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The 2× 193 nm photodissociations of CHBr3 and CBr4 have been examined using dispersed fluorescence.
It was found that the initial photodissociation of CHBr3 forms large amounts of CH(A2∆) while the
photodissociation of CBr4 forms lesser but still significant amounts of CBr(A2∆). Fluorescence rise time
measurements show that photoproducts quickly react to form C2(d3Πg). In addition, the atomic and molecular
bromine photoproduct channels were investigated using ab initio calculations. Intrinsic reaction coordinate
calculations were performed at the MP2 level of theory using the LANL2DZ basis set to characterize the
dissociation pathways for CBr4 and CHBr3. The results of the calculations show the presence of three transition
states and an ion-pair isomer intermediate for both molecules. The broken symmetry structure of the transition
states for the formation of molecular bromine is in agreement with the first step of the addition mechanism
proposed by Cain and co-workers for CX2 + Y2 reactions.

I. Introduction

The photodissociation of halocarbons has received much
interest due to the role these species play in stratospheric ozone
depletion and as greenhouse gases.1 In recent years bromine
has received increased interest because it has a much greater
potential for ozone destruction than chlorine.2 Recent theoretical
and experimental studies have shown that, in addition to better
known sources such as Halons and methyl bromide, bromoform
is a significant source of reactive bromine in the stratosphere.3-5

Because of its obvious importance in stratospheric chemistry,
several recent studies have looked at the photodissociation of
bromoform at atmospherically important wavelengths. McGivern
et al.6 observed that at 193 nm the primary photoproduct was
atomic bromine. They also observed secondary dissociation of
the excited photoproduct, CHBr2*, to form CBr and HBr. Xu
et al.7 observed the formation of atomic halogen in both the
2P1/2 and2P3/2 spin states upon excitation at 234 and 267 nm.
In addition, they found significant formation of molecular
bromine with branching ratios into that channel of 0.16 and
0.26 at 267 and 234 nm, respectively.

While, as mentioned above, some work has been done on
the photodissociation of CHBr3, little work has been done on
the photodissociation of CBr4. The lone exception is an excimer
photolysis study by Sam and Yardley.8 In their work emission
was observed from the D′ f A′ transition of molecular bromine,
the 5p-5s transition from atomic bromine, and the d3Πg f a3Πu

Swan bands of C2 upon irradiation of CBr4 with 2 × 249 nm
photons. While they also obtained a photoproduct fluorescence
spectrum from the 2× 193 nm photodissociation of CBr4, Sam
and Yardley only discuss it in passing. They noted that, at 193
nm, the Br(5pf 5s) and Br2(D′ f A′) emissions are absent.
They speculate that while these species are most likely being
formed, resonant transitions would be unlikely precluding
fluorescence.

In this work we report on the 2× 193 nm photodissociation
of CHBr3 and, for comparative purposes, CBr4. In the dissocia-
tion of CHBr3 we report, for the first time, the formation of a

new reaction product, namely C2. Both photodissociations were
studied using both dispersed fluorescence and ab initio com-
putational methods. In addition, the CBr2 photoproduct from
the photodissociation of CBr4 was observed using cavity
ringdown (CRD) absorption spectroscopy.

II. Experimental Section

The experimental technique used consists of flowing∼50 to
250 mTorr of CHBr3 (Eastman) or CBr4 (Aldrich Chemicals)
through an 8 cm cubic cell, made of stainless steel, with five
fused silica windows as shown in Figure 1. The back window
of the cell was offset by an additional 8 cm with an aluminum
tube to reduce scatter. The 193 nm photolysis source was an
ArF excimer laser (Lambda Physik, Compex 110) operating at
10 Hz and 50-100 mJ. The excimer beam was focused into
the cell with a quartz lens (f ) 100 mm) with great care being

Figure 1. Diagram of the experimental apparatus.
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taken to ensure that the focal point was in the aluminum tube
to prevent the absorption of three or more photons in the probe
region. The absorption spectrum of CBr2 was detected by
crossing the photolysis beam, at right angles, with a Nd:YAG
(Continuum Surelite I) pumped dye laser (Dakota Technology
Inc.). Highly reflective mirrors (R > 99.99% at 630 nm) at the
ends of each stainless steel arm form the ringdown cavity.

Extremely intense fluorescence signals were seen for both
CHBr3 and CBr4 and were attributed to photoproduct emission.
This fluorescence was collected at right angles to the excimer
beam, with either a photomultiplier tube (Electron Tubes Limited
Model 9129b) for the time and power dependence studies or a
collimating lens coupled to a fiber optic cable for the dispersed
fluorescence work. The fiber optic then transmitted the collected
light to an asymmetric crossed Czerny-Turner monochromator
(Ocean Optics Model S2000). An effective slit width of 8µm
and a 600 lines/mm grating give the monochromator a resolution
of 1 nm. The dispersed light was detected with a CCD array,
and the resulting signal was stored on a personal computer for
later analysis. All chemicals were used without further purifica-
tion and were stored in opaque containers, and in a freezer when
not in use, to minimize photodegradation.

