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Abstract HeI photoelectron spectra have been recorded for
the reaction of atomic fluorine with ethyl bromide at different
reaction times. A structured band associated with a short-
lived primary reaction product has been recorded at a mixing
distance of 12 mm above the photon beam. The adiabatic and
vertical ionization energies of this band was measured as
7.78 ± 0.01 and 8.05 ± 0.01 eV, respectively . The average
vibrational separation of 700 ± 30 cm−1 was observed in
this band. Vertical ionization energies were computed in this
work for CH3CHBr(X2A) and CH2CH2Br(X2A) via �SCF,
�MP2 (full) and �(B3LYP) levels of theory using differ-
ent basis sets. Mulliken population analysis and force con-
stant calculations have also been carried out for CH3CHBr
(X2A) and CH2CH2Br(X2A) and their singlet cationic states.
Comparison between the experimental vertical ionization
energies and the corresponding values computed for CH3
CHBr (X2A) and CH2CH2Br(X2A) at different levels of
theory led to the assignment of the observed first photoelec-
tron band to the ionization of CH3CHBr(X2A). The observed
vibrational structure was assigned to the excitation of C–Br
stretching mode in CH3CHBr+(X1A).

1 Introduction

The radicals studied in this work obtained from the F +
C2H5Br reaction are of considerable interest as they are
reactive intermediates in combustion and thermo chemical
processes [1,2]. Two isomeric 1-bromoethyl and 2-bromo-
ethyl radicals may be generated as primary products from
the reaction of fluorine atoms with ethyl bromide according
to the reactions (1) and (2). Ethyl radical may also be formed
on loss of bromine atom from ethyl bromide according to the
reaction (3).
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F + CH3CH2Br → CH3CHBr + HF (1)

F + CH3CH2Br → CH2CH2Br + HF (2)

F + CH3CH2Br → CH3CH2 + FBr (3)

The radicals obtained from reactions (1), (2) and (3) have
been the subjects of a number of experimental and theoretical
investigations [3–7]. For the F+C2H5Br reaction, it would be
useful to consider the heats of formation of the reaction prod-
ucts obtained on hydrogen atom abstraction to examine their
relative stabilities. The heats of formation of the CH2CH2Br
and CH3CHBr have been measured by Holmes and Lossing
[3] and also examined by other workers [4–6]. In the electron
impact studies of Homes and Lossing on selected precursor
molecules such as BrCHCH3COOH and BrCH2CH2COOH,
the heats of formation of 1-bromoethyl and 2-bromoethyl rad-
icals [3] were measured as 114.2±8.0 and 135±8.0 kj/mol
respectively. Also the heat of formation of the ethyl radi-
cal [7] has been measured as 116.3 ± 8.0 kj/mol. Compar-
ison of these values shows that the 1-bromoethyl radical is
more stable than both the 2-bromoethyl radical and the ethyl
radical. Ab-initio molecular orbital calculations have also
be performed for the CH3CHBr and CH2CH2Br radicals by
Phillips [8] at different levels of theory. The results obtained
on the calculated energies clearly indicate that at UMP2/6-
311G(d, p) and B3LYP/6-311++G (3df, 3pd) levels of the-
ory, 1-bromoethyl radical is more stable than 2-bromoeth-
yl radical. Other experimental evidence also supports this
conclusion [5].

For example the competitive photobromination of C2H5Br
has been studied over the temperature range 310–370 K and
it was concluded that Br atom attack occurs almost exclu-
sively at the substituted site [5]. It was therefore concluded
that the 1-bromoethyl radical is the only primary reaction
product in the F + C2H5Br reaction [5]. This conclusion was
also supported by the results obtained for the F + C2H5OH
[9] and F + C2H5Cl reactions [17] studied previously that
the F atom attack occurs at the substituted site. However,
there are a few reports of systematic ab-initio calculations or
experimental/spectroscopic studies on the bromine- and/or
iodine- substituted ethyl radicals [10,11]. Recently, it has
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been observed that a transient resonance Raman spectrum
of photoproducts produced from the A band of 1-bromo-
2-iodoethane in cyclohexene solution [8,11].This transient
resonance Raman spectrum is probably due to bromoethyl
radicals generated from the primary photo dissociation of
1-bromo-2-iodoethane [11]. Also an ab-initio study has been
reported for CH2CH2Br using a multireference double exci-
tation configuration interaction (MRD-CI) methodology [12]
and this investigation focused on examining the potential en-
ergy surface for a possible bridging or shuttling motion of
the Br atom between the two carbon atoms [12].

The aim of this work was to study the radicals generated
as primary products in the F+CH3CH2Br reaction and assign
the observed first photoelectron band as well as its vibrational
structure with the aid of computational calculations.

