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Potential surfaces and dynamics
of the O (*P)+H,0(X *A;) —OH(X 2II)+ OH(X ?II) reaction
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We present global potential energy surfaces for the three lowest triplet states®®) O
+H,0O(X *A)) collisions and present results of classical dynamics calculations on tAe) O
+H,0O(X lAl)—>OH(X 2IT)+ OH(X 2I1) reaction using these surfaces. The surfaces are spline-based
fits of ~20 000 fixed geometrab initio calculations at the complete-active-space self-consistent
field+second-order perturbation theof@ASSCH-MP2) level with a Q4s3p2d1f)/H(3s2p) one
electron basis set. Computed rate constants compare well to measurements in the 10002500 K
range using these surfaces. We also compute the total, rovibrationally resolved, and differential
angular cross sections at fixed collision velocities from near threshold~atkm s?

(16.9 kcal mot? collision energy to 11 kms! (122.5 kcal mol* collision energy, and we
compare these computed cross sections to available space-based and laboratory data. A major
finding of the present work is that above40 kcal mot? collision energy rovibrationally excited
OH(X IT) products are a significant and perhaps dominant contributor to the observeg 1-5
spectral emission from GP)+H,O(X *A,) collisions. Another important result is that Q1)
products are formed in two distinct rovibrational distributions. The “active” OH products are formed
with the reagent O atom, and their rovibrational distributions are extremely hot. The remaining
“spectator” OH is relatively rovibrationally cold. For the active OH, rotational energy is dominant
at all collision velocities, but the opposite holds for the spectator OH. Summed over both OH
products, below~50 kcal mot? collision energy, vibration dominates the OH internal energy, and
above~50 kcal mot? rotation is greater than vibrational energy. As the collision energy increases,
energy is diverted from vibration to mostly translational energy. We note that the present fitted
surfaces can also be used to investigate direct collisional excitatioq@(HAl) by O(3P) and

also OHX ?[I)+OH(X 2II) collisions. ©2005 American Institute of Physics

[DOI: 10.1063/1.1893887

l. INTRODUCTION data that the observed radiation from(*®)+H,O(X*A,)

collisions may be consistent with forming rovibrationally ex-
Collisions of Q®P) with H,O(X 'A,) give rise to spec- cited OH through hydrogen abstraction,

tral radiation observed from the long wave infrared

(~20-10u)," through the infrared10-1 p)*° and up to

the vacuum ultraviolet(~0.25 u),>*? depending on the L @)

relative collision energy. These emissions are important to AH= +16.9 keal mal,

characterize because they can be a significant backgrourghd/or forming rovibrationally excited 4@ through direct

noise source for telescopes mounted on spacecraft in loweollisional excitation,

Earth-orbit or LEO. In LEO (~300 km altitude and 3 1

~8 km st relative atmospheric velocity OCP), which is O(P) + HoO[X *Ay, (111273, IK)]

the main component of the atmosphere at these altitudes, — O(°P) + H,O[X AL (v vhvg, KN, (2)

collides with HO(X lAl) from outgassing spacecraft sur- . o . i
depending on the collision velocity. Other studiésve at-

faces or from spacecraft engine exhdust. : s ’ ‘
Hlbuted all such radiation from 1-p to reaction(2). It is

The mechanisms that give rise to the observed radiatio . oo o
in OCP)+H,0(X 1A1) collisions remain elusive. however _parUcuIarIy difficult to distinguish between Eqgd) and (2)

. - . .. in the 1-5u spectral region because spectral observations
because the rarefied conditions and large relative Co”'s'o'?emain the main source of data and OHII) and

velocities negessary are difficulft to achieve in thg IaborgtoryHZO(X 1A1) have highly overlapping spectral distributions in
and so experimental data remain sparse and d|ff|c7ult to Intefnis region. Furthermore, since spectral observations are only
pret. Focusing on the 1-f region, Bernsteiret al. have  ggnsitive to internally excited products, the magnitude and
shown through analysis of space experiments and laboratoghergy dependence of these observations minimize contribu-
tions from products formed with little internal excitation,
¥Electronic mail: matt@spectral.com products which may in fact carry most of the total reaction

O(®P) + H,0(X *A;) — OH(X 2II) + OH(X 2I),
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cross section and dynamical information. In addition, theothese surfaces for further dynamical studies including reac-
retical examination of the reactiond) and (2) has been tion (2) in order to form a complete picture of (&)
problematic because they involve computation of high-spin-H,O(X lAl) collisions over a broad energy range. The
open shell wave functions which presents special difficultiepresent work is also of interest as a guide to the design and
for theory. There have been theoretical studies which usednalysis of possible future hyperthermal O atomH,O
nonreactive ©P)+H,O(X 1A1) potential surfaces to exam- beam measurements. In these experiments, it should be pos-
ine the collisional excitation channgq. (2)].1**Although  sible to measure the OH products and their internal state
these studies have had some success in explaining measudéstributions directly, rather than through spectral emission,
ments in the 1-5: region, there remain major differences over a range of energies near 64 kcal th¢r~8 km s rela-
between these studies and measurements at certain collisitime collision velocity.21
velocities and significant differences between the theoretical The surfaces we report for (@P)+H,O(X lAl) are
results themselves. spline-based fits based on20 000 fixed geometrgb initio
Besides being important in LEO conditions, collisions of calculations at the complete-active-space self-consistent field
O(®P)+H,0(X *A,) are also important in WO, combustion  +second-order perturbation theotCASSCF+MP2) level
chemistry?7 The reverse of reactiofl) is an important step with a O(4s3p2d1f)/H(3s2p) one electron basis set. The sur-
in such chemistry. In fact, the surfaces involved in reactiorfaces are used in quasiclassical trajec{@{T) calculations
(1) are part of a family of triplet HO, surfaces leading to to compute rate constants of reacti@ as a function of
Hy(X125) +O,(X°2;) and H?S)+OOHX ?A’), pathways —temperature. The computed rate constants compare very well
critical in understanding such combustion chemistry. The poto available measurements. We also compute the total, rovi-
tential surfaces involved in GP)+H,O(X 1A1) collisions  brationally resolved, and differential angular cross sections
have been probed recently using transition state photoele¢er reaction(1) with QCT on the fitted surfaces at fixed ve-
tron spectroscop¥*°which has given information about the locities from threshold at-4 km s-11 km s? relative col-
barrier height and other transition state properties for readision velocity (122.5 kcal malt). We compare the computed
tion (1). Instead of translational energy as in previous spaceross sections to available space-based and laboratory data.
and laboratory measurements, Ref. 20 used vibrational efWe also compute cross sections for reacti®nand compare
ergy of deuterated O reagents to overcome the large en-these results to results of Ref. 20 using the fitted surfaces.
dothermicity of reactior(1), A major finding of the present work is that the rovibra-
3 N 5 5 tionally excited OHXZ?I) product from @°P)
O(°P) + HOD(X Aq,4,0H) — OH(XTI) + OD(X “II), +H,0(X *A)) collisions are a significant and perhaps domi-
3 nant contributor to 1-5p spectral emission above
AH = +16.9 kcal mot*. ~40 kcal mof? collision energy. This finding is in contrast

