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We have measured the rate coefficients for the removal oftGH() and OD¢ = 1) by HNG; and DNQ

as a function of temperature from 253 to 383 K. @H{ 1) and OD¢ = 1) were produced by photolysis of
HNOy/DNO; at 248 nm; laser-induced fluorescence was used to monitor the kinetics of the vibrationally
excited radicals. The measured rate coefficients at 295 K range from 26! cm?® molecule st for the

removal of OH{ = 1) by HNG; to 6 x 10 *? cm?® molecule® s™* for the removal of OH{ = 1) by DNG;;

the rate coefficients for the like-isotope processes [removal oftGHL) by HNG; and removal of OD{ =

1) by DNG;] are 2-4 times higher than the rate coefficients for the unlike-isotope processes. All four rate
coefficients show negative temperature dependences that are too strong to be attributable only to long-range
interactions between the reactants. Expressed as negative activation energies, the temperature dependences
yield values ofE/R from —520 to—750 K. We suggest that the removal of the vibrationally excited radicals
occurs via formation of the hydrogen-bonded, cyclic-BNO; reaction complex (or the appropriate isotopomer

of the complex) invoked to explain the unusual kinetics of the reaction of ground-state OH with nitric acid.
We postulate that dissociation of the reaction complex to regenerate nitric acid and vibrationally excited OH
or OD competes with intramolecular vibrational redistribution of the OH/OD vibrational excitation energy
within the reaction complex, leading to the observed negative temperature dependence. We attribute the higher
rate coefficients of the like-isotope processes (relative to the unlike-isotope processes) to faster, resonant,
intramolecular vibrational energy redistribution within the reaction complexes containing the same isotopes.
Additionally, we estimate the yields of OHE 1) to be~1% and OHY = 2) to be~0.4% of that of OH{

= 0) from the photolysis of HN@at 248 nm.

Introduction

The reaction of OH with nitric acid, reaction 1

OH+ HNO; — H,0 + NO, Q)
involves both HQ (HOx = OH + HO,) and NG (NOx = NO

+ NO, + NOj3) species and plays two important roles in the
atmosphere. It is a sink for HQ and it converts HN@ a
relatively unreactive reservoir for odd-nitrogen species, into
NOx. Therefore, reaction 1 affects the concentration ofxHO
and the fraction of nitrogen oxides in the form of NQ.e., the
ratio of NOx to NOy). The concentration of HEand the fraction

of nitrogen oxides in the form of NEstrongly affect the ozone

The kinetics of reaction 1 are unusual in several ways.
Previous work has shown that the rate coefficient for this
reaction ki, is pressure dependent at temperatures bel825
K, increases with decreasing temperature bete800 K, and
is strongly affected by isotopic substitution of deuterium for
the hydrogen in the nitric acit?

Reaction 1 is thought to proceed via formation of a hydrogen-
bonded OHHNO; complex containing a six-membered ring,
shown in Figure 2 Previous work from this laboratory has
shown that the observed kinetics of reaction 1 are compatible
with a mechanism (also shown in Figure 1) involving this-OH
HNO3z complex? Two groups have reported investigations of
the OHHNO; complex with ab initio method&® showing that
it is stable with respect to unbound OH and HNiRy ~5—8

concentration in the lower stratosphere and in the upper kcal mof2.

troposphere.

The species OHHNOs* shown in Figure 1 represents the
nascent reactive complex GHNO; that hasnot been colli-
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for the association of reactants to form nascent reactive
complexes, such as the rate coefficigpnfor the formation of
the OHHNO3* complex from OH and HN@ This is particu-
larly true if high-pressure data are unavailable. Smith and co-
workers have proposed that one can estimate this type of rate
coefficient (the high-pressure limit in the case of an association
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A OH(y = 1) or OD{ = 1) in a slowly flowing mixture of HNQ
and/or DNQ in He. The apparatus used to measure these rate
k, o i coefficients has been used many times previously in our
OH + HNO; === OH-HNO; +—>> laboratory to measure rate coefficients for the reactions of
% ground-state OH and OD and is described in detail elsewhere.
. ", This description focuses on the modifications to the previously
N\ OH-HNOJ-_TE—;} described system that were required to study the kinetics of OH-
—_— i (v =1) and OD¢ = 1).

[+ a}‘ H-0 + NO; HNO;z; and DNQ were used as the photolytic precursors of
i1

—

m
4

OH(v = 1) and OD¢ = 1). A mixture of HNG; and/or DNQ

in He (both isotopomers were required for measuremenks of
Figure 1. Mechanism for reaction 1 invoked by Brown ef#h explain andk,) was flowed at a linear flow velocity of-10 cm s*

the observed kinetics of reaction 1. The mechanism involves formation through a jacketed, temperature-controlled glass cell. The total
of the OHHNO; complex, which subsequently reacts to forrsCH pressure in the reaction cell was approximately 30 Torr,
and NQ. consisting mostly of He. The 248-nm output of a KrF excimer
laser was then passed through the cell (up to 60 mJ per pulse,
beam size of-1.5 cn?) in a direction perpendicular to the gas
flow to photolyze a fraction£0.1%) of the HNQ (DNO3). A

reaction) by measuring the rate coefficient for the removal of

one reactant that is excited with one quanta of vibrational

excitation _by the segon_d regctén?.Thls approach assumes that small fraction of the OH (OD) produced by photolysis is

the vibrational excitation is only removed by a mechanism vibrationally excited

involving the formation of the reaction complex; that the o - T

vibrational excitation does not affect the rate coefficient for ~ This vibrationally excited OH( = 1) or OD@ = 1) was

formation of the complex; and that, if the reaction complex Monitored via laser-induced fluorescence. The second harmonic

dissociates to re-form the reactants, the reactant that wasOf @ tunable dye laser pumped by the second harmonic of a

originally vibrationally excited will be re-formed essentially only ~ Pulsed Nd:YAG laser (532 nm) was passed through the reaction

in the vibrational ground state. cell, perpendicular to both the gas flow and the photolysis laser.

