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Product State Distributions from the Reaction O ( 3 P )  + HBr 

Kenneth G .  McKendrick, David J. Rakestraw and Richard N. Zare* 
Department of Chemistry, Stanford University, Stanford, California 94305, U.S. A. 

An experimental investigation has been performed of the hydrogen atom 
abstraction reaction O ( 3 P )  + HBr -+ OH(X 211) + Br. A photolytic method 
was used to produce O ( 3 P )  in the presence of HBr, and laser-induced 
fluorescence detection employed to obtain the nascent vibrational, rotational 
and fine-structure state partitioning in the product OH. Distributions were 
found to be highly internally excited, with a strong vibrational inversion 
and substantial rotational excitation, extending to the limit of available 
energy. Non-statistical distributions of the fine-structure states were 
observed. The possibility of a subsidiary reactive channel producing spin- 
orbit excited Br(2P,,2) is proposed as an explanation for an apparent anomaly 
in the OH( u’’ = 1) rotational distribution. The dynamics generally appear 
consistent with the kinematic constraints imposed by the heavy + light-heavy 
mass combination. 

Considerable experimental and theoretical effort has been expended in attempting to 
understand the roles of kinematic constraints and potential-energy surfaces in governing 
reactivity and the partitioning of available energy in the products of chemical reactions. 
Hydrogen atom abstraction by a heavy atom from the hydride of a second heavy atom 
(or molecule) constitutes an important example of the class of reactions characterised 
by a heavy + right-heavy (H + LH‘) mass combination. In those exothermic H + LH’ 
reactions thought to proceed via direct abstraction, it has generally been found,’-I2 with 
some exceptions, 13-21 that kinematic constraints dominate over potential surface effects, 
causing substantial excitation of both rotational and vibrational degrees of freedom of 
the products. 

The majority of hydrogen atom abstraction reactions of ground-state atomic oxygen, 
O(’P), fall into the H + LH’ category, and are furthermore of immense practical import- 
ance because of their involvement in many combustion and atmospheric processes. 
Experimental investigations of the dynamics of the reactions of O(’P) with a wide 
variety of organic molecules have that a substantial proportion of the 
available energy is released as OH product vibration, but, uncharacteristically, that very 
little rotational excitation is imparted to OH. These results have been satisfactorily 
reproduced by quasiclassical trajectory ( QCT)20 and vibrationally adiabatic distorted- 
wave (VADW)” calculations, on a semiempirical London-Eyring-Polanyi-Sat0 (LEPS) 
potential-energy surface, constructed2’ to yield computed results consistent with certain 
limited aspects of the experimental data. 

No equivalent, detailed dynamical information has hitherto been reported for the 
reaction of O( ’ P )  with an inorganic hydride, the generally smaller reaction cross-section 
making such a study technically more challenging. Extensive kinetic investigations of 
the reactions with the hydrogen halides have been p e r f ~ r m e d , ~ ~ - ~ ~  including reaction 
with vibrationally excited HCl,25-29 and some information on vibrational branching in 
the OH product is available from infrared chemiluminescence measurements on 0 + HI,6 
e.s.r. studies of O +  HBr,’ and laser-induced fluorescence (LIF) detection of the OH 
produced in the reaction of O( ’ P )  with vibrationally excited HC1.29 
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40 Dynamics of the O(’P) + HBr Reaction 

Fig. 1. Schematic diagram of the apparatus for counter-propagating ‘pump-probe’ laser photolysis, 
laser-induced fluorescence experiments. 

The subject of this paper is an experimental investigation of the vibrational and 
rotational product state distributions in the exothermic reaction 

0 ( 3 P )  + HBr -+ OH(X ’n) + Br, A H ;  = -61.5 kJ mol-’. 

An activation barrier of 14 kJ mol-’ has been deduced from kinetic leading 
to relatively slow reaction at room temperature [ k ( O +  HBr) = 3.4 x 
cm3 molecule-’ s-’1. A very strong vibrational inversion was observed in the OH product 
in the e.s.r. experiments of Spencer and Glass,’ but no rotational information was 
extractable, given the highly collisional flow-tube conditions. 

The experimental method of this study involves the generation of O(’P) by 355 nm 
photolysis of NO2 in the presence of HBr. The nascent OH product is detected in a 
state-specific fashion by excitation of LIF on the well known A ’C+-X *I3 transition,” 
at a short delay following the photolysis pulse. 

