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Vibrational deactivation and charge transfer in the collisions gf{ilN\= 0—4) with N, and Q are studied at
thermal energies. State-specific rate constants for the individual components of charge transfer and vibrational
deactivation are determined using the selected-ion flow tube, laser-induced fluorescence technique. The
N, (v = 0) + N, reaction proceeds via symmetric charge transfer at one-half the Langevin rate constant
(0.5k.), indicating efficient charge equilibration, whereas the total removal rates=ofl—4 (~6 x 10710

cm® molecule® s™%) exceed 0.6.. This indicates that vibrational transfer, in addition to charge equilibration,
contributes to the removal of (v > 0) by collisions with N. The N;*(v) + O, removal rates are significantly
enhanced upon vibrational excitation; the total rate constant fo#t is 3.0x 10%° cm?® molecule® s, six

times larger than that foo = 0. The enhancement is shown to be primarily due to increased vibrational
deactivation, although a small enhancement of the charge-transfer channel also occuté:far R) + O,.
Multiguantum vibrational energy transfer during single collisions plays an important role in the deactivation
of No*(v = 2) with both N, and Q. The occurrence of multiquantum deactivation is rationalized by the
existence of significantly deep potential wells fo'™NN, and No*—0O,, which arise from electron-exchange
interactions. Small modifications are also made to the earlier studies on the reactiosif:0&N2) + N,

(Frost, M. J.; et alJ. Chem. Phys1994 100 6359) and N"(v < 2) + O, (Kato, S.; et al.Can. J. Chem.

1994 72, 625).

Introduction to hypersonic flight provides compelling reasons for understand-
The effect of reactant internal-state excitation on-on ing the subject of ion deactivation and reactions in the atmo-
molecule reactions is of fundamental interest in state-selective sphere’.
and state-to-state chemistry. A recent review details the Ferguson reviewed diatomic ion vibrational deactivation and
effects of ion vibrational excitation, along with rotational proposed a mechanism of iemolecule complex predissocia-
excitation and neutral vibrational excitation, in a variety ofHfon  tion to successfully explain the magnitude of the deactivation
molecule reaction. Vibrational excitation of ions can signifi-  rate constant3® However, little is known about theéynamics
cantly alter the kinetics and dynamics of their reactions. For of ion vibrational deactivation for multiply excited vibrational
example, a dramatic enhancement was recently observed forstates, e.g., how many vibrational quanta are lost per collision
the charge-transfer probability of theNv) + Kr reaction upon and how the energy is distributed. For neutmaéutral systems
vibrational excitatiorf, a system where the reactions of all there are numerous experimental and theoretical studies on
vibrational states are exothermic. When vibrationally excited vibrational excitation/deactivation dynamics; the dominance of
ions collide with neutral molecules at thermal energy, de- single quantum transitiongXv| = 1) at thermal energy is
excitation of vibration is another important channel that rationalized by the LandatiTeller theory for vibration-to-
determines the outcome of the reaction. For the reactions oftranslation (\-T) energy transfet?11 Similar models explain
N2 (v) with M (= N, O,), charge transfer (eq 1) and vibrational resonant vibration-to-vibration (vV) energy transfer, primarily

deactivation (eq 2) are competing processes. Av = +1, with great succes$. The shortage of knowledge
for ion—molecule deactivation dynamics is primarily due to
N, (v=i)+M—=N,+M" 1) experimental difficulties. A rare example of investigating the
mechanism for vibrational deactivation of higher vibrational
—N, (v <i)+M 2 states in an iormolecule system is the Fourier transform ion

cyclotron resonance (FT-ICR) study of Wyttenbach and Bow-
The kinetics and dynamics of these vibrationally excited ion ers!?in which they report that th&v = —1 transitions are the
processes are important in the chemistry of the earth’s iono- primary deactivation paths for N@v = 2,3) ions colliding with
sphere® In addition, recent interest in plasma processes related several neutral species.

More recently we used a selected-ion flow tube, laser-induced

JIL*ATgo;’(‘)’:‘; d”; é’gﬂrelfgg;ﬁqeiI’Zac_e(gsé‘go)ugzk_’&ggdressed- E-mail: SRL@ fiyorescence (SIFT-LIF) instruméfto study the state-specific
t Staff member, Quantum' Physics Division, National Institute of dynamics of N*(v) ions for relatively low vibrational excitation,

Standards and Technology. v=0, 1, 2. We observed simultaneous transfer of charge and
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vibration in the reaction of°N,"(v = 2) + 1“N; producing Nitrogen (>99.998%) or oxygen X99.998%) is added
N, (v = 2) (with 13N(z = 0) as the concomitant neutral through a reactant inlet placed between the injection orifice and
product)415 This is clear evidence of multiquantum-¥ the LIF detection point, at a distance of 4.4 cm from the orifice.

energy transfer and a violation of a simple = +1 idea at The inlet has 18 pinholes equally spaced around the inner wall
thermal energies. For reference, at higher collision energiesof the flow tube in order to provide uniform mixing of the
(Ec.m. > 1 eV), there have been several studies of multiquantum reactant gas with He. The reactant flow meter has been

T — V excitation for the N* + N, systemi®=20 Another calibrated over the flow range studied. Laser-induced fluores-
violation of theAv = —1 rule was observed for the;Nv = 2) cence is used to monitor the change ig"(¥) density due to

+ O, reaction, for which the vibrational deactivation (eq 2) is the reaction with the added,dr O,. The dye laser is tuned to
significantly more efficient than charge transfer (eq 1) ard a specific band head position ofNv) and signals are collected

2— v =1andv=2— v =0 processes were both shown to for a given flow rate of reactant. A full kinetic decay is obtained
occur?l The nature of multiquantum vibrational transfer in these by changing the flow rate and observing the change in signal
systems is not fully understood with the limited experimental intensity, providing information on the state-specific removal
data. In addition, our study suggested a small but non-negligible of N;™ () with N, and Q. Since the He flow is turbulent rather
enhancement of charge transfer for the*(y = 2) + O, than laminar in the reaction region when relatively close to the
reactior’! while previous work reported that the charge-transfer venturi inlet, direct absolute determination of rate constants by
rate is insensitive to vibrational excitation in this syst&n# this method would be difficult. Instead we use thg'y = 1)
The effect of vibration on the charge-transfer rate constant for + Ar charge transfer as a reference reaction, for which the
No™(v) + Oz is yet to be completely resolved. absolute rate constant is known to be4071° cm?® molecule?

