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Experimental studies have shown that the dissociative attachment of electrons to HBr monomer; viz., HBr+
e- f H• + Br- is an endothermic process, which requires electrons of energy near the endothermicity (∆E
) +38 kJ/mol). In contrast the attachment to the dimer via the reaction: HBr‚HBr + e- h HBr‚HBr•- f
H• + BrHBr- proceeds readily with electrons of thermal (i.e., near zero) energy. The energetics of the reactions
with both the monomer and the dimer have been studied by ab initio methods. In each case the structure of
the neutral and anion species have been computed using large basis sets and diffuse orbitals at the MP2 level.
Energies have been obtained at this level and at the CCSD(T) level. The initial interaction of the free electron
with the molecule produces a dipole continuum state (DCS) of the anion. The DCS subsequently undergoes
a transition to a bound state via an avoided crossing. On the basis of the CCSD(T) energies, the H-Br•-‚‚
‚HBr interaction lowers the energy for dissociation of the H-Br•- bond to the thermal energy range. Also the
decomposition of HBr‚HBr•- to H• and BrHBr- is 47 kJ/mol exergonic and the BrHBr- fragment is expected
to be in a vibrationally excited state. In both the monomer and dimer anions the transition from DCS to the
bound valence state is very sudden, and is marked by enormous (10-fold) changes in the dimensions of the
orbitals occupied by the electron.

Introduction

The reaction of electrons with hydrogen bromide has been a
subject of interest for many years. In the nineteen thirties,
Eyring, Hirschfelder and Taylor1 proposed that the dissociative
attachment (DA) with HBr monomer, viz.

would be a competitive process at thermal energies. This was
based on the assumption that it was an exothermic process, i.e.,
that the electron affinity (EA) of Br exceeded the bond
dissociation enthalpy (BDE) of HBr. Subsequent studies have
shown that to be untrue. The EA of Br is now known to be
324.7 kJ mol-1 and the BDE of HBr is 363 kJ mol-1,2 which
causes reaction 1 to be endothermic by 38 kJ mol-1. In the last
three decades the reaction has been studied extensively, along
with the competing processes of vibrational excitation and
electron scattering.3-5 The threshold energy observed by beam
methods, 26-37 kJ mol-1,4 is somewhat below the thermo-
chemical threshold. That feature is common to the DA processes
of HF and HCl, and has been attributed to an enhanced DA
rate for the higher rotational levels of the HX molecules in the
vibrational ground state. Evidence for a significant threshold
energy for reaction 1 has also been obtained with thermal
electrons at ambient temperature in a flowing afterglow with a
helium carrier gas.6 Here the rate constants measured at 300
and 510 K indicated an apparent activation energy of 27 kJ
mol-1, which is consistent with the threshold of the beam results.
Also the observed rate constant for reaction 1 at 300 K was
relatively small, 3.3× 10-12 cm3 s-1. This may be compared
to 2.3× 10-7 cm3 s-1 for SF6,7 which is near to the theoretical
maximum.8

The concentrations of HBr in the flowing afterglow experi-
ments were relatively low. The rate of capture of electrons of
thermal energy by HBr has also been measured at much higher
concentrations [(0.1 to 2)× 1019 cm-3] in radiation chemistry
experiments.9-11 The rates were much faster than would be
expected from the flowing afterglow rate constant, and were
second order in HBr concentration, showing that two HBr
molecules were involved. That observation led to the proposal
that the thermal electron capture involved an HBr‚HBr dimer10,11

viz.:

In these early studies the rate of reaction 3 was followed by
competing the HBr against the specific electron scavenger SF6.
More recently the second order dependence on HBr was
confirmed by totally independent physical experiments, which
employed the thermal electron swarm method.12 As well as the
dependence on HBr concentration, the rate constants observed
were in agreement with those obtained by the competition
method.

The novelty in the above mechanism lay mainly in the
concept that the energy of the Br-‚‚‚HBr interaction in the
product BrHBr- ion would cause the threshold energy for
H-Br•- dissociation to be lower in the HBr•-‚‚‚HBr complex
than in HBr•- monomer. In fact for reaction 4 to compete with
auto detachment in reaction-3 that threshold must be zero or
very near to thermal energy. Experimental support for this first
came from the observation of electron transfers from fast alkali
atoms (namely Rb) to hydrogen halide clusters ((HX)n) in
crossed beam experiments.13 For HF, HCl and HBr, dissociative
electron attachment to form a halide ion, solvated by hydrogen
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HBr + e- f H• + Br- (1)

