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Rate Constants For H4+ O, + M — HO» + M in Seven Bath Gases
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The third-order reaction, H- O, + M — HO, + M, has been measured near the low-pressure limit at
room temperature for M= He, Ne, Ar, Kr, Q, N,, and HO and over an extended range of temperatures

in a shock tube for M= Ar, O,, and N. In all cases, H atoms were produced by the laser photolysis @f NH

and detected by atomic resonance absorption spectroscopy. The measurements are consistent with the available
experimental record and, in particular, confirm the exceptionally high recombination rate constant when
M = H,0. The standard theoretical analysis is applied to this entire experimental record to derive the value
of the average energy change per collisiei\E,. The resulting—AEy, values are sensible for all M but

H,0. The problem with KO motivates a change in the standard theoretical analysis that both rationalizes the
behavior of HO and also quantitatively changes the derivetiE,, values for the other species of M. These
changes involve three modifications of the standard treatment: (1) explicit temperature dependence in the
number of active rotational degrees of freedom contributing to thet ldtate density, (2) the replacement of
Lennard-Jones potential for the HO+ M interaction with an electrostati¢- dispersion potential, and (3)

the calculation of the collision rate between 1O+ M by a free rotor model for “complex formation”
between the M and H®. The optimized values of- AEy that are produced from this new analysis have the
following characteristics: (1) the value efAE,, is the same for all rare gases, and (2\Ey, for di- and
polyatomic molecules are enhanced relative to the rare gas atoms. This work supports the conclusions of
previous trajectory studies that collision rates between activated complexes and bath gases are often
underestimated while-AE, derived from recombination kinetics measurements are often overestimated.

Introduction Experimental Section

~ The third-order reaction, Ht O + M — HO; + M, Apparatus. The experiments have been performed using a
is important as a chain terminating reaction in combustion. |aser photolysis-shock tube (LFST) apparatus that has been
The reaction competes with the branching reactiort; B, — previously describe®:11 Two types of experiments are reported.

OH + O, at temperatures less tha®00 K and, therefore, has  pata have been obtained at room temperature, and in this

a substantial effect in the later stages of combustion in both jyqance, the shock tube served simply as a static reaction vessel.
flames and practical combustdrsit is also important in o ever, the database with,NO,, and Ar diluents has been
at:nc_)splherlc clhemls_tryl and cohr?vr?rt_s free H_-atorrPs to the gytended to higher temperatures in reflected shock tube experi-
relatively s_tab € rad'ca' HE which interacts in the HQ ments using the LPST technique. In both types of experiments,
atmospheric reaction cycfeRate constants for the title reaction the tube was routinely pumped between experiments to less than
have therefore been the subject of numerous experimentall(yg Torr by an Edwards Vacuum Products Model CR100P
studies? Even though_there have bee_n numerous studies thatpackaged pumping system. A Questek 2860 ArF excimer laser
may or may rjot haye included thgoretlcal descriptions, SyStem'supplied a photolysis pulse (193 nm25 ns) that entered the
atic .StUd'eS' mvo_lvmg a _substannal_ nu_mber of bath gases, aCbe axially through a Suprasil window on the end plate. The
relatively rare. This supplies the motivation for the present work. H-atom source molecule in all experiments was N con-
We have measured room temperature rate constants in Sevellanirations not exceeding 1:2101 molecules cmé. H-atoms
bath gases. We additionally have measured the temperaturg, ' )

o ere formed on photolysis from Ny hy — NH, + H, and
dependence of the rate behavior in three of these gases. All of P y ¢ 2

i . . the laser energy was regulated so thato[H]1 x 102 atoms
the results are then theoretically dlsgussed using the WeII-knowncm_3 at the photometer position, 6 cm from the end plate.
formalism of Troe and co-workefs!

Therefore, subsequent reactions of H with J\&thd/or NH or
: 12 : >
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The H-atom detection technique was atomic resonance
absorption spectrometry (ARAS) using a Gaussian line Shépe
from a microwave driven discharge lamp. The absorption path
length was 4.2 0.2 cm, and the resonance lamp beam was
detected by an EMR G14 solar blind photomultiplier tube. A
4094C Nicolet digital oscilloscope recorded the raw data signals.
MgF; lenses (cutoff 110 nm) were used in the photometer optics.
Since some nonresonant radiation is present in the lamp, an
atomic filter section was placed in front of the lamp in order to
determine the fraction of the signal that was LyrmanThis
filter section was a fast discharge flow system containing 0.2
Torr Hy, which yielded sufficient H-atoms in the optical path
so as to absorb all resonance radiafidH. This filter section
measurement was made before each experiment. It was then
turned off during the kinetics runs.

Room-Temperature Experiments. Most of the room-
temperature experiments have been carried out in excess
diluents, N, Ar, Kr, Ne, and He, with ppm levels of NHused
as the H-atom source) andl—2% of O, also added. The rate
of H-atom decay was adjusted to &5 000 s? by varying
total pressure, and typical total pressures then ranged-f2/m
to 200 Torr depending on bath gas. In thetHO, + O, case,
the rate is quadratically dependent op, @nd the maximum

pressure in these experiments had to be limited to no more than

30 Torr. The determination with # as the bath gas was more
difficult. For these experiments, two,8/0, mixtures have been
used at relatively low pressures. Withl5% HO to 85% Q,
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Figure 1. Top panel shows a typical H-atom ARAS absorbance record

in an H+ O, + O, experiment at room temperaturé:= 296 K, p =
4.133x 10 cm 3, [O7]o = 3.923 x 10 cm 3, and [NHs]o = 2.303

experiments could be carried out between 2.2 and 3.0 Torr. Thex 10 cm™ (see text). The bottom panel shows the corresponding

pressure range could be slightly extended to 7.0 Torr wikbo
H,0 to 91% Q. Both sets required substantial corrections to
the first-order H-atom decays (1) from diffusional loss from
the viewing zone and (2) from depletion due totHO, + Oy,
with (2) being the most important. Hence, these experiments
are by far the least accurate reported in the work.

LP—ST Experiments. The LP-ST technique has already
been described in detdif!! The shock tube consist§ a 7 m

(0.d. 4 in.) stainless steel tube separated from a driver section

by a thin aluminum diaphragm (4 mil). Shock velocities are

measured by equally spaced fast pressure transducers, and the

thermodynamic conditions in the reflected shock regime are
calculated from the incident shock Mach numpétr16

In(ABS); profile. A linear-least-squares analysis yields the pseudo-first-
order decay constatss = 5240 s

Inc. and were used without further purification. DeionizefDH

and NH; were both purified by bulb-to-bulb distillation in a
greaseless, all-glass, high-vacuum gas handling system retaining
the middle thirds. The experimental mixtures were accurately
prepared from pressure measurements using a Baratron capaci-
tance manometer and were stored in an all glass vacuum line.

Results

For the range of [H] used in these experiments, Beer’s law
is valid*14and, therefore, [H]= (ABS)/ol, where (ABS) =
In(I/lg) (It and | refer to time-dependent and incident photo-

Reflected shock wave experiments were carried out in three metric intensities, respectively, is the effective atomic cross

diluents, Ar, N, or O,, where the gas is effectively stagnant.
In the Ar and N experiments, the reactant gas mixture was
mostly diluent with 2.6-2.5% added @ depending on the
loading pressure (i.e., 30, 40, or 50 Torr). The mole fraction of
NH3 was varied so that [Ngo < 5 x 10 molecules cm?
under reflected shock wave conditions. Low-pressure experi-
ments with Q as the third-body were carried out in neat O
with varying loading pressures between 4 and 8.0 Torr.
Experiments with~50% each of @ and Ar have also been

performed between 8 and 16.0 Torr loading pressure, and these

required corrections due to the concurrent process; &, +
Ar. In these latter experiments the mole fraction of Nias
again varied so that [Nffo < 1 x 10" molecules cm?® under
reflected shock wave conditions.

Gases.High-purity He (99.995%), used as the driver gas,
was from AGA Gases. Ar, §and N were obtained from MG
Industries, all being Scientific Grade (99.9999, 99.999, and
99.996%, respectively), and were used without further purifica-
tion. Ultrahigh-purity grade He (99.999%) for the resonance
lamp and experimental mixtures and high-purity (819.995%)
for the atomic filter were from AGA Gases. Ne and Kr were

Scientific Grade (both being 99.999%) were from Spectra Gases,

section, andl is the absorption path length). Since [H$
proportional to (ABS) it is necessary to only measure relative
changes in absorbance. After photolytic formation fromsNH
H-atoms are removed by H O, + M under conditions where
both [O;] and [M] are effectively constant. [H] can also be
removed by pseudo-first-order diffusion out of the viewing zone
under high temperature and/or low-pressure conditions. Hence,
d[H)/dt = —(keO2][M] + kg)[H] gives the rate law
IN(ABS), = —(ke[OAM] + kpt + C (1)
and plots of In(ABS) against time give the first-order decay
constantskirst, which are equal tde{O2]o[M] o + kg. If more
than one diluent is present, the equation then becokags=
> ikieri[M] 0i[O2]o + kg. In most of the present experiments at
296 K, the diffusion correction was negligible, and therefore,
an apparent bimolecular rate constant was then determined as
koi = kirs/[O2]0, and these are then plotted against [M] to yield
k(er-

Figure 1 shows a typical example with @one as the diluent.
The top panel shows the measured H-atom ARAS absorbance
decrease in an experiment at 12.67 Torr at 296 K. The bottom
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Figure 2. Plot of apparent bimolecular rate constants forHD, at [M)(10'® molecules cm3)

room temperature against {OThe solid line is the linear-least-squares
fit of the experiment data which gives a slopg; = (3.14+ 0.06) x
10732 cmf molecule? s1 (see text).

Figure 3. Combined graph of room-temperaturetHO, bimolecular
rate constants as a function of [M] (M N, Ar, Kr, He, and Ne).
Each of the insertell values iski, in units of 1032 cm® molecule?