The principal question which will be addressed is whether the dynamics of this 
reaction are similar to those of hydrogen atom abstraction from organic molecules, or, 
conversely, more closely related to those of the majority of H + LH’ systems. An early 
collinear quantum-mechanical study of this system3’ must now be considered suspect 
in the light of subsequent criticism.8 Very recently, Persky and coworkers,’ in one of a 
series of theoretical papers on the dynamics of O ( 3 P )  +hydrogen halide  reaction^,'.'^ 
have reported the results of a quasiclassical trajectory study on a semiempirical LEPS 
0 + HBr surface, optimised to produce agreement with the available kinetic data. The 
predictions of this QCT study are compared with the new experimental results which 
we have obtained, and the validity of the proposed potential-energy surface discussed. 

Experimental 

A schematic diagram of the apparatus is shown in fig. 1, depicting the counter-propa- 
gating ‘pump-probe’ geometry of the experiment. A steadily flowing mixture of HBr 
and NO2 was maintained in the stainless-steel reaction chamber, exhausted by a partially 
throttled diffusion pump. The pressure was monitored by a capacitance manometer 
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(MKS Baratron 222BA, 0- 10 Torr,? absolute). The photolysis (‘pump’) beam consisted 
of 355nm light produced by third harmonic generation of the output of a Nd:YAG 
laser (Quantel 581), brought to a loose focus (spot-size ca. 2 mm) at the centre of the 
chamber. Pulse energies were typically 20-mJ. Laser-induced fluorescence was excited 
by tunable ultraviolet (‘probe’) radiation in the 280-360 nm region produced by a 
Nd:YAG (Quanta Ray DCR-2A) pumped dye laser (Quantel TDL-50) combination, 
with a spectral bandwidth of ca. 0.2 cm-’. Both pump and probe lasers were operated 
at a repetition frequency of 20 Hz. The probe beam spot-size (5 mm) was arranged to 
be sufficiently greater than that of the pump beam to ensure the detection of all species 
produced at the short time delays between laser pulses employed in the experiments. 
Great care was taken to account fully for the effects of radiative saturation of the O H  
A-X t r a n ~ i t i o n : ~ ~  probe pulse energies were reduced by a combination of Glan-Taylor 
prisms (which allow variable attenuation while maintaining a fixed polarisation). ’These 
energies were monitored on a shot-to-shot basis via a partial reflection from a quartz 
plate, at near normal incidence, onto a power meter (Molectron 53-05). The laser beams 
propagated through internally baffled entrance and exit arms ( 1  m long), and all internal 
surfaces were coated with a matt black paint (Zuel Corporation, St Paul, MN), greatly 
reducing the level of scattered laser light. 

Fluorescence was collected in the vertical direction, perpendicular to the common 
axis of the laser beams, by a fused silica lens system (f= 5 cm), and imaged through 
an interference filter (chosen to transmit the desired vibronic band of the OH A - X  
system) onto the photocathode of a photomultiplier tube (Centronic 4283/8 1 ) .  Signals 
were captured during a gate of length 1.5 ps (corresponding to approximately twice the 
radiative lifetime of OH A *Z+), delayed by ca. 20 ns from the probe pulse to discriminate 
against scattered laser light. The digitised data (LeCroy 2249SG ADC, CAMAC modular 
data bus) were passed to a microcomputer (IBM PC-XT) for storage and 
analysis. 

Gases used had the following stated purities: HBr (Matheson, >99.8%), HC1 
(Matheson, >99.0%) and NO2 (Matheson, >99.5%). The NO2 reservoir was maintained 
at 0°C to ensure a stable backing pressure. 

Results 

Preliminary measurements were performed to identify conditions under which an authen- 
tic nascent product state distribution would be observed. The majority of these initial 
investigations probed the OH( v’’ = 1 )  rotational distribution, the signals being most 
intense for this vibrational level. Relaxation of this distribution could readily be observed 
as the product of the pressure, P, in the chamber and the delay time, At ,  between the 
photolysis and probe laser pulses was increased. As has previously been observed,33 
the lowest rotational states were most rapidly relaxed, with the higher levels being 
relatively metastable. I t  was found that the measured OH( v ” =  1,  J ” )  distribution was 
essentially invariant for values of PAt < 4 x Torr s. Data were generally collected 
at P A t  = 2 x lo-* Torr s. Furthermore, it was also found that the distribution was insensi- 
tive to the total pressure, for a given value of PAt ,  in the pressure range 0-80 mTorr, 
indicating the absence of substantial variation in the fluorescence quenching rates of 
different rotational states in OH(A 2Z’) for the present colliding species (generally 
present in the ratio 1 : 1,  HBr: NOz). (Such effects have previously been observed for 
certain quencher  molecule^.'^) 