h . q . | distributi to most interpretations of the experimental data which at-
In these experiments, product internal state distributiongp, e this radiation to collisional excitation of ,B(X lAl)

were measured directly through laser-induced ﬂuorescem%xclusivelyﬁ Another important result is that Qb4 2IT)
and _therefore the usual_ ambiguities in interpreting the Overbroducts of reactiorfl) are formed in two distinct rovibra-
lapping spectra of reactiori$) and(2) were removed. These 0, gistributions. The “active” OH products are formed

measgrements_yleld ”(.:h dynamical information on the SUMith the reagent O atom, and their rovibrational distributions
faces involved in reactiotd). . 3 are extremely hot. The remaining “spectator” OH is rela-
For fompleteness, we note that collisions o'® e\ rovibrationally cold. Summed over both OH products,
+HO(XTA,) at very Iarge_ relatlve2 C?"'S'On velocities can below ~50 kcal mof? collision energy, vibration dominates
produce electronically excited QA "7, the OH internal energy. Above-50 kcal mot?, rotation is
O(3P) + H,0(X *A;) — OH(A 2S*) + OH(X 1), greater t_han vibrati_onal energy, but the total product energy
fraction is mostly in translation. We note that the present
(4) surfaces can also be used to investigate collisional excitation
of H,O(X *A,), reaction(2), or OH(X ?IT) + OH(X ?IT) colli-
which has been observed in space-bé%enhd laboratory sions, the reverse of reactidh) but we leave such work for
molecular beam measuremefitsThe electronically excited @ Separate study. o _
OH is apparently formed through high-lying conical intersec- ~ The methods used for the potential fit, the analytic rep-
tions in the potential energy surfaces of the four_atomrqsentatlon of the fit, the fitted surface _propernes for all three
complex2 The surfaces involved in reactiof® and(2) are ~ triplet surfaces, and the QCT dynamics methods used are
part of a large manifold of electronic states which give rise todiscussed in Sec. II. Section Il presents the results of the
the products of reactiotd). QCT calculations 'and compares resultg to available experi-
In this paper, we present global potential energy surfacedental data. Section IV discusses possible future work.
for the three lowest triplet adiabatic surfaces involved in
O(®P)+H,O(X *A,)) collisions and present results for classi- 1. METHODS
cal dynamics calculations on these surfaces. The main PUR botential surfaces
pose of the paper is to investigate the role of reac{ihrin '
producing spectral radiation in the 1g5egion. By compar- Collisions of Q®P) with H,O(X *A,) give rise to three
ing to available measurements, we will assess the validity oélectronic states which adiabatically lead to @HII)

AH = +110.5 kcal mol*,
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k== = “out-of-plane” r coordinate looking along the ©H, bond.

= ZALOHCIM o, 4.4)

— 13A” 1 OH(21T) ’
A v .
198 ; @ ZAleann ‘I”vzr H,0 batic surfaces follows closely the work of W al?* for the
OCP) H0('A)I2sa" @ It reaction H+HBO—OH+H, but with some modifications
Cz3m 13A” HA('Z,%) O,(°Z,) kealmol (kmis)  which we discuss below. For each triplet surface, we treat the

full (3N-6)=6 dimensions by defining three “active” inter-
FIG. 1. Energy level diagram of low-lying triplgsolid lines and singlets  nal coordinates which most affect motion along the reaction

(dashed lines showing reagents, transition states, and products for O ath (bond breaking and formiljgand three remaining
+H,0 collisions. The transition state geometries and energy levels are foE internal coordinates. The active coordinate 0o

triplets based on the work of Ref. 17. The energy and corresponding reIativeSpe_Ct""ltor " ) . -
collision velocities are shown in parentheses with respect to ti@)0 tential is a three-dimensional spline determined from a large

+H,0(XA,) asymptote at zero energy. The energies of the fundamentaset of ab initio calculations spanning the range of active
vibrational modes of B are shown for reference. In the present study, we o djinate values. The spectator coordinate potential is de-
adiabatically follow the three lowest triplet states of'B) +H,O(X 'A,) to . ) . .
OH(X 2IT)+ OH(X 2IT). termined for a fixed set of active coordinates at a geometry

near the transition state of state 1. An approximation is made

that the spectator coordinate potential does not vary much
+OH(X 2I). These three lowest triplet adiabatic states argyong the reaction pathwagchanges in the active coordi-
the focus of the present study, and we label them “state 1,5ate3. A global analytic representation of a particular surface
“state 2,” and “state 3,” where state 1 is the lowest energys defined as a sum of active and spectator parts. The global
state and state 3 is the highest. We fit these adiabatic statggtential surface connects reagents to products smoothly and
independently. The AH of the Q°P)+H,0(*A) includes the proper symmetrization with respect to O-atom
— OH(X ?IT) + OH(X ?I1) reaction is +16.9 kcal mol. From  attack on either of the 0 H atoms. The active potential
rate constant measurements, the activation energy ispline coefficients, spectator potential parameters, and other
~17.0 kcal mot* (Refs. 22 and 2Bor a relative collision  parameters which determine the surface analytic representa-
velocity of 4.1 km §', which implies a very small energy tion are based on newb initio calculations of the GP)
barrier of ~0.1 kcal mof!. We note that crossings of the +H,0(*A,) potential at the CASSCFMP2 level. The inter-
three lowest triplet states with higher triplet states can lead tg3| coordinates, analytic potential representatiai, initio
electronically excited OFA ") with an endothermicity of  cajculations, and properties of the fitted surfaces are de-
+110.5 kcal mot* (Ref. 12 but we do not consider such scriped below.

interactions here. Nor do we consider crossings with excited

singlet oxygen O'D)+H,0(X'A,) states, which can

also lead to OKX 2I1) + OH(X °IT).2* We further note that by

symmetry there is a fourth triplet leading adiabatically t0 ; ,ternal coordinates

OH(X 2IT)+ OH(X ?[T) but this state must originate from

electronically excited triplets of O+4©. Furthermore, Figure 2 shows the internal coordinates used. The active

O(®P)+H,0O(X *A)) reaction channels leading toz(JiE;) coordinates are the sé¢x,y,z} which most affect reaction

+02(3E§), AH=-1.6 kcal mot!, and H29)+OOH?A’),  going to OH products. The coordinateis the OH bond of

AH=+51.0 kcalmot* are not addressed here. TheseH,O being brokeny is the OH bond being formed, arms

channels go through high-lying transition statesthe angle formed between the breaking and forming bond,

(60-70 kcal matt) (Ref. 17 and should be accessible at hy- atoms Q-H,—O,. The spectator coordinates are the set

perthermal energies. Fully global surfaces for triplet O{u, 8,7}, whereu is the OH bond length of }O which is not

+H,0 should take these channels into account. A summargttacked by the incoming @), is the H~O,—H;, bond angle,

of the O+H0 reagent, transition states based on the work ofind 7 is the “out-of-plane” torsion angle defined as the angle

