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The transition state regions of the G#H—O(P)+H,0 and the OHH,O—H,O+OH reactions

are studied by photoelectron spectroscopy of théH3O) and H;O, anions and their deuterated
analogs. The spectra show resolved vibrational progressions attributed to H-atom vibrational motion
in the unstable neutral complexes formed by photodetachment. The positions and intensities of the
peaks change markedly upon isotopic substitution. One-dimensional Franck—Condon calculations
using ab initio potentials for the anion and neutral are used to interpret the peak spacings and
intensities, as well as the strong isotopic effects. The results are discussed in the context of
previously obtained transition state spectra for hedight—heavy reactions. €995 American
Institute of Physics.

I. INTRODUCTION This set of experiments studying the transition state spe-

o cies of hydroxyl radical reactions not only begins our study
In recent years, negative ion photoelectron Spectroscopys this extremely important class of bimolecular reactions

has been demonstrated to provide a powerful and detaileg} ; 5154 continues the extension of our transition state studies
probe of the transition state region in bimolecular chemmak0 reactions with polyatomic reactants amdproducts. Both
reactions. In these experiments, the transition stgte regior) i%f the reactions studied here represent quite fundamental
accessed by photodetachment of a stable negative ion W'th(fﬁemical reactions that are accessible to accurate studip by

geometry similar to that of the neutral transition state; thqnitio methods. To date, however, only a few detailed theo-
resulting photoelectron spectrum probes the spectroscopr)é,[icall studies exist for either reacti¢h) or (2).

and dissociation dynamics of the transition region species. Figures 1 and 2 show schematic energy diagrams for

dr'eactions(l) and(2). Since the anion geometry and energet-
ics play a key role in our experiment, the energetics for the
analogous ion—molecule reactions are also shown. The fig-
ures represent the energy of the systems as a function of
generic reaction coordinates. In Fig. 1, both the anion and
neutral reactions are thermoneutral due to symmetry. The

ing heavy-light—heavy hydrogen transfer reactio$
+HY =XH+Y: X,Y =1,Br,Cl,F),%2 hydrogen abstraction re-
actions by fluorine(OH+F—O+HF and ROH-rF—RO
+HF; R=CH,0, CH:0),* and the prototypical FH,
reaction® In this article, we present the results of recent ex-

gf;'r:gemg_ma?:ér (I;t()flrz(a)t)o gn;’gzgrzr;hgoﬂzgigzlfgtg? dsﬁfgrﬁlgoz’ anion is calculated to have a single minim(see Sec.
H0, 2 y 11 B),* and its dissociation energ)(OH ---H,0)=1.18

unstable neutral complexes involved in two fundamental re- :
. . eV, has been measured by high pressure mass spectrdfetry.
actions of the hydroxyl radical

The electron affinity of OHEA(OH)=1.825 e\|*® has been

OH+H,0—H,0+OH (1) accurately measured by threshold photodetachment of. OH
' The values shown for the neutral potential curve are fedim
OH+O0H—0(P)+H,0. (2)  initio calculations. Schaefer and co-workérsalculated van

der Waals minima of 0.15 eM3.5 kcal/mole for the
The role of the hydroxyl radical as a propagator of chainOH(H,O) complex in the hydrogen-bonded configuration

reactions makes it extremely important in atmospheric chemwhich is applicable to the photodetachment experiments. The
istry, combustion chemistry, and a wide range of otherglobal minimum was found to occur in a different intramo-
chemically active environmentsThe hydroxyl radical is lecular configuration which is not conducive to hydrogen
known to play a vital role in the stratospheric ozone chem-exchange and lies 0.13 &@.1 kcal/molg¢™ lower in energy
istry through the HQ cycle! It also acts to remove many than the local minimum shown in Fig. 1. A barrier height of
chemical species which are important in tropospheric chem@.56 eV(13 kcal/molg for the reaction was determined in an
istry, including CO, HS, SQ, and CHCCl;.2 The reaction  ab initio investigation by Nanayakkaret al®
of O(lD)+HZO serves as a major source of tropospheric OH  In Fig. 2, the shape of the anion potential is adapted
radicals? In combustion, reactiof?) and its reverse reaction from Lifshiftz!” and is based upon an anion reaction model
serve as termination and propagation steps, respectively, ieveloped by Brauman and co-workéfsHowever, no ac-
the oxidation of hydrogef tual characterization of this anion potential surface has been

made(i.e., the height of the barrier between the two geom-
dCurrent Address: Department of Chemistry, University of Southern Cali—ejme.s' if one e_XIStS’ has not been determ)nEdm'FS for the
fornia, Los Angeles, CA 90089. binding energies of the QH,0) and OH (OH) anions have
BCamille and Henry Dreyfus Teacher—Scholar. been determined by flow tube kinetté€® and pulsed high
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i dicts the dipole—dipole complex to be bound by 6.9 kcal/
[HOHOH] mole. However, Harding suggests that the binding energy is
more on the order of 4.2 kcal/mot& Harding and Wagner
calculate a 2.3 kcal/mole barrier for the reactfon.
Photodetachment of the;B, anion was first studied by
HO-H,0 ”;?;VI H,0-0H Golub and Steiner over 25 years &jorhe total photode—

: tachment cross section was measured as a function of photon
energy up to 4 eV. The monotonic increase observed in their
EA(OH) = 1.825 eV photoelectron signal with increasing photon energy beyond
2.8 eV was interpreted as photodetachment of the GHO)
anion cluster to form a dissociative neutral complex. No un-
derlying structure was resolved in the data obtained from
their early study. Since then, however, thed3 anion has
been characterized by x-ray structural analysis after its ob-
servation in the crystals of transition metal compleXeBhis
anion has also been observed in the IR spectra of tetraalky-
lammonium ion hydroxide hydrate complexX&sThe photo-

OH “(H,0) electron spectra of §D, presented below show resolved fea-
tures which contain information about the dynamics near the
FIG. 1. Schematic energetics diagram for thgOf/OH+H,O system. Val- transition state region of reacti¢f). The OHt-H,0 reaction
ues in italics are theoretically determined values. References given in texthas been studied using oxygen atom isotopic exchange mea-
surements. The gas phase reaction rate constant was

ressure mass spectromethyNote that these experimental determined® to be <1x10cm molecule™s ™ at 298
b P ) P and 373 K. The rate of reactiail) in solution, initiated by

limits do not indicate whether there are two geometries cor- _ . . . . . .
responding to local minima in the potential energy Surfacéaulsed radiolysis, has also been investigated in conjunction
- : ith a study of the O+H,0—OH™ +OH reaction°
separated by a barrier or if the two structures are actually’ . 2 _ _
indistinguishable. The electron affinity of oxygen has also ~ Reaction(2) has been more thoroughly investigated ex-
been measured by anion threshold photodetachf&imi-  perimentally. Numerous measurements of the rate of reaction
larly to OH+H,O, a van der Waals minimum is also pre- (2) over various temperature rang&s'®show that hydroxyl
dicted to exist on the OHOH triplet surface. Fuefd pre-  radical disproportionation has a non-Arhennius behdior.
Measurements for the rate of the reverse reaction have also
been made and found to be consistent with these findgs.