The OH A - X  diagonal vibronic transitions may readily be radiatively saturated with 
the probe pulse energies available from the present dye-laser system. To determine the 

t 1 Torr = 101 325/760 Pa. 
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42 Dynamics of the 0(3 P )  + HBr Reaction 
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Fig. 2. LIF excitation spectrum of the OH A - X  (1, 1)  band from the reaction 0 + HBr. Fluores- 
cence was selectively detected on the (1,O) band. Conditions: 25 mTorr HBr, 25 mTorr NO2 ; 

pump pulse-to-probe pulse delay of 500 ns; probe pulse energy of 150 pJ. 

regime where the LIF signal would be linearly proportional to the probe pulse energy, 
measurements were made of the ratios of intensities of main branch lines to those of 
corresponding satellite branches (e .g .  P2 and+P,,, or Q1 and Q21). These pairs of lines 
probe the same lower state, but with substantially different transition probabilities. From 
a knowledge of these transition probabilities, which have been accurately c a l c ~ l a t e d , ~ ~  
the extent of any radiative saturation could be estimated.32 It was found that for 
excitation on the A *Z+, v ’=  1-X 211, v ” =  1 band [henceforth denoted (v’, d’) = ( 1 ,  l)], 
pulse energies (10 pJ produced essentially linear res onse, in good agreement with 
expectations from the absolute transition probability3’ and the spatial and temporal 
characteristics of the probe beam. For the significantly weaker off-diagonal (0 , l )  and 
(1,2) transitions, pulse energies of <SO0 pJ were correspondingly found to be adequate 
for linear response. 

Measured Distributions 

OH(u”= 1,2) 

The OH( v” = 1 )  distribution was obtained by recording laser-excitation spectra (fluores- 
cence intensity as a function of probe laser wavelength) excited on the (1 ,  1 )  transition. 
Fluorescence was observed only on the ( 1 , O )  transition (through an interference filter 
centred at 280nm), eliminating any possible congestion of the spectrum from the 
excitation of (0,O) transitions lying in the same wavelength region, and reducing the 
level of observed scattered laser light. 

A representative spectrum, containing the R-branch region of the ( 1 ,  1 )  band, is 
presented in fig. 2. Substantial rotational excitation is readily discerned, with well 
formed R,- and R2-branch bandheads. The maximum intensities occur in the returning, 
higher rotational lines. The rotational substate populations were obtained from analysis 
of this and other similar spectra, many of which were obtained at reduced probe pulse 
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Fig. 3. Relative rotational state populations in 2r13,2 (solid bars) and 2111,2 (hatched bars) fine 
structure components of OH(v”= 1) formed in the reaction O +  HBr. 

energies (see above), including data for all of the six main spectroscopic branches. The 
analysis incorporated appropriate corrections for variations in the probe pulse energy, 
account of the wavelength dependence of the interference filter transmission, and 
application of the small, well known polarisation corrections required when exciting 
LIF with a linearly polarised laser.36 (Derived populations were not sensitive to the 
relative directions of linear polarisation of the pump and probe lasers.) Fig. 3 shows 
the resulting distributions of the 2133,2 and 2131,2 states as a function of N ”  (the total 
rotational angular momentum quantum number excluding electron spin). The sharply 
peaked, highly excited character of the distribution is apparent. 

Similarly, the OH(X ‘II, u”= 2) rotational substate distribution was obtained by 
pumping the off-diagonal (1 ,2 )  transition. In this case, two possible detection schemes 
were exploited, using interference filters to detect selectively fluorescence on either the 
( 1 , O )  or ( 1 , l )  bands. Signals on the ( 1 , O )  band were weaker than those on ( 1 ,  l ) ,  the 
radiative transition probability being smaller,35 compounded by a (purely instrumental) 
lower detection sensitivity. However, the spectrum is simplified by being uncongested 
by overlapping lines from other bands. Conversely, the detection scheme involving 
( 1 , 2) excitation followed by ( 1  , 1 )  fluorescence detection results in simultaneous observa- 
tion of LIF excited from u”= 1 on the (0, 1 )  band, and emitted on the (0,O) band. The 
alternative approaches thus provide complementary information; a more complete 
distribution is obtained from detection of ( 1 , O )  fluorescence, but simultaneous observa- 
tion of fluorescence on the diagonal bands allows the vibrational branching ratio 
v” = 1/ U” = 2 to be determined, in addition to providing partial confirmation of the U” = 2 
rotational distribution. 

Fig. 4 shows a representative laser-excitation spectrum of the 348-350 nm region, 
with fluorescence observed on the diagonal bands. Lines originating from u”= 1 and 
v”=2 are indicated in the figure. Conditions were once again such that a nascent 
distribution is believed to have been observed. From this spectrum and similar data, 
including observations of the ( 1 , O )  fluorescence, the rotational substate populations in 
u”= 2 were derived (see fig. 5). Corrections similar to those described for the u”= 1 
data were applied. It can be seen that the U” = 2 rotational distribution is also substantially 
excited, but less so than that of v ” =  1.  