To further investigate the mechanism of the reaction of OH This probe laser excited the;Q) line of the A=*(2' = 0) —

with HNOs, we have measured the rate coefficients for the X?II(v" = 1) band far = 345.85 nm for OH? 334.18 nm for

removal of OH¢ = 1) and OD¢ = 1) by HNO; and DNQ as OD'); fluorescence in the Z&*(»' = 0) — X21(v"" = 0) band

a function of temperature from 253 to 383 K at ~308 nm was detected with a photomultiplier tube (PMT).
The fluorescence passed through a band-pass filter (peak

OH(v = 1) + HNO; — loss of OHg = 1) 2 transmission at 307.5 nm, fwhm 10 nm) between the reaction
region (where the photolysis and probe laser beams intersect)
OH(v = 1) + DNO, — loss of OHg = 1) (3) and the PMT; this band-pass filter rejected scattered light from

the lasers. Temporal profiles of ObE 1) or OD@ = 1) were

generated by varying the delay time between the photolysis and

probe lasers.

The yield of OH¢ = 1) from the 248-nm photolysis of HN
OD(v= 1) + DNO; — loss of ODg = 1) ®) relative to the yield of OH{= 0), was estimated by comparing
the LIF signals (back-extrapolated to zero delay between the

These rate coefficients should be approximately equak.to  photolysis and probe lasers) from exciting thg(XQ lines of
Measuring the various isotopomeric combinations allows for the A2s+(, = 0) < X2[1(v" = 1) band far = 345.85 nm) and

the investigation of the effect of vibrational resonance between the A2s+(,' = 0) — X2I1(2"" = 0) band far = 307.84 N}

the reactants on these rate coefficients. _ The signals were recorded in back-to-back measurements, with
Use of rate coefficients for the loss of vibrationally excited the concentration of HNOheld constant.

reactants as an estimate of the rate coefficient for formation of

a reactive complex has primarily been used to estirkgt¢he

rate coefficient for an association reaction between two radlcaIsOD(U = 1): therefore, the removal rate of the vibrationally

in the limit of high pressuréIn these cases, a covalent bond is excited radicals was pseudo-first-order in their concentration
form n the two r nts, with bond energies greater Sl '
ormed between the two reactants, with bond energies greate However, the temporal profiles of OH/ObE 1) were not

than roughly 40 kcal moft. When the OHHNO; complex . i .
forms, the bonds formed are hydrogen bonds, which are weaker.SIngle exponential because of the formation of OH/@B(1)

: : the 248-nm photolysis of HNZDNOs. [Photolysis of HNQ
(OH-HNO; is bound by 5-8 kcal mott 49). In this paper, we " - . .
also discuss whether the rate coefficients for reactions are by 248-nm radllatlon to proq|uce OH al_nd b.l@ e_xothermlc by
equivalent tok,, given the differences between reaction 1 and ~65 keal mol™, so production of OH in vibrational states up

typical association reactions. Last, we report measurements ofl© (v = 7) is thermodynamically allowed.] The formation of
the yields of OH¢ = 1) and ¢ = 2), relative to the yield of OH(v > 1) was conflrmgd by the detection of the LIF signal of
OH(v = 0), from the photolysis of HN@at 248 nm. OH(v = 2) at the Q(1) line of the AX"(v'= 1) — X2 (" =

2) band far = 350.90 nm)® This signal was weak, but its

temporal behavior appeared to be single-exponential, indicating
Experimental Section that 248-nm photolysis of HNgproduces little OH{ > 2) and,

if any OH(v > 2) is formed, it has a negligible influence on the

Rate coefficientdk,—ks were measured using pulsed laser measured temporal profiles. Thus, for reaction 2, where:OH(

photolysis of HNQ or DNGO; to produce OH{ = 1) or OD( = 1) is monitored with HNQ@ present, the temporal behavior
= 1) and pulsed laser-induced fluorescence (LIF) detection of of OH(v = 1) is governed by three reactions, assuming that

OD(v = 1) + HNO; — loss of ODg = 1) 4)

The concentration of HN@and/or DNQ was several orders
of magnitude larger than the concentration of @H{ 1) or
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T temporal behavior of the OH(= 2) signal detected via
- excitation at 350.90 nm. Back-to-back temporal profiles of OH-
w4 (v = 1) and OH¢ = 2) were recorded, with the concentration
[ANO;] /10" cm 7] of HNO;3 held constant. The fitted rate coefficient for the rise

A 186 - in the temporal profile of OH( = 1) had a large uncertainty,
9.2 but it was consistent with the first-order rate coefficient for the
loss of OH¢ = 2). The OH¢ = 2) signal at 350.90 nm was
- also compared to the ObHE 1) signal at 345.85 nm to estimate
the relative photolysis yields of these two states. However, this
measurement is quite rough, because the two bands access
different vibrational states of the electronically excited OH-
(A2=") species and the detection efficiency of our system is
not the same for these different states.