0.56 eV

OH™ +H,0 H,0+O0H"

OH + OH I _l_ The source of this non-Arhennius behavior has been debated
NG _—;,,/f»-ff-\\\ with respect to the presence or absence of a potential barrier

T 0.10 eV\\\ along the reaction path. Initially, Wagner and Zell?f?fe;ug-
AH,=0.764¢V | 0.17 ¢V \ gested a barrierless reaction in which the long-range attrac-
‘\\ tive forces affected the temperature dependence of the reac-
S 2 AN 0+H,0 tion. Harding and Wagner have since calculated a 2.3 kcal/

mole barrier and conclude that the long range forces do not
EA(OH) = 1.825 ¢V play a major role in the reaction’s temperature dependé&hce.
Recent results by Micha®lare consistent with the results of

FAO)= 1462V Ref. 25. While the O+H,O reaction has been studied by

OH" + OH several groug$~*°and O (H,0) has been observed by mass
¥ spectrometry in HO,/N, flames>° no experimental charac-
AH ;= 0.401 eV 0O+ H,0 terization of the O(H,O) anion has been completed which

“““ can confirm the results of thab initio calculations to be
presented in Sec. Il B.

Do<1.I9 eV The reverse of reactiof) may also play a role in ex-
_____ NS gz:i:gg & periments studying GD)+H,O—OH+OH where O atoms
OH"(OH) are generated by ozone photoly3is? Sauderet al>? esti-

mate that as much as 10% of the observed OH products may
. A result from reactions of GP) ground state atoms with the
water molecules in these photoinitiated reaction experiments.
_ o _ In the following sections, we will briefly describe the
FIG. 2. Schematic energetics diagram for the(8,0)/OH+OH system.

Values in italics are theoretically determined values. References given ir?xlpe”memS performe_@e_c. ) and present the resul_ts ob-
text. tained (Sec. Ill A). Ab initio calculations to be used in the

0~(H,0)
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. T T | The cooled ions are extracted into a Wiley—McLaren-
H.O: type time-of-flight mass spectrometéwhere the ions sepa-

3Y2 rate, according to mass, from other anions which are formed
hv = 4.66 eV in the source region. The mass resolution of the apparatus,
0 = 55° M/AM~250, allows easy separation of the;® and
O™ (H,0) ions. The ion of interest is then selectively photo-
detached by a properly timed 8 ns Nd:YAG laser pulse. Pho-
toelectrons, detected with 70 mm multichannel plates, are
energy analyzed after time-of-flight measurements through a
| 1 m field-free flight tube oriented perpendicular to the mass
- spectrometer flight tube. The resolution of the apparatus is 8
D302 meV for electrons with 0.65 eV of electron kinetic energy
D C hv = 4.66 eV (eKE) and degrades agKE)®2 For these experiments, the

A 0 = 55° fourth harmonio266 nm; 15 mJ/pulgeof the Nd:YAG laser

was employed for photodetachment. The plane-polarized la-
ser beam can be rotated with a half-wave plate in order to
study photoelectron angular distributions.

Intensity

Intensity

lll. RESULTS

| ] 1 Lo
0.00 0.50 1.00 1.50 2.00 2.50 3.00 )
Electron Kinetic Energy (eV) A. Experimental results

Figure 3 shows the photoelectron spectra collected for

FIG. 3. Photoelectron spectra of®, and D;O, collected using a 4.657 eV — — ; ;
photodetachment energy. The arroeindicates the asymptotic energy for H302 and [%02 - Figure 4 dlsplays the C(HZO) and

the OH+H,O ground state products. O™ (D,0) spectra. In these spectra, the relationship between
the eKE and the internal energy of the neutral complex is
given by

analysis of the data are described in Sec. Ill B. The results of o« p—py,— Do— EA— Ei?ﬁ E.. @)

these calculations are used in one-dimensional Franck—
Condon analyses to qualitatively understand the photoeled Ed. (3), Dy is the lowest dissociation energy of the anion
tron spectra in terms of the dynamics in the transition stat€omplex[i.e., Do(OH™+--H,0) or Dy(O™---H,0) given in
region of the reaction. Comparisons will be drawn with our

studies of related fluorine atom reactiodf®H+F and

CH,OH+F) which we have investigated previou§ly. ,

IIl. EXPERIMENT ' 0" (H,0)
' I hv = 4.66 eV
The apparatus employed in these experiments, described
in detail previously’ is a dual time-of-flight anion photoelec-
tron spectrometer. Details relevant to the present results will
be summarized here. Anions of interest are generated in the
source region at the intersection of a pulsed molecular beam
and a 1 keV electron beam, using a configuration similar to
that developed by Johnse al >3 A gas mixture(4% H,O or
D,0, 96% NO), at a stagnation pressure of 1 bar, is ex-
panded through the molecular beam valve orifi@®20 in)
at a repetition rate of 20 Hz. The 1 keV electron beam inter-
sects the molecular beam at the orifice of the molecular beam
valve. At this intersection, a variety of chemical processes
occur which lead to the formation of @H,0) and HO,
anions. O anions, generated by dissociative attachment of
low-energy electrons to JD,>**° can form O (H,0) by ter-
molecular clustering reactions or OHby O +H,O
—OH™ +0H. Hydroxide ions which are generated can also 1 | | L L
cluster to HO molecules to form the §0, clusters. As 000 050 100 150  2.00 250  3.00
shown by Meltor® and others, electron bombardment of Electron Kinetic Energy (eV)
H,O generates H, O, and OH anions, all of which can _
contribute {0 on formation. AS the expansion continues, thd'S, . "oeeerer ecta o 040, w10 9 0.0, s g
molecules relax rotationally and vibrationally by collisions jimits for the asymptotic energies for dissociation of the neutral complex
with the carrier gas. into O+H,O and OH+OH, respectively.