Our recent succe$ detecting N* vibrational states upto  s71.25 This system has proven to be an excellent reaction for
v = 4 permits these questions to be addressed in further detail.calibrating other reaction rate constaffts’
Exploring higher vibrational states will give deeper insights into
the transfer of charge and multiquantum vibrational deactivation Kinetic Modeling and Analysis
in the Nb*(v) + N2 and Q reactions. In the present work, we o . . .
determine the thermal-energy rate constants for charge transfer Principles of Analysis. Experimental kinetic plots for
and vibrational deactivation for these reactions over a wider N2'(v = 1) + Nz and N*(v = i) + O are analyzed using the
range of vibrational excitationv(= 0—4). By combining the following models to extract vibrationally state-gpec_lﬁc rate
results with previous data at lower vibrational excitatiéas:21 constants,ker; (charge transfer, eq 1) ankh,; (vibrational

we characterize the vibrational energy dissipation in multiquan- d€activation, eq 2). The rate constégt is given as the sum
tum transitions. This also brings about some modifications to Of State-to-state deactivation rate constants for transitions

the previous values and interpretations. We discuss the observed ~ ¢ =1 —1,i —2, ..., and 0.  Although multiple collisions
multiquantum vibrational deactivation in thesNv) + N, O, occur in these flow tube experiments, the extracted rate constants

reactions in conjunction with the depth of the iemolecule ~ Provide information on the state-specific and state-to-state
potential wells for these systems. processes. The rotational distributions remain thermalized by
collisions with the He buffer gas, but the vibrational data are

Experimental Section extrapolated to obtain state-resolved limits. The key issue of

The experiments were performed using the SIFT-LIF ap- the present study is to examine whether multiquantum vibra-
paratusi3 which consists of a selected ion flow tube (SIFT) and tional deactivation |Av| > 1) occurs for collisions of
laser-induced fluorescence (LIF) detection. Briefly, vibra- N2*(v = 2) with N or O,.
tionally excited N* ions are produced by electron impact on The vibrational deactivation components are considered first.
~2.7 Pa (20 mTorr) of N The N;* ions are extracted, mass Relevant vibrational constants arg'Nwe = 2207.37 cm?),
selected, and injected into the flow tube, where they are N2 (we = 2358.57 cm?), and Q (we = 1580.39 cm?).2®
entrained in He carrier gas at a pressure of 80 Pa (0.6 Torr). Vibrational deactivation of N (») with N, is expected to be
The helium is supplied through two concentric annular inlets primarily via V—V processes because of the near resonance of
around the injection orifice. The injection potential of'Nons the vibrational energy and the available collision energy in the
is 47 eV (lab-frame energy). The ions can acquire further experiment £€0.1 eV)3 Although ion vibrational deactivation
vibrational excitation in the injection process, while they are does not always follow resonance principtéshe existence of
rotationally and translationally thermalized by collisions with efficient V—V energy transfer is obvious for the;N») — N2
He. systemt415 In collisions with @, on the other hand, N(2)

For LIF detection of N™(X, ») in a specific vibrational level, ions can also be expected to be deactivated via vibration-to-
a corresponding B " < X234t vibronic transition is excited rotation, translation (VR,T) processes. Figure 1 schematically
by radiation from an excimer-pumped dye laser operated at ashows the assumed models for'{b) vibrational relaxation for
typical repetition rate of 100 Hz. The LIF detection point is the case ofv = 4. Upon a single collision with the neutral
located ~11 cm downstream of the injection orifice. An reactant, M"(v = 4) can relax exclusively to = 3 (Av = —1
improvement in ion injection efficiency and LIF detection transfer; model 1), relax equally to= 3, 2, 1, 0 (model 3), or
sensitivity* enables us to detectbNv) ions in higher vibrational ~ relax exclusively tov = 0 (model 4). The energy removed

states than previously studied in the &hd N reactions; N™ from Ny™(v = 4) is transferred to the vibration of the neutral
vibrational levels populated up to= 4 are investigated. The reactant (V) or dissipated into other degrees of freedom of
vibrational population distribution of N(v), determined previ- the departing fragments (WR,T). These three models are
ously with LIF, is 0.46 ¢ = 0), 0.23 ¢ = 1), 0.15 ¢ = 2), examined, along with model 2, which is an intermediate case
0.12 ¢ = 3), 0.04 ¢ = 4), and<0.01 (v = 5, not observed),  between models 1 and 3.

at an injection potential of 47 e¥.The proximity of the laser Second, the magnitudes of the charge-transfer components
detection to the injection orifice facilitates LIF detection of may depend on the vibrational excitation of'N For charge

N2 *(v) with good signal-to-noise (typically-210 photons st transfer of Nt(v = 2) with O,, the electronically excited

at the band head positions). O, " (a1y) product state becomes energetically accessible (eq
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a total rate of loss for thigh level ki (= ket + Kq;), is known,
the sum of probabilities for the vibrational deactivation to lower
levels is given by

k. .
Ny (v=i) + M —L N,"(v=j<i) + M

B I
(1) v=4 relaxes exclusively 2 —— Z kll = kq,i = k, - kCT,i (4)
to v=3. 1 1<t
0
H- s derived usi
(2) v=4 relaxes to v=3,2,1,0 T Each k;; is derived using one of the assumed forms for
with decreasing k;;s. T [} vibrational deactivation (Figure 1). The deactivation prob-

) abilities from higher-lyinghth levels f > i) are used to describe
the kinetics of thdth level

(3) v=4 relaxes equally

tov=3,2,1,0. B _

(4) v=4 relaxes exclusively 7& d[N2+(U =) N
0v=0. T - = IN, (w=h)] — k[N, " (v=10)] (5
: ¥ MIdt I;kh,.[ 2 =] = kN (v=10)] (5)

