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Effect of Vibrational Excitation on the Collisional Removal of Free Radicals by Atoms:
OH(»=1) + N
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The collisional removal of vibrationally excited Ob€1) by N(*S) atoms is investigated. The OH radical
was prepared by 193 nm photolysis of®4, and N¢S) atoms were generated by a microwave discharge in
N diluted in argon. The concentrations of Q{0 and 1) were monitored by laser-induced fluorescence as
a function of the time after the photolysis laser pulse. Thé&SNEoncentration was determined from the
OH(v=0) decay rate, using the known rate constant for the 349§ + N(*S) — H + NO reaction. From
comparison of the OHEO and 1) decay rates, the ratio of the rate conskan{OH—N) for removal of
OH(v=1) in collisions with N¢S) and the corresponding O##0) rate constank,—o(OH—N) was determined

to be 1.614+ 0.42, yieldingk,=1(OH—N) = (7.6 £ 2.1) x 10 cm® molecule® st, where the quoted
uncertainty (95% confidence limits) includes the uncertainty,in(OH—N). Thus, the collisional removal

of OH(v=1) by N(*S) atoms is found to be faster than for QHQ).

1. Introduction dependence om predicted by simple theories of vibrational
o ) ) ) ~energy transfet! which apply to the primarily repulsive
The hydroxyl (OH) radical is an important intermediate in  jnteractions between closed-shell molecules that lead to vibra-
combustion and in the chemistry of the lower and upper tional-to-translational energy transfer.
atmospheres. Knowledge of the rate constants for reactions gy contrast, interactions of two open-shell species will involve

involving the hydroxyl radical is very important for an o6 than one potential energy surface (PES). For many such
understanding of this chemistry, and much effort has gone into g toms . at least one of these PESs will be strongly attractive,
the measurement of these rate constaABimilarly, there has Vi o parrier at long range. In a collisional encounter, the
been cpn&derablg interest in the rates of chI|S|0naI vibrational reagents can combine on this attractive PES to form a transient
relaxation of OH in its ground X1 electronic state. In part, .oy ojey that subsequently dissociates at low pressures. For
this has been driven by the need to understand quantitatively gy gtems in which the complex can only redissociate back to
the intensity and vibrational distribution of the emission of OH  ne reagents, the transient complex can be collisionally stabilized
in the upper atmosphefe® There has been a number of studies ¢ yery high pressures, leading to association. As discussed by
of the collisional vibrational relaxation of OHEXI) in a wide Smith28 the high-pressure limit of the association rate would
range of vibrational levels by stable collisional partrfers. be expected to equal the rate of vibrational relaxation in such

There has also been some study of the vibrational relaxation systems. Both processes should equal the rate of formation of
of OH by open-shell species. Of particular interest is the the complex if the reagents interact through a strongly attractive
relaxation of OH{) by oxygen atoms because they are present PES such that the rate of formation of the transient complex is
in significant concentrations in the upper atmosphere. The independent of the initial vibrational quantum number. This
collisional removal of OH{> 1) by O€P) has been studied both  relationship is found to be approximately true in a number of
experimentally®-2° and theoretically?! In the course of a study ~ system#$® Another corollary is that the rate of vibrational
of the reaction of vibrationally excited water with hydrogen relaxation should be independent off the rate of formation
atoms, Barnes et & measured the rate constant for relaxation is independent of the vibrational level of the diatom. The rate
of OH(v=1) by H atoms. Atahan and Alexand&have applied  of vibrational relaxation appears to be independent of v for
a quantum statistical capture model, which was developed by relaxation of NOg) by OCP) atoms®-3! In their theoretical
Manolopoulos and co-workefs2?¢ and later extendéfl to study of OHg)—H collisions, Atahan and Alexand&rfound
include all couplings prior to formation of the complex, to the that the 300 K rate constant for vibrational relaxation fo«
collisional vibrational relaxation of OHEL and 2) by H atoms. 2 is only 6% higher than that far = 1.

