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THE CALCULATION OF THE ELECTRON
AFFINITY OF ATOMS AND MOLECULES

M. MEUNIER? N. QUIRKE®** and D. BINESTI®

& Department of Chemistry, Imperial College of Science, Technology
and Medicine, South Kensington, SW7 2AY, United Kingdom;® Electricité de
France DER, Les Renardiéres 77818, Moret-sur-Loing Cedex, France

{ Received June 1999; accepted July 1999 )

Non-local density functional theory, as implemented in the code DMol, has been used to
calculate the electron affinity of a set of 44 small atoms and molecules. A judicious choice of
basis sets produces a root mean square deviation from recommended values of 0.1 eV and 0.3 eV
for atoms and small molecules (with positive electron affinities) respectively. Applying DMol to
calculations of temporary anion states or resonances of linear alkanes to n = 36 (where » is the
number of carbon atoms) a gradual increase in electron affinity is predicted which appears to
have converged by n =36 to —-0.75¢V (in agreement with experimental data for C3¢ and
polyethylene).

Keywords: Electron affinity; DMol; alkanes; metastable states

1. INTRODUCTION

The electron affinity, representing one half of an electron transfer process
(with the ionisation potential) plays a central role in gas and condensed
phase chemistry. Data on electron affinities are important [e.g., 1,2] in
theories of chemical reaction and intermediate species, for biochemistry
(biological redox processes, radiation damage), to our understanding of
chemical bonds and in theories of electronic devices (semiconductors,
dielectrics).

*Corresponding author. e-mail: N.Quirke@ic.ac.uk
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An adiabatic electron affinity can be defined as
EA, =E(R.) —E"(R]) (N

where E(R,) is the total (ground state) energy of the neutral species in its
equilibrium geometry R, and E~(R;) is the total energy of the anion in its
minimum energy geometry. If the anion is not allowed to relax on electron
attachment, a vertical electron affinity is defined through

EA, = E(R.,) — E"(R.) (2)

the total energies being calculated in the equilibrium geometry of the neu-
tral species.

The total energy of a molecule can be resolved into an electronic (E,;) and
nuclear contribution, taken to be the vibrational ground state of the nuclear
motion, the zero point energy (ZPE). The adiabatic electron affinity then
becomes (e.g. [3])

EA, = E4(R.) — E;(R; ) + ZPE — ZPE~ (3)
The vertical affinity contains only the electronic energy
EA, = Ea(Re) ~ Ei(Re) (4)

There are a large number of experimental techniques, which have been
applied to the determination of electron affinities including laser photoelec-
tron spectroscopy [4], electron transmission spectroscopy [5], and gas phase
ion-molecule equilibria [6]. A description of thirty-one methods for the
determination of electron affinities may be found in reference seven. Despite
the number of techniques available, the reliable determination of electron
affinities still represents a considerable challenge, especially for large mol-
ecules where it may be difficult to use accurate gas phase techniques. There
is a particular difficulty where the electron affinity is negative and the anion
is consequently short lived (see {5] for a full discussion of the experimen-
tal techniques used to obtain electron affinities for temporary anions).
This is the case for the alkanes discussed in the second part of the present
article where (with the exception of methane) gas phase methods such as
electron transmission spectroscopy cannot resolve the resonant states.
There is a need for fast and reliable theoretical methods of calculating
electron affinities. Data are available [43] for hexatriacontane (Csg) from
photoemission spectroscopy of Cis monolayers on Cu(lil) as well as for
polyethylene [44].
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Ab initio methods of calculating electron affinities have been reviewed
(to 1987) by Simons and Jordan [8] who point out the need for flexible basis
sets and a careful treatment of electron correlation effects in order to ob-
tain accurate electron affinities. They state that ‘it is extremely difficult to
reliably calculate electron affinities within an accuracy of better than
0.2¢eV for most classes of atoms and molecules’ and call for the develop-
ment of new theoretical and computational tools.

More recent ab initio work [9] using multireference singles and doubles
configuration interaction (MRSD-CI) with specialised correlation-optimised
and augmented basis sets applied to H, B, C, O and F obtained a root mean
square deviation from recommended experimental values of the electron
affinities of 0.05eV, demonstrating that it is possible to achieve high ac-
curacy for small atoms, albeit at considerable computational expense (see
also [10]). A detailed study of specialised exchange correlation functionals
within density functional theory [11] reports average deviations of around
0.2-0.4¢V for atoms with atomic number less than or equal to 20.