III. Computational Section

The Gaussian 989 electronic structure package was utilized
on either a Linux-based personal computer or a Silicon Graphics
O2 workstation for all calculations. To reduce the computational
cost, all of the calculations employed the LANL2DZ basis,
which consists of the Los Alamos effective core potential plus
double-ú valence-only basis for bromine.10-12 For first-row
atoms, the D95 double-ú basis was used, leading to a basis
consisting of 35 basis functions for CHBr3 (41 for CBr4).13

Equilibrium geometries and transition-state structures were
optimized at the MP2 level of theory and were verified by the
calculation of vibrational frequencies. Convergence criteria for
the geometry optimizations were that the root-mean-square
gradient was less than or equal to 3× 10-4 and the maximum
component of the gradient was less than or equal to 1.2× 10-3.
Single-point energies at the MP4 level of theory using the same
basis set were then determined for the optimized structures.
Neither the MP2 nor MP4 values were corrected for vibrational
zero-point energies.

All transition states were confirmed by the presence of a
single imaginary frequency in the vibrational analysis, and
intrinsic reaction coordinate (IRC) calculations were run at the
MP2 level of theory to verify that they corresponded to the
correct reactants and products. In addition, a natural bond orbital
(NBO) analysis14 was carried out for all reactants, products,
and transition states, once again at the MP2 level of theory, to
determine the charge distribution using natural population
analysis.15,16

IV. Results and Discussion

A. Power Dependence.Under excitation with focused 193
nm light, both CHBr3 and CBr4 exhibit strong UV and visible
photoproduct fluorescence. Upon removal of the focusing lens,
the fluorescence intensity is severely degraded but does not
completely disappear. To determine the number of photons
involved in the photodissociation, the photoproduct fluorescence
intensity as a function of photolysis laser power was measured.
A least-squares fit of the data gave power dependence values
of 2.31( 0.46 for CHBr3 and 1.60( 0.37 for CBr4, indicating
a two-photon process in each molecule. For the photodissocia-
tion of CBr4, this is consistent with the results of Sam and

Yardley,8 who found that the fluorescence intensity went as the
square of the photolysis power.

B. Photoproduct Spectra.The dispersed fluorescence spectra
obtained by focusing the 193 nm excimer laser into samples of
CHBr3 and CBr4 are shown in Figures 2 and 3, respectively.

Several of the common features of the fluorescence spectra
are of interest. Both spectra contain bands with origins at 619,
563, 516, 473, and 438 nm which are degraded to the violet.
These bands are assigned to the well-known Swan system (d3Πg

f a3Πu) of C2.17 As can be seen from the spectra, C2 is formed
with a moderate amount of vibrational excitation with two
quanta of vibrational energy as is apparent in the∆ν ) 0 and
∆ν ) 2 sequences. The former contains theυ′ ) 2 f υ′′ ) 2
transition while the latter contains theυ′ ) 2 f υ′′ ) 0
transition. The appearance of C2 is somewhat puzzling due to
the fact that the fluorescence rise time is detector limited (<30
ns) and appears after an induction period of approximately 100
ns. This is well under single collision conditions for this system
(∼600 ns/collision at 298 K for CHBr3 or CBr4), yet the
formation is obviously a collisional process. A mechanism for
its formation will be proposed below.

Figure 2. Dispersed emission spectra resulting from the 2× 193 nm
photodissociation of CHBr3. The data shown are an average of several
spectra and were corrected by subtracting an averaged background
signal that was obtained in the absence of CHBr3.

Figure 3. Dispersed emission spectra resulting from the 2× 193 nm
photodissociation of CBr4. The data shown are an average of several
spectra and were corrected by subtracting an averaged background
signal that was obtained in the absence of CBr4.
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Also of interest are the bands centered at 431 and 389 nm
from the photolysis of CHBr3. Both bands arise from the
formation of excited-state CH. The former is the A2∆ f X2Π
transition, while the latter is the B2Σ- f X2Π transition. Note
that the analogous A2∆ f X2Π transition of CBr was not
observed in either this work or that of Sam and Yardley.8

Finally, In agreement with the work of Sam and Yardley,
emission from bromine atoms and molecules is absent in Figures
2 and 3.