Our expectations for the collision dynamics and the depen- In the case of the interaction of OH with ) and N{S)
dence upon the vibrational quantum number of a vibrationally atoms, the reagents can combine on one or more attractive PESs
excited open-shell species such as OH with closed-shell andto form a transient complex (H@&nd HNO/HON, respectively).
open-shell collision partners are quite different. The rate constantThese systems differ from those involving two open-shell

for collisional vibrational relaxation of OHEL) by O, was reagents discussed above in that these complexes can also
recently reported to equal (0.850.22) x 10713 cm?® molecule’® decompose by chemical reaction, formingtHO, and H +

s 117 The total rate constant for removal of QBi(by O, is NO, respectively, as well as by redissociation back to reagents.

found to increase monotonically with vibrational quantum Moreover, the binding energies of the complexes are somewhat

number up to a value of (2.78 0.14) x 10~ cm?® molecule’® smaller than for a normal chemical bond. Experiméfi#land

s™1 for » = 1112 This behavior is consistent with the linear theoretical! studies suggest that the total removal rate constant
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204 OHv=1)+N the thermal rate cqnstqnt for reactio.n 1 at §evera| temperatures
OHW=OPN and NO product vibrational state cﬁstnpuﬂon. The calculated
0+ room-temperature rate constant is slightly lower than the
experimental value reported by Howard and Srittand the
—~ 20 NO product vibrational state distribution is in reasonable
'g agreement with the experimental measurements by Smit#%t al.
g -40 - Recently, Chen et 4P have carried out time-dependent quantum
° mechanical wave packet calculations of reaction 1 orgtie
® .60 PES. The calculated reaction cross sections are found to be a
decreasing function of the translational energy, in agreement
-80- with the trajectory calculations.
-100-

HNO 2. Experimental Section

Figure 1. Schematic energy diagram for the OH[X) + N(*S)— H Th xperiments wer i inth r mol
+ NO(X?IT) reaction. Energies of the HON and HNO complexes and ese experiments were carried out in the apparatus employed

of the transition states were taken from ref 34. The pathways for for our previous S_tUdy of the vibrational relaxation of OH by
dissociation of HON to H- NO(X2IT) are not explicitly included. The ~ 0xygen atoms? Nitrogen atoms were generated by passing a
singlet surfaces do not connect with the ORIR + N(*S) asymptote. 5% mixture of N in Ar at a total pressure of 2.2 Torr through

a 2450 MHz microwave discharge (80 W). The gas mixture
for OH(v=1) in collisions with OP) is moderately larger than (120 sccm total, measured with calibrated flow meters) flowed
that for OHE=0). In a recent studs we investigated the  at an estimated velocity of 150 cm/s through a 8.5.3 cm
collisional removal of OH¢=1) by O(P) through comparison  rectangular section mounted a 1 mspectrometer, which was
of the rate of decay of OH{=0 and 1) in the presence of &) used with wide slits (4 nm spectral resolution) to isolate laser-
atoms. We found that the ratio of the total removal rate constantsinduced fluorescence in a given vibrational band. All surfaces
for OH(v=1) vs OHE=0) was 1.1+ 0.1. Hence, the collisional  downstream of the discharge were coated with fluorocarbon wax

removal of OH¢=1) is slightly faster than for OH{=0), but o inhibit wall recombination. Pressures were measured with a
the difference in the rate constants is within the experimental capacitance manometer (MKS).

uncertainty. It would thus be interesting to investigate other
systems of two open-shell reagents to see if the total removal
rate constants depend on the reagent diatomic vibrational
guantum number.

The present paper presents a study of the relaxation of OH-
(v=1) through collisions with N{S) atoms. The OH ground
vibrational level can be removed in collisions with nitrogen
atoms through the reaction

The photolytic OH precursor #, was added (2.5 mTorr)
neat through a Teflon needle valve 10 cm upstream of the laser
fluorescence detection zone, and th&klpartial pressure was
determined by monitoring the pressure rise in the system while
opening the needle valve controlling the®4 flow. The partial
pressures of the reagents were the sameltanTorr from run
to run. Concentrated liquid 40, (=95%) was prepared by
pumping on 30% reagent. The vapor above a 95% solution is
OH(X?IT) + N(*S)— H + NO(X?IT) estimated to be_ 90% #D,, with the remainder kDA _