Due to the complexity of the calculations, electron affinities for molecules
are usually reported for individual species or small groups of related species.
For example, electron propagator methods give excellent results [12] for
the electron affinity of C; (3.69¢eV compared to experimental resuits of 3.7
and 3.88 eV). For BO, the electron affinity is within 0.4 ¢V of the experimen-
tal data [13]. The use of semiempirical CNDO type calculations to explore
unoccupied o* orbitals and hence estimate electron affinities for a number
of small hydrocarbon and fluorocarbon molecules has been reported [14].
Reasonable agreement was obtained between calculated and experimental
energies (see Tab. III below). There have been few assessments of the accu-
racy of DFT calculations of electron affinity for molecules. In a 1992 paper,
Ziegler and Gutsev [15] reported non-local density functional theory
(NLDFT, see Section 2 below) calculations for 11 small molecules and found
a rms deviation of ~ 0.3 eV (recalculated from Tabs. IT and V of Ref. [15]).

Although there has been a significant amount of work on both the
measurement and the calculation of electron affinities for atoms, molecules,
clusters and solids we are far from having sufficient reliable data. The pre-
sent work constitutes an exploration of the use of density functional theory
(as expressed in the widely available code DMol) to calculate electron affin-
ities for a representative sample of small atoms and molecules having
both positive and negative values of the electron affinity. We wish to assess
the accuracy of a routine DMol calculation of electron affinity i.e., a calcula-
tion that has not been tailored to a particular species. In addition, we are
particularly interested in the electron affinity of alkanes and its variation
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with molecular conformation: a subject little explored to date. Data on
alkane electron affinities is central to new approaches to space charge and
dielectric breakdown in polyethylene [47].

In the following section, we briefly review density functional theory and
the code DMol. In section three we present the results of applying DMol to
some 44 small atoms and molecules and make a comparison with recom-
mended experimental results. Section four considers the alkanes and re-
ports electron affinities for straight chain alkanes up to carbon number 36.

2. DENSITY FUNCTIONAL THEORY AND DMOL

The calculations reported in this work have been carried out using non-local
density functional theory (NLDFT) as implemented in the DMol code [16].
For comparison, some calculations have been done with Hartree-Fock
theory using Gaussian94 [49]. Density functional theory has been described
in detail elsewhere [17] and only a very brief description is given below.

DFT starts with a theorem by Hohenberg and Kohn [18] that all ground
state properties are functions of the electron density p. As a result, the total
energy may be written as:

Er[p] = T[pl + Ul p} + Exc| p] {5)

Where T p] is the kinetic energy of a system of non-interacting particles of
density p, U[p] is the electrostatic interaction due to Coulomb interactions
between electrons and nuclei, and E.[ p] includes all many body contribu-
tions to the total energy (exchange and correlation energies). The wavefunc-
tion ¢ is an antisymmetrised product of one-electron functions representing
molecular orbitals such that the electron density is given by the sum over
all occupied molecular orbitals.

p(r) = loi(r) (6)

The energy terms can then be written exactly in terms of ¢ and p, however
the exchange-correlation term requires approximation to be tractable. The
local density approximation assumes that the electron density varies slowly
and can be represented locally by a uniform electron gas (having energy
£xcl p] at density p) so that

Eam=/mmamw )
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The inhomogeneity of the electron gas can be represented by a gradient
expansion (non local DFT) giving a gradient ‘d’ corrected exchange-
correlation energy E.Jf p, dp)].

Varying the total energy with respect to each wavefunction ¢; yields the
Kohn-Sham equations

(T + V(r) + pixc) s = €16t (8)

where p,., the exchange-correlation potential arises from the differentiation
of E,.. It is common practice to expand the molecular orbitals in terms of
atomic orbitals

o = Z CiuXu (9)

where the x, constitute the atomic basis functions. In the DMol imple-
mentation, the atomic basis functions are given numerically as values on
an atomic centred spherical polar mesh. The code DMol solves the KS
equations to find the electron density distribution corresponding to the
lowest ground state energy.

