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A relation between energies of the short�lived negative ion states
and energies of unfilled molecular orbitals for a series of bromoalkanes
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A series of bromoalkanes was investigated by means of electron transmission spectroscopy
in the gas phase. Experimental values of vertical electron affinities associated with occupation
of the LUMO by an incoming electron were assigned using ab initio quantum chemical calcu�
lations. The predicted vertical electron affinity values differ from measured ones by at
most ±0.2 eV.
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Low�energy (0—10 eV) electron scattering by mol�
ecules in the gas phase leads to formation of short�lived
(10–15—10–10 s) negative ion states by means of shape
resonances.1 One of the most suitable methods for evalu�
ation of the energies of these resonant states is electron
transmission spectroscopy (ETS).2 Ab initio calculations
of the energies of normally unfilled molecular orbitals
(MOs) associated with formation of the short�lived nega�
tive ions are usually utilized for assignment of the ETS
data using the Koopmans´ theorem approximation.3 The
results of such calculations depend strongly on the basis
set used, and it is necessary to apply the so�called scaling
procedure to the calculated MO energies in order to esti�
mate the negative vertical electron affinities of molecules.4

The predictions of the vertical electron affinities corre�
sponding to resonant states associated with occupation of
π*�MOs by an incoming electron may be quite successful.
The accuracy of such predictions using the scaling proce�
dure is 0.1—0.3 eV,5 i.e., close to experimental errors.

In the case of saturated compounds, only a few reports
upon the relation between the calculated and experimen�
tal values of negative electron affinities for the resonances
associated with occupation of the σ*�orbitals of chloro�
substituted molecules are known.6,7 The investigation of
the σ*�orbitals of (CH3)3M—M´(CH3)3 (M, M´ = Si,
Ge, Sn) has also been carried out.8 In this work, a series
of bromoalkanes has been investigated and a relation be�
tween experimentally determined and calculated values
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of the negative electron affinities of these molecules
was established. The parameters for linear scaling of
the virtual orbital energies (VOEs) to the energies of the
negative ion states associated with occupation of the
σ*C—Br�MO were determined.

Experimental

Experiments were performed using the ETS technique in the
format devised by Sanche and Schulz.2 A detailed description of
the experimental setup and the operation conditions may be
found in a review.9 Briefly, a magnetically collimated electron
beam of well�defined energy was passed through a collision cell
containing the target gas. The transmitted electron current was
collected. To enhance resonant structures in the total electron
scattering cross�section, the derivative technique9 was used. The
vertical attachment energy (VAE, εvert), which is the negative of
the vertical electron affinity, was assigned to the energy of the
midpoint between two extrema appearing in the derivative of
unscattered electron current because of the presence of a reso�
nance peak in the total scattering cross�section. The electron
energy scale was calibrated by a small admixture of N2 gas and
referring to the sharp structure related to formation of the
N2

– (2Πg) state. Corresponding extrema in the derivative signal
are found to be at 1.98, 2.22, 2.46, and 2.69 eV. The overall error
in εvert was ±0.05 eV. Quantum chemical calculations were per�
formed using the Gaussian10 program. The optimization of mo�
lecular geometry and evaluation of the VOEs were performed by
the Hartree—Fock (HF)11 and density functional theory12 cal�
culations using the 6�31G(d) basis set with no diffuse functions,
because their inclusion leads to the breakdown of the correlation
between experimental and calculated values.13 Compounds un�
der investigation were purchased from Sigma—Aldrich.

Results and Discussion

The experimental εvert values for the molecules under
investigation compared with previous ETS data, and the
calculated VOEs associated with the formation of corre�

sponding negative ion states are listed in the Table 1. The
value for 1,2�dibromoethane is only an estimate because
of strong overlapping of the resonant features in the ET
spectrum corresponding to two lowest unoccupied MOs.
This value was excluded from the linear approximation of
the εvert values as a function of VOEs. The best linear
approach for other values is

εvert = (εMO – 3.23)/0.99

with a correlation coefficient of 0.91 for the HF/6�31G(d)
calculations and

εvert = (εMO + 0.97)/0.79

with a correlation coefficient of 0.87 for the
B3LYP/6�31G(d) level of theory. All the energies are
in eV. The estimated εvert values obtained using these
scaling equations are also listed in Table 1 in parentheses.
The parameters of the linear approximations have also
been applied for estimation of εvert in a series of related
bromo�substituted compounds. Corresponding data are
listed in Table 2 in parentheses.

