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A high resolution rovibrational absorption spectrum of the weakly bonded CO,-DBr complex 
has been recorded in the 2350 cm-’ region by exciting the CO2 asymmetric stretch vibration 
with a tunable diode laser. The C02-DBr band origin associated with this mode is 2348.2710 
cm -l, red-shifted by 0.87 cm-’ from uncomplexed CO*. The position of the hydrogen atom 
is determined from differences in moments-of-inertia between C02-DBr and CO,-HBr, i.e., 
by using the Kraitchman method. From this, we conclude that ground state COTH (D) Br 
has an average geometry that is planar and inertially T-shaped, with essentially parallel HBr 
and COz axes. Average values of intermolecular parameters are: R,,=3.58 A, 0BrCO=79.80, 
and eHBrC= 93.1”. The validity of using the Kraitchman method, which was designed for use 
with rigid molecules, with a floppy complex like C02-HBr is discussed. The experimental 
structure is corroborated qualitatively by results from Moller-Plesset second-order perturba- 
tion calculations, corrected for basis set superposition errors. The theoretical equilibrium ge- 
ometry for the inertially T-shaped complex is planar with structural parameters: RCBr= 3.62 
A, 8atio= 89”, and OnBrC= 86”. A number of cuts on the four dimensional intermolecular 
potential surface confirm large zero-point amplitudes, which are known to be characteristic of 
such systems, and these cuts are used to estimate tunneling splittings. Tunneling is shown to 
occur by out-of-plane rotation of the H atom, in accord with the experimental observations 
of Rice et al. There is no significant in-plane tunneling. A quasilinear hingelike isomer 
(OCO-HBr) with ROH= 2.35, A at equilibrium is calculated to be as stable as the T-shaped 
complex; however, this species has yet to be observed experimentally. Photoinitiated reactions 
in C02--HX complexes are discussed. 

1. INTRODUCTION 

Weakly bonded binary complexes have been success- 
fully used in studies of elementary chemical reaction dy- 
namics.’ The anisotropic force field that binds such com- 
plexes aligns the two molecules regioselectively, thus 
offering a novel means of studying entrance channel spec- 
ificity. For instance, there is a qualitative structural change 
in CO,-HX complexes in going from quasilinear CO,-HCl 
to inertially T-shaped C02-HBr, and this difference pro- 
vides an opportunity to study regiospecific effects in pho- 
toinitiated H atom reactions with CO,.* In addition to 
regional selection for the reaction, photoinitiation in com- 
plexes is compatible with control of the reaction energy by 
varying the photolysis wavelength, as well as “setting the 
clock” for the reaction when using ultrashort laser pulses.3 

In this approach to studying photoinitiated chemical 
reaction dynamics, having information about the structure 
of the complex is prerequisite to understanding the effects 
of entrance channel parameters on reaction probabilities, 
branching ratios, product state distributions, and reaction 
times. To obtain structural information for CO*-HX com- 
plexes (X=F, Cl, and Br), we have used infrared spectro- 
scopic techniques to record rovibrational spectra of com- 
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plexes by exciting a single quantum of the CO2 y3 
asymmetric stretch mode, i.e., the (001) level in isolated 
COP4 CO,-H( D) F and CO,-H( D) Cl were found to be 
quasilinear (i.e., hingelike bending with large zero-point 
amplitudes) for both the ground and vibrationally excited 
states. Ground-state rotational constants were in excellent 
agreement with microwave spectroscopic studies of CO,- 
H( D)F’ and CO*-H ( D)C1,6 as well as other infrared 
spectroscopic results for CO,-HF, in which the HF chro- 
mophore was excited.’ With the latter, HF( U= 1) excita- 
tion results in a nonlinear equilibrium geometry for the 
intermolecular potential surface, while the potential for 
HF( v=O) is very flat (i.e., dominated by quartic and sex- 
tic angular terms) and the classical turning points were 
shown to be at =t=38” for the zero-point energy level.’ 

On the other hand, the CO*-HBr rovibrational absorp- 
tion spectrum displayed a typical b-type spectrum of an 
asymmetric rotor, a pattern that differs dramatically from 
those obtained with complexes such as CO*-HF and CO*- 
HCl. Analyses indicated that the structure of CO,-HBr is 
inertially T-shaped with the C-Br interatomic distance al- 
most perpendicular to the CO2 molecular axis. This is sim- 
ilar to CO*-Ar* if we ignore the hydrogen atom. The struc- 
tural variation in going from CO,-HF( HCl) to CO,-HBr 
was ascribed to competition between hydrogen bonding 
(favoring the hingelike geometry) and dispersive forces 
(favoring the T-shape) .4 In addition, the shift in frequency 
(relative to uncomplexed CO*) of the CO2 asymmetric 
stretch band origin also appeared to correlate with the 
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structural change, i.e., a blue shift for hingelike CO*- 
H(D)F(CI) and a small red shift for T-shaped CO*-HBr. 
However, the position of the H atom in the CO*-HBr 
complex was not determined. Subsequently, by comparing 
the nuclear quadrupole coupling constants of the bromine 
atom in the complex and free HBr. Rice et al. determined 
that on average the HBr axis is at an angle of -66” (or 
114”) from the a axis of the complex.’ 

To further determine structural features of the CO*- 
HBr complex, we have now obtained the CO*-DBr infra- 
red rovibrational spectrum which complements our previ- 
ous studies on C0,-HBr.4 The position of the H(D) atom 
is determined from differences between the CO,-DBr and 
CO*-HBr moments-of-inertia. From this, we conclude that 
on average the H atom lies in the Br-CO2 plane, with the 
HBr axis almost parallel to the CO2 axis. The average 
structure is best described as inertially T shaped and planar 
with roughly parallel CO, and HBr axes.” This differs, 
though not dramatically, from the result of Rice et al., who 
inferred an angle of about 24” between the directions of the 
HBr and CO? axes.’ 

The Kraitchman method” used for locating atoms in 
rigid molecules may not be appropriate if the intermolec- 
ular vibration is too anharmonic or asymmetric upon dis- 
placement from the equilibrium position, or if the intermo- 
lecular vibration has too large an amplitude. Thus, it is 
important to examine directly the intermolecular interac- 
tion potential of the complex. This potential holds the key 
to understanding the behavior of the complex; without it 
there is too much latitude in reconciling data. To gain 
insight into the anisotropic force field binding the CO,- 
HBr complex, to determine the equilibrium geometry of 
the ground state complex, and to provide the intermolec- 
ular potential surface, we have carried out ab initio com- 
putations by using Moller-Plesset second-order perturba- 
tion (MP2) methods** with double zeta plus double 
polarization basis sets. The results of the calculations, cor- 
rected for basis set superposition errors, are in accord with 
the experimental results derived from the isotopic substi- 
tution. They are consistent with an equilibrium geometry 
with the Br-H bond essentially parallel to the O-C-O axis. 
Though these computations are lengthy, we have deter- 
mined portions of the potential energy surface about the 
equilibrium point with respect to rotation of the HBr both 
in and out of the plane of the complex, as well as R,, 
stretching. 

