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Abstract

Vibrational relaxation of OH(X?IT) in the v =9 state by O; and NH; has been studied via flash-photolysis
using high-resolution direct infrared absorption detection of OH in the v =11 «+ 9 band. OH(v = 9) removal by
O; occurs with a nearly gas-kinetic rate (ko, = 1.37(15) x 1071 cm?/s). Collisional removal by NH; (knu, =
7.60(50) x 1071% cm?/s) is two to three times higher than the hard-sphere collision limit, suggesting a resonant V-V
energy transfer induced by long-range dipole-dipole interactions. An upper limit of 5 x 107 ¢cm?®/s is placed on
OH(v = 9) vibrational relaxation by argon. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The hydroxyl radical (OH) plays an extremely
important role in the chemistry of the Earth’s at-
mosphere and other environments [1]. Though
reaction and relaxation dynamics of OH are rea-
sonably well understood in the troposphere and
lower stratosphere, complete characterization in
the higher atmospheric layers has remained elu-
sive. A serious complication arises from the strik-
ing departure from local thermodynamic
equilibrium [2] between molecular internal and
translational degrees of freedom at these altitudes.
As one dramatic example, intense emission from
highly vibrationally (v<6) and rotationally
(N < 33) excited states of OH has been detected in
the mesosphere [3]. Such results suggest more
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complicated dynamics for collisional quenching
than previously appreciated, and further under-
scores the importance of quantitative kinetic
studies of quantum-state specific relaxation rates
for accurate modeling of atmospheric phenomena.

An ongoing effort in this laboratory is to in-
vestigate mechanisms responsible for populating
these anomalously excited rotational states of OH
(with N > 30 [3]) in the atmosphere. The main
candidate reaction is H + O3 [3]; however, it is not
clear whether OH(N > 30) is actually a direct al-
beit minor product of this reaction (believed to
channel most of its exothermicity into the OH
product vibrations [4,5]) or a result of secondary
collision-induced vibration—rotation energy trans-
fers. Our approach is to monitor the quantum-
state resolved kinetics of OH(v,N) formation
following pulsed UV photolysis of RH/O; mix-
tures (RH = NHj3, H,, H,S, etc.) by high-resolu-
tion direct absorption infrared spectroscopy. In the
course of these studies, the vibrational relaxation
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of OH by NHj3 was found to be surprisingly rapid.
Specifically, relaxation by ammonia occurs with a
rate 2- to 3-fold higher than the gas-kinetic limit,
which forms the main focus of this report. In this
Letter we discuss the origin of this highly efficient
relaxation and argue that it is consistent with a
long-range dipole—dipole energy transfer mecha-
nism.

2. Experimental

The experimental studies are conducted at
T =2954+2 K in a 100 cm long, 5.1 cm diameter
flow cell (Fig. 1) equipped with CaF, windows for
good transmission at both UV photolysis (193

IR
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\ detector
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Fig. 1. Schematic diagram of the flash kinetic experimental
apparatus. The density of O3 is measured in situ using Hg-lamp
absorption.

nm) and IR probe (=2.7 pm) wavelengths. A col-
limated 8 x 8§ mm? ArF-excimer laser beam oper-
ating at 5-10 Hz repetition rate propagates
collinearly along the cell axis, with typical UV
energies at the cell entrance of 1-5 mlJ/pulse as
continuously monitored at the cell exit using a
calibrated thermopile. Real-time observation of
OH(X’II, v =9) is accomplished using direct in-
frared absorption on the v=11+« 9 overtone
band with a single mode (Av < 0.0001 cm™") color
center laser [6], which propagates collinearly down
the flow cell and samples only the central 2-3 mm
of the photolysis laser. Upon exiting the cell, the
IR is separated from the excimer pulse with a
dichroic mirror/grating combination and focused
onto a liquid nitrogen cooled InSb detector. This
study exploits high-resolution absorption on indi-
vidual rovibrational, spin-orbit, and lambda
doublet transitions in the 11 « 9 overtone band,
which had not been investigated prior to this
study. To facilitate this process, approximate
frequencies for these v = 11 «— 9 transitions were
estimated using OH term values from [7,8], which
permitted the desired rovibrational transitions to
be found with minimal spectral search (<1 cm™!)
and measured (<0.002 cm™') using standard
wavemeter interferometry. The 24 OH(v =
11 < 9) transition frequencies utilized in this
study are presented in Table 1.