2 Experimental section

All the photoelectron spectra obtained in this work were
recorded using HeIα radiation (21.22 eV) on a single detec-
tor photoelectron spectrometer designed to study short-lived
species in the gas-phase [13]. To study the short-lived pri-
mary products formed in the F+CH3CH2Br reaction, fluorine
atoms were generated by a microwave discharge (2.45 GHz)
of 5% molecular fluorine in flowing helium. C2H5Br (Aldrich
Chemical Ltd. 99%) were liquid at room temperature and
commercial samples were used in all cases. In order to mon-
itor the concentration of the radicals generated in the F +
C2H5Br reaction, the reagent mixing distance could be varied
in the range 0–10 cm above the photon beam. For the F +
CH3CH2Br reaction studied in this work, the band attributed
to short-lived primary reaction product was observed at the
optimum mixing distance of 12 mm above the photon beam.
Typical resolution under operating condition as measured for
argon (FWHM) using HeIα radiation was 25–30 meV. For the
F + CH3CH2Br reaction studied in this work, the band asso-
ciated with the radical was calibrated using the first photo-
electron band of ethyl bromide recorded with HeIα and HeIβ
radiation.

3 Computational calculations

In this work ab-initio calculations were performed for the
1-bromoethyl and 2-bromoethyl radicals and their singlet
closed-shell cationic states using different basis sets at SCF,
MP2 (full) levels of theory. These calculations were also
carried out using density functional method in the form of
B3LYP with different basis sets. All calculations were per-
formed using 6-311G**, 6-311+G** and 6-311++G** basis
sets.

Mulliken population analyses of the converged SCF wave
functions were also carried out for the above radicals and their
singlet ionic states.

At the optimized geometries, the ground electronic con-
figurations for the 1-bromoethyl and 2-bromoethyl radicals
were computed as:

......(23a)2(24a)2(25a)2(26a)1 CH3CHBr(X2A)

......(23a)2(24a)2(25a)2(26a)1 CH2CH2Br(X2A)

For both the CH3CHBr(X2A) and CH2CH2Br(X2A), ioniza-
tion from the (26a) level gives rise to a 1A closed shell ionic
state, whereas ionization from the (25a) level result in two
ionic states, a 1A open–shell and a 3A open-shell.

Hartree Fock SCF calculations were performed on the
singlet and triplet ionic states and found that the singlet
closed-shell ionic state is lower lying energetically than the
singlet open-shell and the triplet open-shell ionic states and
in bromoethyl radicals, the ground ionic state is the X1A
closed-shell state. The values of the first vertical and adi-
abatic ionization energies (AIEs) of the radicals were then
computed using the singlet closed-shell ionic states.

In order to take the effect of electron correlation into
account, calculations were carried out at MP2 (full) level of
theory using different basis sets. The values of the vertical
ionization energies of the observed first photoelectron band
of the radicals were computed via �SCF, �MP2 (full) and
�(B3LYP) levels of theory, while the values of the first AIEs
were computed via �SCF and �MP2 (full) levels of theory.

4 Results

The photoelectron spectrum obtained for the reaction of F
atoms with ethyl bromide recorded at a mixing distance of
12 mm above the photon beam over the ionization energy
range 5.0–11.0 eV is shown in Fig. 1. An expanded spec-
trum of this band calibrated using the first photoelectron band
of ethyl bromide recorded with HeIα and HeIβ radiation is
shown in Fig. 2.

In Fig. 1, the bands in the 10.0–11.0 eV ionization energy
region (vertical ionization energy 10.30 ± 0.01 and 10.62 ±
0.01 eV respectively have been assigned to ethyl bromide
[14].

The band in 9.5–10.0 eV ionization energy was assigned
to vinyl bromide [15] which is a secondary reaction product.
Also present in Fig. 1, are two features in the 8.2–9.0 eV ion-
ization energy region (apparent vertical ionization energies
of 8.43 and 8.75 eV, respectively), which are assigned to the
HeIβ component of the first photoelectron band of ethyl bro-
mide. The other feature in Fig. 1, a band in the 7.5–8.5 eV
ionization energy regions shows a maximum in intensity at a
reagent mixing distance of 12 mm above the photon beam.

An expanded scan of the 7.5–8.5 eV ionization energy
region is shown in Fig. 2. The vertical and AIEs of the band
labeled as C2H4Br have been measured as 8.05 ± 0.01 and
7.78 ± 0.01 eV respectively, when averaged over 25 spectra.
Also shown in Fig.2 are bands associated with ethyl bromide,
which were used to calibrate the band assigned to the C2H4Br
radical.