Ref. 17, and product states is shown in Fig. 1. In the preserietween H and Q when viewed along the &H, bond. The

study we follow the three lowest triplet states of°®) active coordinates have the range,0—x,y,0—0;z,0

+H,0(*A,) adiabatically to OKX IT)+OH(X 2IT) products. — 18}, while the spectator coordinates have the range
The approach taken to fit the three lowest triplet adia{u,0—;8,0— 360 ; r,0— 180°}.
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2. Analytic representation of the surfaces S,= %{1 +tanfpy(x - p) 1}, (120

We first define the “active spectator” potentiaVa.s, S with fit parameterdro, 1, o, py}. DefiningV, to be the iso-
a sum of activev, and spectatoV; parts, lated HO potential, andv,, as the potential of two isolated
VardX,Y,2,U,6,7) = Va(XY, 2y g0+ Vel Dy 2000 () OH products, the global potential can then be expressed as

The parameter§xy, Yo, Z, Uo, 6o, 7o) are particular values of Vinsym* SSVr + 11 =58 = S(1 =) Vars
the internal coordinates defined further below. The active +S,(1-§)V,. (13
potential is further broken down into a weighted sum of two

parts that depend on An undesired side effect of separating active and internal

coordinate potentials is that the potentig].s,, treats the

Va:W(T)Vsp"ne(x,y,z)uoﬂoy,zo hydrogen atoms on the water reagent in an unsymmetrical
fashion. This means that the potentil.s,mis different de-
+[1 _W(T)]Vsp"ne(x'y'Z)Uoﬂoﬂclw' (6) pending on whether the incoming oxygen attacksréther

than H,, which is unphysical. To compensate, we follow Wu

The potentialVgyine is defined as a three-dimension@D
P spling D) 2125 and introduce the switching functid, which makes

spline interpolatioﬁ6 on a grid of calculate@b initio points ) .
in (x,y,2) described further below. Notice that the spline attack on either hydrogen equivalent.

potential only depends on planar geometries of the @3 H S= %{1 - tanfﬁso(RobH - Robe)]}- (14)
system and for purposes of the spline interpolatiis, con-

sidered to be continuous from 0 to 360%(7) is a weighting ~ Where{so} is a fit parameter. The full global symmetrized
function that weights the=0° and 7=180" Ve vValues and potential is then the weighted sum of two unsymmetrized
provides an interpolation of the active potential for nonpla-Parts,

a

8:; %S:E)Tr)n;tréeesﬁrn;; g°, 180° based on the plan&fne val- Veym= SVunsyn(Ha=Oa—Hy + Op)
6 + (1 - Ss)vunsym(Hb_oa_Ha + Ob)- (15)
W(7) = >, acos" 7, (7)  whereV,ngyn{H~O;—Hp+Op) is the potential of the atoms in
m=0

their original configuration, and/syr{Hy—0;=Ha+Op) is
the potential with the H atoms switched. This is essentially
an averaging of two geometric configurations.

Table | gives the values of all the parameters for the
potential for all three electronic states and how they were
Vs = VuWg yo.20709 T Vel Oy 2,7 (8)  derived. Many of the values were obtained frah initio

calculations described in the following section.

where the parametefa,,} are parameters determined from a
fit of the ab initio data described below. The spectator poten
tial Vg is a sum of two terms,

HereV, is a Morse potential given by,

Vy(u)=DJ1 -e Pt o]?, (9) 3. Electronic structure calculations

with fit parametergDy, Ug, b}. The other part of the spectator Most of ourab initio calculations were based on a 10
potentialV, is given by, electron 8 orbital10e80) CASSCF-MP2 treatment with a

(4s3p2d1f) O-atom basis an@Bs2p) H-atom basis for a total

V[ 6(x)] = [A(cos6 - cos 6;)* of 90 basis functions. Thé10e80) CASSCF includes all
+ B(cos 6 — cosfy)3]e )| (10) excitations of ten electrons within the space of an initial con-
figuration of two bonding, two lone pair, two singly occu-
where pied, and two un occupied antibonding orbitdlBhe 1s and

2s oxygen orbitals are not included in the CASSCF space.
This totals 1512 configuration state functions. We state aver-
with fit parameters{A,B,C,D,a,a’,x;}. The functional age the three lowest electronic states and perform all these
form of Eq.(10) is slightly different from the study of Wet  calculations with no symmetry. This choice of CASSCF
al.” to better match thab initio O +H,O surfaces. space ensures that the three electronic states treated will be
Since functional forms for the 40 reagents and OH  degenerate on the reagent and product sides of the reaction as
producté® have already been developed which match experithey should be, and that the CASSCF space includes bonding
mental data very well, we incorporate these known potentialend antibonding orbitals so that OH bonds can break and
in the present global fit. We do this in a similar fashion to Wuform in an even handed way along the reaction path. A sum-
etal® by employing switching functions that turn on and off mary of the electronic energies and energy differences of the
the reagent, product, and,,s potentials in appropriate re- reagents, products, and at the lowest transition state geom-
gions. We choose the following forms for these switchingetry of state 1(as determined from the study of Ref.)late

6,=C+De @ *x (11)

functions: given in Table II. All calculations were done with the
i _ GAMESS electronic structure package.
S= 2{1 +tanffro(y - ry)J}, (123 The experimental T, leading to OH+OH is
. 14.7 kcal mot* which is 0.9 kcal mot* below the present
S= 5{1 +tanli(y - )1}, (120 calculatedab initio results. Because we use switching func-
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TABLE I. Surface fit parameters. All values are in a.u.

J. Chem. Phys. 122, 184307 (2005)

Fit parameters

How determined

Values.u)

State 1 transition state geome{®g, Yo,2, g, 0o, 7o}
W(), {ao, ..., a6}

State 1

State 2

State 3

Vu{DerbvuO}

State 1

State 2

State 3

V4{A,B,C,D,a,a’ X}

State 1

State 2

State 3

Switching functions{rg,r1, Pg, P1,So}
OH product{De, b, up}

H,0 reagent

Vspiine COefficients

(2.3501, 2.0558, 141.06°, 1.8287, 104.55°)0.0

Reference 17
Fit of ab initio data

(0.672, 0.649,-0.311,—-0.347, 0.373, 0.198:-0.239
(1.47,-0.296,-0.387,0.511,-0.0724, 0.263;-0.496
(3.63,0.480,—-5.74,—-0.614, 5.15, 0.627:-2.55

Fit of ab initio data
(0.1628, 1.2200, 1.8500
(0.1757, 1.2644, 1.8287
(0.1574, 1.3000, 1.8286

Fit of ab initio data

(0.7400, 0.065, 99.0, 110, 1.9, 1.6, 2.11
(0.221, 0.0164, 98.7, 3.3, 1.0525, 0.8, 2.32
(0.137,-0.0416, 103.5, 16., 2.307, 0.1, 2)35

(4.0, 6.0, 3.0, 4.0, 3)0
(0.1698, 1.21, 1.85
Many
Many

Reference 25
Reference 28
Reference 27

Fit ofab initio data

tions to smoothly connect to the reagent and product parts dfons (=104.5,u=1.8085 a.u.7=0°). The values ol and

the potential, we have defined tfig for the present fitted
potential to be the experimentally measuret. of