. . . . s 1for the respective M derived from a linear-least-squares fit of the
panel shows the pseudo-first-order plot, which gives, according corresponding experiment data.

to eq 1, a value fokss; from the negative slopég,; can then be

calculated by [@]o division into ksst. Twenty-one additional 15
experiments were performed with varying total pressures, and

the resultank,; values are subsequently plotted againsf [®

Figure 2. The (0, 0) constrained line from this plot then gives

the room-temperature value for the termolecular reactiofr, H o
0, + Oy, ask2 = (3.14+ 0.06) x 10732 cmf molecule? 572, w0l °
where the error is two standard deviations.

About 20 similar experiments have been carried out each with
N2, Ar, Kr, He, and Ne as third-bodies. The results of these
experiments are shown in Figure 3 as graphls,adgainst [M].

The (0, 0) constrained lines are also shown, and the slopes give
respectiveke, values: 4.32+ 0.28, 2.16+ 0.14, 2.10+ 0.10,

1.80 & 0.07, and 1.404+ 0.04, all in units of 103 cnf
molecule? s™L. The indicated errors are two standard deviations.
As indicated above, experiments have also been performed with
H,O as the third-body. These experiments had to be carried
out at low pressure and with substantial quantities of added O
Hence, first-order-decay constants are thgg = kf;zr[oz][oz]

+ KEO[H,0][05] + ki ka values were measured in low-
pressure NN, experiments, and these were assumed to be [H,0(10® molecules cm™)

appropriate for @ as third-body. Corrections from diffusion  Figure 4. Plot of H + O, bimolecular rate constants at room
were significant but not nearly as important as corrections from temperature against p@]. The linear-least-squares fit givégs, =
the concurrent H- O, + O, reaction.kgfo _ HZO[HZO] is (5.0 £ 0.5) x 1073 cmf molecule? s7* for H,O bath gas.

er

then evaluated askis; — ko)/[O2] — KZ[O2]. These residual  cases is the title reaction. The experimental analyses are the

values were then plotted against;[B], as shown in Figure 4. same as that shown in the room temperature illustration of Figure
Because the fractional decay due teHO, + Oz is substantial,  1: however, the thermodynamic conditions behind the reflected

the plot shows scatter. Even so, there is a clear trend in theshock waves were determined as described previBuisifrom

data which can be expressed by the (0, 0) constrained line givinga knowledge of incident shock velocities. In this case, the
w” = (50 + 5) x 1073 cmP molecule® s™%. This result  evaluated termolecular rate constar$, were calculated as
shows thak{° is ~23 times larger thait}, at 296 K. (kirst — ka)/[M][O 2]. Fifteen values in Mover theT range 471

Experiments at higher temperatures in three third-bodigs (N 698 K were measured. Twenty-one values in Ar (4822 K)

Ar, and @) have been carried out using the+BT technique. and twenty-five values in ©(513-697 K) were similarly

These experiments required small corrections due to diffusion, obtained, and all three databases were combined with the present

and these were directly measured in dfp and NHy/Ar values at 296 K. Since the database at room temperature is much
mixtures. The values measured in the former mixture were usedmore extensive, these values were give20 times more weight

for the Oy experiments in exactly the same way as at room in a statistical analysis based on tfiedependent equation,

temperature. However, the major [Hlepletion process in all ~ k(T) = AT", and its logarithmic form, Ik(T) = In A+ niIn T.

ky/(10°"% cm® molecule™’ s1)
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1x10°31 , ‘ ‘ TABLE 1: Measured Room-Temperature Rate Constants
H+02+N2 forH + O, + M
bath gas kie/(107%2 cmf molecule? s7%) reference
102 N, 5.3+ 0.8 Kurylo'”

x ] 5.5+ 0.7 Wong and Davi§
46+0.3 Carleton et af?
43+0.3 resent work

Krer = 4.82x1029 71232 [6.5+ 1.0] ?:obos et a0
. : : : : : [6.04 0.8] Hsu et af*
o H+O. +Ar Ar 16+02 Hikida et aP?
%Y 2 1.64+0.2 Kurylo'”
3 2.0+0.2 Wong and Davi§
g 0%l i 2.1+0.2 Carleton et a°
g _ 22401 present work
% [1.9+£0.3] Westenberg and deH&as
S _ 29 71.120 [2.8+0.4] Cobos et at®
N Kigr = 1.26x10°5T" [2.240.2] Clyne and Thrusf
= : : : 4 : Kr 21+0.1 present work
H+0 +0 He 1.6+0.2 Kurylo'”
272 1.94+0.2 Wong and Davi§
25+0.3 Hack et af*
1x1092 | 1.8+ 0.1 present work
[2.240.2] Clyne and Thrush
[2.6 £0.3] Hsu et aft
= 1.57x10-29 T-1.094 Ne 1.4+0.1 present work
% Ker * 0, 3.1+01 present work
1x10° . ‘ : : ‘ H,O 50+ 5 present work
24 25 26 27 28 29 3 58 + 23] Clyne and ThrusHi
Log(T) [64+12] Hsu et aP! "
. . H 594+1.2 Wi dD
Figure 5. log(ker) against log{) plots for H+ O, + M, M = Np, Ar, 2 47406 Hi(kJir&%ae? aﬁzav
and Q, respectively. The linear-least-squares lines, for each case, are 6.0+ 0.6 Nielsen et a16
deriye_d fr_om the experimental data within the temperature range CHa 42.0+ 18.3 Wong and Davig
specified in the text. 241+ 3.1 Kurylo'
[15.0+ 2.3] Cobos et af’

The data for the three cases are plotted in Figure 5 along with
linear-least-squares lines based on this equation. The results cap_|
be summarized as

The most striking feature in the Table 1 results are those with
20 as the third-body. The present result agrees with the derived
values from Hsu et & and Clyne and Thrugh and, when

Normy — compared takz and K, give ratios of 11.6 and 23, respec-
kei(T) = (4.824 1.03) x tively. Carle(tjc()tﬁlr et al? ef;ave also determined rate constants at
10 297 123280036 b mplecule 2 st (2) higher temperatures, and theig®ito N; ratio at 580 K is 10.9.
In shock tube experiments between 1300 and 1900 K, Getzinger
Ka(T) = (1.26+ 0.27) x and Blair report an bD to Ar ratio of 2527 More recent results

by Hanson and Bowman and co-workér¥indicate a similar

10—29T—1.12Qt0.035
enhancement of the rate constant, giving a@Hb Ar ratio of

cm® molecule?s ™ (3)

and 18. These results show that the relative rate constants are not
strongly dependent on temperature. Hsu ét akcognized the
%(T) = (1.57+ 0.38) x theoretical significance when Troe’s limiting low-pressure rate
theory*®was applied to their kO data. This theory is applicable

~297—1.0940.040 _, 6 52 1 ) o
101 cm’ molecule”s ~ (4) to the energy transfer mechanism where the initially formed

) species is the vibrationally excited adduct, #iQvhich can be
Hence, the present results are accurate to withir20—-25% thermally stabilized by collision with the bath gas. Using the
over the temperature range 29600 K. Cobos et af° value for Fro; = 9.1, they found collisional
deactivation efficienciesi(He) = 0.15, 8(N2) = 0.34, and
Be(H20) = 3; i.e., with HO, an unphysical value substantially

The present room-temperature results are compared to earliegreater than unity when the usual Lennard-Jones mbdels

studies in Table 37-26 Earlier results on two bath gases; H used for calculating collision rates. Total quantum mechanical
and CH, that are not represented in the measurements here arescattering cross sections for centrosymmatritor r—3 poten-
also included in the table. The results from KuryloWwong tials were suggested as an alternative, and this method gave
and Davis!8 Carleton et al’? Hikida et al.2?2 Hack et al2* and B(H20) values that were sensible. In later wétthe procedure
Nielsen et af® were carried out under chemical isolation was further discussed and tested; however, the method has not
conditions similar to those in the present study. Agreement is been widely accepted. Instead, the Lennard-Jones model for
generally satisfactory within combined experimental errors. In calculating collision rates has continued to be used by most
contrast, the present values are mostly lower than those reportedvorkers. Toward the end of this article, we will comment more
by Cobos et al?® Hsu et al2! Westenberg and deHa#&sand on the pioneering work of Hsu et #&l.and Durant and
Clyne and Thrusk® These four studies, indicated in brackets Kaufman3!
in the table, required substantial chemical modeling in orderto  The calculation of collision rates with the simple Lennard-
extract the rate constants for the title reactions and are thereforeJones model continues to be one of the assumptions of the
less direct. energy transfer mechanism that is used in RRK, RRKM, and

Discussion
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TABLE 2: Parameters for Calculating kiersc with the BP Model (Details in Text)

parameters
species d1AK)IK o1 A TIK
(H, ©) 24.8 3.348
(HO,, He) 61.3 3.004
(HO., Ne) 125.8 3.079
(HO,, Ar) 227.2 3.369
(HO,, Kr) 260.5 3.476
(HO,, Hy) 91.7 3.213
(HO,, Oy) 209.6 3.397
(HO2, Np) 187.8 3.519
(HO,, CHy) 231.2 3.550
(HO,, H0) 768.9 2.873 300
622.2 2.924 500
522.3 2.967 1000
species freg/(crmt) mom. of inertia/(10%° g cn?) Eo/(kcal moi)
HO, 3436 0.1375 47.634
1392 2.503
1098 2.650
0, 1580 1.936
log(1/1) r(T)
HO* 0.984+ 0.201(logT) — 0.0757(logT)? 0.475801772
+0.4% fitting error (206-1800 K) +0.5% fitting error (206-1800 K)
kge/s™t KJ/(molecules cm?®)
HO,<*H+ O, 4.470x 1012705468 2420/ 4.689x 1(P2T0359% 241637
+4% fitting error (206-1800 K) +5% fitting error (200-1600 K)