Regularly spaced vibrational components were observed
in this band with average spacing of 700 ± 30cm−1. On
increasing the mixing distance of 12 mm above the photon
beam, the intensity of this band decreased. In fact this band
was only observed at reagent mixing distances of less than
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Fig. 1 HeI photoelectron spectrum obtained for the F+C2H5Br reaction at a mixing distance of 12 mm above the photon beam

Fig. 2 Expanded scan of 7.5–8.5 eV ionization energy regions showing the first band of CH3CHBr calibrated with the first photoelectron band of
CH3CH2Br recorded with HeIα and HeIβ radiation

5.0 cm above the photon beam. At mixing distances greater
than 5.0 cm, the first band of C2H4Br completely disappeared
and strong bands due to vinyl bromide [15], bromine atoms
[14], hydrogen bromide [14] and HF [14] were observed.

No photoelectron bands were observed for vinyl fluoride
[14], BrF [16] and CH3CHBrF although vinyl bromide was
thought to be generated from decomposition of vibrationally
excited CH3CHBrF. The assignment of the C2H4Br band
associated with a short-lived primary product generated in
the F + C2H5Br reaction will be presented in the Discussion
section.

5 Discussion

In the F+C2H5Br reaction, a band centered at 8.05±0.01 eV
ionization energy was assigned to a short-lived primary reac-
tion product. As for the other F + C2H5X (X=OH, Cl) reac-
tions studied previously [9,17] it would be useful to compare

the heats of reactions (1) to (3) in this work. The heat of
reaction (1) can be calculated as −163.6 ± 9.0 kj/mol, when
the heats of formation �H◦

f298 of F [18], HF [18], C2H5Br
[19] and CH3CHBr [3] are taken into account. Also using
the heat of formation of CH2CH2Br [3] in combination with
the heats of formation �H◦

f298 of F, C2H5Br [19] and HF
[18] leads to the determination of the heat of reaction (2) as
−142.7±9.0 kj/mol. Finally, the heat of formation �H◦

f298
of the ethyl radical [7] can be combined with the heat of for-
mation of F, BrF [16] and C2H5Br [19] to give the heat of
reaction (3) as −140.6 ± 9.0 kj/mol. Hence on this basis it
can be seen that reaction (1) is more exothermic than reac-
tions (2) and (3). Therefore it can be concluded that the band
with vertical ionization energy of 8.05 eV in Figs. 1 and 2,
associated with a short-lived primary product can be assigned
to ionization of CH3CHBr. Also on the basis of kinetic stud-
ies of the reaction of ethyl radical with ethyl bromide [5] in
which product analysis was performed using gas chromatog-
raphy, it was found that the 1-bromoethyl radical was formed
much more rapidly than the 2-bromoethyl radical. Also the
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Table 1 Computed first vertical ionization energies of CH3CHBr(X2A) and CH2CH2Br(X2A) using different levels of theory and basis set

Ionization Basis set �SCF VIE/eV �MP2 (full) VIE/eV �(B3LYP) VIE/eV Experimental VIE/eV

CH3CHBr(X2A) 6-311G** 8.17 8.08 8.15 8.05 ± 0.01
CH3CHBr(X2A) 6-311+G** 8.17 8.06 8.18 8.05 ± 0.01
CH3CHBr(X2A) 6-311++G** 8.17 8.06 8.17 8.05 ± 0.01
CH2CH2Br(X2A) 6-311G** 8.57 8.83 9.01 8.05 ± 0.01
CH2CH2Br(X2A) 6-311+G** 8.58 8.86 9.04 8.05 ± 0.01
CH2CH2Br(X2A) 6-311++G** 8.58 8.85 9.04 8.05 ± 0.01

Table 2 Computed first adiabatic ionization energies (AIEs) of CH3CHBr(X2A) and CH2CH2Br(X2A) using different levels of theory and basis
sets

Ionization Basis set �SCF AIE/eV �MP2 (full) AIE/eV Exp. AIE/eV

CH3CHBr(X2A) 6-311G** 7.66 7.68 7.78 ± 0.01
CH3CHBr(X2A) 6-311+G 7.66 7.70 7.78 ± 0.01
CH3CHBr(X2A) 6-311++G** 7.66 7.70 7.78 ± 0.01
CH2CH2Br(X2A) 6-311G** 7.56 7.31 7.78 ± 0.01
CH2CH2Br(X2A) 6-311+G** 7.56 7.34 7.78 ± 0.01
CH2CH2Br(X2A) 6-311++G** 7.56 7.34 7.78 ± 0.01

results of competitive photobromination of C2H5Br suggest
that bromine atom attack occurs almost exclusively at the
α–carbon atom to produce 1-bromoethyl radical. Hence it
can be concluded that the observed first photoelectron band
with vertical ionization energy of 8.05 ± 0.01 eV should be
assigned to the ionization of CH3CHBr radical.