A portion of the IR radiation is split off before
entering the cell and focused onto a reference de-
tector. Balanced outputs from matched signal and
reference detectors are electronically subtracted
and averaged for 500-2000 UV laser pulses. Sets of

Table 1

Experimentally measured P-branch line positions (£0.01 cm™! accuracy) for the previously unobserved v = 11 + 9 band of OH?
J// P]e (JI/) P] N (J//) I):Ze (J/I) sz (J//)
1.5 3855.04 3854.93
2.5 3838.45 3838.39 3823.58 3823.45
3.5 3808.23 3808.10 3788.69 3788.57
4.5 3774.75 3774.52 3750.50 3750.43
5.5 3737.99 3737.66 3709.12 3709.09
6.5 3697.95 3664.56 3664.60
7.5 3654.61
8.5 3607.99
9.5 3558.07

* Where available, the measurements agree (+£0.02 cm™') with predictions from term values for OH(v = 11) and OH(v = 9) reported in

[7] and [8].
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on- and off-resonance data are collected with the
IR laser tuned on the OH absorption line as well as
5-10 Doppler widths away (Avp,, ~ 300 MHz).
This compensates for weak broad band NH,
chemiluminescence induced by UV photolysis
(typically <10-20% of the OH peak absorbance),
which is further suppressed with a diffraction
grating in the probe beam path. The RMS noise in
the final trace translates into an absorption sensi-
tivity of <107° in a 1 MHz detection bandwidth,
which, for a 300 K Doppler broadened peak,
corresponds to an OH(v = 9) detection sensitivity
of <5 x 10% cm™3 per quantum state.

Commercial samples of ammonia (99.999%),
argon (99.999%), and helium (99.9995%) are used
without further purification. Ozone is produced
from oxygen (99.99%) with a commercial ozonizer,
trapped on silica gel beads at about 170 K, and
introduced into the cell at a controlled flow rate
with the trap warmed to 200-230 K. Argon (or
helium) buffer gas and 2% NH;/Ar mixture are
injected into the cell through two calibrated flow
controllers. Partial pressures of each gas in the
mixture are obtained from flow rates and total cell
pressure, as measured with calibrated 1 and 10
Torr capacitance gauges (1 Torr = 133.32 Pa). [O;]
is also probed directly in the flow cell using filtered
Hg lamp  absorption at 253.65 nm
(60, = 1.136 x 107" cm? [9]), which permits in
situ assessment of ozone purity (>90%) by com-
parison of flow and optical measurements. Abso-
lute NH; concentrations are also verified from
Beer’s law absorption at the excimer wavelength,
which agree with the more precise flow rate mea-
surements within experimental uncertainty. Typi-
cal reagent and buffer-gas densities are 0-20 mTorr
NH;, 0-30 mTorr O;, 1-7 Torr Ar (or He) for a
70-150 sccm total flow rate. A greater than 100-
fold excess of buffer gas is present to ensure com-
plete rotational/translational thermalization on a
time-scale fast with respect to formation and loss
rates in the OH(v = 9) manifold.