Troe’s theory for low-pressure limits. In the present work, we To apply eq 5, values ofg, Fann and Fre have to be
follow the spirit of Hsu et af! and Durant and Kaufm&hby determined. The molecular properties necessary to do the
first applying Troe’s limiting low-pressure rate theory, with a evaluation are given in Table 2. Even thoughis nearly unity,
Lennard-Jones model based on the most recent determinatiorit was evaluated from the formula given by TrbAmbiguities

of effective Lennard-Jones parameters. This method has beerin the productFanovis Were eliminated by using the quantum
shown to give theoretical predictions that are quite similar to mechanical scattering results from Dobbyn et?alyho used
those from Gorin/RRKM or ab initio/RRKM approaches for a the DMBE IV potential energy surface from Pastrana et al.
variety of atom with radical reactiorf8 We will then consider These workers found that the number of states at threshold was
non-Lennard-Jones electrostatic potentials, that are ultimately320. The well depth of the Pastrana et al. surfadé+s54651
incorporated into a trajectory-validated method, for collisional giving Eo = 46 180 cal mof®. From Litorja and Ruscié3
deactivation of chemically activated small polyatomic molecules. E; = 47 634 cal motl; hence, we have used the Whitten

In the following sections, the Troe theory will be briefly Rabinovitch formul& with this E; change to modify the total
reviewed. The collision rate for that theory will be evaluated state count, obtaining 346. The harmonic Whitt€&abinovitch

and discussed with a Lennard-Jones description of the interactioncount is 237. Hence, we accounted for this difference by simply
potential. Then different formulations of the collision rate and considering=a,nto be the ratio, i.e., 1.46. This factor also adjusts
more accurate formulations of the interaction potential will be the Whitten-Rabinovitch vibrational state density givikgnovin
examined. Finally, the comparison between theory and experi- = 0.0531/cm?! at threshold to be compared to Troe's estimate

ment will be developed. of 0.064/cnm1.8 Use of the newer potential surface of Harding

A. Troe Theory. The strong collision low-pressure bimo- et al®” will not appreciably affect the state count estimate since
lecular limiting rate constants for dissociation of H@re the differences between this surface and DMBE*|\are
calculated according to Tr6&from subtle3® Using dynamical arguments, Waage and Rabinovitch

derived an expression fdo,3°
_ —Eo/RT
kd,sc_ Zcoll(pvibRT/Qvib)FaanEFrote & (5) +
[/l
- Frot= Frotma T (6)

and the strong collision termolecular rate constants are deter- I =14 Frgima

mined from kersc = kasdc ! Where K¢ is the equilibrium

constant for HQ==H + O,. Each of the quantities in eq 5will  and this has been adopted by Tfo&.I/I is the ratio of the

be discussed belovs; is the value that is necessary to make moment of inertia for the activated complex to that moment in
theory agree with experiment, i.8; = keer,exdkierse Sc has the HO, that correlates td™* in the complex. From Table 2, tHe
physical interpretation of being the inverse of the number of for H rotation around the axis specified by the-O bond (i.e.,
collisions between the activated molecule, #@nd the buffer 1.375x 1070 g cn¥) will be associated with a loose +HD;

gas that stabilizes the activated species. A fractional value of complex. As in past work? a Lennard-Jones complex for H
B contains information on the average energy transfer per with O, (Table 2) will be taken to be the activated complex.
collision of the activated molecule with the buffer gas. However, Consequently, a pseudo-diatomic calculationl fois sufficient

a value off. larger than unity implies that the activated complex in which casd™ = un o,r2, wherer = oy o, (Q%%k4 0,)¥2 The

is stabilized faster than the collision rate, and this is an collision integrai® is necessary because it compensates for
unphysical result. conservation of angular momentum in the collision process. The
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values of the ratio are therefofiedependent since the effec-
tive distance between H and,On the complex decreases
with increasing temperature. Using the values from Table 2,
we find for 200 < T < 1800 K (to within +0.4%) that
log(It/1) = 0.984 + 0.201(log T) — 0.0757(log T)2. This
gives|t/1(300 K) = 10.4 to be compared to 9.1 from Cobos
et al?® and 10.4 from Tro&.At 1500 K Troe reportsl*/l =

Michael et al.

pressure limit, this smaller value has relatively little effect on
the predictions. For example, with Ar at 1 atm or below, the
predictions are the same to withi#8%. Much of the data above

1 atm were obtained at temperatures greater thaf00 K,

and for these data, the discrepancy with the lower estimate at
1300 K is still <3%; i.e., the predictions are not strongly
dependent ok o, With our higher value fok®y+0, we can

5.7 whereas the present model gives 7.2, showing that theadequately fit the room-temperature pressure dependent data

two different approaches give similar resultByotmax in
eq 6 comes from contributing rotations whesg, and Quip
in eq 5 are replaced by i, and Q;vip in Which caseF,q =
(prvibQuib/ pvibQrvib). Using the Whitter-Rabinovitch expres-
sions?® the explicit formula forF,o then becomes

_ (s+r2)0( (Bt aEZ)”2
o I(s+1+r/2\ RT

@)

wherer is the number of active rotations. For the special case,
r = 3, Frot is Frotmax* 8 We have then evaluatetl from eq 6
with Frotmaxfrom (7) and our derivedi*/I values.F values at

of Cobos et af® up to~5 bar, after which our values become
increasingly larger than measured. Hippler et?dlave shown

in the O+ NO + M case that neglect of diffusional effects
above 5-10 bar can result in an experimental underestimate of
the high-pressure rate constant. Such an effect may be operative
in H+ O, + M also leading to an underestimated value for
k*n+o0, by Cobos et at® Given the values ok®yio, the
computed high-pressure limit for dissociatégf;, can be fitted

by 4.470x 1012T0-5468-2420%/T 5~1 to within £4% over 206~

1600 K (Table 2).

B. Lennard-Jones Model for Collision Rates.The usual
expression for the collision rai&y, the last remaining quantity

300 and 1500 K of 9.8 and 5.0 are obtained and can be compareqy, gq 5, is

to respective values from Trdef 9.8 and 4.2, showing again
that the approaches are quite similar.

Equation 6 is based on dynamical considerafidméereas
eq 7 is directly derive® from an harmonic oscillator-rigid
rotator model for state densities and counts for the cage of
contributing rotations. If the preseft, values from (6) are
compared to those from (7) with= 1, 2, or 3, the range falls

ZcoII = wmtaﬂzgzz* (8)
where[@0is the Boltzmann average thermal velocity(BKT/
mu12)Y? and Q%% is a function of T* = kT/e;, that can be
calculated from the polynomial forms given by Bzowski et®l.

between 1 and 2 active rotations. Hence, the implication of the and/or Padt if the parametere:, (well depth) and1, (distance
dynamical model is that, on average, one or more rotations at which the potential passes through zero) are interpreted as
become active in HPand have to be considered when assessing effective Lennard-Jones parameters. A complete description of
the total state density at threshold. In fact, equating eqs 6 andthe rationale and method for determining effectivg §)

7 over theT range 206-1800 K, withr being the parameter,
shows that varies from 1.217 at 200 K to 1.796 at 1800 K;

parameters is given by Bzowski et al. and is further described
and extended for use in combustion systems by#aual Paul

i.e., the effective number of active rotational degrees of freedom and WarnatZ? The basic strategy of this approach is to use

is T-dependent. We find to withint0.5% that r(T) =
0.47580-1772 as listed in Table 2.

Accepting thatr(T) overall rotations are active in HQthe
description of the H&¥ part of eq 5 is now complete and cannot

more realistic representations of the interaction potential, which
are then reduced to hopefully superior effective Lennard-Jones
parameters from which the standard collision rates can be
calculated. The effective Lennard-Jones parameter values for

be changed as a function of the third-body M. The consequence¢’k and o can be obtained using seven molecular parameters

of havingr(T) overall rotations being active is that some pressure

(tabulated by Padil) for each species. The method adjusts for

dependence in the rate constants is to be expected particularlyooth induced dipoleinduced dipole and dipoteinduced dipole

when assessing weak collisional effe®fs.
The M dependence in the low-pressure limit is contained in
the collision rateZcq, the only remaining quantity in eq 5 that

interactions. Methods are also given for calculating dipole
dipole interactions. The method does not take into consideration
quadrupole moments. The assumed full potential has-axXp)

has not yet been determined. However, an extended discussiorgharacter at short distances which jom3 (wherex = 12, 6,

of the determination o will be facilitated by first reviewing

and/or 3) components depending on which species are interact-

the Troe approach for handling the pressure dependence in théng. However in the end, the actual potential is reduced to an
experimental data. This approach requires only the low- and €ffective Lennard-Jones form. For the rest of this paper, this

high-pressure limits to the recombination rate. Equation 5

approach and the ultimate Lennard-Jones potentials produced

concerns only the low-pressure limit as mentioned above. The Will be labeled by the acronym “BP”.

high-pressure limiting rate constant for H O; (i.e., K°n+0,)

The BP approach is validated by reproducing measured

can be calculated for an activated complex taken to be a diffusion and viscosity data of stable molecules and, in some

Lennard-Jones complex. This method has been used prevbusly
in our laboratory for atom with molecule adducts and gives
estimates that are generath60—70% of those obtained using
more fundamental variational transition state theory on well-
defined ab initio potential energy surfac@3hen applied to

H + O, with modern estimaté%*' of the Lennard-Jones
parameters (see Table 2), the results di%e. o, between 2.05
and 3.81x 1071° cm® molecule? s™1 (200-1800 K). From
classical trajectory calculation&®y+0, has recently been
estimated at (0.961.79) x 10~1°cm® molecule! s1 between
300 and 1325 K,i.e., a factor oF~2.2 smaller than the present

cases, reproducing molecular beam scattering data. However,
there is no experimental database of transport properties for two
polar species. In fact, Bzowski et ®l.do not compare their
models to measurements for any species involving permanent
dipole moments. Paul briefly mentions such comparisons but
never specifically mentions the systems or the rediilts.
Furthermore, to our knowledge, there are no useful measure-
ments for transport properties between two species which both
have dipole moments. Finally, there are no measurements for
transport properties of which we are aware that involve
molecular radicals, certainly none that involve H®herefore,

estimate. Since almost all measurements are near the low-while the BP approach can be applied to species with dipole
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Figure 6. ComputedZ., versus inverse temperature for five different
bath gases. The five bath gases are: He ), Ne (—+—), Hz (-**),

O, (---), and HO (—). Each panel represents a different model for
Zcqi as described in the text.

moments, there is no convincing validation for the approach in
such situations.