Figure 1. Models for N*(v) vibrational relaxation upon a single ~ Where [M] is the concentration of the neutral reactant-\D,

collision with reactant M. Relaxation of= 4 is schematically shown;  for eq 5). Equation 5 is used to fit the kinetic plot of thb

the thickness of the arrows represents the relative magnitudesg of  level to derivek;, which then is used to determine the vibrational
deactivation from theth level using eq 4. The total rate of
loss forv = 4 (ky) is readily determined since the contribution

3) and the charge transfer may be expected to be enhanced fof.q, higher levels is negligible.

vz 2 N2*(») + N2 Analysis. The No*(v) + Ny reaction is a

. 4 symmetric CT system, and the kinetic analysis is more
N,"(v=2)+0O,—~N,+ 0O, (@ll) +0.012eV (3)  complicated, because the charge-transfer reaction regenerates

N2 products that can further react with, Keutral. A single

In fact, an enhancement ef50% was suggested in our recent  collision of 1N, (v = i) with N,(v = 0) at thermal energy

mass spectrometric measuremént-or near-resonant N(v) produces reaction products according to

+ N collisions, the charge is expected to be completely

randomized between the two nitrogen species, as indicated byisy +(U =i)+ 1N (v=0)

the >N, (v = 0) + 1N reaction, which proceeds nearly exactly 2 2

at one-half the Langevin collision rate (Okp)L1° o 15N2+(u =j)+ 14N2(u =n) (6)
The principles of the analysis are to assume a set of

vibrationally dependent charge-transfer rate constants and then KeT| s 14n . + .

search for the best model for vibrational deactivation. This — Ny(v=n)+ "N, (v=]) (7)

procedure is continued until the combination of charge transfer

and vibrational deactivation models is found that best describeswherej andn denote the vibrational quantum numbers for ionic
the experimental results. Rate constants for charge transfer andind neutral products, respectively, and the asterisk denotes the
vibrational deactivation are then extracted, accordingly. It is rate constants fobN,* species. Equation 6 represents pure
noted that the models are analytical and can only describe thevibrational deactivation within thé>N,* manifold § < i),
overall outcomeof the experiments. Actual collisional events Wwhereas eq 7 describes pure CT without a change in vibration
may involve dynamical competitions between charge transfer (n =i andj = 0) or simultaneous change in the vibrational and
and vibrational deactivation. For example, two successive charge statesj (> 0). Conditionsj + n =i andj + n <
charge-transfer events during a single collision could result in correspond to -V and V-R,T transfers, respectively. The
vibrational deactivation without a net charge transfer. Never- ionic products from eqs 6 and Pil," andN,", respectively)
theless, the models are designed to describe the outcome of thean further react with“N,. For the subsequent reaction of
experimental observables in the present study. Specific con-N2*(v) with 24N,

siderations for the analyses obNv) + Oz and N (v) + N3 )

systems are given below. T, o S .

N,™(») + O, Analysis. Charge transfer of N(v) to O, Np (v =1) + No(v = 0) == Ny (v =]) + No(v=1) (8)
depopulates the level= i with a state-specific charge-transfer
(CT) rate constankcr;. In the present modeling of charge
transfer, we include various degrees of vibrational enhancement

where

of ket (0—100%), on average far > 2 with respect ta) = 0 ki, = k* + KT )
andv = 1. The CT rate constant far= 0 is taken to be the
same as obtained previouslfcfo = 0.49 x 10710 cm? For theN,"(v) + %N, reaction, the experimentally observed

molecule® s71).21 This value approximately represents an quantity (i ;) is actually the sum of the components for pure
average of a number of previous values (summarized in ref 21) vibrational transition and that accompanying charge transfer (eq
and also is found to fit the = O plot reasonably well in the  9). An assumption in the use &f; ; andk®"; ; in eqs 6, 7, and
present refined analysis. Under the thermal energy conditions9 is that there are negligible isotope effects for the vibrational
in the present study, the vibrational deactivation takes place fromrelaxation and charge-transfer probabilities betw&diy*(v)
v=itov=]j( <i)with rate constants; as modeled in + N, and™Nz*(v) + “N,. This is reasonable in view of the
Figure 1. similar energetics and FranekCondon overlaps. For simplicity,

For each model, we solve coupled differential equations for the above reactions are designatedia®f— (j,n) for eqs 6
No™(v) + O, and fit experimental kinetic plots. Briefly, when and 8 andi(",0) — (n,j*) for eq 7.
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Thel5N,*(v) + N2 reactions are modeled as follows. First,

charge is assumed to be completely randomized between the

two nitrogen species by the collision, as experimentally proven
for the N, (v = 0) + 1“N; reaction®> The charge exchange
can take place both within the intimate;™N-N; collision
complex and at a longer range, but within the Langevin
diameter. Second, energy dissipation forV and V—-R,T
transfers are modeled as in Figure 1. TheWand V-R,T
processes can take place within the intimate complex, while
the V-V transfer may also take place at a long range by virtue
of the charge-induced dipole interactiondespite the absence
of permanent dipoles or dipole derivatives fop™Nand N.
Energetically, many of the ¥V and charge-transfer processes
are slightly endothermic, but the energy gaps are within the
collision energies in the SIFT-LIF instrument@.1 eV)3 and

hence these processes are accessible. In any event, the efficient

charge randomization overrides the vibrational transfer so that
product pairs with the same vibrational partition but with
different charge location, e.g., (&) and (3,1), will have the
same probabilities of formation.

For the®N,™(v) + 1N, reaction, the concentration of the
15N, (v = i) reactant is described by

d[**N, (v = )]
St ; kel N, (0 = h)] —

k[N, (v =1)] (10)

[M]dt

where

ko= k+ > kK

N

kT (11)

1=I
The evolution of the““N,™(v = i) product is described by
dlN, (v =1)]

— TN (0 =h
it ;kh,.[ N, (v =h)] +
hz KT N, (0 = )] = k[N, (v =1)] (12)

=1

where
D k= (kKT (13)

N =

Note that a ternk®T;; in eq 11 is missing in eq 13, since it is
indistinguishable. For th&N,™(v) + 14N, reaction, the second
term in eq 12 disappears and the observed kinetic loss of
N, (v = i) is described by

4L, (0= 1)
— T S Kl Ny (0=~ KN (0= )

[M]dt 1

wherek; is given by eq 13.