Accurate LIF measurements at short reaction timea % us)
were not possible because of an interfering fluorescence detected
through the 308-nm band-pass filter. The fluorescence was
r observed immediately after the photolysis pulse (without the
10 . | probe laser) when nitric acid (HNr DNOs) was present in
0 50 100 150 200 the reaction cell. The strength of the fluorescence signal was a
nonlinear function of the photolysis laser power, and we attribute
the fluorescence to OH@™) produced by multiphoton pho-
tolysis of nitric acid. Fluorescence around 308 nm immediately
after 248-nm photolysis of HNhas been previously noted

5000 P
3000 FPs

1000

signal (arb. units)

1000

100

Time / ps

Figure 2. Temporal profiles of OH{ = 1) at two nitric acid
concentrations on linear (top panel) and logarithmic (bottom panel)
scales, showing the non-single-exponential behavior of the signal at

early times, due to reaction 6a. Fits to eq | are also shown. by MacLeod et al’? who also described a very similar
fluorescence from pernitric acid (PNA, HOONYOIn the case

vibrational relaxation by the He bath gas is negligible of PNA, they attributed the fluorescence to OREA) produced
by three-photon photolysis of PNA. The OH&") fluorescence

OH(v = 2) + HNO, — OH(v = 1) + HNO;, (6a) from photolysis of HNQ restricted the temporal profiles to

— loss of OHE = 2) not measurements made after 2.8, which limited the precision
) of the fitted value ofkg'. [Large nitric acid concentrations,
producing OH{¢ = 1) (6b) needed to maintain adequate @H¢ 1) signal, led to a 10
OH(v = 1) + HNO, — loss of OHg = 1) ) 60% loss of OH/OD{ = 2) .Within 2.5us.] _
The decay rate coefficienk,’ was measured at various
Using the pseudo-first-order rate coefficientss = concentrations_of HN® A vv_eighted linear Ieast-s_q_uares fit of
ke{HNO3], key = kes[HNO3], k' = kss + ke, and k' = k?' vs [HNG,] yielded the bimolecular rate coefficieks. For
k[HNOg], the concentration of OH(= 1) at timet is given by~ reaction 3, OH¢ = 1) was monitored with both HN{and
DNO; present. In this case, OHE 2) was quenched to Old(
[OH(v = 1)], = [OH(v = 1)], exp(—k,'t) + = 1) by bqth isotopomers, an_d OHr€ 1) was lost via reactions_
ke [OH(v = 2)] with both isotopomers, reactions 2 and 3. The temporal profiles
a—o[exp(—kG't) — expk,1)] (1) were fit to eq I, withk,' replaced withk = k[HNO3] +
k' — kg 2 ks]DNOs]. The concentration of HN@was held constant while
that of DNG; was varied; the slope of the linear fit &f vs
where [OHp = 1)]o, etc., are the concentrations of those [DNO;3] yielded the bimolecular rate coefficieks.
reactants immediately after photolysis. The measured temporal The temporal behavior of OB(= 1) showed the same
profiles were fit to this form, with the assumption thal = biexponential behavior, and the measured temporal profiles of
ks'. We made this assumption becakgg and [OHp = 2)]o this species were analyzed using the same method as employed
are not independent variables in eq I; this assumption does notfor OH(v = 1) to obtainks andks. Figure 3 shows typical plots
affect the measured valueslof-ks. The temporal profiles were  of pseudo-first-order rate coefficierks—ks' obtained at-296
fit well by eq I, indicating that, if OH¢ > 2) is formed, its K versus the concentration of HN®@r DNOs.
concentration is not large enough to influence our measured The ratio of the fitted values ofks' and k;’ was used to
values ofk,—ks. It is possible that reaction 6b is significant, so  estimate the rate coefficieks (= ksa+ Kep) relative toky; similar
thatksa < kg'. Therefore, the fitted values of [OHE 2)]o are ratios of the first-order rate coefficients for the rise and loss of
lower limits. Figure 2 shows representative temporal profiles OH/OD(v = 1) were used to estimate the rate coefficients for
of OH(y = 1) at two concentrations of HNfQon linear and reactions 79
logarithmic scales. The biexponential nature of these temporal
profiles is apparent in this figure. OH(v = 2) + DNO, — loss of OHg = 2) )
It must be noted that, with biexponential temporal profiles
such as those shown in Figure 2, the rate coefficigsitand
ks' cannot be independently assigned as the larger of the two
will always govern the rise of the signal and the smaller of the
two will always govern the decay of the signal, regardless of OD(v = 2) + DNO; — loss of OD¢ = 2) 9)
whether the faster reaction produces or consumes the monitored
species. In this system, we assign the risek§o because As noted above, the precision of the fitted value for the rate
vibrational quenching is expected to be more rapid for higher coefficient for the rise of OH/OD(= 1) was quite poor, so
vibrational levels. This assignment was confirmed by the only rough estimates of the rate coefficiek§s kg were possible.