HBr + HBr h HBr‚HBr (2/-2)

HBr‚HBr + e- h HBr‚HBr•- (3/-3)

HBr‚HBr•- f H• + BrHBr- (4)
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halide (HX), viz.:

was the major process observed. Since that work extensive
studies of the reactions of slow electrons with molecules in
clusters of various sizes have been made.14,15 Among other
findings, these confirmed that threshold energies of dissociative
electron attachment can be lowered by the presence of solvating
neutrals. However, for the HBr system the extent of lowering
of the energy and the nature of the potential energy surface for
the dissociation of HBr‚HBr•- in reaction 4 remain unknown.
The purpose of this investigation was to examine those aspects
of the system using modern ab initio methods, employing the
Gaussian-98 molecular orbital packages.16,17

The electronic states of the monomer HX•- negative ions have
been studied by both theoretical and experimental meth-
ods.3-5,18-24 The energy dependences of the cross sections for
electron scattering, vibrational excitation and DA in reaction 1
have served as important experimental probes, and several states
are required to explain the observations. However, for present
purposes we can assume that only the lowest of these, the
HX•-(12∑+) state, which correlates with H• + X- at infinite
separation, is relevant. This is also the state involved in the
process of associative detachment, the reverse of reaction 1
where an H• atom reacts with a halide ion to give an electron
and HX. The fact that it occurs with a near Langevin cross
section in HCl25 is consistent with HX•-(12∑+) being a state
with minimal or negligible barriers to dissociation.

The approach here is to employ conventional electronic
structure methods to examine the electron capture process. The
“state” of the system corresponding to the left-hand side of eq
1 (or (3)) is one in which the electron is not bound to the neutral,
but is interacting weakly with its dipole field. This state is
referred to as a dipole continuum state (DCS). The approximate
description of such a state as a quasi-bound state required very
diffuse functions in the basis set. The DCS correlates directly
with a dipole bound state (DBS) in the event that the dipole
field is large enough to bind the electron.26,27The first step was
to compute the potential energy (PE) curves for∑+ ground states
of HBr and HBr•-. The geometries and energies of the neutral
dimer and the dimer anion state of closest geometry were then
computed. To assess the change in threshold energy, the PE
dependences for the stretching of the H-Br•- bonds in the
monomer and dimer systems were compared, using the energies
of the neutral ground states as reference energies. Following
that we considered the final dissociation to H• and BrHBr-,
computing the equilibrium geometry and energy of the BrHBr-

product. From the results one can show that the threshold energy
for dissociation of H-Br-‚‚‚HBr into H• + BrHBr- is much
lower than for the H-Br•- dissociation to H• + Br-, and in
fact accessible for electrons at thermal energies.

The crucial point is of course the energy in the region of the
intersection between the PE curves of the neutral (+ unbound
electron) and the ionic product. From the earlier calculations
on the monomer and from studies of related dimer systems28 it
was evident that the desired accuracy would require the use of
large basis sets with diffuse functions, and that the calculations
would have to be done at a high level. Computations on both
the monomer and the dimer systems were done at MP2 and
CCSD(T) levels. The latter level of course gave greater accuracy.
However, it required more computational time, and to use it
for all computations on the dimer systems would have been
prohibitive. Therefore, the results for the PE curves of the
monomer∑+ ground states of HBr and HBr•- at the CCSD(T)

and MP2 levels were compared, and conclusions were drawn
as to where economies could be made at the MP2 level in the
calculations on the larger HBr dimer system.

Computational Details

All ab initio calculations presented here were performed with
the Gaussian-98 molecular orbital packages.16,17The geometry
optimizations and vibrational frequency calculations were carried
out at the MP2 level with 6-311+G(3df,2p) basis sets on Br
and aug-cc-pvdz on H. Although these basis sets are already
quite complete, additional diffuse functions are required for
proper description of the negative ion species,20,21,28particularly
to let the electron “escape”. As in ref 28 the ones used here
were four sets of s and p-type Gaussian functions with exponents
0.005625, 0.001125, 0.000225, and 0.000045. The complete set
is referred to below as “the diffuse” functions. In the monomer
HBr•- these were placed on the Br atoms. In the cases of the
HBr‚HBr and HBr‚HBr•- dimers, calculations were made with
them on the distal H, the H-bonded H and the Br between those
two. The differences between the geometries and energies
derived by these three methods were negligible. Therefore,
further calculations were performed with them on the H-bonded
hydrogen, since this one becomes the center of the BrHBr-

product ion. Identical basis set distributions were used for the
neutral HBr monomer and HBr‚HBr dimer. Vibrational frequen-
cies and zero point energies (ZPEs) were computed at the MP2
level and scaled by 0.96. CCSD(T) calculations were carried
out with the same basis sets.