Intensity

0°(D,0)
hv = 4.66 eV
0 = 55°

Intensity

oD~
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TABLE |. Peak positions and widths for the;8, and D;O, 4.66 eV TABLE II. Peak positions and widths for the @H,0) and O (D,0) 4.66

photoelectron spectfa. eV photoelectron spectfa.
Peak eKE (eV) Energy(cm™) Width (eV) Peak eKE (eV) Energy(cm™%) Width (eV)
H405 0" (H,0)
A 1.45 0.0 0.33 A 1.72 0.0 0.34
B 1.10 2823 0.19 B 1.27 3629 0.22
C 0.91 4355 0.21 C 1.00 5807 0.27
B D ~0.7 ~8200 0.3
D;0; E 0.4¢ 10646
A 1.45 0.0 0.33 0™ (D,0)
B 1.16 2339 0.20 A 1.76 0.0 0.34
D 0.203 c 115 4920 0.22
— - - D 0.925 6734 0.21
#Position of peak center and full width at half-maxim@PWVHM) as deter- E 0.297 11800

mined by fit to a Gaussian-shaped peak. No consideration is made for
superimposed vibrational structure.
PIntensity severely affected by electron detector cutoff function.

#Position of peak center and full width at half-maximyfWHM) as deter-
mined by fit to a Gaussian-shaped peak. No consideration is made for
superimposed vibrational structure.

bIntensity severely affected by electron detector cutoff function.

Figs. 1 and 2and EA is the electron affinity of the fragment
anion[i.e., EAOH)=1.825 eV(Ref. 13 and EAO)=1.462 o o
eV (Ref. 22]. E, andE, represent the internal energies of substitution. As seen in Fig. 4, pe&kmoves tolower eKE

the anion and neutral complexes, respectively. For the aniofPOn deuteration. This effect is consistent with the assign-

E.. is the internal energy above the zero point. For the neyment of this fea_uure to an excited state which .undergoes a
tral [HOHOH] complex,E2, is the energy above the sepa- smaller zero point energy decrease than the anion upon deu-

rated OH+H,O ground state fragments. For thelOHO]  teration. ,
complex,E?, is the energy above the ground state-&,0 Also seen in the O(H,0) and O (D,0) photoelectron
products. spectra is a feature near 2.85 eV. This peak occurs at the

In each of the spectra, the energetic asymptotes for diSaMe energy as signal for Otphotodetachment. We believe

sociation of the neutral complex are indicated by arrows!hat this feature corresponds to a sequential two-photon pro-
,0) anion is photodissociated into OHOH

features at lower eKE than the arrows correspond to neutr&€SS- The O(H

states with sufficient energy to dissociate. In Fig. 3, the arfollowed by photodetachment of the Okanion during the

row marked ‘a” indicates the OH-H,O limit while in Fig. 4 same 8 ns laser pulse, as demonstrated previously by Buntine

the regions bounded by tha/a’ and b/b’ arrows indicate et gl.“gA less intense signal was also observed-&.2 e_V
the limits for the O H,O (produch and OH+OH (reactank V\{hlgh corre_sponds' to Op_hotodetachment after photodisso-
ground state energetic asymptotes: the large uncertainties rgi@tion of O (H;0) into O~ +H,0.
flect the uncertainty irD4(O™—H,0). Clearly, almost all of B. Ab initio calculations
the signal in the spectra is from neutral states which can
dissociate into either reactants or products.

There are several similarities between thgH and the
O™ (H,0) spectra. The spectra consist primarily of very

broad, irregularly spaced features. Isotopic substitution sig

As an aid to the interpretation of the data presented
above, we have performeab initio calculations using the
Gaussian92 package for the anion and neutral complexes in-
volved in these experiments. The calculations include geom-

nificantly changes not only the positions of the features buftY Opt'T'Ztat('jonS a(t;d pt)oterwil'lener?y ::ur;/e dcalculta t;onsf

also the intensities. The centers, widths, and spacings of th ong selected coordinates. e notintended as state-ot-

broad features in the 40, and DO, spectra are given in the-art calculations for these systems, the results are to be

Table I. Those for the (%(H 0) andz 0 (D,0) spectra are used in simple model calculations to understand, qualita-
. 2 2

given in Table II. Based upon previous studies of the heavy—t'vely’ the features observed in the photoelectron spectra. We

light—heavy hydrogen exchange reactidfisye expect these are specifically interested in the anion and r_leutral potentials
features to be related to the antisymmetric stretch motion oflong the O--H---O hydrogen transfer coordinate.

the “transfer” hydrogen atom between the oxygen atoms , )

. b 1. Anion calculations

(i.e., O:-H---0).

Another common feature to the data sets is the appear- Several studies of the hydrogen bonding characteristics
ance of a feature at very low eKE. The intensity of thisof the closed-shell KD, ion have been carried out previ-
feature (labeled asD in the HO, spectra ancE in the  ously usingab initio methods:**®%° However, in most of
O (H,0O) spectrais suppressed by the electron detector cutthese studies, only partial geometry optimizations were per-
off function. The large energy separation from the other feaformed with one or more fixed parameters. The full optimi-
tures in the spectrum suggests that the low eKE feature regration by Rohlfinget all! at the MP2/6-31&* level of
resents photodetachment to electronically excited neutraheory resulted in a complex with a linear, symmetric
complexes. Another piece of evidence which supports thi©---H---O arrangement within a nonplanar overal®J ge-
assignment is the change in position of p&alpon isotopic  ometry as shown in Fig. 5. From these results, it appears that
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H1
R(Ol-Hl)/. 700 ¢
: 600 F=, b=
R(OL-HL) 09574 F R g
R(02-H3) 0957 A <HOH N S00E R -
;i R(O1-H2) | 0 EoYy /
R(O2-H2) 12234 : gEa00- 9 .
o S’ A i
R(O1-H2) 1223A Z0HO , H2 25300 - Y £ E
ZHOH 99.1° ! g 200 F 8 g E
ZOHO 180.0° E R(02-H2) s \q\ oo, / d
ZDIHED 110.0° ( 100 - b, P a, 9 E
. 02 ok B Voo B
H3 R(02-H3) . | |
0 /2 T 3n/2 2K
Dihedral Angle (radians)
01 ¢ FIG. 6. Ab initio potential energy curve for thes8, hindered rotor motion
A B at the MP2/6-3% +G** level of theory. The dihedral angle is varied while
R(O1-H1) i . . the other geometrical parameters are fixeRé31-02=2.4 A; R(O1-H1)
f R(OL-HI) 16154 14284 =R(02-H3=0.962 A;R(01-H2=R(02-H2=1.2 A; OHO=180°; HOH
H1 @) oH0 <OHO 1758 1763 =104.5°.
! R(02-H1) 10533 1.083A
R(O2-HI) ¢ <HOH 102.1°  102.8°
ZHOH R(02-H2) 0970A 09644 Fewer theoretical studies of the”(H,0) anion have