The total rate of loss for thigh level k*; for 15N,* or k; for
14N, is determined by fitting the kinetic plot far = i with
eq 10 or eq 14. Dynamic plots for the appearance and decay
of the N, " (v = 1 or 2) product in thé®N,"(v) + 14N, system
are analyzed by using eq 12. In practical analyses,0{N +
N2 collisions, Figure 1 should also includdav = 0, CT
processes, i.e.,n{",0) — (m,0") transitions, which may be
efficient because of the dominantly large Fran€kondon
factors (0.84, 0.70, 0.56, 0.43, and 0.32 o= 0, 1, 2, 3, 4,

Kato et al.
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Figure 2. LIF kinetic plots for N (v = 3, 4) with N, and Q. The
LIF signal intensity for N*(v) is normalized to that at zero reactant
flow (E [N2+(U)]0). N2+(U = 3) + N3 (.), Nz+(U = 4) + N2 (D),
N2 (v = 3) + O, (@), and N (v = 4) + O, (O). The associated lines
are the single-exponential fits to the data.

respectively). The experimental plots are best fit by a proper
combination of the above CT and-W/V —R, T models, which
further incorporates contributions of the = 0, CT processes.

Results

Raw Rate of Loss. Kinetic plots for the!*N,™(v = 3, 4) +
O, and N reactions are shown in Figure 2. The raw plots reflect
the evolution of N*(v) due to charge transfer and vibrational
deactivation. If vibrational cascading occurs significantly from
these higher levels, it accumulates into the lower vibrational
levels and their kinetics can be considerably affected. The
purpose of this section is first to gain a sense for the magnitudes
of the “raw” rates of total loss and to set guidelines for the
exact analyses to extract the “real” rates of total loss and the
components for charge transfer and vibrational deactivation.

Upon collisions with Q or N, the N*(v = 3, 4) signals
decay faster than do the;Nv < 2) signals reported earlié?:?!

The raw rates of loss for = 3 andv = 4 are obtained by
simply fitting single exponentials to the LIF kinetic plots (Figure
2). These rate constants, along with the raw rate constants for
v < 2 from previous measuremenitlare shown in Figure 3.
The error bars for these rate constarté) are typically within

the size of the symbols. The rate constant fer(N = 0) +

N2 was separately determined from the isotopically labeled
N, (v = 0) + N, reaction!®> Although the decay profiles

for N2t(v = 0,1) with O, obviously deviate from single
exponentials (Figure 5 in ref 21), the apparent raw rate constants
are shown in Figure 3 nevertheless.

The raw rates of loss for the N(v) + O, reactions are
dramatically enhanced by vibrational excitation of the reactant
ion. The rate for the uppermost level= 4 is 3.0x 10719 cm?
molecule! s™1, amounting to~40% of the Langevin collision
rate (7.67x 10719 and about six times greater than that for
=0 (0.49x 10719, The kinetics of N"(v = 4) is little affected
by N2t (v > 4), because the > 4 concentration is negligible,
and hence the raw rate for= 4 essentially represents the real
rate of total loss. Since the charge transfer gf (N = 0) with
O is slow and the CT is enhanced by no more than a factor of
2 on average for = 2—4 (mass spectrometric experiment in
ref 21), the enhanced reactivity for= 1—4 arises primarily
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Figure 4. LIF kinetic plot for No™(v = 1) + O,. Data reported earlier
0.1 . L L L 1 in ref 21. The LIF signal intensity for N(v = 1) is normalized to that
0 1 2 3 4 at zero Qflow (= [N2*(v = 1)]o). Also shown are simulations assuming

that vibrational relaxation occurs viay = —1 transfer (short dashed
line; no enhancement in the CT rates), equal transfer to lower levels
(solid line, 50% enhancement in the> 2 CT rates), and exclusive
transfer tov = 0 (long-dashed line,6100% enhancement in the>

2 CT rates).

N,* vibrational level

Figure 3. Total rates of removal for N(2) + N2 (squares) and O
(circles) as a function of the N vibrational excitation. Single-
exponential fits to the LIF kinetic plots give “raw” rates (closed
symbols). The “real” rates for total loss, after correction for vibrational
relaxation, obtained from the best fits (see text), are shown by the open 4
symbols. Horizontal lines indicate the Langevin € 8.3 x 1071 cn?®

molecule® s71) and one-half the Langevin collision rate constants for

N2t + No.

from vibrational deactivation. Exact rate constants for the
deactivation and the amount of energy lost per collision will
be discussed below.

The raw rates of loss for tHéN,"(v = 3, 4) + N, reactions
are greater than half-Langevin=(0.7k.) wherek, is 8.30 x
10710 cm® molecule* s™1. This is in clear contrast to the
previous observations for < 2 where the raw rates are
0.5..*> In general for symmetric charge-transfer systems, half-
Langevin rate constants are expected whenfifteQ) reactant
state forms ifi*,0), (m,07) product states (no ¥V transfer)
and/or (0°,m), (0m*) states (complete ¥V transfer). The fact

k;/10"° cm® molecule™’ s™
~o
N\
~ooo

that the rate constants for= 3 and 4 are greater than 8.5 0 ' : ' ' '
indicates that in the N (v = 3, 4)+ N reactions other product 0 1 2 3 4
states must also be formed via mechanisms ef\Wtransfer Vibrational quantum number, i