The PE curves for the stretching of the H-Br bond were
obtained by using the “Scan” procedure of Gaussian 98.29 In
the case of the monomer that was done both at the MP2 and
CCSD(T) levels. However, this was not practical for the HBr‚
HBr and HBr‚HBr•- dimers. Thus, single point CCSD(T)
calculations were performed on the MP2 optimized geometries
of HBr‚HBr and HBr‚HBr•-, and on the H• + BrHBr- products.
CCSD(T) calculations were also done on selected geometries
in the region of the transition between the HBr‚HBr•- DCS and
the products.

Results and Discussion

HBr and HBr •-. The optimized MP2 structure of HBr(X1∑+)
has an re value of 1.419Å which agrees well with the
experimental value of 1.414 Å.30 The ZPE and vibrational
frequency were 15.6 kJ mol-1 and 2607 cm-1, respectively.
These are again in reasonable agreement with the experimental
values: 15.6 kJ mol-1 and 2649 cm-1, respectively.31 The MP2
and CCSD(T) energies have been presented in Table 1. The
BDE of HBr and EA of Br were calculated as a means of
checking the reliability of thermochemical data obtained by the
present methods for the bromine system, and these results are
also presented in Table 1. The CCSD(T) energies give excellent
agreement with experiment for the EA and are within 3 kJ mol-1

of the experimental value of the BDE. The MP2 results give a
similar agreement on the BDE, but overestimate the EA by 9
kJ mol-1.

The dependences of the potential energy (PE) of HBr(X1∑+)
and HBr•-(12∑+) on internuclear distance, with the energies
normalized to the respective MP2 and CCSD(T) values of the
neutrals atre, are shown in Figure 1a. The solid parabolic line
is the curve for the neutral HBr(X1∑+) PE well, based on the
CCSD(T) energies. The MP2 curve, which has not been shown,
is virtually identical with the minimum shifted to a slightly
smaller (0.003 Å) internuclear distance. Both the MP2 and

Rb + (HX)n f Rb+ + H• + X-•(HX)n-1 (5)
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CCSD(T) PE curves for the neutral were insensitive to the
presence of the diffuse functions. However, the dependence of
the PE of HBr•-(12∑+) on r is much more complex, being very
sensitive to the presence of diffuse functions and showing some
differences between MP2 and CCSD(T) levels. The filled points
refer to MP2 and open ones to CCSD(T) energies. Triangles,
squares and circles refer to calculations carried out with no,
one and four diffuse functions, respectively. It is convenient to
discuss the regions lying to the right of the neutral PE well and
within the neutral PE well, and the cross over region separately.

At r values in excess of 1.70 Å the HBr•-(12∑+) PE curve
lies well below that of the neutral, and, as shown by a
comparison of the circles, squares and triangles, it is insensitive
to the presence of the diffuse orbitals. As discussed previously
for HBr23 and the related HCl system19-21 this curve correlates
with H + Br- at infinite r and corresponds to a well-defined
bound state or valence state. Within the PE well of the neutral
the PE curve of the lowest HBr•- state,computed in the absence
of the diffuse functions, is contiguous with the points lying to
the right of the well and must correlate with the same bound
state, in which the electron occupies the antibonding orbital of
the HBr bond,σ*HBr. This “valence” state is repulsive within
the well of the neutral. Comparison of the open and closed points
shows that for r between 1.4 and 2.2 Å the MP2 energy for it
agrees with the CCSD(T) energy to withine4 kJ mol-1.
However, the heavy line drawn through the points is based on
the CCSD(T) energies, which are regarded as more accurate.

As illustrated by the squares, which show the energies
calculated with only the tightest diffuse function (i.e., the one
with the largest exponent) and the circles, showing the energies
with all diffuse functions, the energies of HBr•- within the PE
well of the neutral fall as diffuse functions are added. In fact in
the presence of the full set of diffuse functions the PE
dependence parallels that of the neutral for both the MP2 and
CCSD(T) calculations and, in effect, describes the situation
where the electron has escaped. Also the MP2 calculation gave
the samere, vibrational frequency and ZPE for HBr•- as for
HBr, as expected. The anion energy atre is 0.05 mhartrees
higher than for the neutral at both the MP2 and CCSD(T) levels.
The differences would be zero in the limit of a plane wave
description of the electron.

