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The exerogicity of the reaction F + H,O->HF + OH is sufficient to give HF(v':S; I); however, arrested 
relaxation infrared chemiluminescence experiments on this system show emission from HF(v':S; 3). The higher 
vibrational levels are populated by the secondary reaction F('P) + OH('Il)->HF(',!" +) + O('P). By a 
combination of SCF-CI calculations and a rotated Morse curve fitting procedure, it is shown that barrier 
heights on triplet surfaces which correlate reactants and products of the secondary reaction are too high to 
provide a reaction path. Instead, the reaction proceeds on a singlet surface to produce an HOF complex, 
followed by rearrangement and a nonadiabatic transition to the triplet surface. An exit-channel barrier results 
from the surface crossing. The chemiluminescence data are shown to be in accord with this reaction 
mechanism. 

I. INTRODUCTION 

In the gas -phase collisions of fluCirine atoms with 
small molecules, almost all reactions studied to date 
show nascent product vibrational energy distributions 
which are highly nonstatistical, and often inverted. A 
summary of these data has been given by Bogan and 
Setserl for reactions of F + R-H - HF + R. These non­
statistical distributions are generally assumed to result 
from direct abstraction reactions having very small 
activation barriers and very short interaction times. 

Recently some reactions have been reported which 
show statistical or near-statistical product vibrational 
energy distributions. One such example is the branch­
ing reaction F + DCOOH which gives products HF (v', J') 
+ DCOO and DF (v', J ' ) + COOH. It was found that the 
HF (v') populations are statistical but DF (v') populations 
are inverted. 2 These results were interpreted as being 
due to formation of a long-lived complex at the carboxyl 
group, with subsequent energy randomization prior to 
formation of HF, whereas reaction at the C-D bond is 
a direct abstraction of short duration. Another example 
from this laboratory3 is production of HF from F + HN3, 

where again the nearly statistical vibrational distribu­
tion was thought to be the result of complex formation. 

Experimental and theoretical studies of the reaction 

o (1 D) + H2 - OH en) + H 

have contributed significantly to the understanding of 
complex versus direct reaction dynamiCS. The OH 
vibration-rotation populations for v' = 0 and 1 were mea­
sured by Smith and Butler' and Luntz et al. 5 They 
found a nearly statistical ratio of v' = 1 to v' = 0, but a 
highly nonstatistical rotational distribution. This reac­
tion exhibits microscopic branching, since collinear 
O-H-H abstraction competes with insertion of 0 into 
the H-H bond. Trajectory calculations of Whitlock et 
al. , 6 Sorbie and Murrell, 1 and Schinke and Lester8 on 
empirical6,1 and fitted ab initio potential surfaces8 indi-

a)Present address: Department of Chemistry. University of 
Toronto, Canada. 

cated that abstraction produces hot v', cold J' distribu­
tions whereas insertion produces cold v', hot J' distri­
butions. Due to the presence of a small barrier along 
the abstraction path, the insertion route is dominant, 
leading to product OH energy distributions in agree­
ment with the experimental results. 4,5 

In this paper we report in Sec. II the results of an 
arrested relaxation IR-chemiluminescence study of the 
reaction of F + OH. The OH radical is generated in the 
primary reaction 

F+H20-HF(V' ,J' }+OH. ~Hg~ -17.4 kcalmol-t , (1) 

followed by the secondary reaction 

F + OH-HF (v', J') + 0 (3 p), Mig = - 33. 7 kcal mor1 

(2) 
The product energy distribution from Reaction (2) is 
consistent with a nearly statistical vibrational distribu­
tion, suggesting complex formation, with subsequent 
rearrangement to products; this route appears to be 
preferred over the abstraction F ... H ... O. By use of 
state correlation diagrams and extensive SCF-CI cal­
culations we show in Secs. ill-V that the reaction of 
F + OH probably involves a spin-forbidden transition 
from a singlet to a triplet potential surface. It is shown 
in Sec. VI that this mechanism is consistent with the 
observed emission data. 

II. EXPERIMENT 

The apparatus consists of an arrested relaxation in­
frared chemiluminescence machine which has been 
described previously. 2 For the purposes of the present 
experiment, the reagent inlet configuration shown in 
Ref. 2 is replaced by a "prereactor" inlet device9 which 
produces the OH chemically. To generate the OH we 
chose the reaction F + H20 - OH + HF because this meth­
od ensures that no H2 is present in the system, thus 
preventing the F + H2 reaction from constituting an inter­
ference in the subsequent measurements. 

The prereactor consists of a 2. 5 cm 1. d. Teflon tube 
having a 4 mm diameter quartz tube on its central axis. 
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TABLE I. Experimental conditions and HF vibrational popUlations. 

CF4 flow H20 flow' 

Experiment (JI. mols-I ) Arflow 

36 6.5 19.4 2 
38 13.5 13.3 2 
39 13.5 13.7 0 
40 6.4 1.1 0 

The end of the latter tube is sealed, and five 1 mm 
diameter holes are drilled through its wall near the 
sealed end. The axial position of the central tube can 
be adjusted such that these holes can be located at any 
point from about 1 cm outside the end of the Teflon tube 
to about 1. 5 cm inside it. The H20 is admitted via the 
central tube. It is injected laterally into a stream of F 
atoms flowing down the Teflon tube. The F atoms are 
generated in a 100 W, 2450 MHz discharge in CF4 
(Matheson 99.7%). 