3. Results

Fig. 2 displays typical time-resolved OH ab-
sorption traces with varying [NHj] and [Os] in the
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Fig. 2. Sample OH(v = 11 « 9) absorbance traces for various
O; and NH; partial pressures monitored on the Py, (3.5)
transition at 3808.23 cm~!. Higher [NH;] or [O;] produces
shorter rise-times and larger peak signals, whereas the decay-
time depends only on [Os]. This confirms that the initial expo-
nential rise is due to removal of OH(v = 9) by O; and NH;, and
the long-time decay to formation of OH(v = 9) by reaction of H
with Os.

flow cell. Following the excimer laser pulse, the
OH (v = 11 « 9) absorption signal rises on a fast
(=5-15 ps) time-scale and then decays back to 0 on
a much slower time-scale (=50-200 ps). Produc-
tion of OH(v = 9) arises exclusively by reaction of
H with Oj (see below). Since this process cannot
energetically populate the v = 11 state [4,5], the
absorption signals directly probe the time-resolved
density of OH(v = 9). As in any pseudo first-order
kinetic system, there is a potential ambiguity in
whether the initial rise or subsequent decay cor-
responds to production or removal of the probed
species. However, the OH(v =19) decay rate is
observed to be independent of the NH; density but
increases linearly with [O;]. This confirms that the
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slow decay corresponds to formation of OH(v)
from H + Os. In addition, the appearance rates
(i.e., 1 /1) increase linearly with both [NH;] and
[Os], up to the detector limit (7, < 1 ps) at
[NH;] > 1.5 x 10" cm™ or [O;3] =6 x 10" cm ™3,
which further supports the scenario that the fast
rise is associated with removal of OH(v =9). Fi-
nally, the maximum OH absorbance signal inten-
sities increase with both [NH;] and [O;]; however
this increase eventually saturates for either reac-
tant in excess, again indicating a rise-time domi-
nated by removal rather than production kinetics.

These observations are consistent with the fol-
lowing simple kinetic model for production and
removal of OH(v = 9)

NH; + 193 nm — H + NH,, (1)

H+ 0; — OH(v=6-9;N) + O,, (2)

where high-collision rates with excess buffer gas
suffice to maintain the system in rotational equi-
librium. This production rate is in competition
with much faster vibrational and/or chemical re-
moval of OH(v = 9) by O3, NH;, or, possibly, by
buffer gas M:

OH(v = 9) + O; — products, (3)
OH(v =9) + NH;3 — products, (4)
OH(v=9)+M — OH(v < 9) + M. (5)

If one assumes photolysis and rotational equili-
bration rates to be much faster than (2)—(5), the
OH(v = 9) time dependence can be solved analyt-
ically to yield

kaecayHly (- ;"
H — = _decay 7 7J0 kdecuyl _ krisel
[O (U 9>] krise - kdecay © © }7
krise = k03 [03] + kNH3 [NH3] + kM [M]7 (6)

kdecay = k2 [03] )

where ko,, knn;, and ky are the corresponding
bimolecular removal rates and the ks and Kgecay
are associated with the removal (3)—(5) and for-
mation (2) processes, respectively. Note that the
initial concentration of H atoms, [H],, is linearly
proportional to [NHj;].

The set of kinetic traces as a function of [Os]
and [NHj] can be readily fit with least squares

methods to a sum of single exponential rise
and decay terms. From analysis of decay-times
as a function of [O;], we obtain k=
2.4(2) x 107" ¢cm?3/s, which is in excellent agree-
ment with the range of previously reported litera-
ture values, 2-3 x 10~!" ¢m?3/s [10]. The analysis of
rise-times is more involved since these can depend
on densities of NHj, Os, and buffer gas (He or Ar).
However, within experimental precision, the rise-
times are independent of buffer-gas densities up to
the highest pressures investigated (=6.5 Torr).
This indicates rapid rotational equilibration but
negligible vibrational relaxation on the <100 ps
time-scale, which places a conservative upper
limit of 5x 107! cm?/s on the removal rate of
OH(v=9) by Ar and He. A potentially more
important relaxation partner is O,, present as a
<10% impurity to Os;. However, the known
rate for OH(v=9) relaxation by O, (ko, =
1.7(11) x 1071 ¢cm?/s [11]) is more than an order
of magnitude smaller than by Oj; itself, which
would translate into <1% contribution to the
observed rates.