In the present case, HOhas a permanent dipole and
polarizability while all other third-bodies except® have no
dipole but do have small polarizabilities (and in some cases
quadrupole moments which the BP approach will ignore).
Hence, for HQ, the interactions with eight of the nine bath
gases listed in Table 2 are dipeleduced dipole. With HO
the interaction is dipoledipole. The BP Lennard-Jones param-
eters for all nine H@-M pairs, where M is the bath gas,
are listed in Table 2. For the dipetalipole HOQ,—H0 inter-
action, BP methodology gives temperature-dependent effective
Lennard-Jones parameters. When these are applied to eq 8, th
resultingZco values as a function of temperature are displayed
in panel a of Figure 6 for a representative sample of bath gases
These bath gases include He and Ne, which span the range o
Z.o for all other rare gases,and Q, which span the range
of Z¢i covered by the diatomic gases and R Table 1, and
H.0, which has the strongest interaction potential with,HO
Given the wide variation in the strength of the interaction
potential, the figure shows a surprisingly tight clusterZgf
values as a function of M. This clustering is driven by the
counteracting trends of higher velocities for lighter M species
but larger values ofr and Q%% for heavier M species.

With the computation oF.q, the determination of the low-
pressure limit with eq 5 is complete. With insertion of that limit
into the complete Troe theaty’ including pressure dependence
via incorporation of the computed high-pressure limit discussed
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experimental error, witlZey as calculated with eq 8 from the
parameters of Table 2 and as displayed in panel a of Figure 6.
As pointed out beforé4—46 7., is always lowest for Ne. Even
though thee/k ando values for He are lower than for Ne, the
relative velocity is higher, resulting in predictions for He that
are about the same as with Ar and Kr.

The 300 K results for the two diatomic molecules; &d
N>, require higher values for AEy. With respective values of
195 and 280 cal mot (i.e., 68.2 and 97.9 cnt giving . =
0.1832 and 0.2363), the predicted rate constants of 3.11 and
4.32 can be compared to present measured rate constants
3.13 &+ 0.06 and 4.32+ 0.28, all in units of 1032 cnf
molecule? s~1. With H; bath gas, Wong and Daw8 Hikida
et al.?2 and Nielsen et & report ky+o,™ as 5.9, 4.7, and
6.0 x 10732 respectively, and the present calculation gives
5.96 x 10732 cmP molecule? s~ with —AEy = 195 cal mot?
(68.2 cm! giving . = 0.1832). Kuryld” and Wong and
Davis'® report values with Chlas the bath gas that do not
agree. However, Wong and Davis have a large enough
uncertainty £40%) so that the error bars overlap. The value
by Cobos et al? ky+0,°M = 15 x 10732 cmf molecule? st
has less uncertainty{15%) and is in better agreement with
Kurylo (even though the error bars just avoid overlapping). With
—AEy = 1750 cal mot! (612 cnt?) at 300 K (3. = 0.6168)
the theoretical results can recover the Cobos et al. value.

The theory comparisons presented above have been restricted
to dipole—-induced dipole interactions as calculated with the BP
method. The case with J@ has therefore not yet been
considered. The/k ando values for HQ—H,O computed by
the BP method, when applied to eq 8, giXig values so low
that they implyS.(H20) values substantially greater than unity,
particularly at lower temperatures. Our conclusion is the same
as already discussed by Hsu et’adnd Durant and Kaufmat.

The origin of the difficulty is quite clear in panel a of Figure 6.
Despite being the only dipotedipole interaction, theZy, for
HO,—H,0 that results from eq 8 is quite similar to tAgy, for

all other HG—M combinations. However, as Table 1 shows,
the measured recombination rate constant is at least 10 times
bigger for HQ—H0 that for any other H®-M. This results

in Pc(H0) > 1.

C. Alternate Models for Collision Rates.The failure of the
usual approach for M= H,O has motivated a systematic
£xamination ofZcqy, the only part of the strong collision low-
pressure limit of eq 5 that is M dependent. Two pieces of
information are required faZe: (1) the underlying potential
energy surface, and (2), the association of the collision integral
Q2%% with the collision rate. Each will be examined in turn.
Although the problem is restricted only to,® bath gas, all
bath gases considered here with the usual approach, will be also
be reinvestigated.

C.1. Interaction Potentialdf one is interested in the collision
rate of a sequence of colliders, M, with a chemically activated
species, X, which has a dipole moment, one can compactly
represent the sequence of the BP potentials for a given X by
plotting thee for each M with respect to the equilibrium distance

above, the predicted rate constants at room temperature for rare. (=2%s). Note that if M has a dipole moment, the BP

gas third-bodies are in satisfactory agreement with experiment
if —AEgy = 115 cal mot?! (40.2 cntl). This value implies
B(300 K) = 0.1227 for all rare gases and predicts: 2.35,
1.59, 1.98, and 1.97 for He, Ne, Ar, and Kr, respectively, to
be compared to 1.8& 0.07, 1.40+ 0.04, 2.16+ 0.14, and
2.104 0.10, all in units of 10%2cnf molecule? sL. The largest
discrepancy+31%, is with He bath gas. These results show
that the rate behavior in the rare gases scales directly, within

approach derives effective Lennard-Jones parameters that are
temperature dependent. Hence in such a case, ¢heg)(
correlation is not a point but has a range corresponding to the
temperature range of interest. Figure 7a shows such a plot for
X = HO; and for all nine M’s mentioned above, while Figure
7b (drawn to the same scale) shows the identical M sequence
for X = H,0. The comparison of the two panels in Figure 7
shows that, in all cases, the-M interaction has substantially
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12,0 ' T As the figure shows, not only is the BPvalue <20% of the
11.0 B van der Waals value, but the BR value is noticeably larger
(not smaller as in Figure 7b) than the van der Waals value. The

10-01  Ho +H 0 i van der Waals interaction in HOH,0 is compute#f to be
9.0 I >50% larger than the #0—H,0 interaction due to the fact that
8.01 , r the extra O-atom makes it possible to form two strong hydrogen
7.0 - bonds instead of one. However, the BP potential basically halves
6.0 [ the interaction in going from X= H,O to X = HO..
— s.0] o H,04H0 i There is no requirement that agffectve Lennard-Jones
s potential should reproduce van der Waals features. Nonetheless,
E 4-0] - the scale of the discrepancy when=¥H,0 and the trend with
§ 3.07 i X strongly suggest that the BP potential underestimates the
S 2.0 r strength of the H@-H,O interaction. In addition, the largest
1.0 . ] - relative differences of BR values with van der Waals values
0.0 e e I occur for those molecules that have the largest permanent
1 T (b) moments. This includes the permanent quadrupole moments of
2.0 %
. Hz and Nb.
1.09 R LN r The BP and van der Waals information are closely related
0.0 . {a) only with O, (which has a permanent, but weak, quadrupole
1, T @ LT moment). These trends suggest that permanent moments are
0.0 . , ‘ S-S strongly reflected in van der Waals informaton but are only

weakly reflected in BP potentials. Since there is no validation
of BP potentials for transport properties involving two species
with permanent moments, this in general suggests that the BP
Figure 7. e versusr. for a sequence of bath gases interacting with potentials are not fully capturing the effect of permanent
HO; in (a), HO in (b), and both H@and HO in (c). In (a), the bath moments.

gases for the BP potentials are:®1(0); Hz, Oz, No, CHs (O); and In contrast to BP potentials, it has often been suggé%ted
He, Ne, Ar, Kr, Xe AA). In this and other panels, when the same symbol - .

is used for a strinés)of bath gases, eagh bath gas appears fror}; left tothat van der anls geometries an(_j energies Ca_n be Iargely
right in the panel in the order it appears in the string. In (b), the bath understood by high-order electrostatics, coupled with effective
gases for the BP potentials are®(0); Hz, O, N, CH, (O); and dispersion forces, and simple models for repulsion due to wave
Ne, Ar, Kr (A). Except for HO, the bath gases for the van der Waals function overlap. This approach results in potentials that are
potentials in this panel are the same with solid rather than open symbols.fully dimensional in the orientation angles but ignore slight
In (c), the bath gases for the van der Waals potentials in (b) are repeatetcnanges in the internal structure of each interacting molecule.
with the addition of HO (@) for both HO, (as labeled) and 4. In Unfortunately, the actual development of parameters or recipes

(c), the bath gases for the electrostatic potentials are the same as th? fective di - Ision f f id .
van der Waals potentials only with solid symbols. The arrows in (a) 'OF €lfective dispersion or repulsion forces for a wide variety

2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2
r, (A)

and (b) are described in the text. of species is not now available for the two-X1 sequences of
interest here. Furthermore, the order of electrostatics that has

smallere and longerr, for X = HO, than for X= Hz0. This been applied to van der Waals molecules extends to higher order

is a surprising result. The dipole moment and polarizability used polarizabilities that are unavailable for HGHowever, important

in the construction of the BP potential are larger for @an electrostatic and dispersion information can be assembled for

for H,O, which would lead to stronger HOinteraction HO, and all of the M species. Concerning the electrostatics,
potentials. H@ is a radical, while HO is not, and this would  the dipole moment vecter of H,O and the quadrupole moment
not generally suggest that H@ould have the weaker inter-  Q of H,0, Hy, N,, and Q are all availablél509.57.58The different
action. diagonal components of the polarizability;, of all the M