At the mixing point, near the Hp injection holes the 
pressure is about 1-10 mTorr, depending on the axial 
position of the central tube and on the reagent flow rates. 
The reaction products and unused reagents expand into 
an observation region defined by a multipass light gather­
ing cell. The bottom of the Teflon tube is located about 
1. 5 cm above the level of the tops of the two (first sur­
face, gold-coated) mirrors comprising this cell. The 
infrared emission collected by the cell is recorded by a 
Fourier transform infrared spectrometer. Normally, 
the average pressure at the central axis of the multi­
pass cell is in the 10-5 Torr range. In these experi­
ments, the flow of F atoms is made sufficiently large 
that some F atoms remain after Reaction (1) to react 
with the OH product. 

The behavior of the HF product energy distributi.on is 
recorded as a function of reagent flows and location of 
the H20 injection point. The experimental parameters 
and HF vibrational distributions for four experiments 
are listed in Table I. For all these experiments, the 
H20 injector was at its lowest position (apprOximately 
level with the bottom of the Teflon tube). No effect is 
observed on raising the injector by up to 5 mm. Rais­
ing it further causes the v' = 1/ v' = 2 population ratio to 
increase systematically. The v' = 2/ v' = 3 population 
ratio changes more slowly on raising the inje~tor than 
does the ratio of P (v' == 1) to either of the other two 
populations. 

The experiment must detect and identify the products 
of reaction among other possible processes, and it 
must ensure that the OH reagent from Reaction (1) is 
without appreciable internal excitation. The latter re­
quirement arises because it is necessary to distinguish 
between reaction on the F-H-O triplet surface which 
contains an appreciable barrier, and reaction on the 
F-O-H singlet surface which has nobarrierbutr~quires 
a tranSition to the triplet surface in the exit channel 
(see Sec. VI). In order to ensure that the OH from 
Reaction (1) is translationally thermalized before the 
subsequent reaction, experiments were performed with 
a wide range of reagent flows and (in some cases) with 

Population 

v'=1 v'=2 v'=3 

0.931 0.060 0.009 
0.873 0.109 0.017 
0.890 0.097 0.013 
0.793 0.173 0.034 

the addition of some argon for the H20 flow. In these 
experiments, it was judged that the OH reagent in Reac­
tion (2) had been translationally thermalized if there 
was no variation in either the highest population vibra­
tional state of HF (v' = 3) or in the v' = 2/v' = 3 HF popu­
lation ratio. Both of these observables depend only on 
Reaction (2), and if they varied with the different reagent 
flows, it would indicate either incomplete OH thermaliza­
tion or extensive collisional energy transfer in the HF 
product of Reaction (2). Neither of these conditions is 
acceptable in this experiment. 

"I. EXPERIMENTAL RESULTS 

The HF emission spectrum measured in experiment 
40 (see Table II) is shown in Fig. 1. The complete 
spectrum is shown in Fig. l(a). The lower half, Fig. 
l(b), shows an enlargement of the region containing the 
v' 2: 2 emission. The vibrotational population distribu­
tions, P (v' J ' ), obtained from this spectrum are shown 
in Fig. 2. The continuous curves connecting the tops 

(a) 

3100 3400 

(b ) 

AN ..... M. I.L.I, .l..l .II.M •. 
'V ..... 

3100 3250 
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,l .~J.I.Jlll .J 
: 

3400 

CM-: 

' ... V( 'n 

: 
3550 
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I 

l1. L ,,11 

3700 

FIG. 1. Emission spectrum from experiment 40. Upper (a) 
shows the complete spectrum. Lower (b) is an enlargement 

3 

2 

of the region between 3100 and 3700 cm. The vibrational levels 
from which the emission originates are indicated. 
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FIG. 2. Vibration-rotation populations for HF from experi­
ment 40. v":! (lower panel) dotted curve -300 K Boltzmann 
distribution. v I: 2, 3 dotted curves-statistical rotational 
distributions. 

of the vertical lines (representing the rotational popula­
tions) are natural cubic splines, inserted to aid visuali­
zation. The vibrational distributions P (Vi) 0: LoT' P (Vi, J') 
are shown in Fig. 3. The occurrence of Reaction (2) 
may be deduced from the fact that emission is detected 
from all vibrational states HF (v':s 3), whereas Reac­
tion (1) can (thermochemically) populate only HF (Vi < 1). 

A further indication that Reaction (2) is the origin of 
the Vi = 2 and Vi = 3 emission is given by the fact that 
the highest energy level observed in emission is Vi = 3, 
J' = 6, which has an energy (E~ot) of 34.08 kcal mol-1• 

Due to possible overlapping of the spectral lines in­
volved, and to the relatively low signal to noise here, 
we put an uncertainty of ± 1 J' level on this identifica­
tion. Assuming that the activation energy E. for Reac­
tion (2) is approximately zero, as would be expected for 
a radical-radical reaction, then the equation10 E~t = E. 
+ 5/2RT - t.Jfo (where 5/2RT gives the average reagents 
thermal energy) permits calculation of the reaction 
exoergicity, t.H~, and hence the bond strength of the 
reagent (using Do (HF) = 135 kcal mol-1). 11 This proce­
dure gives a value between 101. 0 and 102.4 kcal mor1, 

which coincides with the currently accepted value of the 
OH bond strength (Do = 101. 3 ±O. 5 kcal mol-1), 11 

The suggestion that the HF (Vi = 2) and (Vi = 3) emis­
sion originates from a secondary reaction rather than 
HF /HF vibrational up-pumping is also supported by the 
fact that all experiments in Table I show the same value 
of this cutoff (v' = 3, J' = 6) within ± 1 J' -state. If the 
higher vibrational levels were created by energy trans-

fer processes, the cutoff would be expected to vary 
with the HF vibrational population distribution, and 
hence, with reagent flows. 