OD(v = 2) + HNO; — loss of ODg¢ = 2) (8)
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T

T obtained by probing the 1) lines of the A="(v' = 0) —
X2I(2" = 1) (Aair = 345.85 nm) and A H(v' = 1) — X2II(v"
= 2) (Aair = 350.90 nm) OH bands. The ratio of the LIF signals
was normalized by the transition probabilities for the two
excitation line$® and the laser powers. To account for the
different vibrational states of OH@X ™) accessed by the two
_ excitation wavelengths, we corrected the signals by assuming
OD (= 1)+ HNO, that fluorescence from OHEX", v = 0) occurs in the Q1)
line of the &=+ (v' = 0) — X2I(v"" = 0) (Aair = 307.84 nmi°
band and that fluorescence from OHEX, » = 1) occurs in
the corresponding line of theZ&™(v/ = 1) — X2II(v" = 1)
(Aair = 313.46 nm) band? Therefore, the LIF signals were
further normalized by the transition probabilities of these
transitions and by the transmission of the band-pass filter on
the PMT at these two wavelengths. The resulting quantum yield
0 ! ) | A of OH(v = 2) is roughly 30% of that of OH(= 1), i.e., an
0 2 4 6 8 absolute quantum yield of roughly 0.003.
15 3 The yield of OH¢ = 2), relative to that of OH{ = 1), was
[HNO,] or [DNO;} / (10"~ molecule em ) estimated a second way by comparing the fitted values of the
Figure 3. Pseudo-first-order rate coefficiente'—ks' versus the initial concentrations, [OH( = 2)]o and [OHE = 1)]o, from
cc’)ncentration’ of_ HN®@or PNOg at ~296 K. Circles,k,’; diamonds, the temporal profiles (eq 1). Assuming that= ks comparison
ks'; squaresks'; triangles ks'. The slopes of these plots are the second- of the fitted values indicates that the yield of QH¢ 2) from

1o SR el
ir%?g)ritié(igﬁéf En(t;zs If OEZ) « :{%rslzs i&lé)_gxllio(;.d;)% 1((?1(1) 248-nm photolysis of nitric acid is approximately 40% of that

T T
OD (v = 1) + DNO,

140

120

OH (v =1) + HNO,

100

80

60

40 OH(v=1)+DNO; 7

First order loss rate coefficient (k") / (1000 s_l)

(all in units of cn® molecule s7Y). The large intercepts fde andk, of OH(v = 1), i.e., a quantum yield of 0.004. However, because
are due to the removal of OWE 1) or OD = 1) by HNG; or DNO;, ks might well be greater thaks,, this ratio of yields is actually
respectively (i.e., due to the reaction of the vibrationally excited radical a lower limit. Given that estimates of the Qi€ 2) yield from
with its photolytic precursor). the fits of the temporal profiles and the comparison of LIF

Anhydrous HNQ and DNQ were prepared by vacuum Signals are both rather imprecise, the agreement is good. The
distillation of the nitric acid formed by the addition of,50, agreement in the relative yields of OH¢ 2) estimated by these
or D;SO; to NaNGs. HNO3 and DNQ concentrations were  two methods suggests thiatis indeed approximately equal to
measured by absorption, at room temperature, using the 213.9Kss i.€., that OH{ = 2) only loses one quantum of vibrational
nm line from a Zn lamp and 100-cm absorption cells im- €nergy to nitric acid per “reaction”.
mediately upstream of the LIF react@n|s o nn{HNO3) = (4.52 The relative quantum yields of the vibrational states of OH
+ 0.19) x 10719 cn?].t The absorption cross section of DMO  from 248-nm photolysis are somewhat surprising: Only about
at this wavelength was obtained by measuring the absorption1% of the OH is vibrationally excited, and the yield of QH(
as a function of the pressure of DN@nd was found to be 4.5 = 2) is ~30—40% of that of OH{ = 1). This might be due to
x 10719 cn?. The nitric acid/He mixture flowed through only  efficient multiphoton photolysis of HN&!17although the ratio
glass tubing and Teflon fittings before the reaction cell to prevent [OH(v = 1)]o/[OH(v = 2)]o, as calculated from the fits to eq |,
the decomposition of nitric acid on surfaces such as stainlessdid not vary with the photolysis laser power as the fluence was

steel. varied from 2.7 to 21 mJ/ctn The ratio also did not vary
significantly when N (~2 Torr), which efficiently quenches
Results and Discussion O('D), was added to the reaction mixture, suggesting th&d}D(
Yields of OH(z = 1) and OH(z = 2) from 248-nm _(conceivably formed in _the _photolysis_of HNpPIs not an
Photolysis of HNOs. The ratio of the LIF signals of Oki(= important precursor of vibrationally excited OH. The directly

0) and OHg = 1) (back-extrapolated to time zero), normalized ©bserved single-exponential temporal profile of @H{ 2)

by the ratios of the transition probabiliti€ésand the laser ~ Suggests that, if OH(> 2) is produced by HN@photolysis at
fluences, gives the ratio of the yield of OHE 1) to that of this wavelength, it is produced only in small amounts relative
OH(v = 0). The ratio is~1%. The only reported yield of OH 10 OH@ = 2).