The potential appears to be nearly symmetric with re- 
spect to the in- and out-of-plane hydrogen rotations, with a 
propensity for large-amplitude H-atom zero-point excur- 
sions, which accommodate significant reactivity when the 
HX moiety is photoexcited with a uv photon. The barrier 
height for out-of-plane rotation of the HBr is fortuitously 
close to the experimentally determined value, and supports 
the hypothesis that the difference between our observed A 
constant and that obtained using microwave methods is 
due to the tunneling splitting caused by this rotational bar- 
rier. We then estimated the energy levels, eigenfunctions, 
expectation values and dispersions of the angles for the 
hydrogen rotations. These calculations indicate little or no 

in-plane tunneling and only small differences between the 
H and D zero-point effects on the expectation values of the 
angles. The small amount of in-plane tunneling for the 
light hydrogen atom can be ascribed to strong coupling of 
the HBr in-plane bend with R,, stretching motion. It ap- 
pears that the isotopic substitution approach should be 
valid for this floppy molecule in which the interaction po- 
tential is nearly symmetric with respect to the displace- 
ment from its equilibrium position. However, the angular 
dispersion is about eight times larger than that of a rigid 
molecule, so we expect the uncertainty in the structural 
parameters to be an order of magnitude larger than in a 
typical rigid molecule. 

II. EXPERIMENT 

The experimental arrangements have been described 
previously in detai1.4’13 In brief, C02-DBr complexes were 
prepared by expanding gas mixtures of CO,/DBr/Ar 
(1:3:30(l) through a slotted pulsed nozzle (0.15~38 
mm*). The pulsed valve was operated at a rate of about 3 
Hz with a pulse duration of about l-2 ms. Rotational tem- 
peratures were typically 7-10 K. 

The diode laser was operated in the temperature range 
30-70 K by using a closed-cycle refrigerator. Various laser 
modes could be accessed by varying the temperature and 
by adjusting the current applied to the diode. To select a 
single mode, the laser output was passed through a mono- 
chromator with a bandpass of approximately 1 cm-‘. 
Small portions of the single-mode power were passed 
through a room-temperature reference cell containing CO2 
monomer for absolute calibration and a temperature stabi- 
lized germanium etalon, which provided fringes for relative 
frequency measurements. Most of the laser power (90%) 
was passed through the vacuum chamber for the absorp- 
tion measurements. Absorption signals from the reference 
cell, etalon, and molecular beam were recorded simulta- 
neously by three LN,-cooled InSb detectors connected to 
three transient digitizers. The fast tunability of diode lasers 
enabled us to scan a region of -0.3 cm-’ (4000 points) 
during a single opening of the nozzle. Each spectrum was 
averaged over 50-200 scans by an IBM/AT. The fre- 
quency was calibrated using CO, transition frequencies 
and the etalon fringes (free spectral range=0.016 cm-‘). 
All relevant volumes and light paths were purged with 
nitrogen to reduce absorption of the laser radiation by CO, 
in the atmosphere. 

The infrared absorption features of CO,-DBr were re- 
corded between 2347.0 and 2349.5 cm-‘, which corre- 
sponds to the asymmetric stretching mode of CO*. Under 
current experimental conditions, spectral features due to 
clusters of CO, with rare gases (e.g., Ne, Ar, etc.) were 
prominent and often interfered with transition lines of 
CO,DBr. Hence, to obtain maximum spectral informa- 
tion, ultra-high purity Ar and first-run Ne gases were used 
alternatively as carrier gases for the supersonic expansion. 
All gases were obtained commercially and used without 
further purification. 
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state than in the upper state. We attempted a fit with the 
upper-state DJK fixed at the lower-state value; however, the 
overall deviation from this fit was about 50% greater than 
with different DJK in the two vibrational states. One should 
not attribute undue physical significance to the fitting pa- 
rameters DJ, DJK, and DE In addition, seven new transi- 
tions for CO*-HBr complexes were found, and these lines, 
combined with our previous data,4 were fit using Eq. ( 1). 
To compare the results of CO,-HBr and CO,-DBr consis- 
tently, the same type of parameters were included in the 
fits for both isotopic species. Table II summarizes the re- 
sults for the moments-of-inertia, rotational constants and 
band origins for CO,-DBr and CO,-HBr. 
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In the rovibrational spectrum of an asymmetric rotor 
with b-type transitions, the A constant is directly related to 
the band gap between Q branches, which are the most 
intense absorption features in the spectrum, l5 and it can be 
measured quite accurately. The CO*-DBr A constant is 
smaller than that of CO*-HBr, implying that the H(D) 
atom is not on the a axis. If the Br positions in both com- 
plexes do not differ significantly, then the different A con- 
stants must be accounted for by the H atom being away 
from the a axis. The B and C rotational constants for CO,- 
DBr are smaller than those for CO*-HBr, indicating that 
the hydrogen is displaced from the b and c axes as well. 
The small inertial defects in CO*-HBr and CO*-DBr sug- 
gest that the complexes are planar. 
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2348.55 2348.60 2348.65 2348.70 2348.75 
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FIG. 1. Portions of (a) CO,-DBr and (b) CO,-HBr spectra showing 
prominent Ra branches, along with absorption features of room- 
temperature CO, monomers. 