0 are slightly different from the transition state geometry
adopted here but these differences will have minimal impact

14.7 kcal mott. Computing transition state geometries at theon the fit. Thex andy coordinate grid spanned the range
CASSCF-MP2 level is problematic, especially with state av-1.3228 a.u.—7.559 a.u. with spacings of 0.1890 a.u. in each
eraging. So we have adopted the transition state geometry falirection. Thez-coordinate values extend from 50° to 310°
state 1 reported in Ref. 17 which uses a basis set extrapolasith a spacing of 20°. We fit the computed energies to a 3D
tion technique within a QCIS() treatment. Reference 17 cubic spline(with tension after Ref. 26. For geometries ly-
obtained aT, for the transition state of state 1 of ing outside the-- andy-value grid points, we map the results
+1.61 kcal mot* above the OH+OH limit, while the present to the nearest extreme grid value. Fovalues outside the
surface would be nearly equal in energy to the OH+OH limitcalculated range, we perform a linear interpolation between

for the lowest triplet. Deyerét al'® obtain a lowest triplet
transition state very similar in geometry to Karkaehal.

within a QCISOT)/6-311+ +@3df,2p) treatment which is
+0.10 kcal moi* above the OH+ OH limitelectronic energy

the nearest extreme grid values. Also, i [50°,70°] we
found it necessary to use a multidimensional lingaither
spline fiy to avoid unphysical oscillations in the interpolated
potential. We note the cubic spline interpolation is simulta-

—151.315 27} As discussed further below, the second andneously performed for all three active coordinates, sozthe
third lowest triplets have potential surfaces quite similar tocoordinate is treated on equal footing with thandy coor-

the lowest triplet, except that the barrier heights are larger byjinates. We also note that for subsequent dynamics calcula-
~10 and~15 kcal mot™, respectively. The second and third tions, splines are especially efficient for evaluations of the
states should therefore play a role at hyperthermal energiegotential as all interpolations are performed locally while the

To obtain the spline fit parametersAMESS CASSCF
+MP2 calculations were done on a 884X 14 grid ofx,y,

andz points for a total of 16 184 points. For these calcula-

TABLE II. Computed CASSCF-MP2 Energies, is defined to be the cal-
culated energy difference with respect to O£MR.), Energy-Energy
[O+HO(R)].

Energy Te
Geometry (a.u) (kcal mor?)
O+H,0(R,) —151.289431 0.0
OH(R,) +OH(Ry) —151.264587 15.59
Transition state for state 1
(Following Ref. 17; Table)l
State 1 —151.266 063 14.66
State 2 —151.250 827 24.22
State 3 —151.227 117 39.10

value of the function and its first derivative remain continu-
ous from one grid point to the next.

To obtain theW(7) fit parameters for each state, we per-
formed CASSCHMP2 calculations as described above fix-
ing all internal coordinates exceptto the transition state
geometry. We then varied in steps varying from 5° to 20°
from 0° to 180°. Similarly, to obtain th¥,, fit we performed
CASSCF-MP2 calculations fixing all internal coordinates
exceptu to the transition state geometry and variedver 61
points in the range 1.22-9.44 a.u. For tWg fit we per-
formed a series of CASSGHRMP2 calculations fixing all in-
ternal coordinates exceptandx at their transition state ge-
ometries. We variedd and x on a two-dimensional grid,
varying 6 every 5° from 0° to 360° and varyingfrom 1.16
to 8.019 a.u. over 24 unevenly spaced steps. SWigge
already contains a dependencexnwe fit the residual de-
pendenceYap initio— Vspiine IN Order to isolate the contribution
of varying the spectator coordinate
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2 3 4 5 6 FIG. 4. Ther (out of plang dependence of the active potentid, for the
6 B 7224053 three lowest triplet states of the(¥®)+H,O(X 1A1) system. Here it is de-
5 5 N fined with respect to the energy of, for state 1 at the transition state
@ geometry given in Table ISL corresponds to state(l), S2 to state @),
4 4 X Y andS3 to state JA).
3 3 ®
2 2 ((&—— there is an energy maximum neax90° and the 0° and 180°
2 3456 23456 23 456 geometries have about the same energy. The barriers for out-

of-plane motion are generally small.

FIG. 3. Fitted potential energy surfaces of the three lowest triplet states of Fi 5 sh thi tof th tat t
the O(P)+H,0(X 'A,)) system. In each frame, the abscissa isxiwordi- Igure 5 snhows ¢ coOmponent of the spectator poten-

nate and the ordinate is thecoordinate. Each column shows a different tial, which is sensitive to the reagent,® internal bond
electronic stateSL corresponds to state § to state 2, an@3 to state 3. angle, for all three fitted surfaces. For these plots, all internal
Each row shows a different fixerl coordinate(80°, 140°, and 240 The  cqordinates excep are fixed at their transition state values

spectator coordinatdsl, 6, 7} are fixed at the transition state values of state . . . .
1 as determined in Ref. 17. Contour levels in all frames are at@S given in Table I. For all three surfaces there is a barrier at

{1,5,10,15,20,25,30,40, 5@cal mo with respect to O+HO(R), as linear H,O geometries, which is-30 kcal mot* for the low-

explicitly labeled forSl z=140. Distances are in a.u. est electronic state. There are local minim#&t104.5 and
0=255.5 which correspond tais andtrans geometries of
4. Properties of potential surfaces the combined O+HKD system where the reagent is close to

. , ) its isolated equilibrium bond angl&., is constructed to be
The potential surface fits for the three lowest triplet o here as th¥, part of the potential already treats these
states of the O+bD system are shown in Fig. 3 for planar geometries. Small and large valuesaforrespond to “small
geometries. In Fig. 3, the spectator coordingtes), 7} are  5nqle” geometries of the reageny®, and so are dominated
fixed at the transition state values of state 1 as determined iy the nuclear-nuclear repulsions of thg@Hhydrogens. Fig-
Ref. 17 and listed in Table I. We have not determined trany e 5 s for fixed a value of. As x increases and products are

sition state geometries because this is problematic with statg o V, retains the same shape but decreases in magni-
averaging as was done here. We have simply used the statg e fo,r all three states as expected.