The present observations parallel the results reported for the
related HCl system.19-21 Also a dependence of the energy of
HBr•-(12∑+) on the “tightness” of the basis sets was reported

in the work of Chapman et al.23 The presence of the diffuse
functions apparently allows the electron in the energy continuum
to interact with the molecular dipolar field, and the electron
occupies an orbital as diffuse as the basis set permits,20,21 i.e.,

TABLE 1: Energies of HBr Speciesa (in Hartrees) and
Electron Affinity and Bond Dissociation Enthalpy (in kJ
mol-1)

(6-311+G(3df,2p)+ diff functions)(aug-cc-pvdz)
MP2/CCSD(T) MP2 CCSD(T) expb

H• -0.49981
Br• -2572.66853 -2572.68065
Br- -2572.79532 -2572.80393
EA 333 323.7 324.7

Br(6-311+G(3df,2p)+ diff functions)
and H(aug-cc-pvdz))

MP2 CCSD(T)

HBr -2573.31032 -2573.32339
BDE 359 360 363
HBr•- -2573.31027 -2573.32334
vertical attachment

energy
0.13 0.13

a For HBr and HBr•- on the geometry computed with (6-
311+G(3df,2p) basis sets+ diff orbitals on bromine and (aug-cc-pvdz))
on hydrogen.b From ref 2.

Figure 1. (a) Potential energy versus internuclear distance plots for
the lowest energy states of: (a) HBr at the CCSD(T) level (thin
parabolic line), and (b) HBr•- from MP2 (filled symbols) and CCSD(T)
(open symbols) level calculations. Energies are normalized to the
respective MP2 and CCSD(T) values of the neutral atre. Triangles,
squares and circles refer to calculations carried out with no, one and
four diffuse functions, respectively. (b) Potential energy versus inter-
nuclear distance plot for HBr•- in the region of the transition between
the dipole continuum state (- - -) and the bound state (solid line).
Symbols as in Figure 1a.
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an approximation of the DCS. Without the diffuse functions
one sees primarily the bound state, where the electron occu-
pies a molecular orbital. The difference between the two is
readily seen from the “electronic spatial extent” given in the
Gaussian calculations. This falls from about 18 000 Å2 with
the full set of basis functions to 1000 Å2 with none. Since the
6-311+G(3df,2p) and aug-cc-pvdz basis sets used here already
provide relatively large orbitals, it is possible that the calcula-
tions with no diffuse functions still include a minor component
of the dipole state character. Thus, the actual energy of the bound
state in the region of the neutral PE well may be higher than
shown by the triangles. We did not explore that point. However,
the absence of an effect of the diffuse functions atr > 1.8 Å in
Figure 1a indicates that beyond that H-Br distance the lowest
state is the bound state. The heavy dashed line is drawn through
the CCSD(T) points, and represents the best estimate of the
bound state PE curve from the present study.

The region where the anion bound state curve crosses the
right-hand side of the PE curve of the neutral is shown in Figure
1b on an expanded scale. The triangular points, showing energies
from calculations with no diffuse functions, pass smoothly
across, the solid line being drawn through the CCSD(T) points.
However, energies computed with basis sets having one or more
of the diffuse functions exhibit anomalies. The most obvious
was the tendency for those with the complete set of four diffuse
functions to converge on the “dipole continuum state” (DCS).
This is shown by the open and filled circles lying above the
bound state line to the right of the crossing (see also Figure
1a). That tendency was particularly evident in “scan” calcula-
tions wherer was increased. Scans with decreasingr or single
point calculations usually enabled one to come closer to the
crossing, but very close to the crossing usually led to energies
on the upper curve or, in some instances, failure of the SCF
procedure to converge. These anomalies appear to arise from
the failure of the present methods, which employ a single
determinantal reference configuration (the UHF solution) to
properly track the transition between the DCS and the bound
state, which may be viewed as a narrowly avoided crossing of
states with very dissimilar characters. As shown by the squares,
the behavior with the single tightest diffuse function was
considerably better. In fact the CCSD(T) energies gave an
apparently smooth transition from the DCS to the bound state
on the right side of the neutral PE well. These computations
with the tightest diffuse function correspond to a situation in
which the electron is permitted to partially escape, and provide
a prediction of the high energy limit of the lowest state in the
region of the avoided crossing. The MP2 points in general
followed the CCSD(T) results. However, they tended to lie a
few kJ mol-1 higher in energy, and with one diffuse function
do not track the transition region as well.