02

R(02-H2) H2

been made as a result of the more complicated open-shell
interaction. Roehlet al® find that the O(H,0) anion is

most stable in a planar, “quasilinear” configurati¢fig. 5

FIG. 5. Ab initio calculated geometries for the;&, and O (H,0) anions.
Values for HO, are from Ref. 11. For O(H,0), values ‘A" are MP2/
6-31+G* parameters from Ref. 60 and valueB™are MP2/6-31++G**

parameters determined in the present study. See text for details.

quasilinear

reoptimized

at the MP2/6-3%G* level of theory. The geometry of this
species is
MP2/6-31++G** level of theory to include additional basis

here at the

functions on the hydrogen atoms. The optimized parameters
from both calculations are summarized in Fig. 5. In all of the

the strong hydrogen bond which exists in thgG3 anion
leads to a rather short O—O distance2.4 A) with the hy-

calculations, the OHO angle is nearly linear while the HOH
angle is slightly more acute than the angle found ¥®HThe

drogen atom centered between the two oxygen atoms. N@xtendedR(G2—H1 bond length as compared R(O2—H2
further optimizations of the kD, geometry are pursued indicates that considerable hydrogen bonding occurs be-

here.

As seen in Fig. 5, the dihedral angle of®} is calcu-
lated to be 110°. Since the hindered rotation/torsional motion
is expected to be somewhat floppy, we have calculated the
MP2/6-31++G** energy of the complex as a function of
the dihedral angle with all of the other geometrical param-
eters fixed. The shape of the potential curve and the height of
the “trans’ barrier (~120 cm * at 7 radiang, shown in Fig.

6, agrees with Spirket al’s*® calculations using different
fixed parameters, but thecls’ barrier (~600 cm ! at 0 ra-
diang is significantly larger than that obtained by Spirko
(~300 cm'Y). In their analysis, they find a zero point energy
of 62 cmi ! for the hindered rotor motion. Thus, while the
potential minima occur at dihedral angles of 110° and 250°,
the anion torsional motion is very floppy with an average
dihedral angle of 180°.

With this in mind, potential energy curves for the anti-
symmetric O--H---O motion oftrans-H;O, are calculated at
the MP2/6-33-+G** level of theory using a dihedral angle
of 180° (the “trans’ configuration). In addition to the dihe-
dral angle, several other parameters are frozen to calculate
the potential for this coordinatisee caption for Fig.)7 The
central hydrogen atom, H2, was allowed to move between
two oxygen atoms which were fixed R(01-02=2.4 A.
The resultant potential energy cur(€ig. 7, bottom has a

Energy (eV)

15

1.0

0.5

[HOHOH]

12

ROI-H

...OH

2 (b(;hr)

FIG. 7. Ab initio calculated potential energy curves fog® and HOHOH
along the central hydrogen atom antisymmetric stretch coordinate. The
H-atom position is varied while the other parameters are fixd®(@1—-02

very flat bottom with a minimum which occurs at the cen- —5 4 A: R(O1-H)=R(02-H3=0.962 A; OHO=180°: HOH=99.1°:

trosymmetric nuclear configuration.

dihedra=180°.
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20 . . . . . through the G-H,O and OH+H,0 reaction surfaceqSee
Figure 6 in Ref. 2a to see how such a slice is taken through
16 [HOHO] . a two-dimensional potential energy surfac8oth curves
show double minima. Note that these do not correspond to
120 ] minima of the neutral surfaces but rather to points where the
08l 5 1-D slice through the reaction surfaces intersects the bottom

of the reactant and product valleys. Also, the barriers in the
041 . 1-D curves do not directly relate to the barrier along the

g oo minimum energy reaction path but are instead the barrier
E,; . OH - OH N 0-HOH = separat!ng the reactant and product valleys at a given O-0O
2 separation.
- 16 07(H,0) i The minima in the 1-D potential functions for
2 [HOHOH]" in Fig. 7 correspond to geometries of the com-
12p = plex with C;, symmetry, and the molecular orbitals for
both the anion and neutral will be labeled using this point
081 . group. Thus, the KD, anion has a
oal 1 (---(6a’)?(7a’)%(1a")?(8a’)%(2a")?) orbital occupation at
....... the MP2/6-38+G** level of theory; the & and 2" or-
0.0 ! = 10 bitals haveo,, and w4 symmetry, respectively, with respect to

1.0 15 2.0 25
R,

o151 ohr) the O—H—-0Obond. Photodetachment of the anion can lead to

either a?A’ or a ?A” state, both of which correlate to the
FIG. 8. Ab initio calculated potential energy curves for ®,0) and ground state OHH,O dissociation products of the neutral
HOHO along the central H-atom antisymmetric stretch vibrational coordi-l HOHOH]* complex. The surface shown in Fig. 7 is th
nate. The H-atom position is varied while the other geometricztl parametergrface which is calculated to be lowest in energy at the
irfol;'xgg asR(01-02=25 A; R(02-H3=0.962 A; OHO=180% HOH  \155/6 311 1 G** |evel of theory in the Franck—Condon re-

o gion. At the minimum energy anion geometry used in the

potential curve calculations, tHfé\’ state is predicted to lie
tween the O and the HO but not as much as in the;&,  ~0.58 eV below théA” state at the MP2/6-32+G** level
anion. The calculated anion ground state P&5symmetry, of theory®® The barrier to symmetric hydrogen exchange
with the unpaired electron in an orbital perpendicular to thealong this restricted ©-H---O coordinate is 0.50 eV at the
plane of symmetry. MP2/6-314-+G** level of theory.