transition state from Ref. 17 as a convenient reference geom- Figure 6 shows the full potential for all three fitted
etry fqr separating the_ active and.spectator fits._The SpeCtat%'Eates,Vsym for planar geometries. In Fig. 6, the coordinates
coordinates are fixed in order to isolate ¥gportion of the 1, \; 9 'have been fixed at their transition state values as
potential. Thez coordinate is fixed at 80°, 140°, and 240°. ghq\n in Table I, andy,z} have been allowed to vary. This
The active coordinatéx} varies along the abscissa. The ac- ey shows the potential for a fixed,B reagent at varying
tive coordinately} varies along the ordinate. Large values of angles of approach of the O atom. The chief feature of these

y correspond to the separated OxMreagents and largé g rfaces is a well near angles of approach corresponding to
values ofx correspond to separated OH+OH products. The

transition state barrier for this fitted potential occurs near
=14(@ for all three surfaces and its energies ar&5, ~24,

and ~39 kcal mof!, respectively, with respect to O
+H,0(R,). The transition state saddle point for the lowest
state occurs neax=2.4 andy=2.1 a.u., so that the OH
bond that is breaking alongis longer than the OH bond that

is forming alongy. Figure 4 shows the fitted potentid), for
nonplanar geometries for all three fitted surfaces. In Fig. 4,
all coordinates are fixed at their transition state values as
shown in Table I, and the torsion angtés varied from 0° to
180° to isolate the effect of out-of-plane motion. For the
lowest electronic state there is a preference fofd¥) ge-
ometries over 180c(gaUChe by.~7 kcal mor™®. There ap- FIG. 5. TheV, portion of the spectator potentiel as a function of for the
pears to be an avoided crossing nearl30° between the ipree lowest triplet states of the@)+H,0(X 'A,) systemSL corresponds
two lowest electronic states. For the third electronic stateo state 1(W), 2 to state 2®), andS3 to state JA).
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T
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A78 218268

6-4-2 02 46 6-4-2 0 2 4 6 6-4-2 02 46

FIG. 6. Full potentiaV,,, for planar geometries of the(@P) +H,O(X 1A1) system where the reagent®l bond lengths and angles are fixed at the transition
state geometry for state 1, as shown in Table I, for the three lowest triplet adiabaticHta®s andS3. The position of the approaching reagent O atom is
varied along the abscissa and ordinate coordinates. The atom positions ofQheatient are explicitly shown and are fixed in all frames. Distances are in
a.u. Contour values are ft,5,10,15,20,30,40,%8 16.8 kcal mot* with respect to O+HO(R,), as explicitly labeled foSL.

cis geometries of the O+4D system, in regions centered surfaces, an assumption we make to simplify the dynamics
nearz=14(Q for the lowest electronic state. For the higher calculations. In fact, regions of the surfaces are energetically
electronic states the well is not so deep ardl8C°. Thesez  close enough that coupling between the surfaces could affect
angles are the preferred angles of approach of the O atontke detailed product distributions. We will explore such cou-
for chemical reaction. As the reagent OH bond lengthens pling in future work. For final state-resolved quantities the
increasesand the product OH bond form{y decreaseésthe  OH(v,|) states are binned in the usual way as outlined in
shallow wells in Fig. 6 deepen. In a simple molecular orbitalRef. 31. Final HO products are binned according to the
picture for in-plane geometries near the transition state ohmount of internal energy in rotation and vibration. We note
state 1, the two singly occupiquorbitals can form bonding that our results do not adjust for zero-point energy of the
interactions with the H atoms of the reagenfQHfor the  reagents, which will sometimes tend to make such classical
lowest electronic state. In the second lowest electronic statelynamical results more “reactive” than the potential actually
one of the singly occupie@ orbitals can interact with the allows.

closest H atom of water, and in the third electronic state, the

ponbon.dmgp.orbnal of the O atom has a mostly repulsive Il RESULTS AND DISCUSSION

interaction with the H atom of KO. Generally, other angles

of approach are repulsive, except at large distances whers Rate constants at fixed temperatures for O (°P)

there are shallow long-range-type interactions of the ap#H,O(X'A;)—OH(X’II)+OH(X )

proaching oxygen and @ hydrogeng.0 Some of this long- Figure 7 shows the computed QCT rate conskapt for
range attraction corresponds to geometries affected by OYf\e reaction OP) +H,0(X 1A1)—>OH(X 2[1)+ OH(X °I1), as

separation of active and spectator coordinates and the WaY function of temperature together with data from two
the present potential is symmetrized, and so we do not expect

these regions to be as accurate as the transition state geom- 10

etry regions which are fit by splines alone. 10
10"
B. QCT calculations ‘0
”
We use theveENus classical trajectory codé with an 510.12
added interface modification in order to use our fitted poten- €
tial surfaces and derivatives to generate rate constants and 8
cross sections. For all calculations we use a fixed time step of 5 10"
St=1E-16 seconds and a maximum impact paramietgy 2 )
ranging from 5.7 a.u. to 7.56 a.u. To generate rate constants 51044_ 4
at fixed temperatures, we perform 1E5 to 5E5 trajectories per
electronic state per temperature. To generate cross sections at s
fixed translational energies, we fix the reagent water in its 10 10'00 2000 3000
ground rovibrational state and perform 1E5 to 5E5 trajecto- Temperature (K)

ries per each electronic state per energy. To obtain total rate

constants or cross sections we add the trajectory contribU=G. 7. Rate constant as a function of temperature for the reactioR) O

tions from each electronic state together and multiply by"Hz20(X ‘A —OHX"I1)+ OH(X ). [, experimental results of Ref. 22;
. . X, experimental results of Ref. 28;), total calculated results including

1/3, the electronic degeneracy factor. This approach assumgghributions from all three states;, contribution from state 1S1); V,

no electronic, spin-orbit, or Coriolis coupling between thecontribution from state 232); A, contribution from state 8S3).
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FIG. 8. Total calculated OH cross section as a function of collision energy

for the reaction @P)+H,0(XA;) — OH(X 1)+ OH(X 1) according to

Eq. (16): O, total calculated results including contributions from all three

states; <, contribution from state 1S1); V, contribution from state 252);
A, contribution from state 8S3). Relative collision velocity is shown on the
top scale.

measurements:?® Calculations were performed from 1000

J. Chem. Phys. 122, 184307 (2005)

often report absolute cross sections by detecting and adding
together signals from both OH products formed in the reac-
tion. The OH cross section is relatively small near threshold
and increases with energy. By 30 kcal imaollision energy,

the cross section is relatively constant, although it continues
to increase with collision energy. This implies that future
measurements need to start below 5 Kmt® capture the
rapid increase of the excitation function near threshold. As

total OH

OH Cross Section (a.u.)

K to 3500 K at intervals of 500 K. There is good agreement 10 0 2 4 6 8 10
between the present results and measurerffetitgespe- OH(v)

cially Ref. 23, with the present results mostly within experi- 10"

mental uncertaintie@bout a factor 2 Usually, neglect of a

zero-point energy correction as in the present QCT calcula- o active OH (b)

tions would tend to overestimate the rate constant but there
may be a compensating error in the neglect of a tunneling
correction. We do not report results below 1000 K because of
the difficulty of obtaining acceptable QCT statistics. The
separate electronic state contributions to the QCT computed
rate constant are also shown. The dominant contribution is
from the lowest energy electronic state, state 1, as expected.
The second lowest electronic state also makes an appreciable
contribution at all temperatures studied and at the highest
temperatures has a contribution within a factor of 2 of
state 1.