In DMol the basis set comprises occupied atomic orbitals for the neutral
atoms and for the +2 atomic cations, except for hydrogen where a nuclear
charge of +1.3 is used. This basis set is referred to as Double Numeric (DN).
Adding a function on each atom with one angular momentum unit higher
than that of its highest occupied orbital (i.e., p for H, d for C) leads to a dou-
ble numerical with polarization function (DNP) basis set. This basis set is re-
ferred as DMol 1 in the tables. Additional functions beyond the DNP basis
set are available. A hydrogenic calculation with a nuclear charge of + ¢ (vari-
able for each system studied, see Tabs. I and II) provide additional s p and
d orbitals. This basis set (DNP+) is referred to as DMol 2 in Tables I and II.
To illustrate the use of diffuse functions, the hydrogenic function (ls) is

given below:
3\ ¢\ 1 [ 2%r
- 2 & (5L
(4H) cos O X <ao> exp( 2(00 )) (10)

By varying ( the spatial extent of the orbital can be increased. This leads to
diffuse functions when ¢ is small compared to Z, the atomic number (e.g.,
less than 1 for H, or less than 6 for C). As functions are added to the basis
set, they are orthogonalised with respect to those already in the set and are
not included if linearly dependent. With Gaussian94 the basis sets were
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TABLE I Electron affinity of atoms H to Ar, comparison with experiment

Elements EA* DMol 1 error DMol 2 error { parameter**
Positive electron affinities
H 0.75 —0.096 —0.846 0.741 —0.08 0.3%%*
Li 0.62 0.24 —0.38 0.42 —-0.2 0.02
B 0.24 0.22 -0.02 0.25 0.01 3
C 1.27 1.31 0.04 - - -
o 1.46 1.21 -0.34 1.39 -0.07 3
F 334 3.26 —0.08 3.42 0.08 4
Na 0.55 0.17 —0.38 0.41 —0.14 0.02
Al 0.46 04 -0.06 0.41 —0.05 4
Si 1.38 1.4 0.02 1.41 0.03 2
P 0.74 0.47 -0.27 0.68 —0.06 1
S 2.08 2 —0.08 2 —0.08 2
Cl 3.61 3.54 -0.07 - - -
RMSD 0.32 0.1
Negative electron affinities
He —0.22%*%** _10.78 —10.56 —0.28 —0.06 0.02%**
Be —0.19 -2.21 ~2.02 -0.21 -0.02 0.02
N -0.07 ~0.75 —0.68 —0.08 —0.01 1.2
Ne —0.3%***  _28.02 -27.72 -0.38 —0.08 0.02
Mg -0.22 -5.44 -5.22 -0.18 0.04 0.02
Ar —0.36%*** _12.86 ~12.5 ~0.38 -0.02 0.02
RMSD 13.3 0.05

Note: Electron affinities in eV,

* literature values taken from J. Emsley, The Elements, second edition, Oxford University Press 1992,

** adjustable diffuse function orbital exponent,

*** only s and p diffuse functions added,

**4% (calculated). DMol 1, VWN, B88, PW, DNP, fine mesh, DMol 2, VWN, B88, PW, DNP++, fine mesh.

6-31G*", 6-31++G"" and 6-311++G"* [50]. Where appropriate post Hartree-
Fock treatments have also been employed.

3. ELECTRON AFFINITIES OF ATOMS
AND SMALL MOLECULES

3.1. Atoms

Table I reports the electron affinities of atoms H to Ar obtained using DMol
separated into two groups having positive and negative electron affinities
(EA). For the first group DMol predicts the electron affinity to a root mean
square deviation of 0.3eV (0.2eV if H is excluded), if diffuse functions are
added the rms. deviation is reduced to 0.1eV. These results compare well
with those reported for ab initio methods (MP2, MP4, CIPSI [10], and
MRSD-CI [9]) and for specialised exchange correlation functionals within
DFT treatments [11] for first row atoms. For the second group of atoms
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having negative electron affinities DMol gives large errors that can be re-
duced almost to zero using diffuse functions. Diffuse functions have a well-
known role in obtaining realistic energies of small anions [22]. For molecules
that have a positive affinity, the diffuse functions expand the basis set so that
the anion can find its equilibrium geometry. For a molecule with a negative
affinity, the diffuse functions monotonically lower the energy of the anion to
that of the neutral. This result represents the computational equivalent of
electron autodetachment, and as a result, the properties of these anionic
states in vacuum appear to be mathematically indeterminate in variational
ab-initio treatments {23]. However, it is possible to artificially stabilise such
anion states by varying parameters in the Hamiltonian [24] or through a judi-
cious choice of functional and/or basis set such that ab-initio calculations
of negative electron affinities yield values consistent with experimental data.
In the condensed phase, temporary anionic states may be stabilised by the
environment (see for example the work of Ewig on ionic crystals [23],
also [52]).