The experimental data also indicate that the OH re­
agent in Reaction (2) must be very nearly room tempera­
ture in all its degrees of freedom. First, as regards 
vibrational excitation-we see no OH (Vi =1- 0) emis­
sion in any spectra, although the HF (v' = 1- 0) signal 
was seen with a signal-to-noise ratio greater than 180. 
Although the Einstein tranSition probability for OH is 
about a factor of 12 smaller than HF, 12 our detector 
(InSB, 77 K) is about 1. 5 times more sensitive in the 
OH (1- 0) region than for the corresponding HF transi­
tion. This indicates that the concentration ratio of 
OH (v = l)/HF (v = l' in our system must be less than 
0.05, and therefore that virtually all of the OH is in the 
v=O state. 

We also believe that the OH rotational temperature 
must be approximately 300 K. The rotational distribu­
tion of the HF (Vi = 1) emission shown in the lower panel 
of Fig. 2 is accurately fitted by a 300 K Boltzmann dis­
tribution' shown as a dotted curve in the figure. Since 
the OH and the majority of the HF (v' = 1) products are 
formed in the same region by Reaction (1), both would 
have the same number of collisions on flowing out of 
this reaction zone. Since the rotational energy transfer 
characteristics of most diatomic hydrides are similar, 13 

it is unlikely that the HF could be rotationally ther­
malized without the OH being so also. 

These data also indicate that the OH must be transla­
tionally thermalized to 300 K before undergoing Reac-

1.0 

0.8 • 

t' v 

FIG. 3. Vibrational population distributions for HF from ex­
periment 40. 
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tion (2), since translational relaxation is much more 
rapid than rotational thermalization. This is further 
suggested by the constancy of the observed cutoff (v' 
= 3, J' = 6) mentioned previously. If the OH reagent 
in Reaction (2) were translationally excited, the extra 
energy would appear as an increase in the maximum 
internal excitationt4 and the highest populated state 
would be a function of the extent of the OH relaxation 
(i. e., the reagent flows). 

Finally, we note that the HF(v' =2) and (v' =3) dis­
tributions shown in Figs. 2 and 3 are not necessarily 
the "initial" or completely unrelaxed results from Reac­
tion (2). The very small population of (v' = 3) (and 
hence its poor signal to noise ratio) makes it difficult 
to establish P (v' = 2)/ P (v' = 3) ratios which are com­
pletely insensitive to reagent flows. The calculations 
presented in subsequent sections deal with Reaction (2) 
but do not depend on the preCise details of its initial 
product energy distribution. 

IV. METHOD OF CALCULATION 

Our CI calculations use the MRD-CI method and pro­
gram described in previous publications. 15,16 The meth­
od makes use of multiple reference configurations in 
the configuration interaction calculation, and uses an 
extrapolation technique to obtain an estimate of the CI 
energy based on the inclusion of all single and double 
excitations from the reference configurations. This re­
sult is termed the MRD-CI energy. The final energy, 
denoted F -CI, is obtained by making the multireference 
analog of the Davidson correctiont7 to the MRD-CI 
eigenvalue, thereby allowing an estimate of the effect 
of quadruple excitations from all reference configura­
tions. Two basis sets are used in this study. The first 
is the split-valence 4-31 G basis set of GTO's used in 
the Gaussion 70 program18 of Pople and co-workers. 19 

This basis set is suitable for rough scans of the various 
surfaces to locate the important features and to deter­
mine which configurations dominate the CI wave func­
tion. A larger double-zeta + polarization (DZP) basis 
set of GTO's uses the Dunning (9s5p1d/4s2pld) contrac­
tion of GTO's on oxygen and fluorine, with s, p expo­
nents from Huzinaga20 and d exponents from Hay and 
Dunning. 21 The hydrogen (4s 1p/2s lp) exponents and 
contraction are also given by Hay and Dunning. The 
DZP basis set is used where high accuracy is desired. 

In all the split-valence calculations, the CI was based 
on excitation to and from all available orbitals. In the 
DZP calculations the oxygen and fluorine core orbitals 
(and their high-energy complements) were kept frozen 
in the CI. The number of reference configurations in 
the CI varied from one to four, depending on which re­
gion of surface was being studied. The highest number 
of configurations was needed to describe the region of 
the transition state, where a configuration change gen­
erallyoccurs. Also, more configurations were needed 
to describe highly dissociated geometries. In practice 
reference configurations were added whenever their 
(squared) contribution to the final CI wave function ex­
ceeded 1%. In this way, the contribution of all reference 
configurations to the final CI wave function remained 

approximately constant at 95%, which helps to ensure 
a balanced treatment over the entire surface. A CI 
selection threshold15•16 of 50 J.J.hartree was employed 
for all calculations, except as otherwise noted. 

In this study we are interested in the potential sur­
faces for linear F· .. H ... 0, both Singlet and triplet, 
and in the bent ground state FOH. For the linear sur­
faces the rotated Morse curve-spline method (RMCS)22 
is used to select the location of the ab initio points. 
The fitting procedure is identical to that which was used 
to obtain an ab initio surface for H20,23 except that the 
lower symmetry in the FHO system requires more data 
points. Briefly, the RMCS method begins with the 
definition of a "swing point", which is in the triatomic 
dissociation region (chosen here as RFH = RoH = 10 
bohr). The RMCS polar coordinate e and distance co­
ordinate 1 are defined in terms of the swing point and 
the internal coordinates RFH and ROH (see Fig. 5). The 
assumption is made that a Morse curve along each ray 
e describes the variation of the potential energy, pro­
vided that the Morse parameters D(e), (3(e), and 16 (e) 
are reoptimized along each ray. At each e-value from 
three to six F -CI energies are computed and compared 
to the energy zero (swing point). This establishes V at 
each 1. A nonlinear least square fit to the RMCS func­
tion 

v = D{1 - exp[{3(l -16) IF - D 

establishes the Morse parameters D (e), (3(e), and 16 (e). 