The antisymmetric ©-H---O motion of O (H,0) is also For OH+-OH, the interaction of two ground state hy-
investigated as in the case of®}, . In this case, the poten- droxyl radicals splits the OHII) states into four singlet
tial energy curves are calculated at the QCISD/6-31G** states and four triplet states. The hydroxyl radical dispropor-
level of theory. As for the KO, calculations, several param- tionation, reactior{2), can occur adiabatically on three of the
eters are fixed. While the OHO bond angle is assumed to bur triplet states along &, planar reaction patﬁz_ Based
linear for simplicity, the remainder of the frozen parametersypon the orbital occupation calculated for thé (8,0) an-
are based upon theb initio results and are given in caption jon, (---(6a’)?(1a")?(7a’)?(8a’)%(2a")), one-electron
for Fig. 8. Along the constrained ©H---O coordinate, the  photodetachment from either of the two highest molecular
potential energy curve for the ground electronic st&ig. 8,  orbitals can form théA’, *A”, or A" species. Of these pos-
bottom has a single minimum which occurs at the equilib- jpilities, the lowest energy species at the geometry of the
rium geometry. However, there is a shelf in the potential.gnjon s the’A” state; the corresponding surface is the one on
corresponding to the OH-OH geometry, which is<0.1 €V \\hich the OH-rOH reaction is most likely to produce
above the minimum in the curve. Note that this_d_oes nob(sp)+H20_23,24 A 3A’ state is calculated to lie2.4
mean there is no OHOH local minimum; such a miniMuM .5 1/mol@* above the?A” state at the saddle point but since
could occur at a different OO distance than the one consids electronic state has unpaired electrons in two diffesént
ered here. orbitals[---(7a’)}(8a’)*(2a")?] it is not accessible by one-

electron photodetachment of the ®1,0) anion. Therefore,
2. Neutral calculations we have calculated the potential energy curve for thé

We have also calculated potential energy curves for thétate along the constrained-@H---O coordinate; the result
neutral [HOHOH]* and [HOHOJ* complexes along the is shown in Fig. 8. The two minima are separated by 0.690
O---H---O coordinate. These will be used in the Franck—€V, and the barrier height is 0.322 eV with respect to the
Condon simulations presented in the following section. INROH—OH minimum.
these calculations, which are performed at the same levels of Two hydroxyl radicals can also react to form®}; the
theory used for the anions, the coordinates other than thginglet surface on which this reaction occurs correlates to
O---H---O coordinate are fixed at the same values used in th&(*D)+H,0.52 The O (H,0) anion clearly has very poor
anion calculations. The calculated curves, shown in Figs. Franck—Condon overlap with@,, so our experiment does
and 8, respectively, represent one-dimensional “slicesnot probe the region of the surface near th®©gwell. How-
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6094 Arnold, Xu, and Neumark: Reactions of the hydroxyl radical

surface. It is therefore useful to compare the calculated ge-
ometries for the anions and neutral transition state species.

Both of the anions used in this study have significant
hydrogen bonding character. The calculated equilibrium ge-
ometries for these anion speciésig. 5 indicate that the
central hydrogen atom interacts significantly with both oxy-
gen atoms. The very flat antisymmetric stretch potential for
both anions(Fig. 7 and 8 results in an extended hydrogen
atom motion and a large FC region for the photodetachment
process. Based upon the classical turning points fop tked
level of the calculated one-dimensional potential curves,
R(O1—-H2 varies from 0.99 to 1.42 A for 0, , andR(0O1—
H1) varies from 1.06 to 1.56 A for QH,0).

A comparison of the anion equilibrium geometrigsg.

R(O1-HI) 0.965 A
R(O2-H3) 0.965 A
R(O2-H2) 1.140 A
R(O1-H2) LI140A
ZHOH 101.8°
Z0QHO 130.7°
ZDIHED 59.5°

) A B c 5) to the calculated transition state structutegy. 9) finds
R(01-HI) R(OL-HD 1.13{\ 1084 1164 reasonable overlap between the anion and neutral geom-
HI,/ LOHO I‘::g;:gg (1);;2 ;:ji ;;ﬁi etries. The O-O separation in the transition state species is
R(O2HD) ! ZHOH 101° 1074° 1065° shorter than that _of the ion in bot_h cases. _The OHO bond
ZOHO 160° 145.4° 153.3° angles are also slightly different, with the anions being more
<DIHED 0.0°  00°  0.0° linear than the neutral transition state in both cases. Both

types of deviation between anion and neutral transition state
are similar to several of the XHX systems studied previ-
6. o Ab o caloulated transiion stat s o th ously in this laborator§:® Overall, the FC region will be
15 2, A0 il Colcute ranston ste georeties 1o " centered sightly away from the saddle point toward the en-
[HOHOH]* are from Ref. 16. FOfHOHOJ, “A” parameters are UHF/4-  trance and exit channels, but it should still be in the transi-
31G values from Ref. 23, B” parameters are MCSCF/DZP values from tion state region for both reactions. This is supported by the
Ref. 25, and ‘C" parameters are MP2/6-31+G™ values are from the  yihrational structure in the spectra, discussed below.
present work. See text for details. . - .
To assess the relationship of the features observed in the

photoelectron spectra to the dynamics which occur at the
ever, peakE in the O (H,0) photoelectron spectrum may be transition state of reactiond) and (2), several factors must
due to a transition to this surface near the produche considered. A good starting point is the general appear-
O(lD)+H20 asymptote. ance of the data. All of the data consist of several very broad

It is also of interest to calculate the transition state gefeatures[full width at half maximum(FWHM)~0.2 eV or

ometries(i.e., saddle point geometriefor the two neutral ~greatef which are irregularly spaced in energy and which lie
reactions. The transition state structure of the4MjO re-  above the neutral dissociation asymptote. By forming the
action has been investigated in detail by Nanayakkaedl® anions in a molecular beam expansion, we produce anions
Their best calculated transition state geoméfrig. 9) lies  Which are primarily in their ground vibrational state. Thus,
on a barrier estimated to be 0.46 eV above the separatgbie spacings observed between features in the photoelectron
products. No further investigation is made of this speciesspectrum will be representative of the vibrational motions of
For the OH+OH reaction, the’A” saddle point species has the unstable neutral complex. These vibrations must corre-
been located previously at the self-consistent fi@CPH?®  spond to motions which are approximately perpendicular to
and multiconfiguration SCAMCSCP? level of theory. We the reaction coordinate and have vibrational periods which
have located the stationary point at the MP2/6-31G** are on a time scale shorter than that of the dissociation pro-
and QCISD/6-3%+G** levels of theory. The geometries cess. Otherwise, only a structureless spectrum would be ob-
for the [HOHOJ* structure calculated at these various levelsserved. In the OHH,O and OH+OH systems, the reaction

of theory are given in Fig. 9. coordinate is described, to a good approximation, by the
0O-0 separation.
IV. ANALYSIS AND DISCUSSION As mentioned in Sec. Il A, the isotopic dependence