Figure 4 shows the cavity ringdown (CRD) laser absorption
spectrum of the photoproducts from the dissociation of CBr4.
Based on the work of Xu and Harmony,18 the peak centered at
658.3 nm has been assigned to a combination of the 11

020
4

hotband and 201 bending mode of theÃ1B1 r X̃1A1 electronic
transition of CBr2. The resolution of the laser prevents separation
of the individual bands. Because of interference from C2

fluorescence, the exact induction time for the formation of CBr2

could not be determined; however, it ise3 µs.
As stated above, the formation of C2 (in under single collision

conditions) and the lack of Br2 and Br luminescence are
somewhat puzzling. The apparent lack of Br and Br2 fluores-
cence is much easier to explain and, therefore, will be discussed
first. There is ample secondary evidence for the formation of
both atomic and molecular bromine. First, in analogy with our
previous work on CI4 and CHI319 as well as the work of Sam
and Yardley at 249 nm,8 and that of Xu et al.7 at 234 and 267
nm, formation of the molecular product would be expected.
Second, over the course of a run, there was a noticeable buildup
of Br2 in the cold trap of the vacuum pump. Third, initial scans,
to detect CBr2, of the CRD at∼620 nm would show a marked
increase in absorbance after about 30 s. This absorption was
broad, and at constant excimer power, the appearance time was
constant. Increasing the photolysis power decreased the appear-
ance time, indicating that the absorbance was due to the buildup
of photoproduct in the cell. This absorbance was eventually
assigned to the Br2(A3Π1u r X1Σg

+) absorption band. Finally,
as mentioned above, the appearance of CBr2 was fairly fast,
indicating that it might be a primary photoproduct.

In their work on CBr4 Sam and Yardley noted that at 248
nm there was enough energy to form Br2 in the excited A′ state.
Their argument is strengthened by ab initio calculations on CBr4

and CHBr3 in this work (which will be discussed below). These
calculations show that at the transition state for the formation

of CBr2 and Br2 the Br-Br bond length is 2.702 Å. This value
is close to the experimental A′ state value of 2.68 Å. Once
formed, the Br2(A′) can absorb another 248 nm photon which
in turn is followed by the observed D′ f A′ fluorescence.
However, while there is more than enough energy available at
193 nm to form Br2 in the A′ state, there is no analogous
absorption to be followed by return fluorescence. Indeed, as
was the case in this work, Sam and Yardley also noted that Br2

fluorescence was absent in the 193 nm dissociation of CBr4.
Therefore, we conclude that a significant fraction of the
photolysis forms Br and Br2; however, under our experimental
conditions it is not possible to observe either photoproduct.

The formation of C2(d3Πg) is more difficult to explain. Using
simple collision theory, a 100 mTorr sample of pure CBr4 at
room temperature should have a collision approximately every
670 ns. However, as stated above, C2(d3Πg) fluorescence appears
within 100 ns of the photolysis pulse, which is well under single
collision conditions. In addition, 2× 193 nm photons at 103 627
cm-1 would most likely not have enough energy to form C2

from secondary reactions with the CHBr3 or CBr4 precursors.
For example, using the heats of formation of Xu et al.,7 the
energy required to form C2, that is, breaking seven C-Br bonds
(eight for CBr4) and one C-H bond, is ∼200 000 cm-1.
Therefore, secondary reactions such as those shown in eqs 1-3
can be ruled out on energetic grounds because any intermediates
would not be expected to have enough energy available to break
the remaining C-H and C-Br bonds in order to form C2.

Another possible source for the C2 reaction product involves
secondary reactions of photoproducts such as

However, reactions 4-7 would be expected to be extremely
slow due to the low number densities typically associated with
photoproducts.

A final possibility, as suggested by Sam and Yardley,8 is the
photodissociation of an impurity in the photolytic precursor.
This scenario is unlikely for two reasons. First, the fluorescence
of C2(d3Πg) in this study is striking for its intensity; it is easily
observable with the naked eye. If it were being formed through
a process involving an impurity, the fluorescence would be
expected to be much weaker. Second, in addition to detecting
C2(d3Πg) from CHBr3 and CBr4, preliminary work in our lab
has detected fluorescence from C2(d3Πg) resulting from the
photodissociation of CH3CBr3, CBr3CH2OH, and CCl4. Since
it is highly unlikely that all five precursors would have the same
impurities (especially the CCl4), the formation of C2(d3Πg)
should be a primary process.

There are two important clues in the results that may give a
possible mechanism for C2 formation. The first is the CH peaks
at 431 and 389 nm. Chen et al.20 noted the formation of
CH(A2∆) and CH(B2Σ-) as primary photoproducts in the 3×

Figure 4. Cavity ringdown laser absorption of the photoproducts of
the 2× 193 nm photodissociation of CBr4. Based on the work of Xu
and Harmony,18 the peak centered at 658.2 nm has been assigned to a
combination of the 11020

4 hotband and 201 bending mode of theÃ1B1

r X̃1A1 electronic transition of CBr2.