One-dimensional natural cubic splines interconnect 
the parameter values at each e so that D, {3, and 1. be­
come continuous functions of e. In the noninteraction 
regions Os es 25° and 65s es 90°, additional values of 
D, (3, and 1. are artificially generated according to 
exact relations. 22,23 The spline fits are examined and 
the data are smoothed, if necessary, to remove any 
unphysical oscillations. In this way a continuous poten­
tial surface is generated. The quality of the fit can be 
established by considering the overall standard devia­
tion and the error limits in the Morse parameters along 
each ray; If the Morse fits are good, then the minimum 
energy path is accurately described and such features 
as wells or barriers along the reaction path will neces­
sarily also be accurately described, provided that the e 
grid is sufficiently fine. The RMCS-CI approach was 
found in a previous study23 to give an excellent fit to ab 
initio data for the singlet surface H20-OH err) + H eS). 

V. POTENTIAL SURFACES 

A correlation diagram which connects reactant states 
F e p) + OH (2rr) to product states HF (1 ~.) + 0 (3 P) and 
HF (1~.) + 0 (1 D) is shown in Fig. 4. The relative energy 
levels are drawn as shown because HF + 0 (3 p) is exo­
thermic relative to reactants by 34 kcalmol-1, O(ID) 
lies 45 kcal mort above 0 (3 p), 24 and liOF is a bound, 
stable molecule. The upper four lines assume a linear 
approach F ... H , . ·0 requiring C .. v symmetry, where­
as the lowest energy Ca approach leads to the nonlinear 
HOF molecule. For singlet and triplet states, the cor­
relations between symmetry types for C .. v and Cs groups 
are: ~·-A', ~--A", II- A' + A", a-A' +A". Using 

J. Chern. Phys., Vol. 75, No.3, 1 August 1981 
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FIG. 4. Schematic correlation diagram for F+OH- HF+O. 

labels appropriate to nonlinear approaches results in a 
correlation diagram identical to that given by Addison 
et al. 25 

As shown in Fig. 3, the 3n and 3:E- surfaces connect 
ground state reactants to ground state products, where­
as the singlet surfaces 1 A', 1 n, and 16. correlate to ex­
cited state products. Some justification for the optimum 
approaches for the various states (linear vs. nonlinear) 
can be gained from the potential surfaces obtained by 
Howard, McLean, and Lester26 (hereafter HML) for the 
analogous (reversed) reactions 0 (1 D, 3 p) + H2 - OH err) 
+ H eS). For the 3n and In states, corresponding to 
abstraction 0 ... H ... H, the lowest barriers occurred 
in the linear path. No barrier was encountered for 
0(1 D) approaching H-H along the C2v insertion path, 
resulting in the deep H20 (IA') potential well. Based on 
these results, we assume in our work that the abstrac­
tion paths F··· H···O are linear (leading to 3n, 3:E-, 
In, and 16. states) and that a nonlinear path results in 
formation of the deep HOF well (IA'). 

Because the reactants F ep) and OH en) are ther­
malized prior to reaction, and the product state HF 
+ 0 (1 D) is endoergic by 11 kcal mort, formation of HF 
+ 0 (1 D) is energetically inaccessible. The In and 16. 
states will therefore play no role if it can be shown that 
these states do not cross lower-lying triplet states in a 
way which could allow the triplet barriers to be avoided. 
Establishing the height and location of the triplet bar­
riers is clearly very important, and we now discuss the 
various surfaces. 

A. Singlet FHO surfaces 

1. 16. sUrface. Considering just the valence electrons, 
the 1/l surface contains eight electrons in the (J'system, 
and the 11" system has configuration (1I"Y (11":)2. In this 
state two electrons occupy an antibonding orbital, but 
this destabilization is weakened since H lies between F 
and O. 

Since we require only the general shape of the 16. sur­
face, the small 4-31 G basis set was used. Also, be­
cause this surface is less critical to the arguments 
which follow, we report fewer details of the calculation. 
The calculated atomic and molecular energies are shown 
in Table II. From this table we derive the energy of the 
swing point F e p) + H (2 S) + 0 (1 D) ,corresponding to the 
dissociation limit on the singlet surfaces, of -174.4730 
hartree (using F-CI values). The diatomic bond dis­
tances used in Table II are experimental values from 
Herzberg. 24 The F-CI calculation for FHO with ROH 
= 1. 833 bohr and RHF = 10. 0 bohr yields -174.6808 
hartree, in good agreement with the F-CI result of 
-174.6799 hartree for the fragments F (2 p) + OH err). 
This provides a useful consistency check on the CI cal­
culation, since the triatomic calculation should smooth­
ly approach the atom-diatom limit on dissociation. 

From Table II, the reaction F e p) + OH err) - HF (1 :E+) 
+ 0 (1 D) is endoergic by 25.5 kcal mor1, whereas Fe p) 
+ OH err) - HF (1:E+) + 0 (3 p) is exoergic by 26.7 kcal 
x mol-1 so that the calculated 3p and ID oxygen states 
are se~arated by 52.2 kcal morl. The corresponding 
experimental values (corrected for zero-point energy 
differences between HF and OH) are + 10. 3 kcal mol-1 

and - 35.1 kcal mor1, giving a separation of 45.2 kcal 
x mol-I. Thus, it can be seen that while the 4-31 G 
baSis set gives qualitatively correct results, the quanti­
tati ve agreement with experimental values is poor. 
Nevertheless, due to the correct dissociation properties 
of the CI calculation, the general shape of the surface 
should be correct. 