AH°(0 K) = —48.28-+ 0.09 k/mol (1) Hydrc_)xyl radlcals_were generated by 193 nm photolysis of
H,0, using laser radiation from a Lambda Physik COMPex 102

The enthalpy of reaction 1 was computed from heats of excimer Ia§er. Typica_l photolysis laser energies were l_O mJ in
formation from the JANAF thermochemical tabféand Ruscic & 1.2 cm diam beam in the flow apparatus. On the basis of the
et al33 There is also a third chemical channel in this system, 193 nm absorption cross section and the quantum yields for
namely, OfP) -+ NH(X32"), which lies at significantly higher ~ the OH+ OH and H+ HO; dissociation channelswe estimate
energy and is hence not relevant here. Guadagnini®¥tave 0.8% dissociation of kD, and an initial OH concentration _of 7
carried out an extensive ab initio study of PESs connecting these* 10" molecules cm®. H,0, was deemed to be a more suitable
chemical channels. As illustrated in Figure 1, the OM{Xand precursor than the commonly employed HiN@recursor
N(“S) reagents can interact without a barrier otA4 PES to ~ Pecause the latter also yields'Df at 193 nn;**3which reacts
form a HON complex, which can isomerize to form HNO and with hydrogen-qontgmmg compounds to form_ O)b-l(causmq
then dissociate to H- NO(X2IT) products. The HON complex & cascade contribution to the QiH1) concentration. Photolysis
is computed to be bound by 305 kd/mol with respect to OH- at 248 nm would provide a cleaner course of OH, but the
(X2T) + N(4S). The other PES84', 5A", 5A"") are not attractive absorption cross sections are too foto allow detectable
in the entrance channel and are not involved in reaction 1.  Photolytic production of OH(=1) at the low partial pressures
The rate constant for reaction 1 has been measured over $f the precursor needed to minimize vibrational relaxation by
range of temperatures in several studfes’ Howard and the precursor.
Smith®® report a room-temperature rate constiapp(OH—N) OH(v=0 and 1) were detected at a variable delay after
= (4.74 £ 0.44) x 1071 cm® molecule’® s™1 for reaction 1; photolysis by pulsed laser fluorescence excitation on the&XA
Smith and Stewait report a slightly higher value for this rate  (1,0) Qi(1) and (2,1) @2) lines and detection in the (1,1) and
constant, (5.2 0.3) x 10711 cm?® molecule* s~1. Smith and (2,2) bands, respectively. The frequency-doubled output of a
co-workerg® have determined the nascent vibrational state Continuum Sunlite EX optical parametric oscillator was em-
distribution of the NO product from reaction 1. Several ployed for excitation. The probe beam counterpropagated along
theoretical studies of reaction 1 have been carried out on thethe photolysis laser beam and was introduced through the
basis of the PESs computed by Guadagnini &t Schatz and opposite sidearm of the apparatus. The delay between the
co-workerg® have performed classical trajectory calculations photolysis and probe lasers was set by a digital delay generator
of collisions of all three possible atondiatom arrangements  that was controlled by the data acquisition computer. A data
of the HNO system. Of relevance to this work, they computed collection run consisted of recording the fluorescence intensity
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Figure 2. Time-dependent concentrations of QH{Q) as a function
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Figure 3. Time-dependent concentrations of Q#Hl) as a function

of the time between the photolysis and probe laser pulses, with the of the time between the photolysis and probe laser pulses, with the
microwave discharge (a) off and (b) on. Partial pressures of the addedmicrowave discharge (a) off and (b) on. Partial pressures of the added
reagents: Ar, 2.1; i 0.1 HO,, 0.0025 Torr. The displayed plots  reagents: Ar, 2.1; N 0.1 HO,, 0.0025 Torr. The displayed plot
represent single data collection runs (see text). The heavy solid linesrepresents a single data collection run (see text). The heavy solid line
show least-squares fits of the decay profiles to exponential functions. shows a least-squares fit of the decay profile to an exponential function.
The fitted decay rate for the plot in panel (b) was (8.25@.095) x The fitted decay rates were (0.450.03) x 10* and (2.11+ 0.21) x