The major contributors to relaxation are am-
monia and ozone, i.e., kise = knp, [NH3] 4 ko, [O5].
To isolate individual rate constants kny, and ko,,
one can plot k;e./([O3] + [NH;]) against the
mole fraction of ammonia, yyy, = [NH;3]/([Os] +
[NH;]), which yields ko, and kny, in the limit of
ynm, = 0 and 1, respectively (see Fig. 3). The data
in Fig. 3 reflect more than 100 individual mea-
surements at various NH; and O; densities and
multiple He or Ar buffer-gas pressures, predomi-
nantly probing on the v=11 « 9 P (3.5) OH
transition. A least squares fit to the combined data
set yields kxm, = 7.60(50) x 1071 cm? /s (intercept
at ynm, = 1) and ko, = 1.37(15) x 1071 cm’ /s
(intercept at yyy, = 0), where numbers in paren-
theses represent 2¢ uncertainties. This analysis is
also confirmed by conventional one-component
plots of rates vs. O; or NHj density, which yield
statistically indistinguishable results from the two-
component fits described above.

These are remarkably fast relaxation rates,
equal to or greater than the gas-kinetic limit. Ki-
netic complications from impurities are therefore
extremely unlikely but worth considering. For
example, the excimer laser also photolyzes a
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Fig. 3. Two-component analysis of the rise-time data. The in-
tercepts at yyy, = 0 and yny, = 1 yield the corresponding bi-
molecular removal rate constants (uncertainties in parentheses
are 20): knu, = 7.60(50) x 1071 and ko, = 1.37(15) x 1071°
cm’/s.

small fraction of O; molecules (0o,(193 nm) =
43 x 107" ecm? [12] vs. ong, = 1.2 x 10717 ecm?
[13]) to produce O('D) atoms, which can rapidly
react with NHj to generate an alternate source of
OH. However, this reaction can energetically
populate only up to OH(v = 4), which is not pro-
bed by the IR laser. Similarly, at the low UV
photolysis intensities and short time-scales ex-
plored herein, radical-radical reactions such as

OH(v') + OH(v") — products (7)

are completely negligible. Specifically, absolute
OH radical concentrations can be measured di-
rectly from the integrated IR absorbances to be
[OH(v =09, all J)] ~ 1 x 10" em~3. This yields a
conservative upper limit of 5x 102 cm™ for
overall OH density summed over all vibrational
and rotational states, [4,5] which is ~10%- to 10°-
fold lower than necessary to generate kinetic in-
tereference even for gas-kinetic rates. Finally,
these studies have been performed over at least an
order of magnitude in OH densities (by photolysis

intensity and O; concentration dependence); the
consistency of the kinetic analysis results explicitly
rule out nonlinear radical-radical processes under
the present range of experimental conditions.

4. Discussion

The rate constants for removal of OH(v = 9) by
NH; and O; are extremely fast and warrant fur-
ther discussion. The experimental removal rate of
OH(v = 9) by O; (ko, = 1.37(15) x 107! cm?/s) is
in relatively good agreement with the result of
Greenblatt and Wiesenfeld [14], who inferred
ko, ~#2x 1071 cm? /s from emission-based mea-
surements (no error bars reported). This room
temperature rate constant translates into an aver-
age reactive cross-section of oo, = ko,/ (V1) =
19 £2 A?, ie., comparable to its =36 A? collision
cross-section (see Table 2) and implying that
OH(v =9) is quenched with near gas-kinetic effi-
ciency by Os.