and possibly V-R,T transfer. It then follows that the analysis  Figure 5. Total rates of removal for N(z) + O, as a function of the
of thev = 2 and 1 kinetic plots should also take into account vibrational quantum number inA\. The rate constants are derived by
the contributions of vibrational deactivation from these up- analyzing the LIF kinetic plots assuming that vibrational relaxation
per levels. Consequently, the real rates of total loss for occurs viaAv = —1 (short-dashed line; no enhancement indhe 2
No*(v = 1 and 2) will also be greater than &5 The kinetic tcr;ng?éﬁiye—qLéahgr?ﬁiﬁgd'mzré%%;, (:g::gr:?eeri)én??r? ne];guswe
plots for N, (v = 1—4), along with the kinetic and dynamic ;-7 rates). The solid lines assume an enhancement in th@ CT
plots of N2 *(v = 1, 2) + N2, will be analyzed further below.  t4tes by 0% (top), 50% (middle), and 100% (bottom). The boxes
N2*(») + O, Reaction. All the models for vibrational indicate the ranges of the rate constants previously reported for
deactivation (Figure 1) can reproduce the kinetic plots of the Nz"(v = 0) and N*(v = 1).
higher vibrational levels, N(v = 2—4) + O, equally well,
regardless of the assumed enhancement of charge transfer foequally to lower levels (model 3 in Figure 1) or relax exclusively
v = 2 (0—100%). However, for lower vibrational levels & to v = 0 (model 4 in Figure 1). The fits suggest the existence
1), the simulations predict different kinetic plots depending on of multiguantum vibrational deactivation for ,Nv > 2)
the model parameters assumed. Figure 4 shows the kinetic plott+ O,.
of N2*(v = 1) + O, and the results of several model fits. The Although a single kinetic plot cannot uniquely determine the
fit profile assumingAv = —1 processes (model 1 in Figure 1) form of the vibrational relaxation, derived sets of rate constants
deviates from the experimental plot beyond the error bars for (v = 0—4) are found to be quite sensitive to the model
higher Q flow rates. While pertaining to the\v = —1 assumptions. Figure 5 presents the total rates of loss for
principle, agreement between the experiment and simulation isN;* (v = 0—4) with O,, which are obtained from model fits
not appreciably improved by altering the degrees of CT assuming that the vibrational deactivation occurs via model 1
enhancement (8100%). In terms of the? values, better fits (Av = —1 processes), model 3 (relaxing equally to lower levels),
are obtained by assuming that higher vibrational levels relax or model 4 (relaxing exclusively to = 0). Fit results with
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0%, 50%, and 100% CT enhancements are also shown for model T T T T

3 (solid lines). The fitting errors for > 1 rate constants are o 015+ AN .
within £0.07 (x1071° cm® molecule® s1) so that the fitting T J/ T

results are significant compared to each other. Figure 5 also \'>" )

indicates with boxes the ranges of rate constants previously +z°' 0.10 . |
reported fory = 1 (1.3-1.9 x 10719 cm® molecule? s, e o - - N

including possible error ba)y24 and forv = 0 (0.4-0.6 x = ) e N .

1071° cm?® molecule® s71).21 The range of the rate constant N ! L

for » = 1 can be used to distinguish the models assumed. Once = 0.05 L / I~ el .
again, theAv = —1 model significantly overestimates the rate ,ZN ~J -
constant forv = 1 and hence is ruled out. Model 4, which = j =
assumed that all the vibration is relaxed exclusively te 0, 0.00 ) ) ) )

now fails to predict the rate constant fior= 1. Good agreement 0.0 0.5 1.0 1.5 2.0 25
is obtained when vibrational energy is assumed to relax equally
to lower levels (model 3), regardless of the assumed degrees of
CT enhancement (0100%). Since model 3 predicts signifi-  Figure 6. LIF dynamic plot for the appearance 8N (v = 2) signals
cantly larger rate constants for = 2 than forv = 1, the oM the reactiod™N,(v) + N, —~ "N, + N, "(v = 2). Data reported

vibrational excitation of M"(v > 0) in the previous studiés 24 g%rrl:zlr 'irr]]t;erfsil;’ fvg':htr:gﬁ?\:'gr(jt'in g tgfoéiacfta{%?f(vl ritez')]ThieS LIF

shown by the box is likely to be = 1, as postulated in the  pormalized to that fofN,* (v = 2) at zero“Na flow, [BNo* (2 = 2)]o.

present analysis. Also shown are simulations assuming that-V relaxation occurs

The Nyt(v = 0) + O; kinetic plot (Figure 5¢c in ref 21), which ~ €qually to lower levels (short-dashed line);-V relaxation occurs

is most sensitive to the charge-transfer loss ratevfer 0, is equally to lower levels with an additional component {@)2of
. . - . - V—R,T relaxation (solid line), and ¥V relaxation occurs exclusively

similarly analyzed. For model 3 in which t_he_w_bratlona! Nergy 1, = o with additional \-R.T relaxation (long-dashed line).

relaxes equally to lower levels, thé values in fitting the kinetic

plot for » = 0 are 0.180, 0.135, and 0.162 for the assumed CT merely regenerates the reactant ion. The production of

en_h_ancement of20%, 50%, and 100%, respectively. The local LN, H(» = 2) from thelSN,*(v = 2) + 9N, reaction reflects

minimum in they? values suggests that the charge-transfer rate directly thekCT,,» process.

is likely to be enhanced by 50% on average for = 2 (i.e., When higher vibrational states € 3 and 4) exist, however,

LA 10 11 i i i
kC.Ir"]t”hojsx. 107 Ems :nofleculti s, W;'Cht.'s conss_tg;tt the above observations may be rationalized differently. For
\I/;/I eﬁrewous estimate romd fe mtgss 2|neh|cs exper ¢ nt. example, if the charge and vibration are equipartitioned,
no enhancement is assumed for thex 2 charge-transier . 1oaction of 15N (v = 4) with N, can also produce

rates, the best fit to the= 0 plot is obtained by increasing the LiN,* (v = 2). The reaction ofiN,*(v = 4) + N, pro-
value ofkcroto 0.55x 10710 cm?® molecule’! s7. However, ducesl“Nz*(u. = 2) two times faster thadsN,*(v = 4) +
the y2 value is significantly larger (0.321), and this hypothesis 4N, producesi®N,*(» = 2). Thus the kinetic decay of
of constant values for alkct; is not plausible. L4N,*(u» = 2) can also be slower than that BN,*(v = 2), as
In summary, the relaxation of N(v = 2) + O, includes a observed.