III. RESULTS AND DISCUSSION 

The C02-DBr absorption spectrum was very similar to 
that of C02-HBr,4 with the band origins separated by only 
0.07 cm-‘, as shown in Fig. 1. A total of 68 transitions 
corresponding to ‘QZ, ‘PI, ‘Ql, RPo, ‘RI, RQo, RR,,, RQl, 
and RR, sub-bands were recorded and fit to the Watson 
Hamiltonian given below (the results are listed in Table 
I):‘4 

-D/-DD,,J2J~-D&. (1) 

Of the various parameters, only A, B, C, and DJK, along 
with the fundamental band center frequency, v,,, were in- 
cluded in the fit. Ground-state rotational constants were 
first determined by finding the combination differences for 
the ground-state transitions. Rotational constants for the 
vibrationally excited state and v. were then fit to the over- 
all transitions with the predetermined rotational constants 
for the ground state. DK could not be determined with the 
current data because only transitions involving K,<2 have 
been assigned. Also, DJ was found to be zero within error 
limits. It should be noted that DJK is larger in the ground 

In interpreting the rovibrational transitions observed 
in COZ-H( D)Br complexes, nuclear spin statistics for the 
zero-spin oxygen atoms must be considered.15 In CO*-Ar, 
which is T-shaped with C,, symmetry,’ only half of the 
transitions are present, since the nuclear spin wave func- 
tion can only have even symmetry, i.e., the antisymmetric 
states have zero statistical weight. Thus, only even K, 
states are allowed in the totally symmetric ground vibra- 
tional state, while only odd K, states are found in the 
excited vibrational state, which has odd symmetry, with 
respect to the C2 axis. However, in the rovibrational spec- 
trum of CO,-D( H) Br,4 all transitions involving both even 
and odd K, are observed for the ground and the excited 
vibrational states. This can be explained two ways. First, 
the molecule has no C2 axis of symmetry: The two oxygens 
are distinguishable because one is closer to the hydrogen 
atom than the other. The second, nearly equivalent, inter- 
pretation is that there is a possible inversion of the hydro- 
gen atom with a substantial barrier from one form to an- 
other in the twofold structural degeneracy. In the second 
case, there will be nearly degenerate even and odd vibra- 
tional levels, with respect to the inversion. For the ground 
vibrational state, the even K, states belong to the even 
inversion state, while the odd K, levels belong to the odd 
inversion state. When the asymmetric stretching mode of 
the CO2 group is given one quantum of energy, the rota- 
tional state symmetries switch and the converse is true for 
the allowed even and odd K, values. Thus, the transitions 
that have been observed actually belong to two different 
inversion states whose energy difference vanishes as the 
barrier height approaches infinity. If the two states were 
not nearly degenerate, then the odd and even K, states 
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TABLE 1. Rovibrational transitions of CO,-DBr. 0,,=0.0008 cm-‘. 

Transition Observed Residues Transition Observed 
P  K.: K; - J’ K: e K” (cm-‘) (cm-‘) S  K:, Kf - J” K” ~ Kf’ (cm-‘) Observed-Calculated 

3 1 3 3 2 
4 1 4 4 2 
5 1 5 5 2 
9 1 9 9 2 

10 1 10 10 2 
11 1 11 11 2 
3 1 2 3 2 
4 1 3 4 2 
6 1 5 6 2 
6 1 6 6 2 
7 1 7 7 2 
9 1 8 9 2 
0 0 0 1 1 
1 0 1 2 1 
2 0 2 3 1 
3 0 3 4 1 
1 0 1 1 1 
2 0 2 2 1 
3 0 3 3 1 
4 0 4 4 1 
5 0 5 5 1 
6 0 6 6 1 
7 0 7 7 1 
8 0 8 8 1 
9 0 9 9 1 

10 0 10 10 1 
11 0 11 11 1 
12 0 12 12 1 

5 1 5 6 0 
6 1 6 7 0 
8 1 8 9 0 
4 0 4 3 1 
5 0 5 4 1 
7 0 7 6 1 

2 
3 
4 
8 
9 

10 
1 
2 
4 
5 
6 
7 
1 
2 
3 
4 
0 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
6 
7 
9 
3 
4 
6 

2347.2654 -0.cOO2 
2347.2569 0.0010 
2347.2435 -0.0001 
2347.1689 -0.COO6 
2347.1452 osxlO7 
2347.1172 0.0003 
2347.2975 0.0008 
2347.3079 0.0007 
2347.3216 0.0018 
2347.3358 0.0015 
2347.3515 0.0014 
2341.3833 -0.0008 
2347.8564 -0.0007 
2347.7755 -0.0003 
2347.6965 -0.0006 
2347.6215 0.0006 
2341.9380 -0.ooo4 
2347.9329 -0.0003 
2347.9240 -0.0012 
2347.9137 -0.0006 
2341.8993 -0.0011 
2347.8821 -0.0012 
2347.8615 -0.0011 
2347.8377 -0.0002 
2347.8018 -0.0015 
2347.7764 o.ooo2 
2347.7395 0.0012 
2347.6957 o.cQO3 
2348.0457 0.0010 
2347.9454 O.OCQ4 
2347.7423 O.OOQO 
2348.3016 -0.OcQ3 
2348.3958 -0.0021 
2348.5943 -0.0006 

8 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
2 
3 
4 
5 
6 

8 
9 
3 
4 
5 
I 
8 
9 

10 
4 
5 
6 

8 
2 

0 8 7 1 7 2348.6945 -o.ooo?l 
1 0 1 0 1 2348.6037 0.0009 
1 1 2 0 2 2348.6083 OX003 
1 2 3 0 3 2348.6165 0.0006 
1 3 4 0 4 2348.6276 0.0010 
1 4 5 0 5 2348.6412 0.0008 
1 5 6 0 6 2348.6578 o.c005 
1 6 7 0 7 2348.6719 0.0000 
1 7 8 0 8 2348.7024 0.0002 
1 8 9 0 9 2348.7311 O.OCO4 
1 9 10 0 10 2348.7637 0.0001 
1 10 11 0 11 2348.8004 -0.0008 
1 11 12 0 12 2348.8439 -0.0001 
1 2 1 0 1 2348.7649 -0.0005 
1 3 2 0 2 2348.8439 -0.0001 
1 4 3 0 3 2348.9209 o.ooo9 
1 5 4 0 4 2348.9949 0.0012 
1 6 5 0 5 2349.0662 0.0013 
1 7 6 0 6 2349.1347 0.0005 
1 8 1 0 I 2349.2017 O.CQOO 
1 9 8 0 8 2349.2669 -0.0008 
2 1 3 1 2 2349.2423 -0.0004 
2 2 4 1 3 2349.2325 -0.0004 
2 3 5 1 4 2349.2214 0.0003 
2 5 7 1 6 2349.1928 -0.ooo3 
2 6 8 1 7 2349.1780 0.0002 
2 7 9 1 8 2349.1620 -0.0003 
2 8 10 1 9 2349.1476 0.0005 
2 3 4 1 4 2349.2829 -0.0011 
2 4 5 1 5 2349.2963 -0.0008 
2 5 6 1 6 2349.3124 -0.0004 
2 6 7 1 7 2349.3310 -0.c001 
2 7 8 1 8 2349.3516 -0.0006 
2 1 1 1 0 2349.4284 -0.0001 

could not be fit simultaneously with a single set of param- 
eters. Rather, two slightly different sets of parameters 
would be required. According to the selection rules in the 

TABLE II. COs-D(H)Br constants for the ground and excited vibra- 
tional states. 