(v = 1), relative to OH ¢ = 0), from photolysis of HNQ@ at Rate Coefficientsko—ks. The rate coefficients for removal
248 nm is an upper limit of 5% while the relative yield at ~ of OH(v = 1) and OD¢ = 1) by HNO; and DNQ and the

241 nm has been reported to be 2% fair agreement with temperature dependence of these rate coefficients are reported
our rough measurement. The quantum yield for OH production in Table 1 and displayed in Figure 4. The figure also shows the
from nitric acid photolysis at 248 nm is 1, or close td%Iso previously reported values &6 andks at room temperatureé;

the absolute quantum yield for OHE 1) is about 1%. The  the agreement between the previously reported measurements
OH(v = 1) LIF signal was a linear function of the photolysis and values obtained in the present work is excellent. All of these
laser power, suggesting that multiple-photon processes were notate coefficients are much larger (by a factor of3200) than

significant. Although we did not measure the yield of @B the rate coefficients for theeactionsof OH(v = 0) and OD§

1) from photolysis of DNG@, the signal levels for OD(= 1) = 0) with HNO; and DNQ under similar experimental
were comparable to those for OH(E 1) under similar conditionst? It is unlikely that this difference in rate coefficients
conditions, suggesting that the yield of QD€ 1) from 248- for removal of the vibrationally excited and vibrationally
nm photolysis of DNQ is similar to that of OH¢ = 1) from unexcited radicals can be explained by an increase in the
HNO:s. reaction rate coefficients due to the vibrational excitation of

To estimate the quantum yield of OHE 2) relative to that the OH or OD radical. Therefore, the primary removal process
of OH(v = 1), we compared the LIF signals of the two species for OH/OD( = 1) is likely relaxation of the vibrationally
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TABLE 1: Measured Rate Coefficients for the Loss of OHg TABLE 2: Parameters for Fits of ko—ks to Arrhenius
= 1) or OD(v = 1) by HNO3 and DNO; Expression and Expression I#
temperature [HNOj3] or k(T) = Ae &RT k(T) = k(298)(T/298) ™"
reaction (K) [DNOgJ= k& 20° reaction AP EJ/R (K) k(298¥ n
OH(v = 1) + HNO; (ka) 252.3 45307 31315

OH(=1)+HNO; 40+20 —520+ 140 23.2+1.3 1.8+0.5

ooy s soertS OH(y=1)+ DNO, 4.7+ 3.4 —750+ 200 5.8+ 05 2.6+ 0.8

5055 35324 245113 OD(r=1)+ HNO; 7.2+ 3.5 —700+ 140 7.8+£0.4 2.4+0.4

3309 42250 17.6+ 1.3 OD(@=1)+DNO3; 19+15 —660+220 17.9+1.6 2.2+0.8

3731 23185 15.8+15 aError bars are @ representations of the uncertainty of the fits.
OH(v = 1) + DNO;3 (ko) 253.0 8.6-51.7 9.1+ 0.4 b Units are 103 cm?® molecule! s71. ¢ Units are 102 cm® molecule®

276.5 58408  6.9+05 st

295.6 4.9-32.3 6.5+ 0.5

295.7 19.5-60.2 5.0+ 0.5 The rate coefficients for the removal of OH/Qb€ 2) by

333.7 4.739.9 4.4+ 0.4 HNO3/DNQOs, ks—kg, are roughly 3-6 times larger than the

363.0 61333  38+04 corresponding rate coefficienks—ks. This ratio is roughly the
OD(v = 1) + HNOs (ks) 252.7 22.#118.7 11.4:-0.5 same for each isotopic combination. However, the ratio did

ggg-g lg-i?g-é 1g-ii 8-? increase somewhat with increasing temperature, so the rate

2950 11.6-101.1 7.9+03 coefficientske—kg appear to show a weaker negative temperature

205.2 10.6-53.3 8.3+ 05 dependence (see below) than the rate coefficikntks.

295.2 11.785.4 8.1+ 0.5 Any proposed mechanism for these processes must explain

296.0 10.869.3  7.8£0.5 three aspects of the measured rate coefficients. First, all of the

373.7 9.0-58.8 3.5+£0.5
383.9 16.5-100.9 4.75+0.17

OD(v = 1) + DNOs (ks) 259.8 10.845.7 25.1+1.1

rate coefficients correspond to quite facile loss of OH/@BY(
1). Thus, comparing the rate coefficients in Table 1 with simple
estimates of the rate coefficients for collisions between OH/

ggg:g 3:?_25:? ig:gi g:g O_D and HNQ/DNOs on a si_mple hqrd-sphere, or ha_rd-sphere
2052 8.0-77.7 18.0+0.6 with Lennard-Jones attraction, basis leads to collisional prob-
295.2 10.276.6  19.44+0.7 abilities for loss of OH/OD¢ = 1) of between 0.1 and 0.01.
373.1 49526 122404 Second, we note that all of the rate coefficients show a quite
a Concentration of reactant in exce8&Jnits are 16* cm3. ¢ Units steepnegatve dependence on temperature and that they vary
are 102 cm® molecule® s™%. ¢ Reported uncertainties are statistical with temperature in a very similar fashion. Table 2 lists the
only. parameters for nonlinear least-squares fits (unweighted) of the

rate coefficients,—ks to two temperature-dependence formal-

Temperature (K ; . : .
emperature (K) isms, the Arrhenius expression and the expression