The main objectives of this part of the present study were to
find the energy profile of the lowest state of HBr•- and to
determine to what extent the more economical MP2 calculations
could be used for the larger dimer system. The heavy solid line
in Figure 2 is a composite curve based on the CCSD(T) energies.
Energies from calculations with one diffuse function were used
in the region of the crossing and from those with the set of
four diffuse functions everywhere else. The actual points are
reproduced by open squares and circles, respectively. For
comparison, the filled circles show the energies derived from
the MP2 level calculations with four diffuse functions. The
CCSD(T) results in Figure 2 go beyond ther value of Figure
1a,b, and the CCSD(T) asymptotic value at infinite separation,
52.9 kJ mol-1, has been shown by crosses. This agrees well

with the experimental value shown by the dashed line, 54.2 kJ
mol-1. The MP2 asymptotic value (41.1 kJ mol-1) has not been
shown. The much poorer agreement with experiment reflects
the higher EA of Br calculated by that procedure.

It is important to note that the curve obtained without diffuse
functions (the thinner line) crosses into the PE well of neutral
HBr(X1∑+) at energies below the energy of H• + Br- at infinite
separation. This agrees with the calculations of Chapman et al.23

for HBr and with the work of others on the related HCl
system.19-21 It is also indicates that there is no barrier to reaction
1 or to the reverse process, which lies above the asymptotic
energy. That feature is consistent with the threshold in beam
experiments being slightly lower than the thermodynamic values,
as discussed above. Another important feature of the CCSD(T)
data is the shallow minimum at 2.3 Å (The MP2 curve also
shows a minimum, but at∼2.4 Å). This is due to the weakly
bound valence state arising from Br- to H atom-ion induced
dipole binding. The abovere value agrees with 2.25 Å reported
in the study of Chapman et al.23

The preceding discussion of the HBr monomer indicates that
CCSD(T) calculations are required to obtain meaningful energies
in the region of the crossing (r ) 1.6-1.7Å). However, the
MP2 calculations reproduce the CCSD(T) energies to within a
few kJ mol-1, both in the PE well of the neutral and in the
region just beyond the barrier from 1.7 to 2.0 Å. Therefore, for
the dimer (see below) one may anticipate that CCSD(T)
calculations will again be required in the region of the crossing.
However, MP2 calculations should be useful at H-Br distances
in the regions where agreement of the two methods was noted
above.

HBr ‚HBr, HBr ‚HBr •- and Br-H-Br-. The MP2 opti-
mized geometry of the neutral dimer obtained with the
6-311+G(3df,2p) basis set on Br and aug-cc-pvdz on H, plus
the diffuse orbitals on the H-bonding H atom, is shown in Figure
3. The calculated Br-Br distance was 4.12 Å, which may be
compared with 4.14 Å obtained by experiment for the global
minimum of the neutral HBr.DBr dimer.32 Other parameters

Figure 2. PE curve for lowest energy state of HBr•- (heavy solid line).
Thin line shows the repulsive bound state. Symbols as in Figure 1a.
Horizontal dashed line and crosses near 50 kJ mol-1 show the
experimental and CCSD(T) dissociation energies, respectively, at
infinite r(H-Br). Dashed line at 15.6 kJ mol-1: ZPE of neutral.
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from that study are shown in parentheses on the neutral structure,
and the agreement is satisfactory. An earlier calculation by
Latajka and Scheiner,33 also at the MP2 level but with different
basis sets, gave a Br-Br distance of 4.17 Å and a value of the
Br-H-Br angle similar to that in Figure 3. The agreement with
their other geometric parameters is not as good. However, as
shown in Table 2, their frequencies are similar to those
calculated here. The present stretching frequencies are in
reasonable agreement with the values derived from a study of
the dimer in an argon matrix.34

Optimization of the above structure with an electron added
and the same basis sets, gave an anion with the structure shown
in Figure 3 and the MP2 frequencies in Table 2. The MP2 and
CCSD(T) electronic energies, ZPEs and other relevant energies
for it are listed in Table 3. Comparisons of the geometry and
frequencies of the anion with those of the neutral dimer shows
that they are effectively identical. As in the case of the monomer,
that is expected if the electron is unbound and this initial dimer
anion state is a DCS. Here one should note that the HBr dimer
dipole moment from the present MP2 results is 1.72 D, which
is considerably less than the critical value of 2.2 D required for
DBS formation.26 In this respect HBr‚HBr differs from HF‚HF
which has a dipole moment of∼3.2 and forms a DBS.28,35The
fact that at the CCSD(T) level with all diffuse functions the
∆E value for electron attachment to HBr‚HBr (see the pen-
ultimate column of Table 3) is small and negative is consistent

with the DCS state. Again one would expect it to be zero in
the limit of a plane wave description of the electron.