The RMCS parameters were chosen as follows: swing 
point at (10ao, 10ao), bond angle 180°, 9 values of 0, 30, 
35, 40, 43, 45, 47, 50, 55, 60, and 90°. Four to six 
F-CI data points were used along each 9-ray. Values 
of the distance l along each ray were chosen so as to 

TABLE II. Calculated atomic and molecular energies using the 4-31G basis set, for the linear 
system F···H···O. Distances are in bohr, energies in hartree. 

SCF MRD-CI F-CI 
Species Geometry energy Main energy energy 

Fep) -99.2649 - 99. 3511 - 99. 3527 

H(2S) -0.4968 - o. 4968 - o. 4968 

Oep) -74.6451 -74.7055 -74.7066 

O(ID) -74.5223 3 -74.6213 -74.6235 

OH(2IJ) 1. 832 -75.2278 -75.3258 -75.3272 

HF(Il:;+) 1. 720 - 99. 8879 -100.0153 -100.0158 

FHO(IA) 1. 8r3, -174.4927 2 -174.6730 -174.6808 
10.0 
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obtain a range in the Morse potential of 1. 0 -1. 5 eV. 
The rms deviation of the Morse fits from the F -CI 
values were then computed along each ray. These re­
sults are summarized in Table TIl, where it is seen 
that the Morse fits along each ray are o~ a quality com­
parable to that achieved at 8 == 0 (corresponding to HF 
+0) and 8=90 (F+OH), where good Morse curves are 
expected. This justifies the assumption that rotated 
Morse curves can represent the entire surface. 

Plots of D (8), f3 (8), and I. (8) are shown in Figs. 
5(a)-5(c). Data points indicated by an x are in the non­
interaction region and were generated as described in 
Ref. 22. The actual data points contain some scatter 
arising from the uncertainty in the MRD-CI extrapola­
tion to the full single and double-excitation limit, and 
in the least-squares data fit to F-CI values. 

Natural cubic splines were fitted to the data points 
(solid line, Fig. 5). Some nonphysical oscillations of 
the spline are evident in Fig. 5(a) near 8==35°, but 
these effects are small and were removed by slight 
smoothing. Small potential wells (- 1 kcal mo!"l) are 
encountered near 35 and 55°, and a large barrier of 46 
kcal mol-I near 8 = 43°. 

The location of the energy barrier is seen in Fig. 6, 
which shows a contour map of the RMCS-CI potential 
surface. This map reveals the essential features of the 
(endothermic) reaction. The high barrier and increas­
ing energy enroute to the transition state shows that the 
III surface should not partiCipate in the reaction which 
produces 0 (3 p). 

2. In sUrface. This state is formed from the pi­
configuration (7Tu)' (n1)3. Since the highest occupied 
sigma-MO is essentially nonbonding, this state is prob­
ably of higher energy than III in the strong interaction 

F+OH .... -2.0 

<Xl 

11 (} 
r1 

a:: 
I(J) 
IS:i 
m /// L..) 

I"-
LL 
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N 

30 
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FIG. 5. RMCS plots for lA surface, for (a) Well depth D, (b) 
shape parameter {3, (c) distance to minimum energy path l •. 

FIG. 6. RMCS potential surface for lA state with geometry 
F· •• H·· • O. The outer contour is at - 2.0 eV relative to 
F+H+O(ID ), contour spacing is 0.5 eV. The (9, II coordinate 
system and minimum energy path are also shown. 
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1196 Sloan, Watson, Williamson, and Wright: Reaction F + OH -+ HF + 0 

TABLE m. Rotated Morse curve data, to be used as input to cubic spline functions. 

II (deg) D(eV) (J (aD!) 18 (ao) No. of peak~ 

0 4.612 1.249 8.216 5 
30 4.678 1.116 9.489 5 
35 4.631 0.986 10.022 4 
40 4.521 0.967 10.644 5 
43 3.728 0.875 10.900 6 
45 3.864 0.723 10.761 5 
47 4.856 0.771 10.809 4 
50 5.583 0.809 10.555 5 
55 5.747 0.873 9.928 5 
60 5.689 0.934 9.399 5 
90 5.731 1.113 8.134 5 

"In addition to the swing point, which has a weighting factor of 2. 

region. Also, HML found the tn state in H ... H .. ·0 to 
be more repulsive than the 3n , which had a barrier 
height of 14 kcal mort. For these reasons, this state 
will not be considered further. 

3. tA' sUrface. The tA' state is strongly bound in 
the bent F.-o-H geometry. The HOF molecule is known 
experimentally27 to have a bond angle of 96.8°, with ROH 

= 0.966 1 and ReF = 1. 442 1. The optimum equilibrium 
structure has been the subject of previous SCF28 and 
MRD-Cr29 calculations. For our purposes, we compute 
the energy of a single point at the experimental geom­
etry, using the 4-31 G basis. The result of this calcu­
lation is an SCF energy of -174.4563 hartree and an 
F-Cr energy of -174.7231 hartree. The binding energy 
relative to F(2p)+O(lD)+H(2S) is therefore 157 kcal 
x mol-t , and 105 kcal mort relative to products with 
0(3 P)' The binding is always underestimated by 20-
30% at this level of treatment, but this definitely shows 
the deep potential well. This then represents the most 
stable form of the "complex" which can be formed from 
F+OH. 