380 300 250

1 K(T) = k(298)(T/298)™" )

The Arrhenius fits are also shown in Figure 4. Thus, expressed
J as negative activation energies, the temperature dependences
yield values ofE4/R varying from—(520+ 140) K for reaction
OD (v=1)+DNO; 2 to —(750 &+ 200) K for reaction 3. If, instead, the rate
coefficients are fit to expression I, thenvaries from (1.8+
0.5) for reaction 2 to (2.6t 0.8) for reaction 3. The negative
activation energies and are not physically meaningful, but
rather are empirical quantities to describe the negative temper-
_ ature dependence of these reactions, within the temperature
_ range of these experiments. Finally, any proposed mechanism
should explain the differences between the absolute magnitudes
of the rate coefficients, particularly the fact that those for the
% OH (v=1) + DNO; 1 fully hydrogenated and fully deuterated isotopic pairs (reactions
2 and 5) are greater than those for the mixed isotopic pairs
(reactions 3 and 4).
One possible explanation for the larger valuespéndks

I 1 I 1 l I L compared tdks andk, is that at least some fraction of the OH/

26 28 3.0 32 34 36 38 40 OD(v = 1) loss occurs via near-resonamtermolecular vibra-

1000K /T tion—vibration (V—V) energy transfer. Such processes can be

Figure 4. Arrhenius representation &—ks. Filled symbols, this work; written as
open symbols, ref 7. Circle&; diamondsks; squaresks; triangles,
ks. The solid lines are Arrhenius fits (see Table 2 for fit parameters), OH(v = 1) + HNO; — OH(v = 0) + HNO4(v,),
and the dashed lines are fits to expression Il (see text). The error bars

&)
T

-1

1

k/cm” molecule” s

100

w &
T T
\
N
= N
\
\
N
\
D \
A \
N
N
1

are statistical only (@), representing the uncertainty from the fitlof (AE/hc) = —20 cm* (10)
vs [HNO;s] or [DNQOg].

OD(v = 1) + DNO; — OD(v = 0) + DNO4(v,),
excited radicals by HN@and DNQ. We also note that the (AE/hQ) = —11 cmt (11)

arguments presented below do not rely upon any assumption
about whether OH/OD(= 1) is lost by reaction with HNg where HNQ(v;) and DNQ(v;) denote molecules with one
DNO;s or is relaxed by HN@DNO3 to OH/OD(@ = 0). guantum of vibrational excitation in the OH/OD stretching mode
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of the molecule. In view of the close resonance between the of OH(v = 1) by HNGO; will be given by

vibrational transition energies in the collision partners in these

processes, intermolecular\W energy transfer might contribute ky = KfKyr/(Kyr + K_9)] (1
to the loss rate coefficients in the cases of @H{(1) + HNO3

and ODg = 1) + DNOs. However, in the mixed isotopic pairs, We can recognize two limiting cases: (i) whiagr > k-, and

such V-V exchange processes kx = kaand (i) whenkyr < k-a andkx = ka[kivr/k-o]. When
strong covalent bonds are made to form a complex, as, for
OD(v = 1) + HNO; — OD(v = 0) + HNO4(v,), example, in OH{ = 1) + NO,,8 the first limit is almost certainly

1 reached. In this case, association to form the complex is the
(AE/hc) = +908 cm = (12) rate-determining step. The rate coefficient for loss of the
OH(v = 1) + DNO, — OH(v = 0) + DNOS(v,), vibrationally gxpited radical t_hep provides a good Qstimate of

the rate coefficient for association of the two species (usually

(AE/hg) = —940 cm * (13) free radicals) in the limit of high pressure, and we would expect

little or no temperature dependence of the rate coefficient for
are nonresonant, and reaction 12 is also strongly endothermiche |oss of the vibrationally excited radical. For example, the
(Acceptance of the vibrational energy by other modes of HINO  (ate coefficients for the removal of CHE 1) by Hp or D10
would not be endothermic, but it would be nonresonant.) Clearly, and for the removal of OH(= 1) by SQ? show small negative
intermolecular =V energy transfer will not be efficient for  temperature dependences: when they are fit to expression I,
reactions 3 and 4. Yet, the rate coefficieksandk, are still n, the absolute value of the exponent, is at most 0.27. If this
quite large: for example, the room-temperature rate coefficients |imit is reached in the present systems, we would also expect
for the removal of OH{ = 1) by CH; and CQ are about 10 the rate coefficients for the loss of OH/OBE 1) to be similar

and 20 times smaller, respectivéy. for all isotopic pairs that we have studied, as observed for the
These observations can be explained if the loss of OH/OD(  |oss of CHg = 1) by H, and D».1°
= 1) in the presence of HN{DNO3 occurs via formation of In the second limitky will be much less thaih, Moreover,

the hydrogen-bonded complex that has been invoked to explainthe expression foky is similar to that for recombination in the

the unusual kinetic behavior of the chemical reaction between |imit of low pressure, withkyg replacing the rate coefficient
OH radicals and HNg¥ This mechanism can be discussed in for collisions that remove energy from the addition complex.
terms of the following scheme of elementary processes, hereGeneraIIy, such rate coefficients show a stasggatie tem-
written for OH@E = 1) + HNO; perature dependence that can be viewed in one of two ways:
either one can show, via statistical mechanics, that the kgtio

