by endoergic reactions (see Liu et*adand references therein). The
Viggiano and Morris®® For eachEgy, point, the vibrational most useful information for the higher rotational temperatures
temperature was used to calculate the vibrational populations,of interest here comes from variable temperature drift tube work,
and then, the rate constant was calculated as the populationand this area has been reviewed recently by Viggiano and
weighted average of the rate constants for each vibrational stateMorris*° They report rotational effects to be small, i.e., less
at Eco.. These state-specific rate constants were obtained bythan the 15% experimental uncertainty, except in a few reactions
simply multiplying our cross-sections at eaéh, by the such as Kt + HCI or HD, and OH + D, where one or both
associated relative velocities. FkfHe), where there is little reactants have large rotational constants. There is no reason to
vibrational excitation in the drift tube, the agreement is excellent expect that exoergic CT should depend significantly on rota-
for Ecoi > 0.1 eV. The discrepancy at lowEg, probably reflects tional state in theE, regime of interest; thus, we tend to
the fact that theéc distributions are different in the beam and  discount this explanation.
drift tube experiments, and the cross-section is strofgly We feel the most likely explanation is that the actual
dependent at lowEc, (Figure 4). Fork(Ar), we have only vibrational populations in the drift tube are not well-represented
attempted to simulate the results for I&a, because we have by the calculated vibrational temperature. It appears that for
not measured cross-sections for the high vibrational levels E.,; > 0.1 eV, the drift tube analysis underestimates the

populated in Ar at higlEco. Even for lowE., there is a~40% difference in vibrational excitation between helium and argon
discrepancy between thigAr) values based on our cross- and, as a consequence, overestimates the difference between
sections and the drift tublgAr) results. k(000) andk(010). Because the helium vibrational temperatures

The other approach to comparing the two experiments is to are relatively low at alEc,, the problem most likely reflects
use the data in each to calculate state-specific rate constantserrors in assuming a thermal vibrational distribution for the
For our cross-section data, we simply multiply the state-specific argon buffer gas, particularly at higher drift velocities. This
cross-sections by the relative velocity at e&gh, and the lower behavior is not surprising: For argon, the ielouffer collisions
frame of the figure shows the resulting rate constants fos™NO  are less frequent but considerably more energetic than with
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helium, and it would not be surprising to see some excitation

J. Phys. Chem. A, Vol. 110, No. 4, 2006287

(14) Durup-Ferguson, M.; Boehringer, H.; Fahey, D. W.; Ferguson, E.

of high vibrational levels, particularly bending overtones, which E-J: Chem. Phys1983 79, 265.

our results indicate to be highly reactive.

V. Conclusions

Two-color, three-photon ionization of NQs suitable for

(15) Bryant, G. P.; Jiang, Y.; Martin, M.; Grant, E. R.Chem. Phys.
1994 101, 7199.

(16) Matsui, H.; Mayer, E. E.; Grant, E. R. Mol. Spectrosc1996
175 203.

(17) Kim, H.-T.; Anderson, S. LJ. Chem. Phys2001, 114, 3018.

(18) Liu, J.; Kim, H.-T.; Anderson, S. LJ. Chem. Phys2001, 114

producing intense pulsed beams of vibrationally state-selectedg7g7.

NO,* that we plan to exploit in a number of reaction studies.
Charge transfer of N@ with NO is strongly enhanced by

(19) Chiu, Y.-H.; Fu, H.; Huang, J.-T.; Anderson, S.1..Chem. Phys.
1995 102, 1199.

excitation of its bending vibration, more weakly enhanced by 11(20) Liu, J.; Van Devener, B.; Anderson, S. 1. Chem. Phys2002

symmetric stretch excitation, and unaffected by excitation of
the asymmetric stretch. A FranekCondon picture is not useful

in this system, because the Bl@eometry change is too large.
Instead, we propose a curve crossing mechanism, with the CT

transition driven by motion along the N®end coordinate.
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