C02-DBr COs-HBP 

Ground state 
A” (MHz) 
B” (MHz) 
C’ (MHz) 
D” (MHz) 

h” Imu Am2) 
Excited state 

A’ (MHz) 
B’ (MHz) 
C’ (MHz) 

D;K (MHz) 
A’ (amu b;‘) 

v. (cm-‘) 
Av (cm-‘)b 

11190.9(40) 11594.3(35) 
1375.55(52) 1384.58(35) 
1219.78(65) 1230.87(39) 

0.91(9) 0.27( 10) 
1.76 1.99 

11168.9(37) 11503.5(44) 
1375.47( 17) 1383.47(21) 
1218.74( 14) 1230.47( 18) 

0.16(7) 0.24( IO) 
2.M) 1.49 

2348.2710(2) 2348.2016(2) 
- 0.8723 -0.9417 

‘The values presented here are slightly different from those reported pre- 
viously,’ due to the inclusion of seven new transition lines and DJK in the 
present fit. 

bAv is defined as vo(complex)-vo(monomer). 

rovibronic spectrum, a b-type spectrum is expected with 
AK,= f 1 transitions because the asymmetric CO, stretch 
is excited and the axis of the CO, moiety is parallel to the 
b axis. Based on the symmetry arguments given above, the 
rovibronic transitions will be between inversion levels of 
the same symmetry, i.e., the observed transitions are within 
the same manifold of the inversion states shown in Fig. 2. 

Recent Fourier transform m icrowave spectroscopic 
studies of CO,-HBr by Rice et af., in which they report a 
b-type m icrowave spectrum, provide further evidence for a 
barrier to H-atom tunneling.’ Their B and C rotational 
constants are the same as ours to within our experimental 
error, but their A moment is 1186 MHz larger than our 
value. Since the selection rules for the pure rotational tran- 
sitions are AK,= f 1, they observe only transitions be- 
tween symmetric and antisymmetric inversion levels, i.e., 
between the two manifolds depicted in Fig. 2. They inter- 
pret the 1186 MHz deviation in the A moment as the sep- 
aration between the two inversion states. However, they 
have not yet observed the m icrowave spectrum of the deu- 
terated species. Since only the A moment is affected by the 
inversion, the tunneling motion must involve the hydrogen 
rotating out of the plane of the molecule. The ab initio 
calculations described below substantiate this conclusion. 
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CO2(001) vibrational level a 

+-y--s- 

CO2(000) vibrational level 

FIG. 2. Schematic of energy levels involved in the observed transitions in 
CO*-HBr. Long lines indicate rovibrational transitions observed in infra- 
red absorption spectra; short lines represent pure rotational transitions 
observed in microwave spectra. Labels s and a refer to symmetric and 
antisymmetric inversion levels, respectively. 

In the structural determination from the rotational 
constants, it is assumed that the monomers are rigid and 
the complex is planar. Figure 3 depicts the geometrical 
parameters, R,,., RCBr, r, 6, 8,, 8aflo, and % IB,.c. The 
distance R,.,, between the center-of-masses of the two con- 
stituents depends only on the moment-of-inertia about the 
c axis, and can be calculated from16 

CL&,.=&--~, -12 , (2) 

where ~=MIM2/(MI+M2) is the reduced mass of the 
complex, and I, and I2 are the moments-of-inertia for 
monomers 1 and 2, respectively. To locate the H atom, we 
used the difference between the CO,-HBr and CO,-DBr 
moments-of-inertia assuming (i) no structural changes 

FIG. 4. Experimental geometry for ground state CO,-HBr. 

upon deuteration, and (ii) planarity. An average distance, 
r, from the H atom to the center-of-mass of the complex 
can be calculated from the Kraitchman equation” 

12=(M+Am) 
MAm (I; -I,), (3) 

where M is the mass of the complex before isotopic sub- 
stitution and Am is the mass change upon isotopic substi- 
tution; If and I, are moments-of-inertia of the isotopically 
substituted and original species, respectively, about the c 
principal axis. In principle, r can be calculated by using 
either 1, or the sum of I, and lb, but we prefer using I, 
because I, may have a small tunneling contribution. Also, 
we have calculated the a and b center-of-mass coordinates 
of the hydrogen atom independently of each other by using 
other Kraitchman equations.16 These results were in close 
agreement with the values obtained from Eq. (3). Then e2 
is obtained from simple geometrical considerations as 
shown in Fig. 4. Finally, e1 is obtained from4”’ 

sin2 e1 = I,Uc-L) 12 

I, (1,-I* --I21 7 sin2 e2 
12 

-(Ic-11-12) sWe1+e2). (4) 

Equation (4) yields two 8, values, and whether OCO is 
tilted towards or away from the hydrogen atom is un- 
known. The final structural parameters, RCBr, eBrco, and 
eHBrC for both the ground and excited vibrational states, 
are given in Table III along with the theoretical ground 
state geometry. 

TABLE III. Structural parameters of C02-HBr and CO,-DBr (paren- 
theses). 

Experimental Theoretical 

Ground state Excited state Ground state’ 

R,,, 6) 3.579(3.581) 3.580(3.580) 3.62 
&CO (deg) 79.8 79.7 88.8 
&EL-C (deg) 93.1 96.3 85.9 

FIG. 3. Schematic drawing showing the parameters, R,,,, RCBr, r, t9,, 6',, 
8srco. and 0,,, of the planar C02-H(D)Br complex. 

aThe T-shaped geometry was optimized at the MP2 level (double-zeta 
plus double polarization basis sets) and corrected for basis set superpo- 
sition errors. 
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The CO,-H(D)Br complex has an average structure 
in which the H(D)-Br bond is roughly parallel to the CO, 
molecular axis. A similar structure has also been observed 
for the CO, dimer.” However, other C02-containing com- 
plexes such as CO,N,,‘* CO,-HCN,t6 and C0,-COt9 
have T-shaped structures, with the molecular axis of the 
other moiety perpendicular to the CO2 molecular axis. 
Such arrangements preserve C2, symmetry, thereby disal- 
lowing odd K, states in the ground vibrational state and 
even K, states in the excited state (CO2 asymmetric 
stretch). In fact, CO,-H(D)Br is the first inertially T- 
shaped C02-containing complex in which all K, states are 
present in rovibrational spectra. 