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
87

. D
ow

nl
oa

de
d 

by
 S

ta
nf

or
d 

U
ni

ve
rs

ity
 o

n 
27

/0
7/

20
13

 2
0:

16
:3

5.
 

View Article Online

http://dx.doi.org/10.1039/dc9878400039


44 

1 7  

0.5- 

0- 

Dynamics of the O( P )  + HBr Reaction 

100. 

80. 

60. 

40- 

20- 

0- 

I I , 1 Q l  
I I 9 I I 1 Q2 

5 6 7 b 

13 14 15 16 17 

12 13 14 15 16 17 
I I I 

I I I 

3 4 5 6 

lo 9 a . .  . .  
. .  . .  . .  . .  
. .  . .  . .  . .  . .  . .  . .  
, .  . .  
. .  . .  . .  . .  . .  

J . .  

. .  . .  . .  

. .  . .  . .  . .  

I I 

34 9 350 

wavelength/nm 

Fig. 4. LIF excitation spectrum of the OH A - X  (0, 1) and (1,2) bands from the reaction O +  HBr. 
Fluorescence was observed on the (0,O) and (1, 1) diagonal bands. Transitions originating from 
u ” =  2 are explicitly indicated by dotted lines. Experimental conditions were: 50 mTorr HBr, 

50 mTorr NO,; pump pulse-to-probe pulse delay of 200 ns; probe pulse energy of 700 pJ. 
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Fig. 5. Relative rotational state populations in the *n3,, fine structure component of OH( u” = 2) 
produced in the reaction O ( 3 P )  + HBr. 
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OH( d’ = 0) 
Attempts were also made to observe any possible production of OH( u” = 0) from the 
reaction 0 + HBr. Significant u” = 0 LIF signals were obtained by pumping and detecting 
on the (0,O) transition. However, these signals were found to be entirely ‘prompt’, with 
no kinetic accumulation (of the order of a few ps) of the OH population following the 
photolysis pulse, as had been observed for the higher vibrational states. Examination 
of the u”=  0 rotational state distribution revealed it to be identical to that reported” 
for OH produced in the photolysis of HONO at 355 nm. The magnitude of this signal 
could be substantially reduced by increasing the flow rate of gases through the reaction 
chamber while maintaining a constant pressure, once gain in contrast to the u” = 1 and 
2 data, which were independent of the flow rate (except, as might be expected, at very 
low flows). It was concluded that OH( u” = 0) was arising through heterogeneous produc- 
tion and subsequent photolysis of HONO, 

Although previous reports3’ have indicated the absence of any significant production 
of higher vibrational states of OH in the 355 nm photolysis of HONO, a control 
experiment was performed to provide confirmation that the distributions ascribed to 
products of the O+  HBr reaction were not distorted by a contribution from HONO 
photolysis. Photolysis of a flowing mixture of HCl and NOz was found to generate 
OH( u” = 0) with a rotational state distribution identical to that from photolysis of 
HBr-NO,. The relative magnitudes of the OH( u” = 0) signals were taken as a measure 
of the HONO concentration, allowing an assessment to be made of the contribution of 
HONO photolysis to the observed OH( v ” =  1 )  signal from HBr-NO,. No OH( u”=  1 )  
was observable, above the residual noise level, following photolysis of HC1-NO2 mix- 
tures, constraining this estimate to be an upper limit. It was consequently concluded 
that HONO photolysis could not be responsible for a contribution of > 5 %  to the 
population of the lowest rotational states of OH( u” = l ) ,  where such an effect would be 
expected to be most significant. 

Vibrational Branching Ratio 

As discussed above, measurements such as those displayed in fig. 4 allow an estimate 
to be made of the vibrational branching ratio u”=  l /u”= 2. Total populations in each 
of the vibrational states were calculated by summing over all rotational substates (each 
of the A-doublet components of each of the spin-orbit states). Those state populations 
not measured because of spectroscopic congestion were estimated by interpolation of 
the available data. Einstein coefficients used in obtaining the branching ratio were the 
experimentally determined values of Copeland et aZ.38 The statistical accuracy of the 
population measurements was relatively high, ca. lo%, and the major source of uncer- 
tainty in the branching ratio therefore arose from the quoted uncertain tie^^^ in the 
Einstein coefficients. The derived vibrational branching ratio was OH( u” = 1)/OH( u” = 
2) = 9.4k3.1 at the 95% confidence level, assuming no other sources of systematic error. 