B. Triplet FHO surfaces 

1. 3n, 4-31 G basis. For the linear geometry 
F ... H ... 0, abstraction of H by F can occur on the 3n 
surface. In addition to the H ... H ..• 0 3n surface re­
sults of HML quoted earlier, where a barrier of 14 
kcalmol-t was found, this linear path was also found by 

rms deviation Range of 
(eV) data (eV) 

0.002 0.8 
0.006 0.9 
0.003 0.8 
0.010 0.8 
0.010 0.5 
0.004 0.9 
0.002 1.5 
0.012 1.0 
0.010 0.8 
0.006 1.2 
0.009 2.5 

Walch et al., 30 to be the least-energy approach. Since 
the 3n barrier height is essential to our conclUSions, 
we report the RMCS-Cr results in greater detail. 

The reactants F (2 p) + OH (2n) now correlate to HF (t~;+) 
+ 0 (3 p), and the swing point (dissociation limit) is the 
F-Cr energy of Fep)+HeS)+O(3p), or -174.5561 
hartree (see Table II). The values of 9 chosen were 
0, 30, 35, 37.5, 40, 42.5, 45, 47.5, 50, 55, 60, 900, 
giving a fine grid in the region of the transition state. 
Again values of 1 were chosen such that energies up to 
1. 5 eV above the minimum in each Morse curve were 
obtained. An abbreviated list of the results is given in 
Table IV, where we also include (in brackets) the rms 
error from the least squares fit obtained for D, {3, and 
Ie at each 9. Except for one point at (1 = 450, the rms 
deviation between F-CI values and the fitted Morse 
function is less than 0.02 eV. The transition state oc­
curs near (1 = 47. 50; in Table IV it can be seen that D 
= 2. 92 ±O. 01 eV, where the reported error is that aris­
ing solely from the data fit (and not the MRD-CI extra­
polation). 

Plots of D, (3, and Ie vs 9 are shown in Fig. 7. The 
spline fits for D and Ie [Figs. 7(a) and 7(c)] are smooth, 
whereas the {3 plot shows some structure near (1 = 500. 
The latter is probably real since the standard error in 
{3 is small at that point (see Table IV). The 3n surface 
derived from the spline functions is shown in Fig. 8. 
The surface is satisfactory and shows a barrier near 

TABLE IV. Quality of the RMCS fits to the 3rr surface, using the 4-31 G basis set. Error es­
timates for each parameter are as shown in brackets. 

rms 
deviation 

II No. of points (eV) D(eV)a (J(ai)I) e (ao) 

0 4 0.005 4.595(0.005) 1. 226(0. 005) 8.215(0.001) 
30 5 0.015 4.614(0.012) 1. 087(0.007) 9.482(0.002) 
45 4 0.040 3.017(0.040) 0.929(0.040) 11.021(0.014) 
47.5 5 0.011 2.916(0.010) 0.991(0.015) 10.860(0.005) 
50 4 0.0002 3.177(0.000) 1. 088(0. 001) 10.562(0.000) 
60 4 0.005 3.387(0.002) 1. 131(0. 002) 9.391(0. 001) 
90 4 0.009 3.397(0.010) 1. 291(0. 010) 8.127(0.002) 

"Relative to the F-CI dissociation limit of - 174.5561 hartree. 
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8::: 47.50
• From Fig. 7(a), we obtain a barrier height 

of (3.40 -2. 90)::: 0.50 eV, or 11.5 kcal mort. 

2. 3n, DZP basis. In order to establish a more ac­
curate barrier height, and to imporve the thermochemis­
try, the DZP basis was used. The oxygen and fluorine 
1s orbitals were kept frozen in the CI. Calculations 
with this basis set were done only for 8::: 0, 45, 47.5, 
50, and 900

, which serves to define reactants, transi­
tion state, and products. Atomic energies were also 
recalculated. Selected results from these calculations 
are shown in Table V. This table also shows some im­
portant features of the MRD-CI calculation. The num­
ber of reference configurations needed in the CI step 
are shown in column 6. The atoms are well described 
by a single configuration, but three configurations are 
needed near the transition state. Column 7 lists the 
number of configurations selected for the CI (at -the 50 
tJ.hartree level) versus the total number generated (up 
to 43667). There is a large increase in the number of 
generated configurations as more reference configura­
tions are included, but the selection threshold restricts 
the dimension of the matrix diagonalization problem to 
a maximum of 1407. Column 9 shows the error esti­
mate for the MRD-CI extrapolation. The extrapolation 
error is largest near the transition state, reaching a 
maximum of 2.2 kcal/mol. This respresents a major 
source of scatter in the RMCS fit, and is typically worst 
near the transition state, where both bonds are stretched. 
The last column shows that the quadruple excitation cor­
rection to the MRD-CI eigenvalue typically lowers the 
energy by 0.02 hartree. The F-CI energy of the swing 
point is - 99. 5294 -74.9166 - O. 4993::: -174. 9453 
hartree. 

Using four points at each 8 (in addition to the swing 
point), RMCS fits were obtained and the quality of the 
fit is shown in Table VI. In order to estimate proper-
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FIG. 7. RMCS plots for 3rr surface, as in Fig. 4. 

FIG. 8. RMCS potential surface for 3rr state with geometry 
F' •• H' •• O. The outer contour is at -1. 7 eV relative to 
F+H+Oep), contour spacing is 0.4 eV. 
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1198 Sloan, Watson, Williamson, and Wright: Reaction F + OH .... HF + 0 

TABLE V. Selected calculations for the 311 surface using the double-zeta + polarization basis set. Distances are in bohr, energies' 
in hartree. 