When an electron was added to the neutral dimer and it was
optimizedwithout the diffuse orbitals, a structure of much lower
energy was obtained. To make the system comparable to the
neutral dimer and DCS, this was reoptimized with the diffuse
orbitals reinstated on the H-bonded H atom (atom 3 of the
scheme in Table 2). This led to only minor changes in the
geometry and energy. That optimized geometry is shown in
Figure 3, and the frequencies and energy for it in Tables 2 and
3, respectively. Examination of the structure and frequencies
of this species suggested that it was a “valence” structure
consisting of an H atom bound by ion-dipole-induced forces
in the field of a Br-H-Br- anion. In other words it is the
analogue of the valence structure that produces the minimum
at 2.3 Å in Figure 2. The optimized structure of Br-H-Br-

with the same basis sets, including diffuse orbitals on the H,
was also calculated. The structure, frequencies and energy are
presented in Figure 3 and Tables 2 and 3, respectively. The
correspondence of the asymmetric and symmetric stretch
frequencies and the Br-H-Br geometry in this and the valence
structure is quite apparent. The weak frequencies in the valence
anion are associated with the Br-H stretch and in plane wag
of the loosely bound H atom. The binding energy for it is only
about 1 kJ mol-1 (see below). The present frequencies of the
Br-H-Br- anion are compared with the literature data36-38 in
Table 2. It may be noted that the vibrations of this species are
strongly anharmonic,37,38and the frequencies show a dependence
on the level of calculation.37 Also, with allowance for anhar-
monicity, the Br-H distances are estimated to be 1.726Å,
slightly longer than those in Figure 3.However, the differences
between the present frequencies and those of ref 37 are not
judged to be enough to cause serious errors in the calculation
of ZPEs and other energies. From the present CCSD(T) energies
and ZPE values in Tables 1 and 3 the value of the binding
energy of HBr to the Br- anion is 86.8 kJ mol-1 at 0 K and
90.8 kJ mol-1 with correction to 300 K. The latter is close to
the experimental value of 87.4 kJ mol-1 at 300 K.39

Effect of the HBr •-- -HBr Interaction on the Threshold
for Dissociative Capture. The MP2 potential energy profile
for the stretching of the terminal H-Br•- bond in the DCS anion
(i.e., the stretching ofr(H2-Br1)) was calculated by the Gaussian
98 “Scan” procedure with the geometry of the Br1-H3-Br4

fragment held constant. The same procedure was followed for
the neutral dimer. The geometries of the Br1-H3-Br4 fragments
in these calculations were kept linear. This causes only small
increases of about 0.02 mhartrees in the energies of the neutral
and the DCS (Table 3), and the simplification is worthwhile.

TABLE 2: MP2 Vibrational Frequencies in cm-1

atom numbering scheme:a H2sBr1sH3sBr4

HBr-HBr 1-2 str 3-4 str 1-3-4 bend sym rot. unsym rot. HBr-HBr str
neutral 2598 2551 199 270 90 47

2708b 2674b 205b 288b 111b 48b

2555c 2496c

anion
DCS state 2597 2550 198 270 89 47
valence state asym str sym str 1-3-4 bend 1-3-4 bend H2 wag H2 str

761 202 685 685 6 114
Br-H-Br- asym str sym str 1-3-4 bend 1-3-4 bend

770 203 684 684
837d 200d

731e 188e

728f

a The subscript numbers are used to identify atoms involved in specific vibrations.b Calculated in ref 33.c Experimental in Ar matrix from ref
34. d Calculated in ref 36.e Anharmonic frequency calculated in ref 37.f Experimental in Ar matrix from ref 38.

Figure 3. Structures: Large open circles Br, Small ones H. Angles in
degrees, bond lengths in Å. Data in parentheses on Neutral Dimer are
from ref 32.
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The results have been plotted in Figure 4 with all energies
relative to the energy of the optimized geometry of the neutral
taken as zero. As in previous figures open symbols refer to
CCSD(T) energies and filled ones to MP2. Likewise triangles,
squares and circles refer to no diffuse functions, one and four,
respectively. The thin dashed line represents the curve of the
neutral calculated at the MP2 level, and the heavy dashed line
the MP2 energies derived without diffuse functions, i.e., the
energies most closely representing the bound state. The effects
of diffuse functions are similar to those observed with the
monomer, and again the CCSD(T) energies with one diffuse
function pass smoothly over the crossing region. The heavy solid
line is a composite curve, based on the CCSD(T) energies with
one diffuse function in the crossing region, and the MP2 energies
with four diffuse functions elsewhere. As in the case of the
monomer, in the region below 1.5 Å ther(H-Br) PE depend-
ence of the DCS anion merges with that of the neutral. Also,
beyond∼1.70 Å the energies become insensitive to the presence
of the diffuse functions.