It is interesting to compare frequency shifts for the 
different CO1-HX band origins relative to CO, monomer 
(2349.143 26 cm-‘). The band origin of CO,-D(H)Br is 
red shifted by 0.872 cm-‘, while for CO,-HF and CO,- 
HCI hingelike complexes, the inequivalency in the two CO 
bonds results in blue shifts of 9.98 and 3.87 cm-‘, respec- 
tively.4 On the other hand, in T-shaped complexes such as 
C02-Ar* and C02-HBr,4 there is relatively little effect on 
the CO2 asymmetric stretching frequency. In the homolo- 
gous series of C02-Rg complexes (Rg= Ne, Ar, Kr, and 
Xe),* where dispersive forces dictate the structures, the 
band origin associated with the CO, asymmetric stretch 
mode shifts toward lower frequencies in going from Ne to 
Xe, a trend that correlates with the increasing polarizabil- 
ities.’ Hence, it is reasonable to attribute the red shift of the 
COz asymmetric stretch in C02-H(D)Br to the large po- 
larizability of Br. A rather small separation between CO,- 
HBr and C02-DBr band origins (0.07 cm-‘); compared 
with CO,-H(D)F (0.52 cm-‘) and CO,-H(D)Cl (0.83 
cm- *),4 suggests that the Br-C02 interaction is more im- 
portant than the H-CO2 interaction. 

IV. AB /NIT/O CALCULATIONS 

Valence double-zeta basis sets were used for carbon 
(9s5p/3s2p) and oxygen (9s5p/3s2p>,20 with one set of 
d-polarization functions for carbon and oxygen [L/(C) 
=0.73 and e( 0) = 1.071 optimized for CO, at the HF 
level and augmented with one set of diffuse d functions 
[f(C) =0.17 and L/(O) =0.287]. Unscaled valence 
double-zeta basis sets were used for hydrogen (4~/2.s),~~ 
augmented with one set of p-polarization functions (cp 
=0.6) and one set of diffuse p functions (@‘=0.2). 
Double-zeta basis sets for bromine (3s3pAs2p) with effec- 
tive core potentials2’ were used with one set of d- 
polarization functions (L/=0.45) optimized for HBr at the 
GVB( l/2) level and augmented with one set of diffuse d 
functions (~=O.lS>. 

Experimental equilibrium geometries of CO, (Rco 
= 1.1621 A)22 and HBr (R nnr= 1.413 A)23 were used, and 
the C02-HBr equilibrium geometry was determined at the 
kIP2 level. Basis set superposition error (BSSE) was ac- 
counted for by using the counterpoise method.24 The cal- 
culated ground state equilibrium geometry is shown in Fig. 
5 and listed in Table III. Table IV summarizes total ener- 
gies. 

Zeng et a/.: Spectroscopy of COTD(H)Br 5397 

3.62 A! 

(4 (b) 

FIG. 5. Theoretical geometries for (a) T-shaped and (b) linear CO,- 
HBr. Calculations were at the MP2 level (double-zeta plus double polar- 
ization basis sets); basis set superposition errors were corrected by using 
the counterpoise method. 

Figure 6 shows potential energy contours for planar, 
inertially T-shaped complexes as a function of C-Br dis- 
tance, RCBr, and Br-C-G angle, OnrCO, with the HBr and 
CO2 axes parallel (i.e., eHBrC= 7~- en&o). A minimum en- 
ergy of -392 cm-’ is found at RcBr=3.62 A and f&-o 
=88X. 

For planar structures, the dependence of the potential 
on t3,,, is shown in Fig. 7 for two slices in the potential 
energy surface: ( 1) with RCBr fixed at 3.62 A (dashed 
curve), and (2) with R,, allowed to change to minimize 
the energy (solid curve). For planar complexes with f&co 
fixed at 88.8”, 8nsrc- -83.7” is the minimum energy value 
with RCBr=3.62 A, while &n&=85.90 is the optimized 
value when the RCBr distance is relaxed to give a minimum 
potential. Note that the potential is quite flat with respect 
to 6)Bn,.o near these minima (see Fig. 7). When R,-Br was 
relaxed to give a minimum potential for the in-plane H 
bend, a rotational barrier of 312 cm-’ was obtained at 
8 n&c= 180” and RCBr= 3.87 A. On the other hand, the 
intermolecular potential at CjHn&=@ was repulsive and 
unbound in the RCBr coordinate. Figure 8 displays the 
value of RCBr at the rIhIiX'UUIn energy as eHBrC Kirks from 
0” to 180” in the molecular plane. RCBr remains almost 
unchanged from the equilibrium distance of 3.62 A over a 
wide range of angular variation near the equilibrium angle 
0f 8 une= 85.9”. The calculated equilibrium distance of 
R C&=3.62 A is in good agreement with the experimental 
value of (Ro,)=3.58 A, and the bond angles of en&o 
=88.8” and 0 nnrc = 85.9” are also in reasonable agreement 
with the experimental results depicted in Fig. 4. 

Figure 9 shows the variation of the potential energy 
while varying the out-of-plane angle (p) for fixed values of 
R c-,=3.62 A and e&Co= 88.8”. Thus, at equilibrium, the 
H atom clearly lies in the Br-CO, plane. The twofold ro- 
tational barrier for out-of-plane H bend (184 cm-‘) is 
significantly lower than the barrier for the in-plane H bend 
(312 cm-‘). 

The planar equilibrium geometry obtained from ab ini- 
tio calculations substantiates the planarity assumption used 
in the structural determination from the experimental ro- 
tational constants. Calculated rotational constants (equi- 
librium values) are A=0.373 14, B=0.045 31, and C 
=0.040 40 cm-‘, while the experimental values (i.e., 
averaged over the ground vibrational state) are 0.386 74, 
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TABLE IV. Total energies (hartrees) and binding energies (cm-‘) for linear and T-shaped CO*-HBr 
complexes and their subsystems. All geometries are given in Fig. 5 and Sec. IV. Here, CO,(HBr) represents 
the COz molecule with basis sets for HBr but without any potentials for HBr. In both cases, geometries were 
optimized at the MP2 level (double-zeta plus double polarization basis set). 

Level 

Molecules HF (h) AE (cm-‘)b MP2 (h) AE (cm-‘)’ 

Linear 
CO,-HBr -201.208 684 -223(-321) -201.839 283 -517( -860) 
CO*(HBr) - 187.683 412 - 188.172 874 
HBr(C02) - 13.524 257 - 13.664 055 

T-shaped 
CO,-HBr -201.208 094 -6o(-186) -201.838 466 -392(-680) 
COs(HBr) - 187.683 271 - 188.172 388 
HBr(COx) - 13.524 551 - 13.664 292 

Free 
co2 - 187.683 021 -188.171 811 
HBr - 13.524 201 - 13.663 554 

aAE=E(C02-HBr)-E[C0,(HBr)]-E[C0,(HBr)] is in unit of cm-’ and binding energies in parentheses 
are with basis set superposition errors. 