shows that the vibrations primarily involve hydrogen atom
motion. While the observed peak spacings are quite irregular,
The appearance of each photoelectron spectrum is prit is useful to compare them to the observed vibrational fre-
marily determined by the Franck—Cond@fC) overlap be- quencies of the “component” OHw,=3735 cm })® and
tween the bound anion ground state wave function and thel,O (»,=3657 cm, 1»,=1595 cm*; »,=3756 cm1)®*
scattering wave functions on the QHHX—X+H,O0 (X molecules. The observe® B spacing in the HO, spectrum
=0H,0) reaction surfaces. Thus, the success of negative io(r~2800 cmY) does not match well with any of the “com-
photoelectron spectroscopy as a probe of reaction dynamigwonent” frequencies. TheB-C spacing is significantly
in the transition state region is contingent upon having sigsmaller(~1500 cn}). In the case of the QH,0) data, the
nificant Franck—Condon overlap between the anion ground-B spacing(~3600 cm}) is near the OH stretching fre-
state and the transition state region of the neutral reactioquencies of the OH radical and the® molecule. However,

A. Initial considerations
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as for the HO, spectrum, theB-C spacing is significantly structed for reaction§l) and (2) yet. As an alternative ap-
smaller(~2300 cm %) and does not match any of the “com- proach, we will use the one-dimensiora initio potential
ponent” frequencies. energy curves along the antisymmetric hydrogen stretch co-
This substantial perturbation of vibrational frequenciesordinate for the anion and neutr@ec. Il B). These poten-
relative to OH and HO indicates that the central hydrogen tial energy curves can then be used to calculate one-
atom interacts significantly with both of the oxygen atoms indimensional stick spectra which may be compared to the
the neutral complexes. Thus these experiments are, in faaata.
probing the transition state region for reactigd$ and (2). The polynomial functions determined from least-squares
The observed irregular energy level spacings are also consifit to the ab initio data points for both the anion and the
tent with the eigenvalue spectrum expected from the doubleeutral complexes are used to determine 1-D Franck—
minimum potentials calculated for tH&HHOHO] and[HO-  Condon factors(FCF9 along the approximate hydrogen
HOH] complexes; the relation between these potentials andtom antisymmetric stretch vibrational coordinate. In this
the spectra will be considered more quantitatively in the nexmodel, both the anion and neutral potential functions support
section. a set of bound quantum states such that, within the FC ap-
The observed peak widths are at least an order of magaroximation, the intensity of a photodetachment transition is
nitude greater than the experimental resolution. This obsegiven by
vation is similar to that observed in previous transition state
spectra of heavy—.llgh't—heavy anions. Th_ese result from ho- locv g | 7e| 2+ [(h,  (Qad | 1, (Qag Y| 2. (4)
mogeneous contributions due to the lifetime of the neutral

complex, and f“’”.‘ inhpmogeneous contr.ibuti.ons due to Ui Eq. (4), ¢,» and ¢, are the vibrational wave functions of
resolved progressions in low fr_equency VIbratlo_naI modes O[he anion and neutral, respectively, along the hydrogen atom
th_e c_omplgx. "? some cases, it has been possible to_reso_l\é%tisymmetric stretch vibrational coordina®,s, andv, is

this finer vibrational structure. For exa_mple, Progressions Iy, asymptotic velocity of the photodetached electron. In the
the low frequency bend and symmetric stretch modes WelEimulations, the electronic transition dipole,, is assumed

seent '”meghe (IthI) Zg/rr?' glect(;on tk|net|c energyZEKE) bto be constant as a function of eKE. For each potential func-
spectrunt,” and bend/hindered rotor progressions were o tion, eigenvalues and eigenfunctions are determined numeri-

sherved in the Talphc;tokflegtﬁ% ipectrlbf’rrand mferredﬁl?n cally by standard matrix method5The eigenfunctions are
the recent analysis of the bhotoelectron spectrufit. used to determine the Franck—Condon factors by numerical

ch))r.the Gh(l—:?]O) ﬁn? szﬁ sptectra, It is Inotdlinmefi!ately integration. An appropriate change in the reduced mass al-
obvious whether fitetime etiects or unresolved ransilions argy, ¢ ca\cylation of FCF's for the deuterated analogs using

primarily responsible for the_ peak widths_. However, base e same potential energy curves. In the figures shown be-
upon_t_he calculated geometries for the anions and the neutr w, the stick spectra will be compared directly with the data.
transmqn state species, we expect a significant am"“”t addition, the stick spectra will be convoluted with the
bend/hindered rotor excitation of the neutral upon anion phoéxperimental resolution function plus an additional Gaussian

todetachment. with FWHM=200 meV for comparison to the broad features
observed in the experimental data.

Shown in Fig. 10 are the results of the®} and D;O,

To put the discussion in the previous section on moresimulations calculated by the above method using the anion
quantitative ground, it is useful to compare the data with aand potential energy curves calculated at MP2/6-315**
Franck—Condon simulation of the spectra. An exact simulatevel of theory. The simulations are superimposed upon the
tion requires an accurate determination of the anion geomexperimental data for comparison of peak spacings, intensi-
etry, a high quality potential energy surface for the neutrakies, and isotope dependence. Since the simulations assume
reaction, and a complex scattering calculation. While thes¢hat all of the anions are in their ground vibrational state, the
requirements have recently resulted in a successful simulgeaks spacings in the simulations are indicative of the energy
tion of the FH, spectrunt, the systems presented here arelevels which are supported by the neutral potential energy
insufficiently characterized to warrant such a treatment.  surfaces. Fixing the terminal OH bond lengths at equal val-

We have shown previously that analysis within a re-ues imposes a symmetry about the center of the potential
duced dimensionality model can provide valuable and inenergy curves. Due to this symmetry, only transitions to even
sightful information about the photoelectron speétraln states of the neutral have nonzero intensity. Thus, the fea-
heavy-light—heavy triatomic systems studied previouslytures in the simulation represent photodetachment transitions
simple treatments of the data employed one-dimensionab thev'=0,v’'=2, andv'=4 vibrational states supported by
(1-D) and two-dimensional2-D) slices from semiempirical the neutral potential energy curve. In both thgO5 and
potential energy surfaces along coordinates which could po$3;0, spectra, the observed peak spacings are reasonably
sibly be active in the photoelectron spectrum. These simplevell reproduced by the simulations. Although the intensity of
analyses revealed quite clearly that the major features in theeak C is underestimated in both simulations, the observed
photoelectron spectra of other heavy-light—heavy systemehange in peak intensities that result from isotopic substitu-
could be assigned to the antisymmetric hydrogen atom mation is very well modeled. The positions of these peaks, their
tion in the neutral transition state complex. However, suctrelative integrated intensities, and their assignments are
semiempirical potential energy surfaces have not been comiven in Table lll.