B. Cross sections at fixed collision energies for
O(CP)+H,0(X*A,) = OH(X ?IT) + OH(X °II)

1. Total and vibrationally resolved cross sections

Figure 8 shows the total calculated QCT “OH cross sec-
tion,” ooy for the reaction @P)+H,O(X'A,))
— OH(X 2IT) + OH(X II), as a function of collision energy
along with component contributions from the three lowest
triplet electronic states. Calculations were performed at the
following collisions energies: 16.2, 18.7, 20.5, 25.3, 30.6,
36.4, 49.6, 64.8, 82.0, 101.2, and 122.5 kcalthalhich
correspond to relative collision velocities of 4.0, 4.3, 4.5, 5.0,
5.5, 6.0, 7.0, 8.0, 9.0, 10.0, and 11 ki.9Ne define the OH
cross sectionrgy in the following way:

OH Cross Section (a.u.)

-
o,
N

o

OH Cross Section (a.u.)
b

-
(-]

spectator OH (c)

4 [
OH(v)

10

OoH= 2014 = T (16)

whereo,y, is the reaction cross sectioN, is the number of
reactive QCT trajectories, anl,y is the total number of
trajectories. The cross sectiary is more convenient for

FIG. 9. (a) Calculated vibrationally resolved cross sections as a function of
collision velocity for the reaction O+ — OH(v)+OH(v) according to
Eqg. (16). For a givenv, contributions from both OH) products are
summed(a) O, results at 5 km¥ collision velocity; ¢, results at 7 kmg
collision velocity; A, results at 8 km$ collision velocity; V, results at

9 km s collision velocity; O, results at 11 km$ collision velocity. (b)
Same ada) except results only include QH) products formed from the
incoming O-atom reageriactive OH. (c) Same aga) except results only

comparisons to most of the available measurements whiciaclude OHv) products formed from reagent,® O atom(spectator Ol

Downloaded 04 Jun 2005 to 18.51.1.214. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



184307-9 The OCP)+H,0(X 1A;) — OH(X 2IT)+OH(X 2I1) reaction J. Chem. Phys. 122, 184307 (2005)

the energy increases past the energy barriers of state 2 amdy with atomic oxygen in the atmosphere. The signal is
state 3, they begin to contribute significantly to the crossusually observed through a somewhat opaque atmosphere
section. At the highest collision energies studied, the contriintegrated over a wavelength band and characterized by a
bution from state 3 becomes comparable to that of state 2ransmittancel,,. The observed steady-state intensigj®®

where they are about 2.5 times smaller than state 1. (photons/secondcan be written as

Figure 9a) shows the QCT vibrationally resolved OH *
cross sectionsroy(v) for the reaction @P)+H,O(X 'A,) | 3R [L]NHonM, (17)
—OH(X?IT)+OH(X?I) at 25.3, 49.6, 64.8, 82.0, and Ttot

122.5 kcal mol* collision energy or 5.0, 7.0, 8.0, 9.0, and where g, is the total (reactive and nonreactiyesollision
11.0 km s* collision velocity, respectively, where we have cross section for O+4D and ¢ is the photon excitation
summed the contributions from both OH products in a parcross section which includes all contributions due to photon
ticular vibrational stat¢Eq. (16)]. At 5,7, and 8 kms' col-  cascades from multiquantum excited states. For detection in
lision velocity, the distributions are well fit by thermal popu- the 2-5p spectral region where most of the relevant optical
lations with temperatures of 1900 K, 2700 K, and 3100 K,measurements take place for this system, the intensity will be
respectively. At 9 and 11 kni$collision velocity we can fit  sensitive to single vibrational quantum changes, so we write
the lower OHv) states both with thermal temperatures of ¢ as
~3500 K. The highest Of) populations for these higher . .
velocities begin to show a different type of distribution. 7 = 2 2 v (18)
However these cross sections are very low, and proper fitting speclesy=1
of this population requires better statistics. Figuré® @nd  where is the vibrational quantum numbes:P“®Sis the
9(c) show the component “active” and “spectator” vibra- cross section to a particular vibrational state of either colli-
tionally resolved OH cross sections. The active OH productsionally excited HO or reaction product OH radiating in the
are from the incoming reagent atomic oxygen, and the spedetection band. It is important to emphasize that observations
tator OH products are made from the oxygen in the reagenisually include contributions from both species, and so the
H,0, so that the total OH cross sectidfig. 9a)| for a given  first sum extends over OH and,@. The second sum extends
vibrational level is the sum of active and spectator OH cros®ver all possible excited vibrational levels of a given species.
sections for that level. Although measurements of the activpace-based measurements usually assume or otherwise em-
and spectator OH cross sections would probably only beloy models to estimate values b, o, Ta) and oio, and
available through detailed molecular beam isotopic studiesfrom the observed intensitii>*“®report a photon excitation
the computed active and spectator OH cross sections off@ross sections”. Therefore, uncertainties in the estimated
insight into the dynamics of the collision process. For ex-values ofNHZO, T, and oy are reflected in the reported.
ample, it is clear that the active and spectator vibrationally =~ On the other hand, ground-based laboratory measure-
resolved OH cross sections are quite distinct. The spectatonents involving optical detection typically use pulsed beam
cross sections are significantly colder than the active Oksources. Signals?, from such measurements are related to
populations. The spectator OH's mainly populate (@H the photon excitation cross section in the following way:
=0,1) levels, with thev=1 relative populations significantly . )
less than that of the active Qb= 1)pp§pulati0ns. The spec- 'IAalx) . 2 > APEEEGIPeE (19
tator OHv>1) populations are almost negligible. This specew=t
means that the total Qldi>0) populations are due almost where AP*““*are Einstein coefficientéphotons/secondfor
exclusively to the active OH, and the total QH0) popu-  single photon radiative decay. Because contributions from
lations are mainly due to the spectator OH. The OH bondseparate species and from individual vibrational levels usu-
being formed in the reaction takes up most of the vibrationahlly cannot be distinguished, lab measurements typically re-
energy in the products. Joint active/spectator distributiongort a single value for the right-hand side double sum of Eq.
would reveal more detailed information, but would require(19) at fixed O+HO collision velocities. We note that these
substantially better statistics. laboratory measurements are often difficult to carry out and
The vibrationally resolved results of Fig(eéd can be calibrate absolutely with high precision due to uncertainties
compared with data. Fixed energy spaced-based and laboriareactant concentrations and the inability of optical systems
tory measurements for (éP)+H20(X lAl)—>OH(X 1) to capture all collision produced photons within a limited
+OH(X °I1) focus on the detection of infrared radiation from field of view.
vibrationally excited total OHactive + spectator, Fig. @)] Table 1ll gives two space-based results for the photon
products summed over the populated vibrational states. Sina@xcitation cross sectigEqg. (18)], two laboratory results for
the available spaced-based and laboratory measurements @ product cross sections times Einst&inEq. (19)], and
not measure vibrationally resolved cross sections directly, ithe corresponding quantities derived from the present calcu-
is necessary to briefly review the nature of these experimeniated vibrationally resolved total OH cross sectipiig.
to make appropriate comparisons with the present results. 9(a)]. These quantities follow the analysis of Ref. 7 and as-
As outlined in Ref. 7, space-based measurem@nish  sumeA%"=y17 s, It is estimated that the experimental re-
as those of Refs. 5, 6, and 8re characterized by a steady- sults are uncertain by a factor of between 2 and 3. At
state outgassing or exhausting source e®Hvith a known 4.3 km s?, the laboratory results of Ref. 1 are about 12 times
or assumed ratéNy o (number of HO per secony interact-  larger than the presently computed contribution from excited
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TABLE Ill. Excitation cross sections derived from space-based, laboratory, and presently calculated results
(theory for O(3P)+H,O(X *A,) collisions to produce radiation from 2+6

2“specie@uzlv‘szecies Ev:1 OHO—UOH Especie@uz1A§pecie%'ipedes
Relative collision S, cpot Space Expt. Theory Lab Expt.
velocity (km s) Theory(a.u) (a.u) (a.u./s. (a.u./s
4.3 0.09 1.07
~8.0 1.28 0.5 21.75 18.20
1 4.41 3.5%

“Reference 1.
PReference 6.
‘Reference 4.
YReference 9.