Figure 5 shows a comparison of the PE dependences for the
stretching of the H-Br bond in the monomer anion and of the
distal H-Br in the dimer DCS anion. The barrier to dissociation
is reduced by 36 kJ mol-1, and is clearly in the thermal energy
range near the ZPE of the HBr stretch. This is true for the present
case where the geometry of the Br-H-Br- negative ion
fragment does not relax from the equilibrium geometry of the
DCS. That geometry actually corresponds to a vibrationally
excited state of that fragment in the H•‚‚‚BrHBr- product. If
relaxation accompanied the H-Br stretch, the barrier energy
should be further reduced.

Attempts to find an unambiguous transition state between the
DCS and the H•‚‚‚BrHBr- valence state by the methods
normally used in the Gaussian programs were thwarted by the
tendency of the calculations to converge on the DCS state (i.e.,
eject the electron), which was mentioned above. However, a
more simplistic approach can be made. Obviously, the Br-‚HBr
interaction should be increased and the barrier lowered by
bringing the “solvating” HBr closer to the Br of the dissociating
pair. Because the HBr‚‚‚HBr potential in the dimer is quite soft,
as indicated by the low HBr‚‚‚HBr stretching frequency in Table
2, this does not require a large expenditure of energy. Calcula-
tions were therefore done for the PE dependences of the H2-
Br1 dissociation as a function of the Br1-H3 distance. Figure 6
shows the results of such a calculation forr(Br1-H3) reduced
from 2.695 Å in the optimized DCS geometry to 2.4 Å. All

TABLE 3: Electronic Energies (in Hartrees)a and ZPEs and Energies (in kJ mol-1) of HBr -HBr and Br -H-Br - Species

electronic energies

MP2 CCSD(T) ZPE ∆Eb,c est of vibr excitc

HBr-HBr
neutral -5146.624020 -5146.649553 (-5146.649535)d 34.4
anion

DCS state -5146.623983 -5146.649551 (-5146.649534)d 34.4 0.005
valence state -5146.641953 -5146.660107 14.7 -47.4

H•+ Br-H-Br-

Br-H-Br- (DCS geom) -5146.628093 -5146.648726 14.0 -18.4 28
Br-H-Br- (geom of min barrier) -5146.632418 -5146.652447 14.0 -28.0 19
Br-H-Br- (equilib geom) -5146.641726 -5146.659583 14.0 -46.7 0

Br-H-Br-

equilib geom -5146.141916 -5146.159773 14.0

a Basis sets for optimized geometry and energies: (6-311+G(3df,2p) on bromines and (aug-cc-pvdz)) on hydrogens, plus diffuse orbitals on H3.
b In kJ mol-1 relative to optimized ground-state neutral dimer and corrected for ZPEs.c From CCSD(T) energies.d For Br1-H3-Br4 collinear.

Figure 4. Potential energy versus internuclear distance plots for
stretching the distal Br-H bond in the HBr dimer neutral (dashed
parabolic curve) and anion (Symbols). Based on MP2 and CCSD(T)
energies. Anion energies are normalized to the respective MP2 and
CCSD(T) values of the neutral atre, and the symbols have the same
significance as in Figure 1a. Solid line: lowest energy state; heavy
dashed line: bound state.

Figure 5. Comparison of threshold energies for dissociation of the
H-Br bond in the HBr•- monomer (line with long dashes) and
HBr‚HBr•- dimer (solid line with symbols). The line of short dashes
is the ZPE level for the HBr vibration.
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energies are relative to the energy of the optimized neutral dimer.
The line with solid dots is the corresponding curve from Figure
5 for r(Br1-H3) ) 2.695 Å. As expected, the barrier to
dissociation is seen to be narrowed and to be reduced. Significant
is the fact that it is now at or below the ZPE level for the H-Br
stretching vibration of the terminal H atom in the DCS, which
is shown as a horizontal dashed line.