k—_, decreases with increasing temperature, or equivalently, one
can show thak_, increases more steeply with temperature than
ko . either ky or the frequency of deactivating collisions. In the
OH (v=0) + HNO; <—— OH(v = 0)'HNO; present cases, we do not believe that either limit Kiyg(>

k-g) or limit (i) (kvg < k-z) applies. The temperature
Here, OH{ = 1)-HNOgs* signifies a hydrogen-bonded complex  dependence of the rate coefficients, which gets somewhat steeper
formed in collisions of OH{ = 1) with HNGO; in which the as the rate coefficients decrease, depends largely on the increase
energy originally in the vibration of the OH radical remains in k_, as the temperature is increased. We note that, even for
localized in this vibration in the complex. The rate coefficients OH(v = 1) + HNOgs, which has the largest value k{, the rate

ka andk_, are those associated with the bimolecular formation coefficients have an appreciable negative dependence on tem-
of this complex and its unimolecular dissociation, respectively. perature, strongly suggesting that, in all cases we have studied,
kiwr is the rate coefficient for intramolecular vibrational kx < ks and IVR is not very fast compared to the dissociation
redistribution (IVR) of the energy from the OH radical vibration of OH(v = 1)-HNOs*. Given the structure of the OH#iNO3

in OH(y = 1):HNO3* to the other modes of the complex, complex presented in ab initio studi€gsee Figure 1), it seems
yielding OH( = 0)-HNO3**, in which the radical OH stretch  plausible that IVR is relatively slow from the radical OH stretch

is unexcited, but which contains more energy in its other into the other modes of the complex, as the OH is only loosely
vibrational modes. Given the far higher density of states bound <8 kcal) at some distance~@ A) from the HNG
associated with the low mode frequencies, it is fair to assume molecule in the complex.

that the reverse transfer is unimportant within the lifetime of  Herbert et ak! observed that the removal of CHE 1) by

the OH@ = 0)-HNOs** complex. This complex will dissociate N is rapid k(294 K) = 3.0 x 107! cm® molecule® s71] and
rapidly (i.e.,k-p > k) on account of its high content of internal  that the rate coefficient for this process shows a moderate
energy relative to ground-state QH€ 0) + HNOs. Of course, negative temperature dependence between 86 and 584 K: when
the complexes OH(= 1)-HNOz* and OH@E = 0)-HNOz** fit to expression Iin was~1.2. They attribute the fast removal
might also dissociate to form the products of reaction OH  of CH(v = 1) by N, to the formation of the weakly-bound CHN

and NG (not shown in above scheme). In fact, the rate species: the strength of the dative bond between CH arid N

ka *
OH (v=1) + HNO; Z—= OH(v = 1)'HNO;
ka \kIVR

coefficient for dissociation to 0 and NQ of OH(v = 0)- approximately 30 kcal mot.22 Herbert et al. suggest that the
HNOz** will likely be significantly larger than the rate CHN, complex might dissociate before the CH vibrational
coefficient for dissociation to 0 and NQ of OH(v = 0)- excitation energy is redistributed to the other modes of the
HNO3*, the complex formed by the association of QH€ 0) complex. Thus, the rate coefficient shows a negative temperature

and HNQ, because of the additional energy of the @H{ dependence. Furthermore, high-pressure measuretheitise
0)-HNOz** complex. This additional energy is greater than the rate coefficients for the reaction of ground-state CH with N
calculated heigHtof the barrier between Okl(= 0)-HNOs* from 200 to 500 K show that the high-pressure limit for this
and HO + NOs. rate coefficient is nearly temperature-independent=(0.15)

According to this mechanism, if the concentration of @H(  and it is slightly higher than the rate coefficients for loss of
= 1)-HNOs* is in steady state, the rate coefficient for the loss CH(v = 1) by N,. In the case of OH(= 1) + HNOg, the bond
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formed between the two species is weaker still, and the rate TABLE 3: Values of kg from the Fit of ko—ks to
coefficients show a stronger negative temperature dependenceExpression Ili@

Finally, we address the question of why the magnitude of reaction kvr £ 20)/10°s71
the rate coefficients for loss of OH/OBE 1) in the different OH(v = 1) + HNO; 9.2+ 4.4
isotopic systems differ, with those for the like-isotope combina- OH(y = 1) + DNO; 1.7+ 0.7
tions (e andks) being larger than those for the unlike-isotope OD(v = 1) + HNO; 2.3+09
combinations K3 and ks). We believe that the most likely OD(v = 1) + DNO; 6.4+28
explanation for this lies in the different ratesinframolecular aError bars represent the uncertainty of the fits.