Van der Waals information is consistent with this expectation. species in this study are knokh525960The average polariz-
(The term “van der Waals” will be loosely used here since some abilities, (&0, of HO, have been estimated by P&ulFor the
of the interactions are more properly termed “hydrogen bonded”.) H,O case, the entire polarizability tensor is known. While Paul
For X = H,0, there is van der Waals informatidn>4 on all of also tabulated the dipole moment of bj@ve have carried out
the 9 different M species except M He. In Figure 7b, this  relatively high-level electronic structure calculati®h® obtain
van der Waals information is plotted for all M but He. The van both the dipole moment vector and quadrupole moment tensor
der Waals potential qualitatively obeys the same trends as theQ. These values and the electrostatic information for all the M
BP potentials. However, the van der Waals valuesrfoare species are assembled for convenience in Table 3. They allow
always larger than those for BP, and the van der Waats  the construction of the electrostatic component of the potential
both smaller, for the rare gases, and larger, for every other M up through the quadrupole order.
species, than with BP. In Figure 7b, the BB for H> and N> The dispersion component at long range goes as the inverse
have the largest relative difference with the van der Waals  of the center of mass distance to the sixth power, Re?, The
approaching underestimations of 40%. However, the largest correspondingCs can be approximately evaluated through the
absolute difference by far is for @ where theec value is off standaréP formula;
scale at 5.0 kcal mot at anr, value indicated by the arrow in
the figure. Furthermore, the;@—H0 van der Waals is one Ce = Lo, Mo,y 1,/(1, + 1) 9)
of the most securely known in comparison to those from other
van der Waals experiments. For X HO; in Figure 7a, the which requires the polarizabilities in Table 3 and the ionization
only available comparison of the BP potential to the van der potentials|, for species 1 and 2. THevalues for HQ and all
Waals information is for H@—H,O 55 Thee value is even more  the species of M have been tabuldfeédand are listed in Table
off scale at~7.7 kcal mot? at ther, indicated by the arrow. 3. This dispersion formula is specific to the interaction of
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TABLE 3: Parameters for the Construction of Electrostatic and Dispersion Interaction Potentials

properties He Ne Ar Kr ] O, N2 CHg H,O HO,

Dipole Moment (D)

1z 1.87 1.38

u 1.87 212
Quadrupole Mome#hf(au)

Qxx —0.237 —0.125 0.56 1.96 0.595

Quy —0.237 —0.125 0.56 —1.86 —0.469

Q2 0.474 0.250 —-1.12 —0.10 —0.127

Qxz 0.0 0.0 0.0 0.0 1.902
Dipole Polarizability (A3)

Olxx 0.205 0.396 1.641 2.484 0.703 1.213 1.537 2.593 1.528 1.95

Oy 0.205 0.396 1.641 2.484 0.703 1.213 1.537 2.593 1.415 1.95

Ozz 0.205 0.396 1.641 2.484 1.013 2.313 2.237 2.593 1.468 1.95

a 0.205 0.396 1.641 2.484 0.8066 1.580 1.770 2.593 1.470 1.95
lonization Potentidl(eV)

24.587 21.564 15.759 13.999 15.427 12.063 15.576 12.6 12.6 11.53

2 For K0, ref 41; for HQ, ref 61.° Here Qa, = 3y qaibi — dany Gif?> Whereg; is the charge andq is the delta function. For Hand HO (with
a geometry in thezplane aligned alongaxis), ref 50; for Q, ref 57; for N, ref 58; for HQ, ref 61 with a geometry in thez plane of H(0.864,0.923),
0O(—0.066,0.640), and O(0.0120.698) in A.c For rare gases and GHef 59; for H, and HO, ref 50; for Q, ref 60; for N, ref 52; for HQ, ref
41.9For all species except HQref 59; for HQ, ref 41.

spherical atoms or molecules but, in the absence of any otherimperfect or this averaging happens to systematically suppress
convenient estimation, will still be applied here to any-M the effect of permanent moments in the interaction and
interaction. systematically washes out the strength of the,hi@eraction
With the results in Table 3, an approximation to all but the relative to that of HO.
short-range repulsive part of interaction potential can be C.2. Collision Rates from Collision Integral&iven the new
constructed for X-M. Because of the absence of the short-range electrostatic interaction potentials, one could attempt to deter-
part, such an interaction potential cannot provide an independentmine 2%, leading to an evaluation @, with eq 8. However,
value ofre. But at the van der Waals value @f the minimum since the electrostatic potentials are not spherically symmetric,
value of the angularly dependent potential can be evaluated andhe usual formulation 0f22%% would have to be generalized to
compared to the van der Waals value «f That resulting account for rotationally inelastic collisions, and classical trajec-
minimum value is plotted with the van der Waalsn Figure tory calculations for each XM pair would then have to be
7c with a greatly expanded ordinate scale. As expected, thecarried out. In the future this would be interesting to pursue,
electrostatic potentials produce more consistent energeticsbut our immediate goal is to ascertain whether electrostatic
relative to the van der Waals information. There are some trendspotentials have any important effect dg,. Consequently, the
that are less ideal, in particular, the overestimation of the-HO  electrostatic potentials have been spherically symmetrized by a
H.O interaction and the growing deviation in the diatomic  straightforward angular average over all angles for a gRen
polyatomic sequence between the electrostatic minimum energyThis gives an even weight to attractive and repulsive regions.
and the van der Waalswith the mass of the rare gas. Thisis The resulting spherically symmetrized potentials produce values
probably due to the lower order polarizabilities that are used. of Q2% which can then be used with eq 8 to determine values
Also, there has been no attempt to check the angular coordinate®f Z.o. However, because the short-range repulsive interactions
at the electrostatic minimum energy with the same coordinateshave not been included in the potential, the potential has no
at the van der Waals minimum. In the future, there may be a minimum, and hence, there no value of eitleor ¢ (used in
role for a direct incorporation of “serious” van der Waals the reduced temperatuf@ at which Q2%k is evaluated), both
potentials in the study of collision rate constants for the low- of which are required in the eq 8 formula {8k
pressure limit of recombination. However, the sole scope of  Short of doing electronic structure calculations to directly
this study is simply to qualitatively see if such potentials can obtain the potential energy surface, there is no independent

have an important effect. information available to allow an estimation of the repulsive
The electrostatic potentials can have both attractive and interactions of H@—M. Nonetheless, there are ways to estimate
repulsive regions, making comparisons between the-HD re and hence through the approximate Lennard-Jones relation-

and HO—M sequences complicated. Nonetheless, the attractive ship ofo = 2%, For HO,—H,0, the already cited calculations
regions of interaction potentials of the HOM sequence have  give re. This value ofre is considerably smaller than the
overall more negative potential energies than comparable regionsanalogous value for ¥0—H,0 because, as previously discussed,
of the interaction potentials of thexB—M sequence at the same  two hydrogen bonds, instead of one, can be formed ip-HO
value ofR. Just the opposite is the case for the BP interaction H,O. That difference will not occur for any other of the M
potentials. Furthermore, attractive regions of electrostatic po- species, and the value nffor these M species interacting with
tentials tend to be more attractive at the sdfthan the BP HO; should be similar to the values nfalready cited for these
potentials in a way that scales, in a qualitative sense, with the species interacting with #. Oncer. is available,e can be
strength of the permanent moments. As mentioned before, BPapproximated by the value at of the electrostatic and
potentials are effective potentials that do not need to reproducedispersion potential itself, as was indicated in Figure 7. The
actual potentials. However, to be meaningful, BP potentials must resultingre (or o) ande values complete the information needed
be some sort of average of the actual potentials. From the abovefor eq 8 use.

considerations, the qualitative differences between electrostatic The final values ofZ.y as a function of temperature are
and BP potentials suggest that either the BP potentials aredisplayed in panel b of Figure 6 for the same species of M as
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used in panel & Relative to panel a of the same figure, using of recombination is a good measure of the rate of de-excitation
much stronger interaction potentials based on electrostatics haof one of the reactants undergoing recombination.

tended to make all.y values only slightly different from the The identification of a de-excitation rate with a complex
BP method; i.e., there is no qualitative change and, if anything, formation rate has only been made in the case of a few quanta
Zeon is smaller. The clustering oEq as a function of M, of excitation in one of the reactants. This is not the same as a

including HO, still persists. It is at first surprising that the chemically activated species (such asj@nder consideration

Zeon for HO,—H,0 is not substantially larger, even though here. Nonetheless, accepting this identification suggests that one
the interaction potential has qualitatively changed. This lack could use the interaction potential for HOM to compute a

of change is due to a cancellation of effects specific to eq 8. complex formation rate and equate that rateZtg. Since

The much deeper electrostatic potential does produce a con-Potentials under consideration for HQ- M have barrierless
siderably largeiQ2%, but the effect orz.y is canceled out ~ Minimum energy paths (MEP) converging onto their most
by the smaller value o2 because the much deeper potential attractive regions, variational flexible transition state th&bry

occurs at smaller separations of Hfdom H,0. The absence ~ (FTST) should be appropriate for computing the complex
of short-range interactions in the potentials does affect the formation rate. FTST divides the internal degrees of freedom

calculated values oR22k. However, the effect is most likely of the co_IIision into conserved vibrational degree;_ of freedom
minor. For example, consider an attractiveCy/r® potential (presentin bot_h reactants and th_e complex), transitional degrees
whoseCg value is adjusted to givee in energy atre = 26g of freeqlom (vibrational modes in the complex but free rotor
for some given ¢, ¢) values. This purely attractive potential modes in the reactants), and a degree of fregdorr] for measuring
exactly matches ate the well depth of the Lennard-Jones progress along the MEP that becomes a vibrational mode in
potential for the sameo( €) values. At the same value of the complex. . .
T* = KTle, the resultingQ??k value for theCs potential will The simplest forr?fi of FTST is the canonical form where
exceed by only 5%- 25% the Lennard-Jones value over the the conserved vibrational frequencies and reactant moments of
entire range ofd, €) values found in Table 2. This change is in Inertia are as;umed not to change alqng th.e reaction path and
N : where the optimal reaction path coordinate is assumed R be
the wrong direction and at too small a scale to influence the . .
analysis of the recombination kinetics. the separation of the centers of mass of the reactants. Iq this
T ~ simple form, FTST focuses only on the complex formation
_The lack of a qualitative change between panels a and b ineffects both ofVyer(R) (the potential along the MEP) and of
Figure 6 indicates that more realistic potentials are not in steric hindrance created by hindered rotations that are evolving
themselves sufficient to rationalize the observed recombination from the transitional modes with progress along the MEP. In
kinetics. This conclusion strongly suggests that the identification this form, the FTST for the collision rate can be formuléfed
of 702Q?%%% as the cross section appropriate for the collision in a manner similar in appearance to eq 8:
rate, is incorrect for at least the interaction of F@ith polar
colliders such as pD. Note that the identification ofc2Q2%k Z.
with the collision cross section is not derivable from first
principles. Rather it is observational and stems originally from where
studies done in the early 1950s. While eq 8 has been used

i TR = IEe? min{ (Rlo)%e M PYTT(R T} (10)

successfully for decades, the experimental results of Table 1 TRT)= [e @™ Tdq/ [ dg (11)
call into question its applicability to at least thetHO, + H,0
reaction. The minimization is with respect tB where (a) they values