OH. This collision energy is too low to excite OH popula- computed contribution from OH, the theoretically derived
tions. Therefore, the experimental signal is nearly gloH  combined BO/OH would still be within the experimental
collisionally excited in thev, andv; stretching modes. At error bounds.

8 km s'%, well above the reaction energy barrier to make OH,  We note that the vibrational temperature of 3100 K ob-
the measured space-ba@edsults are about a factor of 2 tained from the present calculations at 8.0 Khs quite
smaller than laboratory resuftsThe laboratory results are different from what has been conjectured by Bernségial.”
about equal to the presently computed OH contribution to thén their fit of observed spectra of Ref. 4 obtained in hyper-
overall signal. At 11 km & there is good agreement between thermal O-atom beam experiments at similar collision ener-
the space-based combined signal and presently computeies. Bernsteinet al” derive a vibrational temperature of
contribution from OH. The present results therefore imply7000 K, which was mostly driven by the observed large OH
that at and above 8 kmiscollision velocity, the OH contri-  overtone signals. The present results cannot reproduce the
bution is at least comparable and perhaps larger than e H apparently large overtone populations observed in Ref. 4. We
contribution to the observed infrared signals. We note thahote, however, that because the O-atom beam experiments
the H,O collisional excitation cross sections have been comuse a finite field of view, OH products with lower transla-
puted in previous studies. Although these studies used thigonal energieghigher vibrational energiesnay be weighted
same nonreactive potential surface, the quantum scatteringore than higher translational energy produésver vibra-
results of Ref. 14 differ by orders of magnitude from thetional energiesthat quickly escape from the field of view.
classical scattering results of Ref. 13 even at high velocitiesThese effects, not accounted for in the present analysis, may
so it is difficult to assess the possible relative contributionsexplain the hotter observed vibrational populations.

from collisionally excited water. We note, however, that at

8 km s collision velocity there is fairly good agreement » Rotationally resolved cross sections

between the quantum results for collisional excitation of

; Figure 10 shows the rotationally resolved total OH cross
H,O and the measurements of Ref. 4. With the presentl
2 u ! P )éection at5.0, 7.0, 8.0, 9.0, and 11.0 kihlative collision

velocity for OCP)+H,0(X *A;) — OH(X ?IT) + OH(X 2IT),

0

10 where the OKb) populations have been summed over. These
- 0.15
3 [
3: leb
5 0125 4.3 spectator OH
b3 2 04
o g ECO" = 64-8 kcal m0|'1
2 & (8 km s)
6 ) 0. 0.0754
5 : 11 ks £
° 7kmst * ms § 0.05
8kmsY
10-3 ) ) ) 9 km ‘S'1 0.025
0 10 20 30 40 50 d
OH(j) 0 S8 0000000003
0 5 10 1 20 25 30
FIG. 10. Calculated rotationally resolved cross sections as a function of OH(j)

collision velocity for the reaction O +40— OH(j)+OH(j) according to Eq.

(16). For a given OH rotational levgl contributions from both active and FIG. 11. Calculated relative populations at 8 krhelative collision veloc-
spectator OH products are summed over all(@Hibrational levels.Q, ity for the reaction O +HO — OH,cgivd ) + OHgpectarct]). —1—, presents re-
results at 5 km$ collision velocity; ¢, results at 7 kmg collision veloc- sults for OHggvdj); - -0O- -surprisal theory, Eq(20), with 6,=0.0; —O—,
ity; A, results at 8 km¥ collision velocity; V, results at 9 kmg collision presents results for Qbbeaidti); - -O- -surprisal theory, Eq(20), with 6,
velocity; [J, results at 11 km$ collision velocity. =-0.41.
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0.6 0.3 . . .
(b) active
0.5 0.25r ¢
L FIG. 12. Calculated product energy
4 AP Y4 A fraction as a function of collision en-
I3 Gog. .\ R T J— _
6041 0.2 "‘*{ ergy for the reacton CP)
o . +H,0(X *A;) — OH(X 2I)
303 A0 +OH(X ). () Total summed over
5 : 015 ¢¢ Y . OH active and spectator contributions,
] / 5, —A—, translational energy fraction
0.2 0.1t 6" ‘l\f\v speCtator fr; —O—, rotational energy fraction
Loy f;; —(O—, vibrational energy fraction
Qw\ f e S f,. (b) Active OH and spectator OH
0.1 total 0.05 Ll N T, contributions to the internal energy
" v - fraction.
% 30 s 70 90 110 130 Y0 30 80 70 80 110 130

Collision Energy (kcal mol") Collision Energy (kcal mol'1)

cross sections show a bimodel distribution, a narrow low3. Product energy disposal
OH(j <10) peak and a wide almost flat @H extending to
very high OHj) which eventually falls off as the energetic
limit is reached. As shown in Fig. 11 for 8 kri'scollision

velocity, the two underlying rotational distributions come - i
rof the collision energy. We define the total enery; Eg

from the active and spectator OH’s. The active OH is muc keal molt. and th fract
more rotationally excited than the spectator OH, so that the E2.p(H,0)-14.7 keal mol', and the energy fractions as

active OH receives the vast majority of the internal energyfv:<Ev>/E' ff:<Ef>/_E’ and fr=1—(f,)~(f,). Wg note that
imparted to products in the collision. The superimposed osthe average energie¢,), and(E,), were obtained before
cillatory structure for low active OH) populations appears histogram binning and are summed over all trajectories with
to be real and not caused by statistical uncertainty. the appropriate weighting of electronic state contributions.