CHBr2 + CHBr3 f C2 + products (1)

CHBr + CHBr3 f C2 + products (2)

CH + CHBr3 f C2 + products (3)

CHBr2 + CHBr2 f C2 + products (4)

CHBr + CHBr f C2 + products (5)

CH + CH f C2 + H + H (6)

CBr + CBr f C2 + Br + Br (7)
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266 nm photodissociation of CHBr3. The sum of 3× 266 nm
photons is 112 782 cm-1, which is only 9155 cm-1 more than
the 103 627 cm-1 available in this work. Therefore, it seems
likely that bromoform absorbs two 193 nm photons and either
simultaneously or sequentially breaks all three carbon-bromine
bonds. CBr4 should exhibit similar behavior with the release of
a CBr radical. Either case should be fast on the time scale of
the experiment. However, even with the additional 25 707 cm-1

of electronic excitation in CH, radical processes such as reaction
3 would still occur in much longer than single collision times
and be disallowed on energetic grounds. In addition, electroni-
cally excited CBr was not observed in this work or that of Sam
and Yardley8 in the 2× 193 nm dissociation of CBr4, indicating
that the additional electronic energy is insufficient in and of
itself to form C2.

The second clue as to the origin of C2(d3Πg) in this system
is the plots of fluorescence intensity versus excimer power for
the photodissociation of both CHBr3 and CBr4 shown in Figures
5 and 6. As can be seen from the figures, even at moderate
excimer powers (∼60-80 mJ) the photodissociation is saturated.
This is due to the fact that both CHBr3 and CBr4 have significant
absorbances at 193 nm, which provides a possible resonance
enhancement for a two-photon absorption. Since experimental
photolysis powers were in the range of 50-100 mJ, this means
that under experimental conditions a significant fraction of the
CHBr3 or CBr4 is undergoing photodissociation. It should also
be noted that we were unable to observe the fluorescence

threshold due to experimental constraints. If the C2(d3Πg)
formation were due to reactions such as eqs 1-3, a linear power
dependence would be expected in this region. However, as stated
above these reactions are disallowed due to energetic consid-
erations.

We therefore propose the following mechanism for the
formation of electronically excited C2 from the photodissociation
of CHBr3 and CBr4.

Note that the negative signs in reactions 10 and 13 indicate
that they are endothermic. The photolysis steps, reactions 8 and
9, are proposed for several reasons. As discussed previously,
the photodissociation of both species has been shown to be a
two-photon process which adds 103 627 cm-1 to the system. A
previous study by Chen et al.20 found CH(A2∆) and CH(B2Σ-)
formation from CHBr3 at similar excitation energies to this work.
In addition, Seccombe et al.21 have looked at the VUV
photodissociation of CCl3X (X ) F, H, and Br). In their work
they found that, due to a large density of states near the
dissociation threshold, state-specific or isolated-state dissociation
is less likely. This favors formation of the higher energy channel
CX* + 3Cl as opposed to the lower energy production of Cl2.
Since CHBr3 and CBr4 have an even larger density of states,
formation of CH* or CBr* would be expected to be even more
probable than from CCl3X. Finally, as can be seen in Figure 2,

Figure 5. Power dependence data for the luminescence of C2(d3Πg)
resulting from the 2× 193 nm photodissociation of CHBr3.

Figure 6. Power dependence data for the luminescence of C2(d3Πg)
resulting from the 2× 193 nm photodissociation of CBr4.

Photolysis

CHBr3 + 2hν(193 nm)f CH(A2∆) + 3Br + 7328 cm-1 (8)

CBr4 + 2hν(193 nm)f CBr(A2∆) + 3Br + 4334 cm-1 (9)

Reaction

CHBr3:

CH(X2Π) + CH(X2Π) f C2(a
3Πu) + H + H - 7145 cm-1

(10)

CH(A2∆) + CH(X2Π) f

C2(a
3Πu) + H + H + 16 034 cm-1 (11)

CH(A2∆) + CH(A2∆) f

C2(a
3Πu) + H + H + 39 213 cm-1 (12a)

f C2(d
3Πg) + H + H +

[16 395(∆ν ) +2) to

23 061(∆ν ) -2)]cm-1 (12b)

CBr4:

CBr(X2Π) + CBr(X2Π) f

C2(a
3Πu) + Br + Br - 3406 cm-1 (13)

CBr(A2∆) + CBr(X2Π) f

C2(a
3Πu) + Br + Br + 29 356 cm-1 (14a)

f C2(d
3Πg) + Br + Br +

[6538(∆ν ) +2) to

13 204(∆ν ) -2) cm-1] (14b)

CBr(A2∆) + CBr(A2∆) f

C2(a
3Πu) + Br + Br + 62 118 cm-1 (15)
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large amounts of CH(A2∆) and even some CH(B2Σ-) emission
were directly detected from the photodissociation of CHBr3.