The significant background OH( u” = 0) population resulting from HONO photolysis 
prevented any rigorous assessment of the branching into u”=  0 of the OH product from 
0 + HBr. However, the observed rotational distributions for u” = 1 and 2 exhibit a strong 
propensity for population of states which are approximately thermoneutral with respect 
to the reagents (as will be discussed further below). It therefore seems a reasonable 
assumption, as is supported by the results of the quasiclassical trajectory study of Persky 
and co-worker~,~ that any OH( u” = 0) produced in the reaction would occupy relatively 
high rotational states, peaking in the range N” = 14-18. The OH( u” = 0) rotational 
distribution from 355 nm photolysis of HONO is relatively ‘cold’, with very little 
population in these higher levels. We observed no significant secondary maximum in 
this distribution, and estimate, on the basis of the above assumption, that u ” =  0 con- 
stitutes <lo% of the total population from the reaction O +  HBr. This observation is 
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46 Dynamics of the 0(3 P )  + HBr Reaction 

consistent with the results of the previous e.s.r. study of Spencer and Glass,’ where 
>97% of the OH produced was estimated to have been formed in u”=  1. 

Fine Structure and A-Doublet Population Ratios 

The OH 211 ground state is subject to the well known spin-orbit and A-doublet splittings, 
resulting in four spin substates for each quantum number, N”. The lower and upper 
spin-orbit states are labelled ’11312 and ’II,,,, respectively. These levels are split by ca. 
125 cm-’ at the lowest rotational state, but this splitting decreases quite rapidly with 
increasing N” as the character of the angular momentum coupling changes from Hund’s 
case ( a )  towards case (6). 

There has been considerable confusion and contradiction in the use of 7 ~ +  and 7 ~ -  
as labels for A-doublet states. An exposition of the directional nature of the electronic 
charge distribution of A-doublets was recently presented by Andresen and R ~ t h e , ~ ’  but 
unfortunately did not resolve the residual contradictions of nomenclature in many prior 
and, indeed, subsequent papers. We have therefore chosen to adopt a notation whereby 
T( 1l.l) denotes states which, in the limit of large rotational angular momentum, J, have 
the unpaired p.rr electron lobe parallel to J ;  correspondingly, m ( 1 . l )  refers to those 
states with the p.n lobe perpendicular to J, and hence in the plane of rotation of the 
molecule. For a E-II transition, such as in the present case for OH, ~(1I. l )  states are 
probed by Q-branch lines, and ~(1.l) states by P- and R-branch lines. 

~(1.l) populations of OH(u”= 1) 
presented in fig. 3, a preference of ca. 30% for the lower spin-orbit state was observed. 
A similar preference was found in the u” = 2 data. The spin-orbit ratio is obtained from 
data taken on branches with very similar line strengths and equivalent polarisation 
properties, and seems unlikely to be subject to systematic errors of this magnitude. 

The A-doublet ratio was less well defined. Near the peak of the u” = 1 distribution, 
with N ”  in the range 10-12, a reproducible, weak preference was found, with a maximum 
discrepancy of ca. 25% in favour of the ~(1.l) component at N”= 10. The ratio was 
found to vary with N”, being insignificantly different from unity for N”> 13 and N”< 7. 
(It is required that the states be equally populated in the limit of no nuclear rotation, 
since there can be no degree of electron alignment.) We hesitate to attach too great a 
significance to the observed weak preference, it being close to the level of systematic 
uncertainty in comparing data taken on branches with substantially different line 
strengths and polarisation properties. The u” = 2 data similarly showed little preference 
for either A-doublet component. 

As can be seen from the ’II3,2 r(1.l) and 

Discussion 

A diagram showing reagent and product state energetics in the O+HBr system is 
presented in fig. 6. Fine structure states in O(3P) and OH(X ’II) are not indicated: 
only the lowest-energy O(3P,) and OH(X 2113/2) states are shown. Channels leading to 
ground, 2P3/2 ,  and excited, spin-orbit states of the bromine atom, separated by 
3685 cm-’, are denoted by Br and Br*? respectively. 

In the photolysis of NO2, it is to be expected that a non-monoenergetic distribution 
of 0 atom velocities will be obtained, corresponding to a distribution over the internal 
product states of NO(X ’II). Two related studies of NO2 photodissociation,4”4’ at 
wavelengths close to 355 nm, are apparently in contradiction over the details of the 
energy r e l ea~e ,~ ’  but both demonstrate a relatively broad distribution of 0 atom velocities, 
extending to the upper limit imposed by total energy conservation. 

The energy available to be partitioned amongst the degrees of freedom of the products, 
EO,NO, may be expressed as 
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Fig. 6.  Energetic diagram of reagent and product states in the O ( 3 P ) +  HBr + O H ( X  'II) + Br 
system. 2P3/z  and 2P1/2  bromine atom spin-orbit states are denoted by Br and Br", respectively. 