substantial contribution of multiquantum vibrational deactivation  Figure 6 shows the production éfN,*(v = 2) from the
in a single collision. We also examined a model in which reaction of'SN,*(v) 4 “N,, where theé®N,*(v) is a mixture of
vibrational relaxation occurs to lower levels with decreasing yijprational states up te = 4. Obviously, the production of
kij's (model 2 in Figure 1), but this model is not found to be as 14, +(, = 2) cannot be expected fromAR, T transfer, single-
satisfactory as model 3, which assumes equal relaxation to lowerguantum \~-V transfer, or combinations thereof. Multiquantum

1N, flow rate / 10'° molecule s™

levels. The “real” rates of total loss foroN(v) + O, (Figure V-V processes must be occurring. However, the multiquantum
3) are taken from the best fits using model 3 (with 50% \/—v transfer alone cannot reproduce the experimental results.
enhancement of charge transfer foe 2), i.e., 3.0£0.2) x Among the models in Figure 1, we examine model 3 (vibrational
10710,2.6x 10729, 2.1x 107%0, 1.6 x 107 1% and 0.494-0.02) relaxation occurring equally to lower levels) and model 4
x 107 cm® molecule* st for v = 4,0 =3, v =2, v = 1, (vibrational relaxation exclusively to= 0). Model 2, in which
andv = 0, respectively. Error bars for the=1tov = 3 rate vibration relaxes to lower levels with decreasing probabilities,
constants are relatively difficult to estimate, but errors=80% is found to give less satisfactory results. With only the
account for the statistical errors, the model assumptions (modelsmyltiquantum \~V transfer, the simulation with model 3
2—4), and the range of the CT enhancement assumetiq0%). significantly overestimates the observed appearance of

With the refined analysis including = 3 andv = 4, the total 14N,* (v = 2) (Figure 6). Model 4 is not consistent with the
rate constants and vibrational deactivation rate constants for kinetic results (Figure 2) tha > 0.5_for N, (v = 3,4) +
= 1 andv = 2 become somewhat larger80%) than those  N,. According to this model, for example, the product states
previously reported? However, the vibrational deactivation  from the (4°,0) reactant are (40), (4,0"), (0%,4), and (0,4)
scheme for N*(v = 2) + O, remains unchanged, i.e., bath and thusk, = 0.5k_should result.
=2—v=1andv=2— v =0 processes are occurring. Thus the multiquantum MV transfer of N*(v) + N2 must
N,"(») + N, Reaction. In previous studie$}'>we found be accompanied by an additional component efR/T transfer.
that 15N,"(v = 2) is removed faster with!“N, than is With the addition of V-R,T processes, models 3 and 4 are
Nyt (v = 2) because the symmetric CT channel is not shown to reproduce the experimental results equally well (Figure
observable for“N,*(v = 2). In addition, N, (v = 2) is 6). For simplicity, we assume that the"R, T transfer proceeds
produced by théN,*(v = 2) + 14N, reaction. We rationalized  via Av = —1 transitions. For model 3, the best fit is obtained
those results by the existence of simultaneous transfer of chargevhen the rate constant for the\R,T processky—r 1), i.e, the
and two vibrational quanta, i.e., th€, ; processin eq 11. The  sum of the rates for production afn(— 1*,0) and ( — 1,0")
decay of'“N," (v = 2) can be slower because ki€, , process states from the reactant state'(i®) is assumed to be 0.2k.
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TABLE 1: Product Distributions from a Single Collision of Discussion
PNF(v = 2) + N . - -
_ product branchirfy The results indicate e_ff|C|ent deactlyat|on ofﬂ@u_) + _Nz
reactant  product reaction and N*(v) + O, that involves multiquantum vibrational
state stat¢  exothermicity/eV  model8 model 4 transfer/loss in a single collision. The deviation fraf =
(2+,0) (2+,0) 0.000 0.21 0.16 —1 deactivation is substantial. For both reactions the kinetics
(1%, 1) —0.032 0.10 0 (and also the dynamics f8PN,*(v) + 14N,) is best described
(0%, 2) —0.057 0.10 0.16 by the model in which the vibration relaxes equally to each of
(2,00 —0.037 0.21 0.16 ; e
(1 1) ~0.031 0.10 0 th_e _Iower levels. This conclusu_)n is difficult to ur_]derstand
(0, 2% ~0.017 0.10 0.16 within the framework of conventional models for vibrational
(1+,0) +0.257 0.09 0.18 energy transféf-11but might be anticipated if the iermolecule
(1,09 +0.239 0.09 0.18 collisions proceed through deep attractive potential wells. It is
aFor example, the (0,% product state stands féfN,(v = 0) + notable that multiquantum deactivation is observed for relatively
NyH(v = 2). P Expressed in units df (= 8.30 x 1071 cm® molecule™? low vibrational levels ¢ < 4) and at low collision energy<0.1
s1). Associated error bars are approximateft0% of the values eV). This result is in contrast to the study of Wyttenbach
shown.® V=V relaxation occurs equally to = 1 andv = 0.¢V-V and Bowerd? in which the deactivation of NQu) for
relaxation occurs exclusively to = 0. NO+(U = 2) + CS, CHg, and GHg and NU(U =2,3)+