MRO-CI 
Species /I ROH RHF SCF No. Main Select/gener. MRO-CI error est. F-CI 

Fep) -99.3943 
Oep) -74.8006 
HeS) -0.4993 
FHO 0 10.00 1. 800 -174.8429 

FHO 45 2.1511 2.1511 -174.7568 
FHO 47.5 1. 964 2.636 -174.7699 
FHO 50 1.957 3.251 -174.7885 
FHO 90 1.800 10.00 -174.7982 

ties of the transition state, a parabola was passed 
through the data at 45, 47.5, and 50°. The transition 
state occurs at 8=47.8°, where D=3.52:1:0.02 eV. 

2 

3 
3 
3 
2 

The results from both basis sets are collected in Table 
vn for 8=90 (F+OH, optimum RoH), 8= O(HF+Oep), 
optimum RHF ) and the transition state. These results 
are used to obtain the reaction energetics. The OH and 
HF bond strengths are -74% of the experimental value 
using the 4-31 G basis and - 89% using the DZP basis. 
The exoergicity is much improved at the DZP level, 
giving -33.6 kcal/mol compared to the experimental 
value of - 35.1 kcal/mol. This lends confidence in the 
accuracy of the DZP results. Finally, the energy bar­
rier is found to be 12.4 kcal/mol at the DZP level, 
compared to 11.5 kcal/mol at the 4-31 G level. This 
good agreement between barrier height (and barrier 
location) implies that the shape provided by the 4-31 G 
basis is qualitatively correct. The computed equilibrium 
bond distances are also available from Table VI, giving 
RoH = (10. 8-8. 141)ao = O. 984 A and RHF = (10. 0,.-8. 245)ao 
= 0.929 A. These agree fairly well with the experimen­
tal values24 of 0.971 and 0.917 A, respectively. 

3. 3~-, 4-31 G basis. The last surface of interest 
is the 3~- surface, arising from the linear F ... H .. ·0 
geometry with eight sigma and six pi-electrons. This 
surface could have a lower barrier height than the 3n 

surface because of reduced antibonding character near 
the transition state. Severe convergence difficulties 
were encountered near the transition state for this state 
at the SCF stage of the calculation. However, conver­
gence was satisfactory at 8 = 45°. Since the fitted Morse 
curves at each 8 give a well depth which must lie on the 
minimum energy path to products, the true barrier 
must be at least as high as the value derived from the 
result of 45°. The F -CI result at 8 = 45° gave D = 2. 96 
eV, ,8= O. 91aiit, 1. = 10. 898ao. These RMC parameters 

409/409 - 99. 5253 (0.0000) - 99. 5294 
442/442 -74.9128 (0.0000) - 74. 9166 

-0.4993 (0.0000) -0.4993 
1027/32608 - 175. 1288 (0.0008) - 175. 1475 

1394/43667 -175.0651 (0.0027) -175.0872 
1407/43667 -175.0553 (0.0035) - 175. 0753 
1182/43667 -175.0635 (0.0025) - 175.0818 
822/27910 -175.0742 (0.0007) - 175.0931 

are similar to those given in Table IV for the 3n state, 
where we obtained D= 3.02 eV, ,8= O. 93a(jI, 1.= 11. 021ao. 
The smaller well depth for 3~- means a higher energy, 
so that the 3~- barrier height is at least (3.40 - 2. 96) 
= 10.1 kcal morl, and probably several kcal mOrl higher 
if the transition state does not occur at () = 45°. (It 
should not, since the OH bond is longer than the HF bond 
for the diatomics.) 

VI. DISCUSSION 

A plot of the potential energy variation with 8 for the 
various states is shown in Fig. 9. The energies are 
based on the DZP results, augmented by the 4-31 G 
estimates of barrier heights, and the known thernio­
chemistry. The nonlinear lA' state, which must change 
geometry from (bent) FOH to F· •. H .. ·0 in order to 
form products, correlates with HF + 0 (I D). A surface 
crossing occurs late along the reaction coordinate as 
shown. 

The energy at the crossing between I A' and 3n sur­
faces is not known, but is likely to be lower than that 
of the reactants. In this event, the only reaction path 
consistent with both the experimental data and the com­
puted surfaces is that via the bound lA' surface, fol­
lowed by rearrangement and a nonadiabatic transition 
to the 3n or 3~- surface. In view of the required rear­
rangement, and of the likely existence of an exit chan­
nel barrier, it would be expected that a long-lived inter­
mediate should be involved in this process. 

In the event of a very long-lived intermediate, the 
population of the HF vibrational levels would decrease31 

as' (1-1',)3 /2 • The decline shown for v' = 2 and v' = 3 in 
Fig. 3 appears to be consistent with this, although no 
firm conclusion can be drawn from only two points. 
The rotational distributions shown in Fig. 1 are con-

TABLE VI. RMCS fits for the 311 surface using the DZP basts set. 

rms max 
/I D (eV) (:l(aOI) l. (ao) deviation (eV) deviation (eV) Range (eV) 

0 5.510«().008) 1. 261(0.011) 8.245(0.002) 0.007 0.012 1.0 
45 3.884(0.015) 1. 040(0. 018) 11.145(0.004) 0.015 0.024 0.62 
47.5 3.521(0.016) 1. 099(0.027) 10.927(0.008) 0.045 0.025 0.88 
50 3.734(0.005) 1. 016(0. 013) 10.563(0.003) 0.005 0.008 0.50 
90 4. 053(0. !04) 1. 297(0.005) 8.141(0.001) 0.004 0.007 0.74 
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Sloan, Watson, Williamson, and Wright: Reaction F + OH -+- HF + 0 1199 

TABLE VII. computed thermochemistry for F-CI calcula­
tions using both basis sets. 