E, is the kinetically determined activation barrier. 

where E (  hv) = 28 190 cm-' for third harmonic Nd:YAG radiation, DG( NO,) = 
25 132 ~ m - ' , ~ '  and Etherm( NO,) is the thermal translational and internal energy of NOz. 
Taking the limit where, in the photolysis, all the available energy appears as product 
translation, and assuming Etherm(N02) = : kT (translation) +$ kT (rotation) = 620 cm-', 
conservation of linear momentum constrains the translational energy of the 0 atom, 
Eo, to be 

Eo= i  mou;= mNoEo,No/(mo+ mNo)=2395 cm-', (2) 

where mi and ui are the mass and velocity, respectively, of species i. 
Note that the production of electronically excited O(' 0) is energetically impossible 

for single-photon dissociation of NO2 at 355 nm. The absence of multiple-photon 
processes producing O ( ' 0 )  under the present conditions was verified by a failure to 
observe any OH when photolysing NO, in the presence of H2,42 or characteristically 
excited OH4' in the presence of organic species [which produced only the rotationally 
'cold' distributions previously r e p ~ r t e d ' ~ - ' ~  for such systems in reactions with O ( 3 P ) ] .  

In the centre-of-mass frame of the 0 + HBr collision, the collision energy, Ecoll, may 
be approximated by 

EcoIi = i P ( u i + 3 k T /  m H B r )  (3) 

where p is the reduced mass of O+  HBr and the second term in parentheses represents 
the average contribution from thermal motion of HBr.44 (In the present case, this term 
is almost negligible compared to u i . )  Using the limiting value for uo derived above, a 
value of 2050 cm-' is obtained for Ecoll. 

In addition to translational energy of the collision partners, the rotational energy of 
HBr is available to be partitioned between modes of the products. The QCT study of 
Persky and co-workers' suggests that reactivity is substantially promoted by HBr rotation, 
and the average rotational energy of reactive HBr molecules is correspondingly sig- 
nificantly higher than that of the Boltzmann ensemble of reagents. Taking the value of 
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48 Dynamics of the 0(3 P )  + HBr Reaction 

500 cm-’ predicted by the QCT calculations for the average rotational energy of reactive 
HBr at 300 K, and a reaction exothermicity of 5150 cm-’, an approximate limit to the 
total energy available to the products, relative to the lowest states of OH and Br, is 
deduced to be 7700cm-’. 

Consideration of the measured OH product distributions in the light of fig. 6 and 
the discussion above clearly reveals that the majority of the energy available to the 
products appears as internal excitation of OH. The rotational distributions in Y” = 1 
and 2 extend to N ” =  16 and 9, respectively, some 8300 and 8500 cm-’ above the lowest 
level of v’’ = 0. These energies exceed by several hundred cm-’ the approximate energetic 
limit derived above, suggesting a significant contribution to reaction from states in the 
high-energy Boltzmann tail of the HBr rotational distribution. The peaks in the Y” = 1 
and 2 distributions at N ” =  12 and N ” -  5 ,  respectively, correspond to energies of 6300 
and 7500 cm-’. 

The O ( 3 P )  + HBr reaction therefore exhibits dynamical behaviour quite distinct from 
that of the previously studied reactions of O ( 3 P )  with organic species, in which low 
levels of rotational excitation of the products were ~ b s e r v e d . ’ ~ - ’ ~  In contrast, 0 + HBr 
displays properties characteristic of many H + LH’ systems, I - ’ ’  in which the approximate 
propensity rule 

(where E,,,,, is the kinetic energy), is obeyed in the selection of dominant product 
channels. This effect is essentially kinematic in origin. Relatedly, it has also been 
proposed4 that further propensity rules: 

L( reactants) = L( products) 

J (  reactant diatomic) =: J (  product diatomic) 

( 5 )  

(6) 
(where L and J refer to orbital and rotational angular momentum, respective1y)would 
be obeyed if the reaction were uninfluenced by a controlling potential energy surface. 
Eqn ( 5 )  bears a close equivalence to eqn (4) in a direct H + LH’ system. It has, however, 
been found’,’2 that the conservation of rotational angular momentum expressed in eqn 
(6) is a relatively poor prediction, it being argued” that the product J is particularly 
sensitive to energy release controlled by the potential surface. The present experimental 
results do not allow a direct test of prediction (6), since the rotational distribution of 
reactive HBr molecules is unknown. However, only 0.2% of a 300 K sample of HBr 
occupies J = 12, the rotational angular momentum at the peak of the product OH( Y” = 1 )  
distribution, suggesting that a very dramatic increase in the reaction cross-section with 
HBr rotation would be required if propensity rule (6) were to be valid. 