The apparent lack of the analogous CBr(A2∆) emission from
the photodissociation of CBr4 is somewhat puzzling. As can be
seen from reaction 9, there is more than enough energy to form
it, and based on the work of Seccombe et al.21 it would be the
most likely channel. As can be seen from reaction 13, CBr
(X2Π) + CBr (X2Π) does not have sufficient energy to form
C2 unless both CBr radicals have obtained an additional 3406
cm-1 of translation, rotational, and/or vibrational energy from
the initial photodissociation. While this is quite possible, to form
C2(d3Πg) an additional 19 360 cm-1 of energy is required, which
is less likely. On the basis of secondary evidence, it appears
that at least one electronically excited CBr is involved in the
formation of C2, yet as noted above, no CBr fluorescence was
observed. This lack can be explained by several factors. First,
the A state of CBr is∼9600 cm-1 higher in energy than the A
state of CH, which puts its fluorescence in the 300-305 nm
region. This is important because the sensitivity of the mono-
chromator used in this experiment rapidly drops off in the UV
region, reaching zero near 270 nm. This would severely
attenuate any CBr fluorescence in this region. This problem is
exacerbated by the general lack of sensitivity inherent in using
a collimating lens and fiber optic to transmit light to the
monochromator. Finally, and most importantly, CBr(A2∆)
fluorescence is known to be diffuse due to predissociation of
the A2∆3/2 state,22 making it difficult to detect. We therefore
conclude that at least some CBr(A2∆) is present although we
cannot detect it.

Once formed, CH(A2∆) and CBr(A2∆) can react via processes
such as reaction 3. However, since these processes are highly
endothermic, most of these types of reactions can be excluded
on energetic grounds. One possible exception that should be
considered further is reaction 16, which is energetically allowed
under experimental conditions.

In addition, the CRD absorption spectra show significant
amounts of CBr2 formation, giving both reactants relatively large
concentrations. However, competing reactions such as eqs 12b
and 14b are radical-radical reactions which would be expected
to be barrierless, making them extremely fast. In addition, since
reaction 16 is only exothermic by 5526 cm-1, even a small
barrier could prevent it from occurring. It should be noted that
an attempt to calculate an activation energy for reaction 16 via
an ab initio search for a transition state failed due to the high
spin of the products. In addition, preliminary studies in this lab
on the disappearance of CBr2 show that the reaction is slow
with a total rate constant on the order of 1× 10-16 cm3/
(molecule s). Therefore, while we cannot definitively rule out
this channel, it is expected to be minor at best.

Once formed, the CH(A2∆) or CBr(A2∆) molecules most
likely proceed to form C2(d3Πg) through reactions 12b and 14b.
These mechanisms are proposed for several reasons, some of
which have been mentioned previously. The first is the
photodissociation power dependences for CHBr3 and CBr4
which are shown in Figures 5 and 6, respectively. As can be
seen from the figures, the absorbances of both molecules are
saturated at moderate laser powers (80-100 mJ). Therefore, at
the excimer energies used in this work a significant fraction of
the precursors have undergone photodissociation. Second, the
work of Seccombe et al.21 and that of Chen et al.20 show that a

significant fraction of the photodissociation proceeds by forming
CH* or, to a lesser extent, CBr*. Third, of the myriad of possible
secondary reactions only reactions 12b and 14b (as well as
reaction 15) are exothermic under experimental conditions.
Finally, in order for reactions such as 10, 11, or 13 to form
C2(d3Πg) the CH or CBr fragments would need a minimum of
25 000 cm-1 total, or 12 500 cm-1 per fragment, of translational,
rotational, and vibrational energy. If the energy were divided
equally, there would be approximately 4000 cm-1 of energy
available in translation, rotation, and vibration. While this is
certainly possible, all or a large fraction of the energy in each
degree of freedom would then have to be converted into
electronic energy in order to form the C2(d3Πg) product, which
is highly unlikely. As stated above, the apparent lack of
CBr(A2∆) fluorescence indicates that it is most likely being
formed in smaller amounts than CH(A2∆). This is not a problem
in that only one electronically excited CBr is necessary for
formation of C2(d3Πg) (see reaction 14b), so even though there
are smaller amounts of CBr to begin with, C2(d3Πg) fluorescence
intensity from the CHBr3 photodissociation is comparable to
that from CBr4.

C. Ab Initio Results. One photoproduct channel that is
conspicuously absent in Figures 2 and 3 is the formation of
molecular bromine. This is puzzling in that our previous work
on CHI3 and CI4 detected large amounts of I2* fluorescence
under similar conditions.19 In addition, in their work on the
photodissociation of CHBr3, Xu et al.7 found a branching ratio
of 0.26 into the Br2 channel at 234 nm and 0.16 at 267 nm.
Sam and Yardley8 observed Br2* emission at 248 nm, but noted
it was absent at 193 nm. As discussed above, they also noted
that D′ f A′ emission would be unlikely with irradiation at
193 nm.

To better understand this channel, and the photodissociation
overall, ab initio calculations on the formation of the Br and
Br2 photoproducts were carried out. While the exact photo-
dissociation mechanism is unknown, the work of Sam and
Yardley combined with ab initio results from this work suggest
that formation of Br2 may occur on the ground-state surface.
Similar calculations of ground-state mechanisms have proven
useful in a study of the photodissociation of CHI3 and CI4.19

To better follow this mechanism, an atom numbering system
has been adopted and is shown in Figure 7. In general, the
mechanism and structures are similar for both the CBr4 and
CHBr3 dissociations. Therefore, unless otherwise specified, CBr4

bond distances and angles will be used in the following
discussion. Also, all the energetic results reported in this section
are based on the MP4 single-point calculations obtained using
the MP2-optimized geometries.