1 s7%, from which a N{¢S) concentration of (1.61% 0.032) x 10* 10* s7* for panels a and b, respectively.

atoms cm?® was derived (see text).

sis—probe delay times when the microwave discharge was
turned on. This contrasts with our observat®nsf OH
photolytically produced from kD in flows of OCGP) atoms; in
this system the OHEO and 1) concentrations dropped by a
factor of ~3 when the microwave discharge was turned on,
reflecting the loss of the ¥D, precursor from a slow chain
of OH(v=1) with N(*S) atoms was determined by analysis of r€action involving OfP) atoms, H@ OH, and H atoms in the
the temporal decays of the Ok0 and 1) concentrations. {ime between the addition of K, to the flow and the laser
Figure 2 presents the O0) concentrations, measured by excitation/detection zone. In determining the total co|||s_|ona|
laser-induced fluorescence detection in single runs, with the femoval rate of OH{=1) by O€P) atoms, we had to take into
microwave discharge off and on. In both cases, the concentra-ccount the presence of free radical species generated in the
tions are seen to build up initially, due to rotational thermal- decomposition of the b0, precursof® A similar loss of HO,
ization, and then decrease at larger delays. The €8] does not occur in flows of NE) becau_sg these atoms are much
concentration with the discharge off is seen to decay very slowly, €SS reactive toward hydrogen-containing molecules thaR)O(
mainly from diffusion out of the laser excitation/detection zone.  The OHE=0 and 1) decays were fitted (solid lines through
By contrast, the OH(=0) concentration decays more rapidly measured concentrations in Figures 2 and 3) to exponential
with the discharge on, due to reaction with*S8) atoms. As functions in a nonlinear least squares procedure for photetysis
described below, the K%) concentration was computed from probe delays greater than 18 to determine the decay rates.
the OHE=0) decay rate with the discharge on, using a literature The decay of the OH{0) concentration with the discharge
value® for k,—o(OH—N), the rate constant for the Ob0) + off (Figure 2a) was fitted to a first-order decay rate of 462
N(*S) reaction. 30 s L. This observed loss rate mainly results from diffusion

Figure 3 presents a plot of the O#41) concentration, out of the probe laser beam, as well as a contribution from
measured in a single run with the microwave discharge on, asreactions of OH{=0) with H,O, and photolytically produced
a function of the photolysisprobe delay. It can be seen that radicals, in particular H® To determine the diffusion loss rate,
the signal is much weaker, and hence noisier, than for OH- the observed OH{0) loss rate was compared with the results
(v=0). This is due to the smal{1%) fraction of OH{=1) of kinetic modeling, as we did in our study of the collisional
produced in the photolysis of 4,.4445 The spike at = 0 is relaxation of OH¢=1) by O(P) atoms® Table 1 of ref 20
due to scattered light from the excimer laser. Kha(OH—N) presents the processes included in the model. We derive a
rate constant was determined from the @H() decay rate, diffusion loss rate of 30% 30 s! for OH(v=0). This value is
taking into account the relaxation due te®4 and other species, ~ Within the experimental uncertainties of the value determined
and the N{S) concentration determined as described above. in our study of relaxation by GP) atoms? This loss was

It can be seen in Figure 2 that the QH{0) signal intensity ~ included in the analysis of the decay of QH{ and 1)
at short photolysisprobe delays does not change appreciably concentrations with the microwave discharge on.
when the microwave discharge is turned on. We similarly  Table 1 presents the determined @HQ) decay rates in
observed no decrease in the @H{(l) signal at short photoly-  various runs with the microwave discharge on, listed in order

(10-shot average) while cycling through a grid of delays
typically 20 times.