B. Franck—Condon simulations
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) ] ] ) FIG. 11. Experimental dat@otted and Franck—Condon simulatiotsolid)
FIG. 10. Experimental dat@otted and Franck—Condon simulatiotsolid) for O~ (H,0) and O (D,0). Franck—Condon factors are calculated using the
for H;O, and DO, . Franck—Condon factors are calculated usingabe  ap initio surfaces shown in Fig. 8.

initio surfaces shown in Fig. 7.

N _ it is useful to study the wave functions that are supported b

_ Shown_ In F'.g' 11 are the results O.f the” ®,0) and the 1-D potential );nergy curves calculated for theprr)estricteﬁ
O™ (D,O) simulations. In general, the.re is r.easonable agreey...H...0 motion of the neutral complexes. As shown in
ment between the convpluted 1-D S|mylat|ons and the phol':ig. 7, the maximum in the §0; anion ground state wave
toelectron s.pectra, parpcularly for the C.H?O) spectrum._ function occurs at the location of the barrier in the symmetric
Note't.hat since there s no symmgtry in these pOt(_:‘m""‘lsmeutral potential. In Fig. 12, the calculated neutral potentials
transitions to all of the neutral vibrational levels are allowed,

- . "““for the [HOHOH]* and [DODOD]* complexes are shown
as_indicated. .AS m.'ght be'expected, the peaI.< pOSItlonsolgain with their corresponding eigenvalues and eigenfunc-
change upon isotopic substitution. The peak shifts are noﬁons. For both complexes, thé =0 and 1 levels lie below
uniform, however. Inspection of the simulated peak position '
given in Table IV shows that the’=1 and thev' =3 transi-
tions shift by 963 and 1315 cm, respectively, to higher
eKE while thev’=2 peak shifts 85 cm' to lower eKE.
Although the length of the OQD,0) progression is overesti-
mated, the simulations also reproduce the change of relati
intensities upon isotopic substitution. However, the intensitye
pattern is very irregular. This is particularly true for the
O™ (D,0) simulation where the '=2 feature is the dominant
transitions whilev’=3 has almost no intensity. A similar
situation occurs for the’=4/v' =5 pair.

In order to understand the significant changes in peak

spacings and intensities that occur upon isotopic substitutioRsg g |v. simulated peak positions for the @H,0) and O'(

Ihe barrier. Upon deuteration, thé=0 level drops in energy
and its amplitude in the region of the barrier is reduced.
Hence, its overlap with the anion wave function is reduced,
and the corresponding pedkeak A) in the photoelectron
spectrum should be smaller in agreement with experiment.
his effect has been observed previously in XH@hoto-
lectron spectra.

The O (H,O) anion ground state wave functi¢Rig. 8),
while overlapping both the reactant and product wells, has its
greatest amplitude at a geometry which corresponds to the

D,0) spec-
tra.
TABLE Ill. Simulated peak positions for the @, and D;O, spectra. H D

H D v’ Energy(cm™ %) Intensity Energy(cm™ %) Intensity

v’ Energy(cm™) Intensit Energycm™?) Intensi 0 0.0 0.44 0.0 0.18
i y o% hd 1 3664 1.0 2701 0.48

0 0.0 1.0 0.0 0.28 2 5032 0.62 5117 1.0
1 125 0.0 49 0.0 3 6527 0.86 5212 0.02
2 2548 0.88 2105 1.0 4 7989 0.07 6814 0.87
3 3819 0.0 2489 0.0 5 9890 0.03 7480 0.01
4 5922 0.03 3842 0.21 6 8746 0.06
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sible dissociation channels at the photodetachment energy
used. As indicated by the arroveda’ andb/b’ in Figs. 4
and 11 the G-H,O product channel is open to all of the
observed vibrational levels, but the GDH reactant chan-
nel becomes accessible only at the higher vibrational levels.
For example, peald in both the O (H,O) and O (D,0O)
spectra is energetically limited to product dissociation, while
peak C in both spectra can dissociate to both reactant and
product. While pealB is limited to product dissociation in
O™ (D,0), the uncertainty in the asymptote prevents an as-
signment for featur® in the O (H,0) spectrum.

The 1-D wave functions suggest reactant/product speci-
ficity beyond what is energetically allowed. H@ODO)], the
v'=2 andv’'=4 states are localized in the product well,
while thev'=3 andv’'=5 states, which have poor FC over-
lap with the anion, are localized in the reactant well. Thus,
within the limits of the wave functions of this 1-D model and
their FC overlap with the anion, these results suggest that a
DODO complex generated from @,0) photodetachment
will preferentially dissociate to products, rather than reac-
tants, even though both are energetically allowed. The vibra-
tional levels of the HOHO complex have a somewhat differ-
ent reactant/product character. Even though though the
uncertainty of the OHOH asymptote may energetically al-
low thev'=1 state of HOHQpeakB) to dissociate to reac-
tants, the wave function in Fig. 13 shows that it most likely
will be a product state. In contrast, the HOHO=2 wave
function (peakC) is primarily a reactant wave function.

It is instructive to compare the results presented here to

product side(O+H,0) of the barrier. The terms “reactant”
and “product” relate to the valleys in the multidimensiona
potential energy surface which correspond to the minima in"
the 1-D potential functions used in these calculations.

Shown in Fig. 13 are the neutral curves for HOHO and
DODO with the associated eigenvalues and eigenfunctions.
The effects of the barrier in this case are more interesting as
a result of the asymmetry of the potential functions. The
v'=0 andv'=1 levels are localized in the product well for
both the hydrated and deuterated species. However, the
v'=2 andv’'=3 levels of HOHO are located near the barrier
between the reactant and product wells. Upon isotopic sub-
stitution, we see that the’=2 andv'=3 vibrational levels
and thev'=4 andv’=5 levels of DODO form nearly degen-
erate pairs. Further inspection of theé=2/v'=3 eigen-
function pair for DODO shows that one of the levéls=2)
is primarily localized in the product well while the other
(v=3) has most of its intensity in the reactant well. Within
each pair of DODO levels, the combination of different
nodal structures and localization for the wave function re-
sults in markedly different FCFs for consecutive states
(Table IV and Fig. 11 Thus thev’'=2 state has good FC
overlap with the anion function while that of the=3 level
is nearly zero. A similar effect occurs for tbé=4 andv'=5
levels. For the HOHO complex, the intensity alternation be-
tween adjacent levels is less dramatic.