0.046 18, and 0.041 06 cm-‘, respectively. Force constants 
obtained from simple one-dimensional fits to the curves 
shown in Figs. 6, 7, and 8 yield vibrational frequencies of 
42 cm-’ for the RCBr stretch, 50 cm- ’ for the 8,,o bend 
(also seen as lateral slipping), 65 cm-’ for the 0nn, bend, 
and 75 cm-’ for the p bend. This corresponds to approx- 
imate values of 0.2 A, 7”, 25”, and 27q respectively, for the 
magnitudes of the corresponding zero-point displacements 
(i.e., half-width, half-maximum values). The optimum lin- 
ear structure is st$ctly linear, with a hydrogen-oxygen 
distance of 2.35 A. The binding energy (0,) of the T- 
shaped complex is 392 cm -’ at the MP2 level, while that of 
the linear structure is 517 cm-‘. We expect a significant 

RCB~ (A) 

FIG. 6. Potential contours for T-shaped C02-HBr as a function of RCBr 
and 19~~~ with HBr and OCO kept parallel (i.e., 9na, = P- enhO). Cal- 
culations were at the MP2 level and were corrected for BSSE. The min- 
imum of -392 cm-’ is at R,,,=3.62 A and 6,,=88.8’. Contour spac- 
ing is 10 cm-‘. 

barrier between these isomers. Only the inertially T-shaped 
isomer has been observed so far. 

V. EVALUATION OF THE ACCURACY OF THE 
STRUCTURE DETERMINATION 

From the orientation of the nuclear quadrupole mo- 
ment relative to the principal axes, Rice et al. determined 
that the H-Br bond forms an angle of - 66” with respect to 
the a axis of the complex.’ An angle of - 114” is also 
allowed from their data, but is considered unlikely. On the 
other hand, the isotopic substitution method yields a value 
of about 90” for this angle. Thus, there is concern over 
which value is most representative of the hydrogen loca- 
tion. It was partially this concern which encouraged us to 
carry out the ab initio calculations described in the last 

-I 
90 180 270 360 

In-Plane H-Bend (degrees) 

FIG. 7. Potential curves as a function of 6”s~ (in-plane H bend) for 
T-shaped CO,-HBr (MP2 level with BSSE corrections). The dashed 
curve is a best fit to the calculated potentials with Br and CO, held at 
their equilibrium values; the solid curve represents a best fit to the 
minimum potential with the carbon-bromine distance relaxed to 
minimize the energy. 
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. . 
FIG. 8. Opttmtzed Rcsr distance vs OuarC for T-shaped COr-HBr (MP2 
level with BSSE corrections). RCBr was energy optimized at each 6$.t,,. 

section. We have now used slices of the ab initio potential 
surface to check the validity of the isotopic substitution 
method. 

Structural determination methods were originally de- 
veloped for well-behaved rigid molecules. Depending on 
the amount of data available, various methods are applica- 
ble. With m inimal data, one of the most reliable methods is 
using differences in moments-of-inertia upon isotopic sub- 
stitution.” Qualitatively, the rationalization for the reli- 
ability of this method is based on a Taylor series expansion 
of the effective moments-of-inertia about the equilibrium 
value, and the argument that upon isotopic substitution, 
the higher order terms do not change appreciably.25 Thus, 
when differences in the moments-of-inertia are computed, 
the correction terms tend to cancel and coordinates closer 
in magnitude to r, are obtained. This approximation works 

-200 I 1 

Zeng et a/.: Spectroscopy of CO,D(H)Br 5399 

best when isotopic substitution occurs on heavy atoms. It is 
least valid for hydrogen, where differences in zero-point 
effects are large upon deuteration, i.e., substituting D for H 
shortens average bond lengths by 0.003-0.005 A.26 

For floppy van der Waals complexes, the meaning of 
structure becomes more diffuse and structure determina- 
tions are less meaningful. Essentially, the equilibrium 
structural parameters represent one or more m inima on the 
molecule’s potential energy surface, but the molecule may 
spend little time at the equilibrium position. The validity of 
the structure concept depends on whether the vibrational 
energy levels lie well below, are comparable to, or lie well 
above the barriers separating the m inima in the complex’s 
potential surface. In the simplest of terms, the efictive 
rotational constants obtained from fitting a spectrum are 
some complicated function of the structural parameters 
averaged over the vibrational state. Thus, an estimate of 
the floppiness of the complex is required to evaluate the 
validity of the structure determination. 

The proper theoretical treatment of these cases de- 
pends on the degree of floppiness of the complex, which 
could vary from semirigid to free internal rotation. The less 
floppy cases with large amplitude (but coupled) motions 
have been adeptly treated by Bunker and co-workers with 
a series of bender Hamiltonians.27-29 In these cases, the 
Hamiltonian is no longer separable into the rotational and 
vibrational parts. Rather, the large amplitude bending and 
the rotation must be treated simultaneously. These Hamil- 
tonians, called the rigid-, semirigid-, and nonrigid-bender 
Hamiltonians, have increasing degrees of complexity. The 
nonrigid-bender Hamiltonian has been used for quasilinear 
symmetric triatomics and quasiplanar polyatomics, such as 
ammonia. In the semirigid-bender, most of the parameters 
are held fixed and parametrized: Thus, only variations of 
parameters with the bend are retained. However, in all 
three cases, the energies of numerous vibrational states 
must be available prior to calculations. When the two moi- 
eties become nearly uncoupled and freely rotating with 
respect to each other, other approaches, such as those pi- 
oneered by Bratoz and Martin3’ and by Le Roy and Car- 
ley,31 must be employed. In these cases, again, the potential 
energy surface must be well characterized prior to solving 
the equations, or it must be obtained by iterative proce- 
dures. 

More elaborate schemes have been developed to deter- 
m ine the actual rovibrational energy levels of floppy com- 
plexes without approximations;32 however, the potential 
energy surface must be known. Thus, these techniques 
have been only applied to systems with few structural vari- 

-40990 1,. 1. ). . -1.. 0 I.. e  * + 90 ’ * * 8  ). 4  * II 180 j, * 2, I, 3  270 I 

Out-of-Plane H-Bend (degrees) 

w I ables such as Rg-diatomics, Rg-triatomics, or diatomics- 
diatomics. For a system such as CO,-HBr with a four 
dimensional intermolecular potential surface, the compu- 
tational costs to obtain a full ab initio surface are prohibi- 
tive. 