We have fit the separate active and spectatof jDkb- For the totai OH _energy disposal at energigs below
tational populations to a distribution derived from surprisal~3° kcal mof™ the vibrational and translation fractions are

about the same and are appreciably larger than the rotational
fraction. However, above 50 kcal mblthe rotational frac-
tion begins to dominate over the vibrational fraction as the
vibrational energy becomes increasingly diverted to transla-
tional energy with increasing collision energy. Figurgd2
shows the breakdown of the energy fractions into active and
spectator components. It is quite clear that the active OH has
the majority of product internal energy and this tendency
where (vj) are the vibrational and rotational quantum num-increases dramatically above40 kcal mot? collision en-
bers, respectively, for OH product being fitnl) are the vi-
brational and rotational quantum numbers, respectively, for
the other OH productk is the total energy available to be o

Figure 1Za) shows the total OH and Fig. (® shows
the active and spectator OH energy disposal shown as energy
fractions of translation, vibration, and rotation, as a function

theory™

P(vj) = exp(6,E,) (2] + 1), (2 + 1)(E - E,j — Ep)*2,

ll

(20)

distributed to products in the reactio#, is a surprisal pa-
rameter, the sum d@fnl) extends over all the available energy

-
o

states, and we have aet0. The results are shown in Fig. 11 S e
for separate fits to the active and spectator OH’s, whtere s

=0.0 (statistical for the active OH andj,=-0.41 for the F"c," y

spectator OH. We note that the peak @Hproducts corre- S10°°

spond to rotational temperatures of 11 400 K and 1100 K for 3

the active and spectator OH’s, respectively. The analysis of
Ref. 7 of the data in Ref. 4 derives a rotational temperature
for total OH of 1500 K. This temperature should be domi-

nated by the active vibrationally excited OH for which we

calculate a much higher rotational temperature. A more ac-
curate temperature comparison with measurements would
weight the contributions of the calculated QHlj) states by

10

-2

°5 km s

0 20 40 60 80 100120 140160 180
© (Degrees)

FIG. 13. Calculated differential angular cross sections as a function of col-

their EinsteinA coefficients and account for finite field of lision velocity. O, results at 5 km$ collision velocity; ¢, results at

view effects. These combined effects may improve agree-

7 kms? collision velocity; A, results at 8 km$ collision velocity; V,
results at 9 km$ collision velocity; [, results at 11 km'$ collision ve-

ment with experiment, but the calculated results would StIIIIocity. To be consistent with previous results, we follow the convention for

likely be hotter than the observations.

Eq. (16) for the total cross section.
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TABLE IV. Relative populations of Ol») and OHv) for the measurements
of Ref. 20 and for present results. Main entries are for KQDH) and
parentheses are for HQB,OH).

of OD(v) and OHwv). The theoretical results only use elec-
tronic state 1. Our classical trajectory approach generates
harmonic initial HOOw) states, so there is a5 kcal moft

OD (Ref. 20  OD (theoryy ~ OH (Ref. 20  OH (theory energy surplus in the total energy due to neglect of anharmo-
b0 0.93£0.03 0.810.90 0.17(0.25 nicity. This extra energy was enough tq populate (3)
v=1 0.07+0.03 016010  0.00£0.04 0.340.41) states. Hence, we obtained theoretical results for the
v=2 0.03(0.00 1.0+0.04 0.490.34 HOD(X, 4,0H) reagent, and also for HQR, 3,0H) reagent

to partly correct for the surplus initial energy in the present
classical calculations.
ergy. The largest changes with collision energy occur with  As described in Ref. 20, most of the initial vibrational
the active and spectator vibrational energy fractions whiclenergy in the OH bond of HOD is retained in the OH prod-
decrease dramatically above 25 kcal Malollision energy.  yct, and the OD functions like a spectator in the reaction. For
As the collision energy inpreases, _the vibrational energy fracghe HOD(X, 4,0H) reagent, the theoretical results agree well
t|_on becomes d|verted_|r_1to rotanq_n and translation, esPeyith the measured O@) populations, but there is only
cially at the highest collision velocities. qualitative agreement with measurements for the(©)H
populations. The theoretical results are largest for(©H
=2) but there is appreciable populationir0 andv=1. For
The differential angular cross section summed over alHOD(X,3,0H), the spread of OKb) products is much
OH states is shown in Fig. 13 at 5.0, 7.0, 8.0, 9.0, andyreater than experiment, with the QH:1) level greatest.
11.0 km st collision VelOCity. At low collision velocities, the Figure 14 shows the relative popu|ati0ns of @D
distribution is backward peaked, but as the collision velocity=g j) and OHv=2,j) states, for the measurements of Ref.
increases the angulgr distribution becomes more and Moy 4nd the present theoretical results. For HQDH) re-
forward peaked, until at 11 km$products are mostly for- arﬂems' there is fairly good agreement for @B0,j) popu-

ward scattered. There appears to be a change in meCham?atlons but there is considerable disagreement for thévOH
=2,j) populations. Because of the larger initial total energy

4. Differential angular cross sections

from backward to forward peaked with collision velocity.

This mirrors the changes in energy deposition from vibration he hi o h in th
to rotation and translation with collision energy, and indi- 2@1d due to the histogram binning method used in the dynam-

cates different reaction mechanisms at low and high energielSS calculationgwhich include trajectories at edges of quan-

The changeover occurs between 5 and 7 kK s tum bing, the theoretical results product QH>10) states

which correspond to total energies beyond the range of the

experimental conditions. For the HQ®)OH) reagent where

the total energy is a better match to the experimental condi-

] _tions, there is much better agreement with measurements for
The same potential surfaces have been used_ tosexam|@_|(l}:2,j), and there is still good agreement for GD

the measurements of Ref. 20 of the reactior"F) =0,j). (We note that some of the oscillatory structure of the

+HOD(X,4,0H) — OH(X 2IT1)+ OD(X 2I1). In these mea- : o o
. . calculated rotational populations is due to statistical schatter.
surements, atomic oxygen formed from photolysis of ,NO X - .
If we employ a Gaussian binning method and retain only

collides at collision energies of 1.69 kcal mbwith HOD in h , ) h bi limi
which the OH bond has been excited by four quanta. ThdN0S€ trajectories near the center of quantum bins, prelimi-

necessary energy to create products is obtained mostly froR@y calculations show that the higher energy (O+2,]
excitation of the HOD reagent so that there is sufficient>10) populations diminish greatly and there is even better
available energy24.3 kcal mot?) to excite up to Ov=3) agreement with measurements. We also show in Fig. 14 the
and OHv=2) products. Product internal energy distributions relative populations for O@=0,j) and OHv=2,j) for a
were probed with laser-induced fluorescence. Table I\Votational temperature of 700 K which is fairly close to the
shows the experimental and theoretical relative populationtemperature implied by the relative collision energy. The 700

C. Comparisons to measurements of O (GP)

+HOD(X,4,0H) — OH(X 2IT) + OD(X 2II)

0.2 0.2 (b)
a
( ) OD(v=0) + A OH(v=2)
§0.15 §0.15 # +
= k] / ‘* L FIG. 14. Rotational relative populations for the reaction
2 A 3 / O(*P) +HOD(4vOH) — OD(v,,j) + OH(v, j). (a) Results
s 0.1 éﬁ H} S 0.1 \ for OD(v=0) product: - £1- -, experimental results of
3 ‘F + ¢ Ref. 20; —)—, present calculated results for
2 EX 2 \
5 S £ HOD(4vOH); — ¢ —, present calculated results for
K] K] % HOD(3vOH); - -A- -, population of ODu=0,j) at 700
£0.05 . :
x0 05‘ § K. (b) Same aga) except for ODv=2,j).
) : a
iii’i “a_
0 o B 2
0 5 15 0 10 15
OH(j)
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