It is interesting to consider possible competition
between relaxation and chemical reaction path-
ways. Teitelbaum et al. [15] was the first to suggest
that OH(v = 9) removal was dominated by vibra-
tional relaxation and not by chemical reaction.
This was largely based on the fact that the rate for
vibrationally unexcited OH(v = 0), where loss is
purely by chemical reaction with O; to form
HO, + Oy, is over 1500 times slower (k = 8.4(8) x
10~ ¢cm?/s [16]). This would represent a rather
significant enhancement in reactivity due to the
vibrational excitation, despite the fact that the
chemical pathway to form HO, and O, does not
require OH bond extension in the transition-state
region. From the simple A + BC Polanyi rules, for
example, one would not anticipate strong promo-
tion of the chemical reaction pathway with OH
vibrational excitation.

On the other hand, new chemical channels can
also be accessed at these higher energies [17],
which provide a simple rationale for large vibra-
tional enhancement effects. For example, bond
breaking to form H+ O, 4+ O, or OH+ O, + O
becomes energetically open for OH(v > 3), which
from Polanyi rules might be sensitive to OH
vibrational excitation. One might argue that the
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Table 2

Total removal rates of OH(v = 9) by collision partners measured in this work and in [11]*

Collider Relaxation rate Average cross-section Hard-sphere cross-section
(em’*/s) (A?) (A%

NH;* 7.60(50) x 10710 89+6 33¢ 394
0;° 1.37(15) x 10710 1942 36° -
N,O¢ 6.4(10) x 10711 9.0+14 35° 404
CO,*® 5.7(9) x 107! 80+1.3 35¢ 40¢
(O2% 1.7(11) x 10~ 23+1.5 32¢ 324
Ar® <5x 1071 <0.007 32¢ 324

*The third column provides thermally averaged collision cross-sections, oo, = ko, /{vr1). The last two columns contain hard-sphere
collision cross-sections estimated from viscosity and virial coefficients (for OH, the average of H,O and HF effective diameters is used,

don = 3.4 A).

®Present work.

¢ Estimated from cubic equation of state coefficients.
4 Estimated from viscosity.

¢Ref. [11].

increased OH(v = 9) quenching cross-section with
O3 is the result of chemical reaction occurring in
parallel with vibrational relaxation. This provides
especially interesting comparison with extensive
work by Price et al. [18] on quantum-state de-
pendent vibrational self-relaxation of O,(v), where
competition between vibrational relaxation and
reaction leading to O+ O; is implicated for
Oy(v = 26) + O, collisions. By way of further
empirical support, nonreactive quenchers such as
CO, and N,O [11] are much less efficient than O;
in collisional removal of OH(v = 9) (see Table 2).
In any event, the present data suggest that com-
petition between vibrational relaxation and
chemical reaction dynamics of OH(v = 9) with O;
could be quite interesting and warrants further
theoretical investigation.

A more dramatic result of this study is the re-
moval of OH(v =9) by NH;, for which the ob-
served  rate,  knm, = 7.60(50) x 1071° cm?/s,
corresponds to a collision cross-section of 89(6)
A2, i.e., larger than the hard-sphere limit (Table 2)
by a two- to three-fold. With such fast rates, one is
justifiably concerned with possible contamination
by other relaxation processes. For example, reac-
tion (2) produces OH with substantial rotational
excitation [4]. Thus, the observed kinetics could in
principle be complicated by rotational, spin—orbit,
and lambda-doublet changing collisions into (or
out of) the OH probe state. However, the time-
dependent Boltzmann plots in Fig. 4 conclusively

1010 .
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Fig. 4. Evidence for rapid rotational equilibration. (a) A
Boltzmann plot of OH(v =9) at 2.5 us and 10 ps after the
photolysis laser pulse, both indicating room temperature rota-
tional distributions. (b) Within experimental uncertainty, all
rise-times (i.e., OH removal rates) are independent of OH in-
ternal energy. The horizontal axis represents different rotational
(J = 2.5-7.5), spin—orbit (*I1;, and I1;,), and lambda-doublet
[II(A") and TI(A")] energy levels with respect to OH (*I1;2(A"),
v=29,J=3/2).
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demonstrate that OH rotational equilibration to
the cell temperature is quickly established (<2.5
us) and remains constant after the excimer laser
pulse. The bottom panel shows that measured rise-
times are independent of the internal energy of the
probed state. In fact, these results are not sur-
prising given that the spin—orbit changing, spin—
orbit conserving, and lambda-doublet changing
collisions of OH with Ar and He (disregarding
small propensities for the total parity conserva-
tion) all occur with comparably high probabilities
[19,20].