Even for model 3 in whicH“N,*(v = 2) can be populated by CHgBr_re_actions proce_epls exclusively viv = —1 processes
vibrational cascading from higher levels, the cascading accountsat @ similarly low collision energy. To our knowledge, the
for only less than half of thé“N,*(v = 2) appearance. N2"(v) = Nz and N*(v) — O reactions are rare examples of
Therefore the&CT, , transition is a real process. With model 4, €xtensivelAv| > 1 processes at thermal energy.
the appearance dfN,"(v = 2) is due entirely to the&CT,, For neutral systems, thA»| = 1 rule in vibrational excitation
process. and deactivation is a concept widely accepted for decades both
Table 1 shows the best fit product distributions for a single experimentally and theoretical§:** This rule applies quite well
collision of 5Nyt (v = 2) + 14N,, which are derived from the  for neutrals in relatively low vibrational levels. According to
analyses using both models 3 and 4. The simultaneous transfethe Landat-Teller theory for V=T energy transfer, transitions
of charge and two vibrational quanta leading to the product state with |[Av| > 1 are forbidden when the vibrational wave functions
(0, 2%) is shown to take place with probabilities of 10% and involved can be approximated as harmonic and when the
16% for models 3 and 4, respectively. Only these models can vibrational amplitude is far smaller than the “range parameter”

also reproduce the kinetic pléfsfor 14N, (v = 2) + 1N, (= 0.2 A) for the repulsive part of the interaction potential.
and kinetié® and dynamit**>plots for141N,"(v = 1) + 1N, This is usually the case for lower vibrational levels in many
fairly well. The “real” rates of total loss foF*N,™(v) + N neutral-neutral systems, and deviation from tide/| = 1 rule

reactions are obtained from model 3 as 5310710 (v = 4), is limited, with multiquantum deactivation contributing less than

6.3x 10°10(y=13),5.7x 1010(y=2),6.2x 1010y =1) 1%21* The theory and experiments also indicate that theTV
and 4.2x 1022 cm® moleculel s1 (v = 0), and are presented ~ probability for neutral systems is small at thermal energies,
in Figure 3. Model 4 gives rate constants that are similar to typically of the order of 10° or smaller at 300 K for many
those from model 3, with the exception of a value of &2  systems?! When colliding neutrals have permanent dipoles
10710 cm® moleculel s71 for » = 1. The rate constants for or dipole derivatives, the dipotedipole interaction can signifi-
= 2 andv = 1 are now greater than &5(4.15 x 10719, as cantly enhance the vibrational transfer probability via-W
opposed to the previous repd®t.In summary, although the  processe$? For example, for hydrogen halides a pronounced
experiment alone cannot determine which model is more likely, correlation is found between the-W energy gap AE) and
the analyses reveal a substantial amount of multiquantuid vV the deactivation probability and, when the process is resonant
transfer occurring for the N(v = 2) + N, system. (AE = 0), the probability can amount te 10% of the collision
We comment on a subtle issue related to the experiment andrate?® Nevertheless, multiquantum deactivation appears to be
analysis for N*(v) + N,. Previous measuremehishowed a a rare process. Even with a high probability of deactivation
negligible difference between the kinetic plots of= 1 at due to the strong HFHF attraction £ 0.3 eV)331HF(v = 4)
different injection potentials (47 and 25 V), i.e., at different -+ HF relaxes by single quantum proces$é%and the relaxation
vibrational population distributions between= 2 andv = 1. of HF(v = 5) + HF is also largely £ 90%) a single quantum
That observation appears to support model 4 rather than modelprocess?® Deactivation with|Av| > 1 has been observed for
3; according to model 4 the= 1 kinetics is insensitive to the ~ so-called “supercollisions”, in which neutral polyatomic mol-
vibrational population ofy > 1 whereas model 3 predicts a ecules with high vibrational excitation (200660000 cm?)
visible difference between the decay rates“®f,*(v = 1) at undergo deactivation by large amounts of energy loss at ambient
different vibrational population distributions. However, our temperaturé* 37 In view of the above, it appears that the
recent remeasurement of the vibrational distribution at 25 vV multiquantum deactivation for N(z) — N2 and N (v) — O
suggests that there is a considerably less difference in the ~ can only be accounted for by the different potential energy
2 to v = 1 population ratio between the 25 and 47 V injections curves that are specific to iermolecule systems.
than reported previoushy. Therefore model 3 can be consistent Compared to neutralneutral systems, ioamolecule interac-
with the experimental results. In addition, we comment on the tions are characterized by significantly deeper intermolecular
incorrect analyses for Figures 1, 2, and 4 in ref 15 that apparently potential wells. The large well depths may be correlated with
support model 4; the problem in those analyses is that the totalthe multiquantum vibrational deactivations observed for the
rates of loss for MW" (v = 1,2) are fixed constant at &k5and collisions of N (v = 2) with N, and Q. The potential wells
various degrees of vibrational deactivation are assumed. In aare exceptionally deep forfi—N, and N*—0O,. For the N*—
correct analysis, both the total removal rate and vibrational N, system, measurements report 1:42.07 e\?® and 1.09+
deactivation rate should be fitting parameters to the experimental0.09 e\#° for the bond energy of the ;N ion—molecule
plots, as indicated in the present work. complex. The large well depth arises from the stabilization due
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to the resonant, electron-exchange interaction proposed byenergy flow into the weak intracomplex modes is relatively
Gislason and Fergusdf. The well depth of the B —O, system inefficient1415 The product state distribution given by model
is experimentally unknown, but we estimated the well depth to 4 (Table 1) indicates a ¥V transfer with|Av| = 2 only, i.e.,
be~ 0.8 e\? by invoking a near-resonant, electron-exchange formation of (25,0), (2,0, (0",2), and (0,2) product states,
stabilization mechanism involving an electronically excited while that for model 3 indicates that the vibrational energy is
O, (aT1,) state?* somewhat randomized among these high-frequency moieties,
i.e., formation of (2,0), (2,0"), (1*,1), (1,1"), (0%,2), and (0,2)
N,”+0,—N,+ O, (@) — 0.523eV  (15) states. In photodissociation of 4N clusters followed by
detection of vibrational excitation in the;Nfragment}* Bieske
where all the species are in vibrational ground states. The proposed a model that predicts a product vibrational state
stabilization in these systems is significantly greater than distribution similar to that of model 3.
prectgd from simple electrostati(; (e.q., charge-indgced dipole) A mechanism of intracomplex ¥V energy transfer between
Interactions of~ 0.2 ev. We behf-ve that the mult|qua_ntum the high-frequency moieties, however, might not be able to
Qeactlvatlons for B"(») — N2 and No*(z) — Oz can be explained account for the multiquantum deactivation i) —O,, if the
in terms of .the large well depths and/or the electron-exchangey, _\; ransfer is stepwise. This is because the ahd Q
interaction itself. By comparison, the N©-CS;, CoHa, CaHs, moieties in the [M—0,] ™ collision complex have a poor energy
and CHBr charge-transfer systems are off-resonant-iyeV match, given the vibrational constants for the isolated species
[I.LP.(NO) = 9.26 eV while I.P.’s for Cg§ CyH,4, C3Hg, and Nt (we = 2207.37 cmit), O (we = 1580.39 cmil), Ny (we =
CHgBr are 10.07, 10.51, 10.95, and 10.54 eV, respectivély], ,3c0 7 cm?), and G* &we = 1906.07 cmt).2 Even with