FIG. 9. Potential as a function of cp (out-of-plane H bend) for T-shaped 
CO,-HBr (MP2 level with BSSE corrections). Br and CO2 were kept at 
the equilibrium geometry. Vibrational wave functions are also included. 
Solid curves represent symmetric wave functions and dashed curves rep- 
resent antisymmetric wave functions. The splitting between the O+ and 
O- states is about 0.072 cm-’ (2160 MHz). 

Though we have insufficient data to use confidently the 
semirigid-bender approach, from the theoretically calcu- 
lated partial potential surface, we can get some indication 
of the errors involved in locating the hydrogen atom by 
using the Kraitchman method.” For this method to be 
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90 180 270 360 

In-Plane H-Bend (degrees) 

FIG. 10. Vibrational wave functions as a function of &a, (in-plane H 
bend) for T-shaped CO,-HBr. The potential used is the solid curve in 
Fig. 7. Solid curves represent symmetric wave functions and dashed 
curves represent antisymmetric wave functions. The splitting between the 
O+ and O- states is about 0.0004 cm-’ (12 MHz). 

valid, (i) there must be little or no tunneling of the hydro- 
gen between the two equivalent positions, i.e., the wave 
function is zero under the potential barrier. (ii) There 
must be only small deviations in vibrationally averaged 
structural parameters between the hydrogen and deute- 
rium isotopomers. And (iii) the quantum mechanical dis- 
persion in the angle 8, A= 1 (v~~~v)-(v~~~v)2~1’2, must 
be about the same for the hydrogen and deuterium species. 
The latter is an estimate of the amplitude of motion in the 
potential well. In order to estimate the errors incurred by 
using the Kraitchman method to locate the hydrogen 
atom, we have used a computer program, ASTORT, de- 
veloped by Groner and Durig,33 which solves the one di- 
mensional Hamiltonian for a cyclic potential, 

uw~2,+ v(e) 19(e) =-ww, (5) 
where 6 is the internal rotation variable, F(8) represents 
the angle dependent reduced moment-of-inertia of the 
complex (the G matrix element), expressed as a truncated 
16-term Fourier series, and V(6) is the potential energy 
expressed as a six-term Fourier series, 

v(e)=; 2 V,(l--cosn@. (6) 
n 

F(8) takes into account the changes in structural param- 
eters as an asymmetric internal rotor angle, 8, reorients 
itself. The Hamiltonian is diagonalized in a truncated free 
rotor basis where sufficient terms are retained to converge 
the lower energy levels. Figures 9 and 10 show the calcu- 
lated vibrational energy levels and wave functions in the 
two internal rotation potentials. The program was modified 
to calculate expectation values of 8 and 82, as well as the 
angular dispersion A. The results are summarized in Table 
V. 

For out-of-plane rotation of the HBr about the R,, 
axis, a cos 24 potential form was assumed. The intermo- 
lecular distance R,, was held constant. For the calculated 
barrier height of 184 cm-‘, the splitting of the first two 
levels is 0.072 cm-’ or 2159 MHz. In fact, by fitting the 
height of the potential barrier to the observed value of 1186 
MHz mentioned in Sec. III, a barrier height of 2 14 cm- ’ is 
determined, fortuitously close to the theoretical value. 
Thus, the difference in energy between the two levels is 
very sensitive to the barrier height and the shape of the 
potential, as well as the actual structure of the complex. 
This agreement supports the hypothesis that the observed 
splitting originates from out-of-plane rotation of the HBr 
with respect to the C02. The energy levels of the deuter- 
ated species are also given in Table V. 

TABLE V. Energy levels and expectation values for the potential given in Figs. 7 and 9. 

In-plane rotation 

Vibrational 
level 

0 co+) 
1 CO--) 
2 cl+) 
3 (1-j 

Vibrational 
level 

Energy 
(cm-‘) 

32.63308 
32.63350 

108.57921 
108.59579 

Energy 
(cm-‘) 

COr-HBr CO,DBr 

w dte27 A Energy (0) m  A  
(deg) Cd%) (dea) (cm-‘) (deal (deg) (deg) 

85.5 86.9 15.6 25.37627 85.8 86.9 13.9 
85.5 86.9 15.6 25.37627 85.8 86.9 13.9 
84.2 88.6 27.5 83.35091 86.9 90.2 24.1 
84.2 88.6 27.5 83.35111 86.9 90.2 24.1 

Out-of-plane rotation 

CO*-HBr CO,-DBr 

w A  Energy w A  
(deg) (de& (cm-‘) (de& Cd%) 

0 co*) 37.73785 0.0 20.2 20.2 25.44384 0.0 16.9 16.9 
1 co-1 37.80989 0.0 20.2 20.2 25.44435 0.0 16.9 16.9 
2 (I+) 106.89970 0.0 36.5 36.5 74.17647 0.0 30.4 30.4 
3 (1-1 108.71558 0.0 36.5 36.5 74.19954 0.0 30.4 30.4 
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For in-plane oHarC motion, the energy levels were cal- 
culated for the lower potential curve shown in Fig. 7. The 
energy levels and the wave functions for the lowest levels 
are shown in Fig. 10. The two lowest vibrational levels are 
degenerate to within 12 MHz. Since the amplitude of the 
vibrational wave function is almost zero under the in-plane 
rotational barrier, the transmission probability of the tun- 
neling is negligible. The expectation value (&.n~& is 85.5” 
(close to the equilibrium &a, angle of 85.9”); (8&,)1’2 
=86.9”; and A= * 15.6”. Deuterium substitution yields 
(&BrC) = 85.8”; GLC) 1’2=86.9”; and A= f 13.9”. For 
comparison, in a rigid molecule with a hydrogen vibra- 
tional frequency of 1000 cm-‘, the dispersion is computed 
to be about 2”. Thus, the complex is an order of magnitude 
floppier than a rigid molecule, so we assume that the un- 
certainty in the structure parameters is an order of magni- 
tude larger than those in a rigid molecule. 

The RCBr stretching vibration is strongly coupled to 
in-plane H bending. As hydrogen rotates in-plane towards 
the OCO, RCBr extends toward a new energy minimum. 
With this motion taken into account, the dissociation limit 
of the complex provides an absolute upper bound to the 
barrier at the 8=0” point (see Fig. 10). Because the re- 
duced G matrix element for this motion is very large, tun- 
neling effects will be very small and the zero-point energy 
low, even for a barrier height of 312 cm-‘. That is, tun- 
neling via either 0=0” or 0= 180” consists not only of hy- 
drogen motion, but also consists of dragging the bromine 
atom as well. 