The calculated IRCs at the MP2 level for ground-state CBr4

and CHBr3 along with stable structures and transition-state
structures are shown in Figures 8 and 9. Selected bond lengths,
angles, and energies for these structures are given in Tables 1
and 2. The structures and energetic barriers shown in Figures 8
and 9 track remarkably well with the corresponding structures
of Tweeten et al.19 for the dissociation of CHI3 and CI4, with
one exception that will be discussed shortly. For both molecules
there are three primary transition states, hereafter referred to as
TS1, molec. TS, and atomic TS, respectively. TS1 corresponds
to a transition state from CBr4 or CHBr3 leading to formation
of an ion-pair isomer of the parent molecule: either isobromo-
methane, CBr3-Br, or isobromoform, CHBr2-Br. The reaction
path to this transition state involves Br5 migrating from its
equilibrium position toward Br4. In the reactant the C2-Br5
distance is 2.040 Å and the Br4-Br5 distance is 3.331 Å. At

CBr2 + CBr(A2∆) f

C2(d
3Πg) + Br + Br + Br + 5526 cm-1 (16)
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the TS1 structure these distances have changed to 3.328 and
3.158 Å, respectively. This step is followed by the CBr3 moiety
losing most of its pyramidal structure and becoming more planar.
In CHBr3 the Br3-C2-H1-Br4 dihedral angle changes by
53.28° to 173.28° at the transition state. In CBr4 the change is
less dramatic, but still significant, with the Br1-C2-Br3-Br4
angle changing by 39.05°.

Even on the ground-state surface significant charge transfer
has already taken place when the system reaches TS1. The
natural population analysis (NPA), summarized in Table 3,

indicates that atom Br5 has gained 0.316 electron which is
redistributed from the other three bromine atoms. The two
bromine atoms that will form the carbene donate the least
density, just 0.057. Atom Br4 loses the most electron density;
its charge jumps from 0.158 to 0.380, a loss of 0.222 elec-
tron. CHBr3 behaves in a similar manner with the exception
that the charge differences are not as dramatic. This is not
surprising since the hydrogen atom will be a poor donor of
electron density compared to bromine. The energetic barrier to
TS1, which is to formation of the ion-pair isomer, is 19 890
cm-1 for CHBr3 and 16 464 cm-1 for CBr4. In the actual
experiment the initial excitation contains 83 737 cm-1 of energy
above TS1 for CHBr3 and 87 163 cm-1 for CBr4. This means
that an ion-pair state is most likely formed first, and then the
bromine migration occurs.

As the dissociation proceeds from TS1, the CBr3 moiety
passes through the planar structure and Br5 continues moving
past Br4 until it reaches one of the ion-pair isomer intermediates
(iso-CHBr3 or iso-CBr4) shown in Figure 7. At this point Br5
has moved outside of Br4 with the C2-Br5 distance increasing
to 4.140 Å and the Br4-Br5 distance decreasing to 2.923 Å.
The CBr3 moiety has inverted with the Br1-C2-Br3-Br4
dihedral angle changing by an additional 44.09° to 156.86°.
CHBr3 also undergoes this inversion with a less dramatic change
of angle. As would be expected, the charge separation is the
largest for this structure. Br5 now has a natural charge of-0.230
while Br4 has increased to 0.417, a difference of 0.647 electron.
This leads to stabilization of the iso-CBr4 intermediate with the
well depth from TS1 being 4484 cm-1. The same well is 4728
cm-1 for iso-CHBr3. The calculated well depth for iso-CBr4 is
somewhat surprising in that the same well for iso-CI4 was found
to be 523 cm-1. This discrepancy can be explained, in part, by
the difference in charge separation between I4 and I5 in ref 19
and Br4 and Br5 in this work. In the case of CI4 the charge
separation increases by 0.186 electron between the TS1 and iso-
CI4 structures. For CBr4 the same structural change results in a
more modest increase of 0.109 electron. This means that the
iso-CI4 structure should be higher in energy, relative to TS1,
than the corresponding structures on the CBr4 potential energy
surface, reducing the well depth. For CHI3 there is only a small
increase, 0.049 electron, from TS1 to iso-CHI3, resulting in a
more stable structure with well depth of 7969 cm-1. In the case
of CHBr3 the charge separation actually decreases by 0.026
electron, which results in a well depth of 4728 cm-1. Note that,

Figure 7. Schematic showing the atom numbering system used in the
text for CHBr3 (upper panel) and CBr4 (lower panel). Both the CHBr3

and CBr4 structures shown are for the ion-pair isomer intermediates.

Figure 8. Calculated IRC for the ground-state dissociation of CBr4

along with selected structures. All energies and structures shown were
calculated at the MP2 level of theory with the LANL2DZ basis. The
break in the IRC near the iso-CBr4 structure is a computational artifact.