vibrational relaxation in the different systems. The fully

hydrogenated and fully deuterated systems offer a route for IVR gy given in Table 3. Because these valuekgf depend on
that is not available in the mixed systems, namely;W  the estimated value of, their absolute magnitude is not as
transferwithin the complexfrom the vibration associated with  gjgnificant as their values relative to one another. However, these
the radical to the OH/OD stretch in HNOMNOs. This pathway  ajues correspond to reasonable lifetimes with respect to IVR
is nonresonant in the isotopically mixed complexes. Subsequent(lo_Go ps). For example, Wheeler e2areported that the OH-

transfer into the low-frequency modes, i.e., those within the (v = 1) complex with CH has a lifetime of 3& 5 ps. The
HNOs or DNO; moiety or the intermolecular modes of the ¢, that we are able to fik,—ks to expression Il using

complex, is likely to be more efficient from these mode; that reasonable values for the elementary rate coefficients demon-

z:)emsi;]o;?/:{)r;?i%ﬂ%? :ﬁ;hgl_llc/’g;r?g;igfy modes than directly strates that our data are consistent with the mechanism we
Intermolecular \~-V energy transfer is brobably not a major present for the removal .Of Owl= 1) and OD¢ = 1) by HNQ

contributor to any of the rate coefficierks—ks. For the unlike- and DNG. The mechanism not only accounts for the different

. . ) magnitude of the rate coefficienks—ks and their temperature

isotope processes, reactions 3 and 4, the lack of resonance

p . dependence, but also accounts for the slight increase in the
between the collision partners means that intermolecular energy

transfer will be inefficient: rate coefficients similar to those strength of the negative temperature dependence in the slower

for the quenching of OH(= 1) by CH, and CQ'8 would be reactions. o _
expected if the removal of OH/OD(= 1) occurred via Furthermore, the rate coefficients we report here are consistent
intermolecular energy transfer. The like-isotope processes arewith the observed pressure- and temperature-dependent kinetics
faster, but the negative temperature dependences are quitdor the reaction of OH{= 0) with HNO;. Previous work from
similar for the like- and unlike-isotope processes. Therefore, Our laboratory has simulated the pressure- and temperature-
the process that occurs in the like-isotope systems but not independent rate coefficient for this reactioky, using the
the unlike-isotope systems also has a strong negative temperaturéechanism shown in Figure K, was estimated to be:t 107
dependence. Intermolecular-¥ energy transfer should be  ¢m® molecule® s™%. This estimate was based on the previous
weakly temperature-dependent, and thus, it is unlikely to accountmeasurements df, andks by Smith and Williams, with the
for the differences between the rate coefficients for the like- assumption that some loss of QHE 1) occurs by resonant
and unlike-isotope processes. Therefore, the larger rate coef-V—V transfer without formation of the O#HiNOz complex.
ficients for the like-isotope processes are probably due to fasterHere, we argue that resonant-V transfer without complex
V=V transfer within the hydrogen-bonded complex. formation is unimportant and thig is probably larger than the

To test the validity of expression Ill, we fitted the rate rate coefficients presented here and previously for reactions
coefficientsk,—ks to this expression. Figure 4 shows, as dashed 2-5: the fit of our data to expression Il givég= 7 x 10711
lines, the results of the global fik, andk—, were assumed to  cm?® molecule® s~%. Our fit to expression Il also provides the
be the same for reactions-3; only kyr was allowed to vary  temperature dependencekof,. Using this updated information
between reactions. Furthermoig,andkyr were assumed to  about the elementary rate coefficients for the mechanism shown
be temperature-independent, wherkaswas assumed to have  in Figure 1,k; can be simulated as described previously, with
an Arrhenius temperature dependence only minor adjustments to the previously presented rate coef-

ficients for the various steps of the reaction.
K-a= Aexp(-E/RT) (V) We conclude that the loss of vibrationally excited @Hf

1) and OD¢ = 1) in the systems that we have studied occurs

The fitted value ok, is (7 £ 5) x10711 cm® molecule’® s71, K \ .

S . ) - via relaxation by formation of hydrogen-bonded complexes.

indicating that the OHHNO3* complex is formed efficiently : e
However, in none of these cases does the rate coefficient for

from the free reactants. (Quoted errors represent the uncertainty — . .

of the nonlinear least-squares fit, at thel@vel.) The “activation loss of OH/ OD¢ = 1) reach that for bimolecular for'm.at|on of
energy” for dissociation of the complek/R, is 840+ 280 K. the_ CO”'?"O.n Comp'e’$ Ka) because the rate coefficients for
The remaining parameteisys andA, the preexponential factor redissociation of the initially formed complexds_§) and for

of k_s, are not independent variables in expression Ill, so they intramolecular vibrational redistribution of the OH/OD excitation
cannot be assigned by the fit. Howevker,, like ks, should be energy into the other modes of the complé&xg) are similar.

unaffected by the vibrational excitation of the OH radical: it Ve attribute the negative temperature dependence of the values

should be the same for OHE 1)-HNOs* and OH@ = 0)- of ko—ks to the increasing rate of redissociation of the complexes
HNOs*, the complex formed by the association of QH¢ 0) as the temperature is increased. Finally, we propose that different
and HNQ, because the extra energy in the @H{ 1)-HNOz* rates of intramolecular vibrational energy redistribution might

complex is localized in the radical OH stretch and does not Pe responsible for the different loss rate coefficients in the four

affect other modes of the complex. As described previoisly, Systems that we have studied.

the ratiokyk—a is roughly constrained by the thermodynamics

of the OHHNO; complex, which allows us to assign an Acknowledgment. This work was funded in part by the
approximate value foA of 3 x 102 s71, The resulting values  NASA Upper Atmospheric Research Program. D.C.M. acknowl-
of kiyr for the four different reactions from the constrained fit edges an NSF graduate research fellowship.
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