C.3. Collision Rates without Collision Integralhe term are specific orientational degrees of freedom describing hindered

“collision rate” is not precise. Not all collisions (e.g., elastic retations away from the MEP, (#)V(q;R) is the change in the

collisions) are relevant to the low pressure limiting recombina- Intéraction potential fronvyes(R) due to motion ing, and (c)

tion process. There have been at least two different attempts tothe Zeoll superscript, FT_ST'HR’ er_nphaS|z§s t_he inclusion of
hindered rotationd’(R,T) is a normalized steric hindrance factor

determine collision rates in the context of inelastic processesth i ity in th faf tor but is a fracti therwi
that are relevant to recombination kinetics. One of these attemptst 2t IS Unity in the case of a free rotor but is a fraction otherwise.

has been developed from of the study of inelastic collisions J}g‘: n:éur::;?tggt?;?cezsec'gfsqe})? tﬁé?gggﬁ (tv(\)/hﬁghec)?r:]?ssmn
where one partner has only a modest amount of internal fromgthe mom%nt ofin?aartiafor external rotations) and also grows
excitation, generally far less than chemically activated collision 9

. . o L large at small R because of the exponential factor for the
complexes that are at issue in recombination kinetics. Nonethe- - ial Th o i found
less, this development will be discussed first since it sets the attractive Vivep(R) potential. The minimum is found at some
' : : .~ intermediate R between these two extremes. The minimized
stage for the second approach that is grounded in observation

; lassical traiect i ¢ collisional relaxati ; ®xpression in eq 10 replac&??x in eq 8; however, there is
rom classical trajectory studies of cofisional refaxation of -, yo\wn formal derivation that connects the two.
chemically activated species.

Given egs 10 and 11 and the electrostatic potentials discussed
It has frequently been assumed that an initially excited apovez.,F™STHR can be computed for each M in the HEM
molecule can be most efficiently collisionally de-excited if it sequence by using the freeware code VARIFLEXThe
can form a collision comple® In some cases, the collision  resulting values as a function of temperature are plotted in panel
complex has been assumed to be so dominant in collisional de-c of Figure 6. Comparison between panels b and ¢ shows results
excitation that the thermal rate of deactivation and the thermal that are qualitatively similar, indicating that there is not a
rate of complex formation have been presumed to be essentiallysubstantial difference between eqs 8 and 10 for estimating
identical®® In the OH + CO recombination case, trajectory collision rate constants. (Furthermore since no short-range
studie§* confirm that de-excitation of C@EL) is entirely repulsive terms have been added to the potential, the complex
dominated by trajectories that form the HOCO complex even formation rate constant and henZg, in panel ¢ are, if any
though most trajectories are direct repulsive encounters thatthing, overestimated.) Panels-astill show a collision rate for
never form this complex. This means that the high-pressure limit HO, + H,0 that is similar to the rates of other H& M, even
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though the recombination rate of H O, is 10 times larger in
H.O than in other M species. Thus, the requirement of unrealistic
or unphysical values of-AEy to rationalize the H+ O, +

H,O measurements persists.

While the origin of eq 10 lies in experimental and theoretical
studies of initial excitations of only a few quanta, there are at
least two relevant series of exclusively theoretical trajectory
studies on the collision rate constants for chemically activated
species. Lendvay and Sch#% studied energy transfer between
CS* and most of the same collision partners under investigation
here. Brown and Millel studied HQ* + He in the first detailed
trajectory study of energy transfer ever done for the conditions
of chemical activation. The motivation for these studies was to
understand how chemical activation influences energy transfer
and, for Lendvay and Schatz, to extensively compare theoretical
estimates ofAEy with direct experimental measurements.
However, as both sets of authors point out, direct measurements
in fact measure the produd;.AEg. All experimental studies
assume a value faZgy (typically determined from eq 8 by
selecting effective Lennard-Jones parameters) and then use that
value to reduce the directly measured product to a measured
AEg.

All trajectory studies of energy transfer must resolve the M
problem posed by the infinite extent of the elastic cross section Figure 8. Effective bmax versus bath gas species M for the,£5 M
in classical mechanics. (The actual finite size of elastic cross sequence as determined by trajector®s by Q%% determined from
sections arises out of quantum interference effects.) With experimental Lennard-Jones parametess by Q2 determined from
unbounded elastic cross sections, the way to properly averagehe potential energy surface®y, and by a free rotor modeM). See
very small transfers of energy at very large collision impact €t for details.
parameters becomes problematic. Lendvay and Schatz solved-ennard-Jones parameters from an experimental study) with
this problem by imitating experiment and directly calculating trajectories calculations for two sequences:;’C$ M (=He,
not AEq but ratherZcoiAEaj. Ar, Xe, Hz, N, CHg and C$) and SE* + M (=Ar and Sk).

Direct trajectory calculation of the product implies the The potential energy surfaces used for the trajectories were
evaluation of the integral pairwise additive Lennard-Jones potentials constructed from
tabulated! rare gas Lennard-Jones parameters under the as-
sumption that the interaction between atoms A and B would be
the same as that for a rare gas in the same row of the periodic
] ) ~ table as A, interacting with a rare gas in the same row as B.
whereAEa(b) is the average energy transfer of all trajectories | engvay and Schatz had already shown that such potentials were
that ;tarted yv|th impact par_ameter,wnh enough calculated  gjiable in comparing theory to experiméitwhile CS* and
clas:f,lcal trajectories, this integral properly converges. The gpx were first given a large amount of initial energy (93 kcal
maximum impact parametelmax needed to converge the g1y the third-body M had thermal distributions characterized
|nte_g_ral to some given convergence tolerance then defines theby 300 K, 1000 K, and in some cases, 1500 K. The conclusion
collision rate as from the study was that eq 8 systematically underestntgs
by typically a factor of 2. This study suggests that the success
of eq 8 in estimatin@co, over several decades of recombination
and inelastic studies, itdue to its intrinsic accuracy but rather
Brown and Miller used a less rigorous approach. They selectedto the fact that it is well matched to selected\Ey, values.

a bmax,0 beyond which energy transfer was very small, binned They pointed out that noticeably highét., values, and
their trajectories according to the amount of final energy transfer correspondingly lower AEg; values, could equally well match
they displayed, fit an assumed functional form to part of the the available experimental data.

resulting distribution, and derived from the functiokiy. In While the Lendvay Schatz study did not include any potar
deriving the fit, they omitted the bin for the smallest energy polar interactions (which would be most relevant here), thgg CS
transfers (which typically constituted40% of the trajectories ~ + M sequence does involve a chemically activated triatomic
run). Extrapolating the fit down to zero energy transfer leads molecule with many of the same M species under consideration
to a way to derive only the inelastic component of the nominal here. One possible difficulty with the Lendvagchatz study

T =1000K

10.04

A

max

effective b

H, CO(N) CH

4 CSZ

S AE,(b)b db (12)

2
max

Zoo"™ = VLath, (13)

calculated total (elastic and inelastic) cross sectiontpfax &
From the inelastic cross section, the effectiwg.x can be

on CS* + M is that the comparison witlr(Q22%)'2 used
experimental estimates of the effective Lennard-Jones param-

determined. Because the results are subject to imperfections ineters rather than spherically symmetrized interaction potentials

a fit, the derived inelastic cross sections and conseqgzgmt

directly derived from the potential energy surfaces that were

are less secure than those of Lendvay and Schatz. In whatused in the trajectory studies. In Figure 8, we reproduce the

follows, the implications of the Lendvay and Schatz studies will
first be discussed followed by a review of the Brown and Miller
study.

If egs 8 and 13 are compared, thBpax = o(Q%k)12
Lendvay and Schatz then compdiet.x values (using the

Lendvay-Schatz results for G8 + M for the same M species
used here with HgQ and we also include the values of
0(Q%x) V2 that arise from spherically symmetrizing the potential
energy surfaces used in the trajectory calculations. The two
panels in the figure are specific to bath gas temperatures of 300
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and 1000 K. The figure shows no qualitative difference between of Lendvay and Schatz but with Lennard-Jones potentials
the experimentally selected effective Lennard-Jones parameterseplaced by more complicated potentials derived from molecular
or those derivable from the potential energy surfaces used inbeam studies of HeHe and He-Ne. While HQ* was given

the trajectory calculations. Thanax determined by the trajec-  an initial energy (46 kcal mol) right at the threshold of

tories is systematically larger than either estimate(6§22)"2, dissociation on their potential energy surface, the He had thermal
leading toZ."® values~1.5-2.0 times larger than those from  distributions characterized by 800, 2000, and 5000 K. Unlike
eq 8. Lendvay and Schatz, a variety of initial rotational distributions