and hence the electron-exchange interactions are expected t?ntracomplex \\-V transfer between the highest-frequency N

be significantly smaller. . . . _and Q moieties, a substantial amount of excess energy would
The strong electron-exchange interactions and the resultlnghave to be dissipated into the weak bonds of the-[&]*

a;;rati.twe. forces fo:c ﬁ_N"il.a.nd Q WOU'?) f;?";it; (('j) tﬁn complex upon the first ¥V transfer and the complex would

efiective Increase of the collision energy betwe na the dissociate before the second vibration is transferred. A possible

gﬁgtri?ilsfo(:lr%:;)t?ognegfm::ehtgrees-tfgnt:fzrleinl Ite(r)rfggilgtgzr;?claix\?vist’hin alternative is that the strong attractive interactions might create
(i) 9 a significant matrix element for direct, multiquantum-V

the complexes. Breakdown of th&y| = 1 rule in the Landau
X S L ; . transfer.
Teller theory due to high collision energies is discussed in detail . _ . )
by Sharp and Rapf#,and mechanism i could provide a feasible JFar the CO”'S'ODS of W(f’ =2) W!th O, another consider-
ation is the formation of an intermediate charge-transfer complex

explanation for the multiquantum vibrational deactivations for
P . [Na(v = 0)—0,*(2¢T1,)], which can redissociate to yieldN(

the No*(v) + N2 and Q systems. However, it is questionable ; o :
whether a maximum collision energy of 1 eV (ie., the < 2) + Oy(X,v) via th(_a reverse CT transitions. The existence
potential well depths for B + N, and N* + Oy) could of the CT complex is strongly suggested by the favorable

effectively open upAs| > 1 transitions. Exploration of this energetics (exo_thermic by 0.012 eV at infinite separation, €q
mechanism would require detailed trajectory calculations based3): Strong coupling of the states (Ege very fast reverse reaction,
on accurate potential energy surfaces, which are beyond theQ2 (@Tl) + N — O + N2")* and the observed CT
scope of the present study. In the following, we discuss the €hhancement for N(v > 2) + O, which is probably due to
feasibility of other mechanisms ii and iii. the production of @*(a“l'[g)_. The Franck-Condon overl_aps
Fergusoh proposed a mechanism of vibrational predissocia- for the reverse CT transitions would favor the formation of
tion of ion—molecule complexes to account for the vibrational N2"(v = 0) (Av = —2 deactivation) rather than ofN(v = 1)
deactivation of gaseous ions. The idea is that the ion vibrational (Av = —1 deactivation), i.e., 0.917 and 0.078 fog(N= 0) =
energy flows into weak intracomplex bonds within the complex N2'(v = 0) and N(v = 0) — N"(v = 1) transitions,
lifetime and gives rise to the complex dissociation, resulting in "€SPectively. Corresponding Frarekondon factors for the
V—T deactivation of the ion. The deactivation rate constants Oz (&@T1u, v = 0) — Ox(X, v) transitions also favor théw =
for the O:"(v) — M and NO"(v) — M systems are found to —2 channel for N*(v = 2); calculatgq FranckCondon factors
correlate with the three-body association rate consfantsch for Oz"(a'Tly, v = 0)—Ox(X, v) transitions for the most energy-
are proportional to the complex lifetimes. The large deactivation "€sonant product channels,;Nv = 0) + Oy(v = 3) and
rate constants observed fosNv) + Nz and Net(2) + O, can~ N2"(v = 1) + Oz(v = 1), are 0.214 and 0.054, respectivély.
be explained by the large bond energies and the long lifetimes The existence of intermediate charge-transfer states for the

for the complexes; the lifetime of;\ is established to be 100 N2* + N2 collisions is strongly suggested by the efficient charge
ps at thermal energ. However, this mechanism might not  equilibration k = 0.5 ) observed fofSN,*(v = 0) + 14N,.15
account for the multiquantum deactivation ob"v) if the For the [°N>—1*N,]* system originating from®N,* (v = 2) +

energy flow into the weak intracomplex bonds is stepwise. Once 1“Ny, all the charge-transfer transitions for the network of,(2,
the No*(v = i) unit dissipates the first vibrational quantum into  (2,0%), (1*,1), (1,1), (0*,2), and (0,2) states have good energy
the weak bonds, this will trigger the dissociation of the complex, resonance within:0.039 eV. Sequences of charge-transfer
and thus a successive vibrational loss from (¥ = i — 1) transitions, e.g., (20) — (1,1f) — (0",2), can result in two-
would not occur within the complex lifetime. Wyttenbach and quantum vibrational deactivation 8N, (v = 2). We examined
Bowerd$? invoked this “clock” mechanism to rationalize the the evolution of product vibrational states through multiple
absence of multiquantum deactivation for N@). Thev =2 transitions within the charge-transfer reaction network, using
— v = 2 transfer in®N,"(v = 2) + “N; is also difficult to the CT probabilities for each step which are derived in a manner
explain in terms of the vibrational predissociation mechanism. similar to those for N (v) + Kr (ref 4) and N (v) + Ar (ref

To explain the observed two-quantum—V transfer in 49) charge-transfer reactions. The calculation shows that, as
N, (v = 2) + “N,, we proposed a mechanism whereby the number of CT transitions increases, the initial stateQ)2
efficient vibrational energy transfer takes place between the two is rapidly depleted while other states develop toward a product
high-frequency N moieties in the ®N,—1N,)™ complex and distribution similar to that of model 3 (Table 1).
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