The photoelectron spectra obtained in this work for the
F + C2H5Br reaction showed photoelectron bands assigned
to vinyl bromide [15], HF [14] and Br atom [14]. It is inter-
esting that no bands associated with BrF [16] were observed
under any reaction condition. Therefore the possible mecha-
nism for the F + C2H5Br reaction, which is consistent with
these experimental observations, is as follows:

F + CH3CH2Br → CH3CHBr + HF

CH3CHBr + F → [CH3CHBrF]∗
[CH3CHBrF]∗ → CH2 CHBr + HF

[CH3CHBrF]∗ → CH2 CHF + HBr

HBr + F → Br + HF.

The first photoelectron band of vinyl fluoride (vertical ioni-
zation energy 10.57 eV) was not observed [20] due to over-
lap with a much more intense band associated with C2H5Br
recorded with HeIα radiation.

This conclusion has been supported by the computational
calculations carried out in this work. The computed values of
the first vertical ionization energies of CH3CHBr(X2A) and
CH2CH2Br(X2A) via �SCF, �MP2 (full) and �(B3LYP)
calculations have been summarized in Table 1.

The computed values of the first vertical ionization ener-
gies for CH3CHBr(X2A) and CH2CH2Br(X2A) in Table 1,
via �SCF, �MP2 (full) and �(B3LYP) using different basis
sets are in good agreement with the corresponding experi-
mental VIE value of 8.05 ± 0.01 eV and clearly indicate that
the structured band observed in the photoelectron spectrum
associated with a short-lived species can be assigned to the

ionization of the CH3CHBr(X2A) radical in agreement with
the conclusions reached before [9,17].

The results of the computed values of the first AIEs of
CH3CHBr(X2A) and CH2CH2Br(X2A) at �SCF and �MP2
(full) levels of theory using different basis sets have been
summarized in Table 2.

As can be seen from Table 2, the computed first AIEs of
CH3CHBr(X2A) at �SCF and �MP2 (full) levels of the-
ory are in good agreement with the corresponding experi-
mental AIEs of 7.78 eV. However, as the width of the first
photoelectron band of the radical in Figs. 1 and 2 is about
1 eV, suggesting a large geometry change upon ionization,
it seems that the position of the first AIE can be unobserv-
able because of the poor Franck–Condon overlap. Also due
to the exothermic reaction of F atoms with ethyl bromide,
it is possible that vibrationally excited radicals are formed
leading to hot band in the observed photoelectron spectrum.
Although mixing distance studies have been performed in
this work to show whether the measured onset of the first
photoelectron band is the AIE position or not, it seems that
a clear conclusion cannot be made that the computed AIEs
favor which radical. When all the thermo chemical evidences
as well as computed values of VIEs are taken into account,
it can be clearly concluded that the first photoelectron band
observed in the F + C2H5Br reaction should be assigned to
the ionization of the CH3CHBr(X2A) radical.

The results of Mulliken population analyses performed in
this work on the converged SCF wave functions of CH3CHBr
(X2A) and CH2CH2Br(X2A) and their singlet closed-shell
cationic states show a loss in electron density from C1 and
Br on ionization in agreement with the conclusion reached
before [9]. As the half-filled molecular orbital in CH3CHBr
(X2A) is anti-bonding in character in the C1–Br direction, it is
expected that a decrease in the C1–Br bond length will be ob-
served on ionization. The equilibrium geometry of CH3CHBr
(X2A) computed in this work shows a decrease in the C1–Br
distance upon ionization.
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Although the C–Br vibrational frequency in CH3CHBr
is not known experimentally, the C–Br vibrational frequency
in CH3CHBr has been computed in this work as 676 cm−1 at
SCF/6-311++G** level. The C–Br vibrational frequency in
CH3CHBr+(X1A) has been computed in this work as
705 cm−1. This increase in vibrational frequency upon ion-
ization is consistent with the anti-bonding nature of the
half-filled molecular orbital in CH3CHBr(X2A). The C–Br
vibrational frequency in CH2Br has been measured as
693 cm−1 [21,22]. Therefore by analogy with the results ob-
tained for the F + C2H5Cl reaction [17] and the results of
Mulliken population analyses as well as force constant cal-
culations carried out in this work, the vibrational structure
observed in the first photoelectron band of CH3CHBr with
average vibrational spacing of 700±30 cm−1 can be assigned
to the excitation of C–Br stretching mode in the ion.
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