Species 4-31 G (eV) DZP(eV) expt. (eV) 

OHen) 3.397 4.053 4.621 
HF(ll;+) 4.595 5.510 6.123 
T.S. 2.916 3.516 

F+OH- HF +O(3P) -1.198 -1.457 -1. 522" 
F+OH- T.S. 0.481 0.537 

"Corrected for difference in zero-point energy. 

sistent with this interpretation as well. A long-lived 
intermediate of the kind described would produce a 
rotational distribution which is the same as that of 
microcanonical ensemble of rotators having the fixed 
maximum energy (E~ot) indicated earlier. The dashed 
curves in the upper two panels of Fig. 2 show these 
statistical rotational distributions for the present sys­
tem. The close fit with the experimental data suggest 
that these rotationai distributions may indeed originate 
in the decomposition of a long-lived complex. These 
data further indicate that the HF v' = 2 and v' = 3 products 
have suffered negligible collisional thermalization, since 
no Boltzmann peak is found in the lower J' states in 
these cases. The latter point indicated that the v' = 2 
and v' = 3 products were formed (on the average) in a 
lower pressure region than the v' = 1 products, and it 
also suggests a caveat with respect to the interpretation 
of the vibrational data in Fig. 3. The absence of detect­
able rotational deactivation in the HF v' = 2 and v' = 3 
distributions leaves no way to prove that these mole­
cules have been translationally thermalized before 
leaving the observation region. (Note that this is not 
the case with the HF (v' = 1) rotational distribution, as 

,discussed earlier.) In the event of incomplete transla­
tional thermalization, the apparent P (v' = 2)/ P (v' = 3) 
will be too low due to the higher velocity of the HF (v' 
= 2) molecules through the observation region. In view 
of this, the indicated v' = 2 to v' = 3 population ratio 
must be taken as a lower limit. 

We note here that the 0 (1 D) + H2 reaction to produce 
OH (2n) + H (2S) led to very non statistical OH rotational 
populations,4,5 even though the insertion mechanism was 
shown by trajectory calculations6- a to lead to formation 
of a relatively long-lived complex. In the insertion 
mechanism as 0 attacks the H-H bond an excited bend­
ing vibration is not fully randomized, but converts into 
product rotation. In our own case we have a different 
path, where FOH complex formation is followed by 
hydrogen migration, and different dynamiCS will result. 
It will be of considerable interest to model these migra­
tion dynamiCS on a realistic potential surface, andwe 
expect the exit-channel barrier created by the surface 
crossing to playa role here. 

If surface crossing does occur late along the reaction 
coordinate, the exit-channel behavior would resemble 
the conversion of 0 (t D) to 0 (3 p) by collision with the 
HF molecule. In fact, the quenching of 0 (lD) on colli­
sion with polar molecules is very effiCient, requiring 
only an average of 1-2 collisions. 32 This will occur 

under the conditions of the experiment, so that the spin 
forbidden nature of the reaction appears to pose no es­
sential problem. Indeed, new experimental results on 
a variety of atom-diatom reaction show that singlet-
triplet transitions do occur frequently. 33-38 . 

It is important to consider whether the barrier heights 
are artificially large due to deficiencies in the calcula­
tion. The agreement between split-valence and DZP 
basis sets is encouraging. However, HML26 pointed 
out that some excited surfaces for H20 show Rydberg 
character, and they included additional Rydberg orbitals 
in their basis set to allow for this possibility. We did 
not do this, but it seems unlikely that their addition 
would cause the triplet barriers to drop from the com­
puted 12 kcal mort to the 2 -3 kcal mort requi red to 
follow the triplet abstraction path. 

Another source of uncertainty is our assumption that 
the lowest triplet barriers lie on a linear reaction path. 
We have not explored all three bent triplet surfaces (3n 
- 3 A' + 3 A", 3~- _ 3 A") to test this assumption. This 
would be a formidable computational task and is beyond 
the limit of our present resources. The arguments 
given earlier, however, using the analogy to the 0 (3p) 
+ H2 reaction, lead us to believe that we have considered 
the optimum choice of reaction paths. 

VII. CONCLUSIONS 

The secondary reaction F + OH - HF + 0 has been ob­
served, arising from the primary reaction F + H20 
- HF + OH. The F + H20 reaction can populate levels 
v' = 0 and 1 only, whereas F + OH populates up to v' = 3. 
The observed emission from v' = 2 and 3 proves that HF 
is produced from the secondary reaction and that oxy­
gen is in the ground (3 p) state. The HF product from 
the secondary reaction has a nearly statistical distribu-
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FIG. 9. Final potential energy diagram for Fep)+OH(2n) 
-HF(IE+)+O(lp, 1m. 
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1200 Sloan, Watson, Williamson, and Wright: Reaction F + OH ~ HF + 0 

tion of vibrational and rotational levels for v' ~ 2. Cal­
culation of potential surfaces by the RMCS-CI method 
shows that the probable route to ground-state products 
is via the HOF complex. A rearrangement to HF 
+ 0 (3 p) then requires a singlet-triplet surface cros­
sing, which creates an exit-channel barrier. This 
transition can occur with reasonable probability. The 
deep potential well and exit channel barrier allow the 
complex to have a sufficiently long life to account for 
the observed statistical product, v', J' distributions. 
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