Figure 9. Calculated IRC for the ground-state dissociation of CHBr3

along with selected structures. All energies and structures shown were
calculated at the MP2 level of theory with the LANL2DZ basis. The
break in the IRC near the iso-CHBr3 structure is a computational artifact.
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while not explicitly considered in the analysis above, steric
effects most likely also play a significant role in the well depth.
To refine the calculated energies and well depths, ab initio
studies are currently underway using larger basis sets with added
diffuse and polarization functions.

From the ion-pair states two different neutral product
pathways are possible. The first is elimination of a bromine
atom to form CHBr2 + Br or CBr3 + Br through the atomic
TS. The structures of the atomic transition states shown in
Figures 8 and 9 are by no means the only ones possible. Several
transition structures with nearly the same energy were found
for both CHBr3 and CBr4. Those shown in the figures were
randomly chosen. It should be noted that in the IRC calculations
shown in Figures 8 and 9 the energy actually drops below that
of the free radical products. This is a computational artifact due
to the dissociation from a singlet transition state to doublet
products. High-level configuration interaction calculations would
avoid this problem; however, such calculations are beyond the
scope of this work.

The second pathway is the formation of molecular products.
From the ion-pair isomers the reaction proceeds by elongation
of the C2-Br4 bond while Br5 moves back toward C2. The
CBr3 moiety actually reinverts with the Br1-C2-Br3-Br4
dihedral angle changing by 87.97° to -112.35°. At the same
time the Br4-Br5 distance decreases to 2.601 Å. Although this
is longer than the ground-state Br2 value of 2.281 Å, it is shorter
than the D, D′, and E state equilibrium values, which are around
3.2 Å.23-25 This indicates that no matter in which state Br2 is
formed it should have a large amount of vibrational excitation.

It should also be noted that while the IRCs in Figures 8 and
9 appear to be sharply peaked near the molec. TS they are, in
fact, not. They only appear to be in comparison to the broad
atomic transition states which compress thex-axis of Figures 8
and 9. This is demonstrated by the computed vibrational
frequencies along the reaction path for CBr4 and CHBr3, which
are 686i and 514i cm-1 for the molecular transition states and
84i and 70i cm-1 for the atomic transition states, respectively.

A key point is that in the structure of the molec. TS theC2V
subsymmetry present in CBr4 has been broken, while for CHBr3

this subsymmetry does not exist to be broken. This symmetry-
broken structure was first proposed by Cain et al.26 on the basis
of frontier Hückel molecular orbital calculations. Their paper
primarily focused on the addition reaction; however, their

TABLE 1: Selected Bond Distances (Å), Angles (deg), and Energies (au) for the Structures Shown in Figure 8a

parameter CBr4 CBr4 TS1 iso-CBr4 CBr4 molec. TS CBr4 atomic TS CBr2 product

r(Br1-C2) 2.040 1.956 1.966 2.059 2.006 2.024
r(Br3-C2) 2.040 1.956 1.966 2.059 2.006 2.024
r(Br4-C2) 2.040 1.882 1.885 2.218 1.966
r(Br5-C2) 2.040 3.328 4.140 3.414 5.154
r(Br4-Br5) 3.331 3.158 2.923 2.702 3.952
∠Br1-C2-Br3 109.47 117.65 117.51 111.43 114.57 111.15
∠C2-Br4-Br5 35.26 78.16 117.23 87.293 117.10
∠Br1-C2-Br3-Br4 -120.00 -159.05 156.86 -121.12 134.67
MP4 energy -89.729 528 -89.654 510 -89.674 940 -89.607 504 -89.718 419

a Geometric parameters are from the structures optimized at the MP2 level of theory using the LANL2DZ basis set. MP4 single-point energies
were obtained using geometries optimized at the MP2 level.

TABLE 2: Selected Bond Distances (Å), Angles (deg), and Energies (au) for the Structures Shown in Figure 9a

parameter CHBr3 CHBr3 TS1 iso-CHBr3 CHBr3 molec. TS CHBr3 atomic TS HCBr product

r(H1-C2) 1.094 1.089 1.092 1.126 1.097 1.132
r(Br3-C2) 2.022 1.924 1.944 2.040 1.980 1.988
r(Br4-C2) 2.022 1.849 1.874 2.253 2.082
r(Br5-C2) 2.022 3.275 4.088 3.522 5.200
r(Br4-Br5) 3.349 3.104 2.893 2.601 3.541
∠H1-C2-Br3 107.00 117.62 116.95 105.42 117.05 101.86
∠C2-Br4-Br5 34.09 78.31 116.46 92.76 133.58
∠Br3-C2-H1-Br4 -120.00 -173.28 159.68 -112.35 -127.22
MP4 energy -77.379 596 -77.288 968 -77.310 511 -77.231 658 -77.359 200

a Geometric parameters are from the structures optimized at the MP2 level of theory using the LANL2DZ basis set. MP4 single-point energies
were obtained using geometries optimized at the MP2 level.