The results of similar calculations at a series of Br1-H3

distance have been presented in the form of a PE surface in
Figure 7.r(Br1-H2) is the abscissa and is referred to asr1, while
r(Br1-H3) is the ordinate,r2. A value of 15.6 kJ mol-1 has
been subtracted from all energies, which means that the ZPE
level for the H-Br stretching vibration of the terminal H atom
in the DCS is now the zero on the PE scale. For values ofr2

greater than 2.1 Å the PE first rises asr1 increases from there

value of 1.421 Å, and then falls. However, in the region 2.3<
r2 < 2.5 it is always negative, i.e., below the ZPE value. Thus,
the HBr‚HBr•- DCS is unstable with respect to formation of
the H• + BrHBr- valence state. Here it may be noted that the
present calculations do not allow for simultaneous lengthening
in r(H3-Br4), which could cause further lowering of the barrier.

Energetics of the H•+BrHBr - Formation. The calculations
of these quantities are based on the CCSD(T) energies and the
ZPEs in Table 3 and they are for 0 K. The energy change in
reaction 6 is only 0.7 kJ mol-1,

and the binding of the H atom is extremely weak. Thus, one
can assume that the products of the DCS to bound state transition
of the dimer are the separated H atom and BrHBr- anion, as
described by reaction 4. The difference in energy between the
neutral dimer in its optimized geometry and the separated H•+
BrHBr- products are given in the penultimate column of Table
3 for three geometries of the BrHBr- anion. If the latter were
formed with the equilibrium geometry, the overall DE would
be -46.7 kJ mol-1, and that should be carried off largely as
kinetic energy of the H atom and some rotational excitation of

the BrHBr-. However, from a comparison of the dimer DCS
anion and BrHBr- equilibrium geometries in Figure 3 it is
evident that the BrHBr- fragment would initially probably be
highly distorted. Therefore, it seems rather likely that this
fragment will be formed with excess vibrational energy. That
excess energy has been calculated from the difference between
the exothermicity with the equilibrium geometry and the values
for the other two geometries, and is shown in the last column
of Table 3. The most likely scenario would be the passage over
the minimum in the barrier of Figure 7, wherer(Br1-H3) (i.e.,
r2) is ∼2.4 Å and r(H3-Br4) ) 1.424 Å.40 That geometry
produces an excitation energy of∼19 kJ mol-1. From the data
in Table 5 of ref 37 it appears that this would require a
combination of theν1 mode (asymmetric stretch) and several
quanta of theν3 mode (symmetric stretch), probably (ν1 + 4 or
5 ν3). Combinations of that type with up to 3ν3 have been
observed. A more detailed discussion requires consideration of
how much simultaneous lengthening ofr(H3-Br4) would occur
in the transition state.

Conclusions

The PE profiles for the (electron+ neutral) to bound state
transitions for the HBr monomer and dimer anions have been
estimated by using CCSD(T) and MP2 level calculations. In
the region of the transition the former level is essential and only
the tightest of the diffuse functions employed here could be
used. The barrier found for the HBr‚HBr•- dimer DCS anion is
expected to be an upper limit. Examination of the PE surface
for that species predicts that it is unstable with respect to
decomposition to H• + BrHBr-. This finding is in accord with
experimental observations, which show that, in contrast to the
electron capture reaction of the monomer, the reaction:

has a rate constant for thermal electrons similar to that of the

Figure 6. Comparison of threshold energies for dissociation of the
H-Br bond in the HBr‚HBr•- dimer with r(H3-Br4) fixed at 1.424
andr(Br1-H3) ) 2.695 Å (solid line with dots) and) 2.4 (solid line
with symbols). The line of dashes is the ZPE level for the H-Br bond.

H•‚‚‚BrHBr- f H• + BrHBr- (6)

Figure 7. Potential energy surface for the HBr‚HBr•- anion as a
function of r2()r(Br1-H3)) andr1()r(H2-Br1)). The value ofr(H3-
Br4) was fixed at 1.424 Å, and the H2-Br1-H3 and Br1-H3-Br4 angles
were respectively 91.5 and 180 degrees, respectively. The zero of energy
is the ZPE level of the H-Br bond. The lowest barrier to dissociation
of H2 from Br1 is in the region ofr2 between 2.3 and 2.5Å.

HBr‚HBr + e f H• + BrHBr- (7)
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SF6 reaction and close to the maximum theoretical value.41 The
binding energy of BrHBr- and other tests of energies computed
at the CCSD(T) level showed that they were in excellent
agreement with available experimental values. The decomposi-
tion of HBr‚HBr•- DCS anion to H• + BrHBr- is highly
exothermic and the BrHBr- species is expected to be vibra-
tionally excited in a combination ofν1 andν3 modes.
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