The above kinematic effects may alternatively be described using the vocabulary of 
potential-energy surfaces. In a mass-scaled coordinate system’ the H + LH’ mass combi- 
nation exhibits a very narrow skewing angle between the entrance and exit valleys (this 
angle is 15.4” for 0 + HBr). The channelling of energy into the internal states of the 
products is then interpreted2 as being the result of ‘corner-cutting’ trajectories, in which 
the much more rapid motion of the light compared to the heavy particles results in 
transfer of the light atom at relatively long range, before the equilibrium H---L internu- 
clear separation is attained in the entrance channel. 

As mentioned above, a quasiclassical trajectory study has recently been performed’ 
on a LEPS surface optimised to reproduce kinetic data for the 0 + HBr system. The 
surface derived has the barrier (of 13.2 kJ mol-’) in the entrance channel, but is pre- 
dominantly repulsive (the majority of the reaction exothermicity is released in the exit 
channel). The results of that study are not rigorously quantitatively comparable with 
those of the present experiments, since the calculations were performed for thermalised 
ensembles of reagents at various temperatures (200, 300 and 550 K). However, certain 
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Fig. 7. Boltzmann plot of rotational state populations of OH( u” = 1 and 2) produced in the reaction 
O +  HBr. 0, v”= 1, 2113,2 spin-orbit component; 0, uf’= 1, ’nl,* spin-orbit component; a, uff  = 2, 

2113/2 spin-orbit component. 

enlightening comparisons are possible. The QCT studies correctly predict substantial 
vibrational and rotational excitation of OH. The predicted strong population inversion 
of v ” =  1 over v ” =  0, with 93% of OH in v ” =  1 for 300 K reagents, is highly consistent 
with the failure to observe nascent OH( v ” =  0) in this study and in the previous e.s.r. 
experiments of Spencer and Glasss The average vibrational energy of the products 
(excluding zero-point energy) was ca. 40 kJ mol-’ (almost independent of reagent tem- 
perature) in the QCT study, compared to 47 kJ mol-’ in our experiments. Note, however, 
that no branching into u ” =  2 was predicted, in disagreement with the experimental 
observations. Experimentally, the average rotational energy (of u”=  1 and 2) was 
22 kJ mol-’, falling between the predicted values of 18 and 23 kJ mol-’ for reaction at 
temperatures of 300 and 550 K, respectively. It was also predicted that although the 
reaction cross-section does increase quite steeply with HBr rotation, the average rota- 
tional energy of the product OH is about three times greater than that of the reacting 
HBr molecules, consistent with the suggestion above that propensity rule (6) does not 
appear to be well obeyed in this system. No detailed product rotational state distributions 
were reported by Persky and coworkers. 

An analysis of our experimental data was performed according to the ‘surprisal’ 
f ~ r m a l i s m , ~ ~  in which measured distributions, Pexptl( v”, N ” ) ,  are compared with predic- 
ted prior distributions, P0(u”, N”),  calculated solely on the basis of the density of 
available product states (neglecting angular momentum constraints). Plots of the sur- 
prisal function, 

I ( u ” =  1, N”)  = -In [Pexpt,(u”= 1,  N”)/P,(u”= 1,  N”)] (8) 

were found to be highly non-linear. Such behaviour has been found elsewhere12 in a 
computational study of a similar H + LH’ system, C1+ HC1. 

Interestingly, it was found that I (u”= 1, N ” )  for OH exhibited two extrema, in 
contrast to the single extremum of the Cl+ HCI study.” This effect can also be discerned 
from fig. 7, where our experimental rotational distributions have been presented as a 
semilogarithmic plot of populations divided by the rotational degeneracy, (2J”+ l ) ,  
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50 Dynamics of the 0(3 P )  + HBr Reaction 

against the total internal energy. (This Boltzmann plot conveys information which is 
more limited but related to that of a surprisal plot, particularly at low internal energy 
where the density of available translational states is slowly varying, but has the advantage 
that the specification of an arbitrarily fixed total energy is avoided. The form of the 
surprisal of the more highly excited states is sensitive to this parameter, which is not 
well defined in our system.) The broad peak in fig. 7 at ca. 6000cm-’ is characteristic 
of the type of behaviour also observed for Cl+  HC1.’’ It is the subsidiary maximum at 
the lowest rotational state of OH( u” = 1 )  which we consider anomalous. [Note that this 
is not the result of partial relaxation of the measured distribution. Careful investigations 
at reduced values of PA? (see Experimental section, above) verified that the observed 
distribution was collisionally unmodified. Further strong support for this assertion is 
that the OH(v”=2) data show no evidence for anomalous population of the lower 
rotational states.] 