3. Results

The total removal rate constaki—;(OH—N) for collisions
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estimateé rate constark,—;(OH—H,0,) = (4.0+£ 1.0) x 10711
cm?® molecule® s for vibrational relaxation of OH(=1) by
H,0,, the contribution of relaxation by - to the overall OH-

TABLE 1. OH( »=0 and 1) Decay Rates and the
Determination of N(*S) Concentration$

OH(y=0) decay derived [N¢9)]

OH(r=1) decay

rate (1Gs™%)

(10 atoms cm®)

rate (10s™)

(v=1) decay rate is 3.% 10® s™. The estimated variation in

0.4524+ 0.030 o 0.3594+ 0.028 the HO, partial pressuref1 mTorr) could lead to a variation
1.630+ 0.062 2.370.17 0.746+ 0.058 in the OHE=1) decay rate{41.3 x 10° s71), which is less
1.630+ 0.062 237+ 0.17 0.877+0.112 than the scatter in the data plotted in Figure 4. The scatter in
1.630+0.062 2.3 017 0.703£ 0.026 the data is mainly due to the noise in the @H() concentration
3.332+ 0.048 5.92t 0.17 0.803t 0.074 - . :

3337+ 0.108 593t 0.26 1,049+ 0.077 profiles, because of the small size of the signals.

3.452+ 0.049 6.170.17 0.718+ 0.089 To determine a value fok,—1(OH—N), we carried out an
3.941+ 0.059 7.19£0.19 0.880+ 0.093 unweighted linear squares fit of the Q1) decay rates as a
i-gg%i 8-8251’ ;éi 8-%97’ g-flgi 8-%3% function of [N(¢S)]. Because th@ coefficient® was <0.01, an
4.0034 0.041 7321 0.17 1137+ 0.250 unweighted fit was deemed more appropriate than a weighted
4.677+ 0.075 8.72+ 0.22 1.279¢ 0.067 fit. We obtain a valuek,—y(OH-N) = (7.6 £ 2.1) cn?
4.677+0.075 8.72£ 0.22 1.370+ 0.108 molecule’* s71[95% confidence limits, including the uncertainty
4.9694+ 0.069 9.33:0.22 0.93+ 0.12 in the literature valu® for k,—o(OH—N)]. Because [N{S)] and
4.969+ 0.069 9.33+ 0.22 0.939+ 0.075 k,—1(OH—N) are determined by the Op0 and 1) decay rates,
;:gggi 8:3;; ig?% 8:23 ;igli 8:%% respectively, the ratio df,—;(OH—N) to k,—o(OH—N) is better

determined thark,—;(OH—N) itself. For this ratio, we obtain

2 Quoted uncertainties arer1” Microwave discharge off. 1.61+ 0.42.

4. Discussion

£ 2x104

::I Although the uncertainty in the rate constant;(OH—N) is

g 7 large, we find that there is a definite enhancement in the total

3 removal rate constant for OH in collisions with 18) atoms

2 1x1044 when the radical is promoted to the=1 vibrational level. This

"_é behavior contrasts with the slight increase, but within the

5 . experimental uncertainties, in the GD(P) total removal rate
constant when the OH radical is promoted to#kel vibrational

0L : . . , level 20
0 1x1014 2x1014

As noted in the Introduction, Okt€0) radicals are removed
by reaction only, whereas Ob1) can be removed by reaction
and, to a lesser extent, by vibrational relaxation, in collisions
with N(*S) atoms. Because both chemical reaction and vibra-
tional relaxation proceed predominantly through formation and
decay of a transient HNO complex (see Figuré®®f,we can
estimate the branching ratio for chemical reaction vs vibrational
relaxation with a statistical theory, and we employ the prior
distributiorf” here. Summing over the accessible rovibrational
molecular levels, we find that the prior statistical model predicts
branching ratios of 97 and 3% for chemical reaction and

[N] (atoms cm™3)
Figure 4. Plot of the determined OHEL) decay rate with the
microwave discharge on as a function of thé®j(atom concentration,
as determined from the measured @HQ) decay rates. The plotted
error bars ared uncertainties. The 95% confidence limits on the fitted
line are indicated with dotted lines.