TABLE 3: Natural Population Analysis of Selected
Equilibrium and Transition States on the CBr4 and CHBr3
Potential Energy Surfacesa

CHBr3 CBr4

atom natural charge atom natural charge

H(1) 0.240 C(2) -0.634
C(2) -0.559 Br(1) 0.158
Br(3) 0.106 Br(3) 0.158
Br(4) 0.106 Br(4) 0.158
Br(5) 0.106 Br(5) 0.158

CHBr3 TS1 CBr4 TS1

atom natural charge atom natural charge

H(1) 0.238 C(2) -0.652
C(2) -0.584 Br(1) 0.215
Br(3) 0.205 Br(3) 0.215
Br(4) 0.404 Br(4) 0.380
Br(5) -0.262 Br(5) -0.158

iso-CHBr3 iso-CBr4

atom natural charge atom natural charge

H(1) 0.224 C(2) -0.575
C(2) -0.525 Br(1) 0.194
Br(3) 0.151 Br(3) 0.194
Br(4) 0.395 Br(4) 0.417
Br(5) -0.245 Br(5) -0.230

CHBr3 molec. TS CBr4 molec. TS

atom natural charge atom natural charge

H(1) 0.159 C(2) -0.467
C(2) -0.466 Br(1) 0.101
Br(3) 0.027 Br(3) 0.101
Br(4) 0.270 Br(4) 0.315
Br(5) 0.010 Br(5) -0.050

a All calculations were obtained at the MP2 level of theory.
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arguments are still valid for the dissociation. The Hu¨ckel
calculations showed the obvious insertion method, straight-
forward symmetric attack of the Br2 by the carbene’s sp2

electrons, leads to a four-electron destabilization. This means
that for CX2Y2 molecules any insertion pathway that keeps the
C2V symmetry is actually the highest in energy. The lower energy
pathway is the nonsymmetric attack of the Lewis acidic p orbital
on the central carbon of the carbene by a lone pair of the
halogen. Their calculations predict an initial structure similar
to the molec. TS structure shown in Figures 8 and 9. This is
not surprising because in the reverse (dissociation) mechanism
one would expect the final structure to be similar to the initial
structure of the addition reaction.

The NPA also confirms the work of Cain et al.26 As the
dissociation proceeds from the ion-pair isomer, both C2 and
Br5 lose charge. At the molec. TS C2 has lost 0.220 electron
and Br5 has lost 0.239. Some of this loss is redistributed to
Br1 and Br2 and the rest to Br4. However, the key point is that
Br4 is still positively charged while C2 and Br5 are still
negatively charged. This is not only in keeping with the work
of Cain et al., but it shows that at the molec. TS, which is a
late transition state, there is still significant charge separation
(0.365) between Br4 and Br5. This suggests that Br2 may be
formed in an ion-pair state.

From the ion-pair isomer to the molec. TS there is an overall
shift of 0.459 electron, which means that this transition state
would be expected to be high in energy. For CHBr3 the molec.
TS is 17 306 cm-1 above the ion-pair isomer and 32 468 cm-1

above initial reactant. For CBr4 it is 14 800 cm-1 above the
ion-pair isomer and 26 781 cm-1 above the initial reactant.

The amount of excess energy available to the dissociating
molecules depends on the photodissociation mechanism. In their
work on CBr4 Sam and Yardley proposed the following
mechanism for dissociation at 248 nm:

This is then followed by D′ f A′ return fluorescence near 300
nm. If, as Sam and Yardley conjecture, reaction 17 occurs at
193 nm (51 813 cm-1) as well, there would be 11 802 and 6115
cm-1 of excess energy available to CBr4 and CHBr3, respec-
tively (assuming no excitation of the CBr2 or CHBr photo-
fragments). These relatively small numbers indicate that the
ground-state surface could be important in the formation of
molecular bromine. This is not surprising in that both CBr4 and
CHBr3 should have a large density of states at 51 813 cm-1.
This would allow for effective internal conversion to lower
energy states with large amounts of vibrational excitation.
Another argument for the formation of Br2 proceeding via a
ground-state mechanism is that the computed Br4-Br5 bond
distance at the molec. TS of CBr4 is 2.702 Å, which is only
0.022 Å longer than the A′ state of Br2. Formation of Br2(A′)
would be consistent with reaction 17.

V. Conclusions

The two-photon photodissociations of CBr4 and CHBr3 have
been examined using both dispersed fluorescence and ab initio
methods. Formation of electronically excited CH and CBr
fragments from the initial photodissociation is followed by
secondary radical-radical reactions which result in the forma-
tion of large amounts of C2(d3Πg).

The ab initio results show that the photodissociation proceeds
first through a transition state to an ion-pair isomer. From this
structure, the isomer can then dissociate into an atomic or
molecular product channel with the molecular channel having
the largest barrier. The calculated IRC pathway and the structure
of the molecular and atomic transition states indicate that, while
not directly observed, both molecular and atomic bromine
photoproducts should be formed.
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