We suggest that this observation may be associated with the opening of an additional 
channel to form bromine atoms in the upper spin-orbit state, 2P1/2. As fig. 6 shows, 
the OH( v” = 1 )  + Br* channel lies slightly (some 280 cm-’) above OH( v” = 2)  + Br, and 
hence is energetically accessible for OH( u’’ = 1, N ” s  7). This suggestion seems consistent 
with the character of the inflection in the v ” =  1 data of fig. 7. Although we have not 
attempted to obtain any direct experimental evidence for the occurrence of a minor 
channel producing Br”, it is, in principle, an experimentally verifiable conjecture. 

It can also be seen from fig. 7 that, in the vicinity of the higher N ”  peak of the 
distribution, the 2113/2 spin-orbit state of OH( u” = 2 )  is preferentially populated over 
2111/2, even when account is taken of the degeneracy differences (which are significant 
at low N ” )  and the data are plotted as a function of energy, rather than rotational 
quantum number. (No residual preference is apparent in the low N ”  data.) A similar 
effect to that for the higher N” levels was previously reported’” for the relatively unexcited 
distributions from reaction of O ( 3 P )  with organic systems. The argument presented by 
Andresen and LuntzI3 to explain this observation was that the reaction was partially 
electronically adiabatic on surfaces correlating spin-orbit states of O( P )  with those of 
the OH(X ’II) product. The predominance of the lower, *n3/2, state in OH was then 
essentially a consequence of the higher population of the lowest, 3P2 , state of the reagent 
oxygen atoms, in thermal equilibrium from a microwave discharge source. Unfortu- 
nately, the distribution over the spin-orbit states of O(’PP) produced by 355 nm photolysis 
of NOz is unknown, but it is rather intriguing, although possibly quite coincidental, that 
the OH spin-orbit ratio from the 0 + HBr reaction under the present conditions is quite 
similar to that of the previous studies of organic systems. 

The absence of any strong preference for either of the A-doublet substates is consistent 
with a direct, collinear mechanism of reaction. The possible slight discrepancy in favour 
of the n ( I J )  state, near the peak of the OH( v ” =  1 )  distribution, noted above, would 
be compatible with a tendency for these states to be produced via a bent reactive 
geometry, with an incipient bonding interaction between the 0 and Br atoms aligning 
the unpaired electron lobe on the 0 atom in the 0-H-Br plane. Dynamical effects 
of this type, many of much greater magnitude, are well known in a number of other 
reactive systems.39 

In the discussion of the dynamics above, we have implicitly discounted the involve- 
ment of the deep potential well on the singlet surface which corresponds to the bound 
intermediate, HOBr. A spin-forbidden insertion mechanism, whereby an electronically 
non-adiabatic curve-crossing from the initial triplet surface would allow access to the 
singlet intermediate, seems a less satisfactory explanation for the observed results, given 
the very significant O H  vibrational inversion and the highly non-linear rotational 
surprisals. These departures from statistical behaviour are more extreme than in 
previous systems where a short-lived intermediate complex is thought to be involved 
[ e.g. O( ID) + HC146 and O(’ D )  + H2”]. 
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Conclusion 

The 0 + HBr reaction can be well understood in terms of a direct abstraction mechanism 
for a H + LH’ system dominated by kinematic constraints. The highly inverted vibrational 
distribution results from an early barrier in the entrance channel, and ‘corner-cutting’ 
trajectories in which the H atom is transferred at relatively large internuclear distances. 
Substantial rotational excitation derives from repulsive interactions in the exit channel. 
Whilst the trajectory studies of Persky and co-worker~~ are capable of at least good 
qualitative prediction of the observed product distributions using a LEPS surface with 
a collinear minimum-energy pathway, it seems clear that high rotational excitation of 
the products must result from repulsive Br---H interactions acting off the line of centres 
in a bent 0-H-Br geometry. As has been discussed elsewhere,” the H + LH‘ mass 
combination channels this repulsive interaction very effectively into HL rotation, since 
the force acts on the L particle, with a long lever arm about the HL centre-of-mass. 
This suggests a possible explanation for the contrasting dynamics of 0 +organic systems 
compared to those of O+HBr,  namely, that the O+organic systems may be subject to 
a stronger constraint towards collinearity, leading to much-reduced rotational excitation 
of the OH product. 

We express our special thanks to two groups of workers; R. A. Copeland, J.B. Jeffries 
and D. R. Crosley, and M. Trolier and J. R. Wiesenfeld, for making available unpublished 
OH transition probabilities. (K.G.McK.) is grateful to the S.E.R.C. for the provision 
of a Postdoctoral Research Fellowship. This work was supported by the U.S. National 
Science Foundation under grant number NSF CHE 84-07270. 
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