of increasing decay rate, and hence increasirf@)N¢oncentra-
tion. These decay rates were employed to compute tH8)N(
concentrations, using,—o(OH—N) = 4.74 x 107! cm?
molecule’* s71, from Howard and SmitB® To account for the ne atlos : ! A
small effect of diffusion and reactions other than OHN(*S) coII|S|ona! y|brat|onal relaxat|9n, respectively, in 'OH(l) +
involving OH(v), the measured time-dependent @Hgoncen- N(*S) collisions. Thus, the main removal process in GH[)—
trations were compared with a full kinetic modeling of species N(*S) collisions is predicted to be chemical reaction.
concentrations, using the rate constants listed in table 1 of ref As discussed in the Introduction, the interaction of OH with
20, supplemented witk,—o(OH—N) given above and the rate N(*S) atoms is initially mediated through the strongly attractive
constantk,—;(OH—N) = 1.5 x 10715 cm?® molecule! s71 for SA" PES, leading to the transient formation of the HON
vibrational relaxation of OH{=1) by N,.1” The assumed N complex. Three other PES'84’, °A’, A"") emanate from the
dissociation fraction was varied in the kinetic model to match OH(IT) + N(*S) asymptote, but these surfaces are repufSive.
the measured decay rates. The derived values of t#8)N(  The observed enhancement of ®OH—N) rate constant with
concentrations are listed in Table 1 for each run. The estimatedvibrational excitation of the OH radical suggests that the initial
uncertainties in [N{S)] includes fitting uncertainties, but not formation rate of the HON complex is accelerated and that this
the uncertainty in the value é&f—o(OH—N) employed® in the increased formation rate reflects the dependence GXHEES
model. on the OH internuclear separation in the entrance channel. In
The fitted decay rates for the measured time-dependent OH-the calculation of the ab initio points to describe the &N
(v=1) concentrations with the microwave discharge on are listed A" PES?*#°the OH internuclear separati®(O—H) was fixed,
in Table 1 for the various runs. Under these conditions, the decayand the dependence on this coordinate was not explicitly
of the OH@=1) concentration is primarily determined by ~investigated. Hence, the dependence of the fit&tl PES on
collisional removal by NiS) atoms, with a significant contribu- ~ R(O—H) may not be accurately described.
tion due to vibrational relaxation by .. We see from Figure In their time-dependent quantum mechanical calculations on
4 that the OH¢=1) decay rate increases with increasing$y( the OH + N(*S) reaction, Chen et & investigated the
concentration, although there is significant scatter in the data. dependence of the reaction probability upon internal excitation
From the HO, partial pressure (2.5 mTorr) and our previously of the OH radical. They did not observe a significant increase
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in the reaction probability with excitation of OH to the=1 or (19) Marschall, J.; Kalogerakis, K. S.; Copeland, R. A. Laboratory

; ; ; measurements of OkH2) collisional reactivation by oxygen atoms.
2 vibrational levels for total angular momentuhs= 0. In view American Geophysical Union Spring 2001 meeting, paper SA3LA-21.

of the fact thaj[ the pri.or st.atistical theo.ry predicts only a §ma|l (20) Khachatrian, A.; Dagdigian, P. Ghem. Phys. Let@005 415, 1.

branching ratio for vibrational relaxation of OH€0), their (21) varandas, A. J. GCChem. Phys. LetR004 396, 182.

neglect of this channel does not explain their observed negligible o (22) liggl;?;-lg\;-: Sharkey, P.; Sims, I. R.; Smith, 1. W.Rdraday
: i : : ISCUSS. 3 .

dependence of the reaction p_robablllt.y on the OH vibrational (23) Atahan, S.: Alexander, M. H.. Phys. Chem. Ain press.

quantum nL.meer.. It YVOUld b? interesting to carry out a fl{rther (24) Rackham, E. J.; Huarte-Lafaga, F.; Manolopoulos, D. Ehem.

theoretical investigation of this system, with explicit consider- Phys. Lett2001, 343 356.

ation of the dependence of the O interaction energies upon (25) Rackham, E. J.; Gonzalez-Lezana, T.; Manolopoulos, D. hem.

- . Phys.2003 119, 12895.
the O-H internuclear separation. (26) Alexander, M. H.; Rackham, E. J.; Manolopoulos, DJEChem.

_ Phys.2004 121, 5221.
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