We briefly consider the possible role of chemical
acceleration of this quenching process. The exo-
thermic H atom abstraction reaction of OH(v = 0)
from NHj is quite slow [21], and from simple
A +BC models not anticipated to be strongly
promoted by vibrational excitation of the OH
‘spectator’ bond. One important distinction with
OH + NHj; is the much stronger H-NH, vs. O-O,
bond, which energetically closes off analogous
chemical channels to form O + H, + NH,, even up
at OH(v =9) internal energies. Thus, if Polanyi
rules provide the correct qualitative picture for
polyatomic systems, this exceptionally fast
OH(v = 9) removal by NH; is not easily ascribed
to chemical reaction, at least not via a direct atom
abstraction mechanism. On the other hand, rapid
long-range V-V transfer in the entrance channel
from OH(v = 9) to the NH stretching manifold in
NH; could provide exactly the right excitation to
successfully promote subsequent H atom transfer
near the transition-state region. Indeed, V-V
transfer rates are governed by the same physics as
IR dipole transition intensities, and therefore
would be expected to be especially swift for near
resonant exchange between the strongly absorbing
and emitting OH/NH stretch manifolds [22].
This is born out by experimental studies: NH;
vibrational quenching of OH(v) is extremely
rapid, with k(v) = 0.25x 1071%, 1.0 x 107'°, and
3.0 x 1071 cm?/s [23-25] for v =1, 2 and 3, re-
spectively. Interestingly, near resonant V-V
transfer theory [22] between diatomics predicts
these relaxation rates to scale linearly with vibra-
tional quantum number, or in other words,
k(v)/v =~ constant. In fact, the data for OH(v =
1,2,3) + NH; indicate a growth in k(v)/v = 0.25,

0.5, 1.0 x 107!° ¢cm?®/s, where the increase is pre-
sumably due to anharmonic lowering of the OH(v)
level spacing (w. ~ 3737, w.Xx. ~ 84.8 cm™!) into
resonance with the ~300 cm~! lower NH stretch
manifold (v; &~ 3337 and v; ~ 3444 cm™') in NH;
[26,27]. The role of such anharmonic detuning has
been clearly demonstrated by extensive studies of
resonant vibrational relaxation of O, [28]. This
V-V resonance between OH(v) and NH; will
‘detune’ for v > 5, which would predict a de-
crease in k(v)/v ratio by v=9. Indeed, this is
consistent with the experimental value of
k(v)/v =0.85x 1071 ¢cm?/s for OH(v="9), i.e.,
comparable to the ratios observed for v =~ 1-3, and
lends further support to a long-range V-V energy
transfer process.

As a final comment, near resonant V-V trans-
fer between OH(v =9) and NH; would nomi-
nally require an ‘overtone’ (i.e., Avoyg = —2,
Avng = +1) relaxation process, which for the
corresponding emission event would be forbidden
at the harmonic oscillator level. However, these
simple selection rules are broken in OH by
anomalously high curvature in the dipole moment
function [29], which leads to a dramatic en-
hancement of overtone transition strengths at
these high v levels. For example, the v=9 — 7
overtone emission strength of OH is more than an
order of magnitude stronger than the corre-
sponding v =9 — 8 fundamental emission. In-
deed, a similar enhancement effect occurs in
absorption and makes the present studies feasible
in spite of probing on an overtone v =119
band. This discussion raises interesting questions
about the nature of V-V transfer in systems such
as OH with high mechanical and electrical an-
harmonicity, which would represent interesting
directions for further experimental and theoretical
exploration.
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