These results would suggest that a trajectory study to convergewere examined, producing a distribution '@ values with
the integral of eq 12, using the electrostatic potentials for the a~15% spread about the mean. Using standard Lennard-Jones
HOx* + M sequence, could produc&, and —AEg values parameters to evaluate eq 8, Brown and Miller concluded that
that are both internally consistent and physically meaningful. Z., @ were ~30% larger at 800 K than that determined from
However, such a study is beyond the scope of this paper andeq 8. (Lendvay and Schatz ge225% larger for C§ + He at
will not be reported on at this time. Instead, a simple heuristic 1000 K.) With the same potential energy surface used by Brown
approach will now be developed to qualitatively reproduce the and Miller, Z,,"TS™-FR can be calculated. To compare this
results of Lendvay and Schatz. This approach can then be readilycalculation in a spirit similar to Figure 8, the effectiligax for
applied to the H@* + M sequence to estimate what a rigorous  Brown and Miller is 3.42+ 0.23 A at 800 K, while that for
trajectory study would likely produce fafo ™. ZcoFTST-FRis 4.12 A. As in Figure 8 for M= He, the FTST-
The heuristic approach starts from thg"™>™ "R calculations ~ FR approximation overestimates the effectivga, but by
discussed previously. The effect of incorporating hindered 21 4 8% for HO,* at 800 K as opposed to 9% for GSat
rotations, through the steric factdi(R,T), is to strongly weight 1000 K. Given the uncertainty discussed above in the Brown
the most attractive parts to the potential energy surface, and Miller derivation of the inelastic cross section from
especially at lower temperatures; i.e., those parts that are closestrajectories, th&c" from both the Brown and Miller and the
in energy toVmer(R) whereAVin eq 11 in near to zero. While  Lendvay and Schatz studies are imperfectly, but reasonably,
this might be appropriate when one of the reactants has only arepresented bfqoFTSTFR
few quanta of excitation, as the amount of excitation increases, |, this spirit, eq 14 can be applied to the HOF M sequence.
one might expect that even the repulsive parts of the potential o application is more straightforward than in the,€$ M
energy surface would be effective in forcing some de-excitation. gequence because it so happens that for every M at every
As the degree of excitation increases, the fractidiflT) factor  temperature, there is only one minimum. The resulting values
would then become an increasingly overly restrictive limitation o 7 FTS™FR are displayed in panel d of Figure 6. In general,

on the size oZeo. In the limit of high initial excitation, one  {he collision rate constants in panel d are higher than their
might expect thfat all parts of the interactive potentl_al, whether counterparts in any other panels. However, the differences
strongly attractive or strongly repulsive, should induce de- pocome largest for those species with permanent moments (H

excitation. In this limit, the Boltzmann factor if(RT) that Os, N5, and HO). This causes the spread Zi, values as a
favors only the attractive portions of the potential energy surface ¢,,ction of M to be larger than in any other panel. Furthermore,

should be removed. This is equivalent to setdf(&,T) to its for H,0, the collision rate is more than 2 times larger than the

n}axmlflr.n.possmle value Og unlg and :equcef thefcalculatlon analogous values in the other panels and is now much larger
of a collision rate to one that effectively involves free r0tors o n"that for almost all other M species.

for all the orientational degrees of freedom. The resulting

expression for the collision rate from eq 10 then becomes D. Final Experiment to Theory Comparison. With the

results in panel d, the experimental recombination results can
FTST-FR _ 2 2 —Vuer(RIKT; be theoretically reanalyzed. The same theoretical approach used
Zeol Wizo™ mir{ (Rio)’e b4 above with the BP method (panel a in Figure 6) is repeated
where theZeo; superscript emphasizes the free rotor assump- With the new panel d estimates; i.&0i""S™"R. The strong
tion. In this formulation, the effectivédy,a would be min- collision Iow-press_ure_ Ilmltl_ng rate constants are evglqated with
{Re"Wer®IZT} (I the case of marginally attractivéyes(R), eq 5.As bgfore, with insertion of the low-pressure limits, along
the {} factor in eq 14 does not have a minimum. Then, the With the high-pressure limits, into the complete Troe theory,
closest approximation to a minimum, namely the minimum in the rate constants can be predlctgd atany temperature or pressure
the derivative of thd} factor, is used.) angl can be compared to experiments Wi Ey being the
Under the assumption that the limiting case of high initial ad]ystgble parameter. The final results are represented as the
excitation applies to the Lendvayschatz studies, eq 14 has Solid lines in Figures 913 for M = Oz, Na, Hy, He, and Ar.
been applied using %uer(R) determined as the mininum value The rgsultlng values of-AEy are listed in Table 4. Table 4
at each value oR of the potential energy surface used for the @lso lists room-temperature results for ¥ He, Ne, Ar, Kr,
trajectories for each GS + M combination. The result of the ~ Hz, Nz, Oz, and CH.
minimization procedure for most @S+ M combinations shows Figure 9 shows a summary of the present data fofi@.,
multiple minima whose positions vary with temperature. If the eq 3 as the bold dashed line) along with a theoretical prediction
minimum at the largest value & (which is oftennotthe deepest ~ using—AEa = 95 cal mot? (33.2 cn1?) for the experimental
minimum) is selected in the evaluation of eq 14, the resulting pressure of-90 Torr. This—AEg gives values fof; of 0.150-
values of the mifiRe~Vver(R/ZTY gre those displayed in Figure  0.024 between 200 and 1500 K. Even though most workers have
8. While not in perfect agreement with the trajectory values of assumed that the relative efficiency of @ N, is unity,”2 we
bmax these values are of comparable size and show the samdind that & is less efficient, being between,Nind the rare
trends with changes in M. Though imperfect, eq 14 offers an gases. There are no earlier direct values for comparison. With
inexpensive way to approximai®, " with ZeFTST-FR, N,, Figure 10 shows eq 2 in comparison to earlier direé?
As mentioned above, the Brown and Miller trajectory sflidy — and derived’-287377 T-dependent rate constant determinations.
on HO* + He also determined., 3. The potential energy  Considering combined experimental errors, most of these
surfaces used for the trajectories were similar in spirit to that determinations satisfactorily agree, with the exception of the
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Figure 9. Comparison of the experimental (dashed line) and theoretical
(solid line) ker for H + O, + O,. The experimental rate expression is
derived from the linear-least-squares fit of the present data summarized
in Figure 5 and eq 4. The theoretical rate constants requiXg, =

95.0 cal mot! at ~90 Torr.

TABLE 4: Optimized Values of —AE, and 8. as a Function
of Temperature for Different Bath Gases
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Figure 10. Comparison of the experimental and theoretical (solid lines)
keer for H + O, + Np. The experimental rates include direct measure-
ments by [0) Kurylo at 40 Torr (ref 17), ©) Wong and Davis at-30

ke (1022 crrf Torr (ref 18), ©) Carleton et al. at 350 Torr (ref 19), ane - —)
bathgas  T/K —AEa/cm™ range off. molecule®s™) present work, eq 2. Derived experimental data inclueGetzinger
H,O 300 210 0.38 48.2 and Blair at 2.5 atm (ref 27)x) Davidson et al. at-50 atm (ref 28),
CH:, 300 210 0.38 14.3 (®) Hsu et al. at~15 Torr (ref 73), #®) Slack (ref 74), ¥) Campbell
N> 300 38.5 0.19 4.03 et al. at 1.5-3.5 Torr (ref 75), &) Mueller et al. at 10 atm (ref 76),
O, 300 33.2 0.11 2.99 and (---) Ashman et al. (ref 77). The three lines are theoretical
H, 300 26.3 0.087 6.10 calculations of rate constants usirghE, = 110 cal mot?, from top
He 300 23.0 0.078 2.28 to bottom, at 15 Torr, 10 atm, and 50 atm, respectively.
Ne 300 23.0 0.078 1.52
Ar 300 23.0 0.078 1.97
Kr 300 23.0 0.078 1.94
HO  200-1500 210 0.470.12 H+0,+H,
N2 200-1500 38.5 0.160.028 —_
O,  200-1500  33.2 0.150.024 A AE, = 8.39T%% cm K 02
H. 200-1500 8.3992  0.11-0.026 o~
He 2006-1500 7.39°2  0.10-0.023 ‘@ 1x10% 1
Ar 200-1500 7.39%2  0.10-0.023 3
aFor room temperature measurements, the calculated termolecular %
rate constant is also given. £
w
higher temperature values of Carleton et%lVe also show iEJ,
three theoretical calculations at 15 Torr, 10 atm, and 50 atm, %
respectively, from top to bottom in the figure, obtained with <
—AEa = 110 cal mot?! or 38.5 cm! (0.160 < B. < 0.023, 1x10°% 1
for 200—1800 K). With the exception of the present work, all
previous work above-650 K was carried out between 1 and ‘ ‘ ‘ ‘

50 atm whereas all loweF-work was between 1 ane500
Torr. We believe that some of the discrepancy noted in earlier
work may have been partially due to a lack of appreciation of
the slight pressure sensitivity shown by the theoretical calcula-
tions. There is minimal-dependent data fortbath gasg26.78

but this is shown in Figure 11 along with a theoretical calculation
at 500 Torr with a slightly T-dependent energy transfer
parameter;-AEy = 24.01%20 cal mol1 K—0-2(8.391°-20 cm~1

23 25 2.7

Log(T)

Figure 11. Comparison of the experimental and theoretical (solid line)
keer for H + O, + H,. Three experimental measurements are wy (
Wong and Davis at 20 Torr (ref 18)0f Nielsen et al. at 1 atm (ref
26), and ¢ — —) Kochubei and Moin at~500 Torr (ref 78). The
theoretical rate constant calculations requit®Ey = 24.0M°2 cal moit
K=02at 500 Torr.