In conclusion, (i) there is little tunneling of the hydro- 
gen through the in-plane barrier, (ii) the observed tunnel- 
ing splitting originates from out-of-plane rotation of HBr 
relative to C02, and (iii) there are only small deviations in 
(0) between the hydrogen and deuterium isotopomers. 
Thus, we believe that the most reliable C02H( D) Br struc- 
ture that can be determined with the available data has 
been obtained. A more accurate structure determination 
will require knowledge of the intermolecular vibrational 
states, i.e., the shape of the potential energy surface about 
the minimum. The large quantum mechanical dispersion 
indicates sizable errors in angles determined by the isotopic 
substitution method. Nevertheless, the value of 66” (or 
114”) obtained by Rice et al. from comparison of electric 
quadrupole moments of the Br nuclei is outside the error 
bound revealed by the dispersion. Presently, we cannot 
account for this difference. 

VI. SUMMARY 

We have determined the average hydrogen position 
from the rotational constants for C02-DBr and C02-HBr 
complexes derived from their high-resolution rovibrational 
spectra. The experimental geometry of the ground state 
complex is inertially T-shaped, with the Br-C line essen- 
tially perpendicular to the CO2 axis and the H-Br bond 
essentially parallel to the CO2 molecular axis. The theoret- 
ical equilibrium geometry for the T-shaped complex ob- 
tained by using MP2 methods is in excellent agreement 
with experiment. The theoretical result of the planar com- 
plex structure validates the planarity assumption used in 

the experimental structure determination. The linear iso- 
mer, which has not been observed experimentally, is cal- 
culated to be as stable as the T-shaped isomer. From the- 
oretical potential curves, we find that the H atom 
undergoes very large amplitude bending in the Br-CO2 
plane, i.e., a value of 50” FWHM for the zero-point eHBrC 
displacement. The oHarC angle of H-atom approach toward 
oxygen plays a major role in determining reactivity follow- 
ing photoinitiation in such complexes, and large-amplitude 
8 HBrC bend can accommodate a significant percentage of 
reactive events, as discussed below.34 

The information obtained in the present study takes us 
one step further toward a quantitative understanding of 
photoinitiated C02-HX reactions, particularly those as- 
pects associated with the entrance channel. Following 
n + ti excitation of the HX chromophore, linear CO,-HCl 
complexes are very unreactive, yielding - 40 times less OH 
product than C02-HBr,2 and this can be understood by 
considering the four-atom HOC0 potential surface. End- 
on H-atom attack of CO2 confronts a repulsive potential34 
and compresses preferentially the CO bond nearest the H 
atom. This CO bond compression makes it difficult to form 
a HOC0 intermediate (at equilibrium, RHwo= 1.339 A, 
compared to Rco= 1.1621 A for CO,) .35 Furthermore, 
end-on attack does not encourage bending, so again it is 
hard to form HOC0 (at equilibrium, eoco= 127.6” and 
8 CoH= 108. 1”).35 Thus, it is easy to see why end-on attack 
is unreactive for the four-atom H+C02 system, and in 
addition the large chlorine-carbon distance does not en- 
courage further chemical interactions, as may be the case 
with C02-HBr. 

In the case of C02-HBr, the experimental and theo- 
retical evidence presented above point toward a planar 
equilibrium structure in which the CO, and HBr axes are 
roughly parallel, with the Br atom facing the carbon. Pho- 
toexcitation results in two almost degenerate potential sur- 
faces, of A’ and A” symmetries, corresponding to in-plane 
and out-of-plane orientations of the singly-occupied Br 
nonbonding p orbital, respectively. Because of the near- 
parallel equilibrium structure, in most cases the H-atom 
just flies out into the vacuum chamber and doesn’t react 
with anything. However, as mentioned above, the very 
large H-atom zero-point displacements ensure that in some 
cases the H atom approaches the oxygen. Moreover, this 
large-amplitude hydrogen excursion toward the oxygen oc- 
curs without extending the C-Br distance, as illustrated in 
Fig. 8. As the BrH bond expands, the A’ and A” surfaces 
remain essentially degenerate until the H atom gets close 
enough to the CO2 to begin forming HOCO. At this point, 
the bromine-carbon interaction becomes weakly attractive 
for the A’ surface and weakly repulsive for the A” surface. 
Consequently, reactions on the A” surface are very much 
like their four-atom H+ CO2 analogs, but from a limited 
set of entrance channel parameters. Note that the broad- 
side approach is favorable because it bends the CO2 and 
even stretches the CO bond under attack, movements 
which bring the nuclei closer to the desired HOC0 inter- 
mediate, thus promoting reaction. This steric or regiospe- 
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cific effect can rationalize the experimental findings quali- 
tatively. 

For the A’ surface, there is clearly attraction between 
Br and HOCO, but at this time we can only speculate on 
how this might influence the dynamics. On the one hand, 
there is a tendency for Br and HOC0 to recoil from one 
another because of the squeezed-atom effect.36 Thus, it may 
be that the chemistry on the A’ surface is similar to that on 
the A” surface. On the other hand, if this push does not 
overcome the bromine-carbon attraction, a highly excited 
Br-C(O)-OH intermediate will be formed. However 
short-lived, this will influence the dynamics qualitatively, 
and may help account for observations such as the surpris- 
ingly long OH production times,3 and a significant percent- 
age of rotationally cold OH molecules.’ Presently, this 
question might best be answered by dynamics calculations 
that concentrate on the entrance channel. 

It is unfortunate that we have been unable to date to 
observe the linear isomer spectroscopically. This might be 
due to the energy of this isomer being higher than that of 
the T-shaped complex, or to rapid predissociation which 
would broaden the spectral lines thus making them hard to 
detect. We deem the latter unlikely because the O-H bond 
will be weaker in linear CO,-HBr than in the cases of 
CO,-HCl and CO,-HF, both of which are readily de- 
tected. If it becomes possible to prepare and isolate linear 
C02-HBr, this will make possible several elegant experi- 
ments. 

In closing, we point out that the clear regiospecific 
effect on reaction probability observed experimentally for 
photoinitiated C02-HCI and CO,HBr complexes can be 
rationalized by consideration of the four-atom and five- 
atom potential surfaces. There is a clear steric effect, at- 
tributable to the four-atom H+C02 system, with broad- 
side H atom approaches favored over end-on attack. 
However, there is still ambiguity about the extent to which 
Br-C(O)-OH intermediates participate. The same general 
principles of regioselectivity apply to photochemistry in 
liquids and on surfaces, where mechanisms may also differ 
from their gas-phase counterparts. 
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