With very few exceptions the estimated and experi�
mental εvert values differ by at most ±0.2 eV, which
is practically comparable with experimental errors of
0.05—0.1 eV. There is a considerable difference between
the estimated and experimental εvert energies in the case
of bromomethane with both HF and DFT methods. Most
probably, the calculation fails to agree in this case, as it
was reported for chloromethane.6 The ET spectrum of
bromomethane, in common with that of chloromethane,
has a quite broad (>2.5 eV)14 feature that may be dis�
torted by the variations in the non�resonant portion of the
scattering cross�section. This may make difficulties in
evaluation of the experimental VAE. The slope of the
linear correlation obtained in this work (1.01 at the
HF/6�31G(d) level of theory) is close to the value of 0.91

Table 1. Negative ion state energies (εvert) associated with occupation of the σ*C—Br�МО by an incoming electron and
energies of these orbitals (εМО) calculated for bromine�substituted alkane molecules

Compound εvert/eV εMO/eV

This work Published data HF/6�31G(d) B3LYP/6�31G(d)

1�Bromoethane 1.18 1.2614 4.5413 (1.32)* 0.112 (1.37)
1�Bromopropane 1.31 1.315 4.6056 (1.39) 0.154 (1.42)
1�Bromobutane 1.27 1.315 4.6083 (1.39) 0.151 (1.42)
1�Bromopentane 1.22 — 4.6145 (1.40) 0.159 (1.43)
2�Bromopropane 1.21 1.2315 4.5003 (1.28) 0.055 (1.30)
2�Bromobutane 1.18 1.2515 4.4431 (1.23) 0.043 (1.28)
tert�Butyl bromide 1.09 1.0915 4.3590 (1.14) –0.075 (1.13)
Dibromomethane 0.26 — 3.1879 (–0.04) –1.073 (–0.13)

2.00 1.9314 4.8469 (1.63) 0.236 (1.53)
1,2�Dibromoethane 1.58** — 4.4875 (1.27) 0.224 (1.51)

* Scaled MO energies are given in parentheses.
** An estimation. A method of evaluation of the overlapping features in the ET spectrum is described elsewhere.6
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obtained6 for the σ*C—Cl�MOs of chloroalkanes calcu�
lated at the same level of theory. However, the scaling
parameters for the σ*�MO energies found in Ref. 8 are
quite different (the slope is 1.52). Thus, the correlations
obtained in this work are applicable to structurally similar
molecules and in the case of electron attachment to the
σ*C—Br MO. Analogous restrictions have also been found
in the case of predictions of the VAEs associated with
occupation of π*�MOs by an incoming electron.6—8

It should be noted that for bromoalkanes under inves�
tigation the correlation coefficients (0.91 and 0.87) are
smaller not only compared with those found for π*�MOs
(about 0.99 with both HF 5 and DFT 7 methods), but also
with those (about 0.98 8) found for σ*�MOs in other fami�
lies of saturated systems. A possible reason is that the
experimental VAEs of the monobromo�substituted com�
pounds lie in a very narrow energy range (about 1.3 eV for
the n�alkanes and 1.2 eV for the secondary alkanes). Thus,
there is an indeterminacy in the slope of the linear regres�
sion. In the dibromo�substituted compounds the VAEs
change, but overlap of the broad features in the spectrum
makes accurate location of the VAEs difficult. In conclu�
sion, it should be noted that estimations of molecular
electron affinity by the total energy difference between
the molecule and corresponding radical anion are mostly
performed in the case of calculation of adiabatic electron
affinities,17 being more reliable in the case of its positive
value.18 The shape resonance energies, which may not be
associated with occupation of the LUMO by an incident
electron, can more conveniently be evaluated by MO en�
ergy calculations using the Koopmans´ theorem approxi�
mation followed by applying the scaling procedure; this
allows saving the computing time as well.

The authors are grateful to Prof. Alberto Modelli for
helpful discussions of the results.
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Table 2. Negative ion state energies (εvert) associated with occu�
pation of the σ*C—Br�МО (εvert) by an incoming electron and
corresponding MO energies (εМО) calculated for previously
studied molecules

Compound εvert εMO/eV
/eV

HF/6�31G(d) B3LYP/6�31G(d)

MeBr 2.414 4.484 (1.27) 0.079 (1.33)
CHBr3 0.8514 4.194 (0.97) –0.333 (0.81)
CBr4 0.4214 3.586 (0.36) –0.838 (0.17)
PhBr <1.816 4.614 (1.40) 0.199 (1.48)
PhCH2Br 2.2616 5.224 (2.01) 0.826 (2.27)
Bromocyclopropane 1.2015 4.541 (1.32) 0.120 (1.38)
Bromocyclopentane 1.2015 4.554 (1.34) 0.099 (1.35)
Bromocyclohexane 1.3015 4.473 (1.26) 0.109 (1.37)
CH2=CH(CH2)3Br 1.215 * 4.488 (1.27) 0.041 (1.28)
CH2=CH(CH2)4Br 1.215 * 4.577 (1.36) 0.118 (1.38)

* An estimate.
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