29 34

K~02), implying 0.110=< f5; < 0.026, for 206-1500 K. For the gas are shown in Figure 12. The data at room temperature are
available data, theory agrees satisfactorily with experiment.  in moderate agreement, with the value of Ku#lbeing the
T-dependent determinations with rare gases are more extendowest. Certainly, if all data shown in Figure 12 are compared
sive than with di- or polyatomic molecules. The present 296 K at the two standard deviation level, then the data agree; however,
and earlier resultg18.24.25.7%t higher temperatures with He bath  the values of Kurylo are probably still low even though this
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Figure 12. Comparison of experimental and theoretikgal for H + 1x1033 . ‘ : :
0, + He. Experimental direct measurements are®ygresent work, 2.3 2.5 2.7 2.9 31
(<) Kurylo at~150 Torr (ref 17), ) Wong and Davis at 50 Torr (ref T
18), (») Hack et al. at 3.75 Torr (ref 24), an&) Clyne and Thrush at Log(T)

~3 Torr (ref 25). Derived experimental rates are fro®) Hsu et al. Figure 13. Comparison of experimental and theoretikal for H +
at 15 Torr (ref 713);1-2‘3 two theoretical lines are based-@Eai = 5,4 Ar. The experimental rate constants include direct measurements
2_1.0r°- cal m_or K~02 at 3.8 Torr (dashed line) and 500 Torr (solid by (2) Kurylo at 40 Torr (ref 17), [l) Wong and Davis at-30 Torr
line), respectively. (ref 18), ) Carleton et al. at 350 Torr (ref 19), an@)Hidika et al.

at ~1 atm (ref 22), and-¢ — —) present work. Derived experimental
was a direct determination. We show two theoretical predictions rates are fromm) Cobos et al. (ref 20),4) Westenberg and deHaas
with —AEy = 21.0M20cal mot! K02 or 7.35M020¢cpy1 K02 (ref 23), @) Clyne and Thrush (ref 25),4) Davidson et al. at-50
(i.e., 0.110< Bc < 0.023, 200-1500 K) for pressures 3.8  atm (ref 28), - —) Slack at 3 atm for 9641075 K (ref 74), )

- P - Mueller et al. at 10 atm (ref 76), (- - -) Ashman et al. at 1 atm (ref 77),
(dashed line) and 350 Torr (solid line). These calculations are (—+—-—) Getzinger and Schott at 3.5 atm for 115TB50 K (ref 79),

not sufficiently different to explain the spread of values at room 5,4 ¢y pirraglia et al. for 746987 K (ref 80). The three theoretical

temperature, but they do supply a compromise explanation thatjines are calculations using AEx = 21.01°2 cal mott K—02, from
nearly reconciles all data except those of Kurylo. Rate constantstop to bottom, at pressures, 3 Torr, 10 atm, and 100 atm, respectively.
in Ar bath gas are more extensive than those with He. The room

temperature and@-dependent datg 20.222325.28,74,76,77,79.8re along with other direéf and derive@2°737values ofke. We
plotted in Figure 13 and range in pressure freth—5 Torr325 have evaluated the pressure falloff using the methods given by
to 115 atn?® At room temperature, the data of Kuryfoand Troe and co-workefs® and display those results in the figure

Hikida et al?? appear to be lower than the other studies. Because over the range of pressures sampled in the experimental record.
of the large range in pressure, three theoretical predictions at 3The level of agreement between theory and experiment is
Torr, 10 atm, and 100 atm with AEg = 21.07°-%° cal mol™? comparable to that found in Figures-23 for other species of
K=020or 7.35M020cm~1 K02 (j.e., 0.110< . < 0.019, 206- M. As indicated in Table 4, the theoretical prediction at room
1800 K) are shown in comparison to the data. The theory mostly temperature and low pressure (15 Torr) requires/sEy =

reconciles all previous data and shows, as withbidth gas, 600 cal mot™ (210 cnt?). Over an extended temperature range
that pressure sensitivity has probably not been appreciated inthat encompasses the experimental regéyéactors range from
earlier work. 0.47 to 0.12 between 200 and 1500 K. Such physically

Considering Figures-913, the level of agreement with the  meaningful values off; can only be obtained with the large
experimental data for these species of M is similar to that collision rates for M= H,0O indicated byZ.,"S™-FR and
discussed in part B above witfyy evaluated in the standard  displayed in panel d of Figure 6.
way with eq 8 using the BP method. This includes the factthat, The —AEy, values that are reported in Table 4 have two
consistent with experimenEq is lowest for M= Ne in the interesting features. First, for all rare gas bath gaseskEy,
rare gas series. This arises from contrasting trends, shared byalues are the same. For diatomic and polyatomic species of
eqs 8 and 14, of increasing cross section but decreasing averag®l, —AEj, values are larger and generally increase with the size
velocity as M goes from He to Xe. For all M except®] the or complexity of the molecules. We note that there a/E0
major effect of the new way of evaluatirify is to decrease  times more states in H® at threshold than counted by
the optimized value of-AEy so as to keep the product of considering vibrations alone. This is near to an energy con-
Z.olAEq to be approximately the same. tinuum in which case there are a large number of rovibrational

The results for HO as the bath gas are displayed in Figure energy combinations available for transfer provided the acceptor
14 and also listed in Table 4. The figure shows the present work molecule has a resonance available to accept the energy. Since
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1%1030 : : . . . essentially the conclusion of Lendvay and Schatz, discussed
I above, that—AEy and Z,o have never been independently

] measured.
H+ O2 +H,0
-AE,, =210 cm™!

Summary and Conclusions

The third-order reaction, H- O, + M — HO, + M, has
been measured near the low-pressure limit at room temperature
for M = He, Ne, Ar, Kr, Q, N», and HBO and over an extended
range of temperatures for ¥ Ar, O,, and N. In all cases,
H-atoms were produced by the laser photolysis ofs;Nidd
detected by atomic resonance absorption spectroscopy. All
measurements were conducted in a shock tube, but the room
temperature measurements used the shock tube as only a static
Jt ] pressure chamber. These measurements are the first reported
for M = O,. For the other M and also forg&nd CH, previous
{ measurements are available. All of these results are reviewed
and compared. The measurements here are consistent with the
available experimental record and, in particular, confirm the
exceptionally high recombination rate constant wherM-0.
The standard theoretical analysis as first developed by*Troe
[ L . is applied to this entire experimental record. The values of the
2.3 2.5 27 29 3.1 average energy change per collisiem\Ey, derived from that
analysis, are sensible for all M but,@ where the derived
Log(T) prqbability of stabilization has.an unphysiqal value greater.than
) ) ) ) unity at room temperature. This result motivated changes in the
Figure 14. Comparison of experimental and theoretital for H + standard theoretical analysis that both rationalized the behavior

O, + H;0. The direct measurement and derived experimental rate Lt .
constants are open and solid symbols, respectively, each with its own of H,0 and also quantitatively reduced the derivedEa for

=]
«
T

1x1

K;o/(cm® molecule? s)

error bar: Q) Carleton et al. (ref 19),4) present work, @) Clyne other species of M:

and Thrush (ref 25),%) Bates et al. (ref 29),4) Hsu et al. (ref 73), eThe number of active rotational degrees of freedom con-
and @) Ashman et al. (ref 77). The solid line is a theoretical rate tributing to the HQ* state density are made explicitly temper-
constant calculation at 15 Torr withAE, = 600 cal mof*. ature dependent. In standard theory, pre-assigned values of

which rotations are active or adiabatic are typically incorporated
the fundamental vibrational energies for the di- and polyatomic for all temperatures without any detailed justification.
acceptor molecules considered here are substantially larger than «The Lennard-Jones potential for the HOF M interaction
the transferred energies, we suggest that energy transfer mights replaced with an electrostatie dispersion potential. Such
essentially only be into translational and rotational degrees of potentials are required to reliably represent interactions between
freedom. Then one expects translational energy transfer to bepolar—polar species. In contrast, the effective Lennard-Jones
similar to monatomics with the enhancement for di- and potentials typically applied in the standard analysis have never
polyatomics to be predominantly due to rotations in the been validated by data reflecting potgrolar interactions.
acceptors. K appears to be an exception; however, we note  eThe collision rate between H® + M on the electrostatic
that the rotational spacing in this molecule is sparse. Between+ dispersion potential is estimated by a free rotor model for
J =0 and 1 the energy difference is 121.6 ¢nfi.e., 350 cal ~ “complex formation” between the bath gas and #OThis
mol-2). It therefore may be that the paucity of available states approach can be physically motivated but is primarily justified
in H, decreases the probability for rotational energy transfer by the ability of the method to reproduce trajectory collision
from the near continuum of states in KOand that energy ~ 'ates by Lendvay and Schéit£® and Brown and Millef® on
transfer to translations, as in monatomics, will be the more related chemically activated systems. In contrast, the standard
effective process with ki This would be reflected in the above pollision rate (a hard-sphere estimatipn modifieq _by the collision
derived —AE, values for monatomics versus, lf 7.3570-2 integral22%%) underestimates the trajectory collision rates, often

and 8.39°2 cm 1 K02 respectively. by a factor of 2.

As sh in Table 4 . i wre d q The optimized values of AE that are produced from this
1S shown in fable 2, blrequires no temperature dependence analysis have the following characteristics:
while Ar has —AEy increase by the temperature to the 0.2

. . . *Within experimental error, all rare gases have the same
power. This contrasts with the conclusions of Fratao reports —AEa. For He and Ar, the only rare gas species for which

T-dependence i AEq for both N> and Ar. However, the final e mperature-dependent data existEx increases slightly with

Be values for both Ar and hin Troe’s report are almost identical  temperature. The recombination rate constant is lowest for Ne
to those found here becaus@Ea, in the present and previous  pecause of contrasting trends in the energy transfer cross section
work? is adjusted in order to recovefic’'s that reproduce  and the average velocity of energy transfer collsions.
essentially the same experimental data. The difference between oThere is clear enhancement+\Ey for di- and polyatomic

our results and those of Troe lies in the treatmenZgj and molecules relative to the rare gas atoms. In only one case (H
the density of states of H® The difference in—AEg, values does the data justify a slight temperature dependenceAdt,;.
points out that this parameter is not independently obtained from  Beyond the results specific to H O, recombination, this
kinetic data but instead is correlated with approximations or work supports the importance of rotational contributions and
assumptions about other aspects of the rate constant, which alstheir temperature dependence to the estimation of the density
cannot be independently determined from kinetic data. This is of states of activated complexes. Rotational contributions to the
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state density of molecules at threshold have been reported in ato our knowledge, there is no database of measured transport
least four cases, #£0 8 C;H,,82 and CHOH and but-1-yné3 properties for polarpolar mixtures. If such measurements could
The spectroscopically observed density of states at threshold isbe performed, both transport processes and recombination
substantially larger than the vibrational state density even whenkinetics would benefit.
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