It is interesting to consider how the spectra relate to the
asymptotic dynamics as a function of the vibrational “level”

of the unstable neutral complex. The neutral that results frorr’;IG 13. The MP2/6-34 +G**
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 earlier studies of the OH+F—O+HF and CHOH
F—CH;O+HF reactions by photoelectron spectroscopy of

HOHO

1.0

4.0

and QCISD/6-3% +G** neutral potential

photodetachment of 4D, has only one dissociation channel, energy curves or the HOHO compléas in Fig. 8 with the associated

OH+H,0. However, thdHOHO] complex has two acces- eigenfunctions and eigenvalues.
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OHF and CHOHF . In these earlier studies, there were tion. As mentioned above, we find that th&” state of the
also two channels for dissociation of the neutral complexHOHOH lies 0.58 eV above th&\’ state at the anion geom-
(i.e., HFO, OH+F), but the energetic separation was con-etry at the MP2/6-3% +G** level of theory. This compares
siderably larger: almost 1.5 eV vs 0.4 eV for the HOHO with the >1.1 eV spacing between peaksand D in the
complex. Moreover, the one-dimensional potentials for vi-H;O, spectrum. It is unlikely that species correlating to elec-
brational motion of the central H atom are more asymmetridronically excited products will be observed because the first
for OHF™ and CHOHF  than for O (H,0), and the ampli- excited states of OH and. @ lie are more than 4 eV above
tude of the central H-atom motion in the ground vibrationaltheir respective ground states. Further experiments at higher
state is therefore considerably smallaimost half for the  photodetachment energies are required to identify the transi-
F~ containing ions. Nonetheless, analysis of the OHifd  tions which are responsible for these features.

CH;OHF ™ photoelectron spectra showed that photodetach-

ment accesses states of the complex that correlate to reag- sUmMMARY

tants and products of the neutral reaction, just asi(HO) o
photodetachment. Negative ion photoelectron spectroscopy ofC5 and

This occurs because the OHFand CHOHF~ geom- O™ (H,0) has been used to study the transition state regions
3

etries are closer to the neutral transition state geometries th&lf the OHtH;0—H,0+OH and OHrOH—O("P)+H,0
the corresponding anions for reactioffs and (2). For ex- hydroxyl radical reactions. In both cases, the several broad
ample, ab initio calculations yieldR,(HF)=1.35 A and features, all of which are located above the energetic neutral
R.(OH)=1.08 A for OHF , andR(HF)=1.32 A andR(OH) dissociation asymptote, are assigned to vibrational motions
—1.08 A at the F-OH transition staté®® these should be ©Of the unstable neutral complex perpendicular to the reaction
compared to the anion and transition state geometries ipoordinate, specifically the H-atom antisymmetric stretch.
Figs. 5 and 9. Because the Franck—Condon region for OHF Calculated anion equilibrium geometries and the neutral
photodetachment is virtually centered on the neutral transitr@nsition state geometries suggest that the neutral complex
tion state, relatively little H-atom amplitude in the OHF studied in each experiments is near the transition state region
ground state wave function is needed to overlap the reactaf' itS respective reaction.
and product sides of the saddle point on the neutral potential One-dimensional Franck—Condon analyses are per-
energy surface. In contrast, the Franck—Condon regions fdPrmed usingab initio calculated H-atom antisymmetric
photodetachment of QH,0) and HO, are centered at stretch potential energy curves. Overall, the agreement be-
slightly larger O—O distance than their respective neutrafWeen the 1-D simulations and the observed peak positions
transition states, but the larger H-atom amplitude in the an@nd intensities in photoelectron spectra supports the assign-
ions still enables one to probe a relatively large region of thén€nt of the observed features to-®1---O motion of the

neutral potential energy surfaces. unstable[HOHOH] and [HOHQO] complexes. The simple
1-D model is able to reproduce the rather complicated iso-
C. Excited states tope effects quite well. However, the peak widths in the ex-

] B perimental spectra are also of considerable interest as they
As mentioned above, both the;8, and the O(H;0)  4re result from a combination of higher dimensional effects
photoelectron spectra show evidence for photodetachmer@uch as unresolved bend progressjcared the dissociation
transitions to excited states of the neutral complex. The feadynamics of the neutral complex.

tures which are assigned as excited states occur at eKES |, order to extract more information on reactiafi and
which are significantly affected by the elgctron detector cut-(z) from our photoelectron spectra, it is necessary to con-
off function. In fact, these features most likely represent onlysiryct higher-dimensional potential energy surfaces for these

thresholds for excited states. Experiments at higher photopssctions and to simulate the spectra with quantum dynamics
energies are necessary to determine the true characteristics Qfic1ations using these surfaces. Given the considerable

these features. As a result, little gan be determined from thiﬁrogress in performing scattering calculations on the some-
data about the nature of the excited state surfaces. what simpler OH-H, reaction69‘73inc|uding exact simula-

As mentioned above, several electronic states result frofons of the OH -H, photoelectron spectrufi,it is certainly
the ;ntﬁerachon of twg h/y_droxyl radicals. We have observedeasonable to expect that accurate, full-dimensional simula-
the °A”" state and theA’ is not accessible by one-electron (jong of the spectra presented here should be feasible in the
photodetachment. It is likely that the excited state representsy: too distant future. As the focus of experimental and theo-
photodetachment to form one of the singlet electronic stategatical reaction dynamics shifts from three atéwBC re-
that exist. The 216 kcal/mole endothe_rm-|6fiyof the  actions to polyatomic systems, we expect the transition state
OH+OH—H,0+0('D) places the lower limit for the as- gpectroscopy experiments of the type described here to play
ymptote at eKE=0.225 eV. It is quite possible that the fea- 4 major role in understanding how additional degress of free-

ture at eKE=0.38 eV in the O(H,0) [0.30 eV in the  yom affect the dynamics of these more complex reactions.
O™ (D,0O) spectrunj represents the onset of photodetachment

to thf_;lt surface. Fueno calculates the barrier for the neu”aACKNOWLEDGMENTS
reaction to be 35 kcal/mofé.

While there are several possible electronic states which  This work is supported by the United States Air Force
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