3.2. Molecules

Ziegler and Gutsev [15] reported NLDFT calculations for 11 small mol-
ecules and found a rms. deviation of ~0.3eV. For the larger group studied
here the same rms deviation is obtained (Tab. II, Fig. 1). However, Jursic

45
W PO3 *
4 .

35 -

T T Ll Ll T T T 1

0 05 1 15 2 25 3 35 4 a5
Experimental (eV)

FIGURE 1 Positive electron affinity.
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[48] has obtained deviations of about 0.05¢V for three small radicals using
DFT. For molecules with negative electron affinities the rms deviation is
0.5eV including H,, and 0.1eV excluding hydrogen (Tab. II, Fig. 2). At
least for this group of molecules DMol without diffuse functions appears
to produce accurate estimates of negative molecular electron affinities. In
Section 4 we use DMol to study the (negative) electron affinities of alkanes.

3.3. Metastable Anions

Metastable anions can be divided into two general types: shape resonance
and core-excited resonance (Fig. 3). In the former case the extra electron is
attached to the molecule via a permanent and induced dipole moment

2.5 -2 1.5 -1 0.5 Y

DMol (eV)

Experimental (eV)

FIGURE 2 Negative electron affinities.

Core-excited Shape

7
Core-excited -~ Resonance

Resonance AN
N ——— Feschback

Resonance

~——— Shape Resonance

0-3eV

y Ground State

FIGURE 3 Resonances.
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(examples are °P anion state of Mg, 7* states of N2, CO). This occurs when
an incident electron with non-zero angular momentum is temporarily
captured in the ground state of a molecule [55,56]. In the later case the
electron is attached to an excited state of the neutral molecule [8]. These
core-excited resonances (also referred as two-particle one-hole, [5]) can also
be divided in two groups: Feschback resonances, wherein their energy lies
below the excited neutral parent, and core-excited shape resonances, where-
in their energy lies above their neutral excited parent.

In order to elucidate the behaviour of the total energy from DMol for
metastable anions, the variation of anionic energy with respect to diffuse
functions has been investigated. The energy of both the neutral and the
anion were computed for various basis sets following the addition of diffuse
functions. In our calculations the energy of the neutral atom or molecule
was essentially independent of the addition of extra diffuse functions as
expected. The CN example is given below (EA4 +3.821eV) in Figure 5. In
contrast for molecules having negative electron affinities, the SCF energy
of the anions with the addition of diffuse functions changes considerably. In
all cases the addition of diffuse functions stabilises the anion; only slight
variations were observed on addition of further diffuse functions until a
point where the SCF energy suddenly drops and tends toward that of the
neutral species. At this point there are sufficient diffuse functions to allow
the electron to separate from the molecule. A typical result is given below
for the tridecane molecule (Fig. 4):

From Figures 4 and 5 we see that where the electron affinity is too
negative (metastable anion) adding diffuse functions can reduce the error (at

Energy of C13H28/C13H28-

l w— anion = ==neutral ]

15 3 4.5 6
-512.30 t +

-512.32 «/
-512.34 1

F—_———_——

SCF Energy {Ha)

-512.36 1

-512.38
¥ 4

FIGURE 4 SCF energy variation of a tridecane molecule (see Section 6) with respect to added
diffuse functions. Z represents the diffuse character of the basis set, the smaller Z the more
diffuse the added functions in the basis set.
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Energy of CN/CN -

— ==ngutral GENENN O N O N

Energy (Ha)

¥4

FIGURE 5 SCF energy variation of the neutral and anionic CN molecule, with respect to the
diffuse functions added.

the cost of moving away from the plateau value, see Fig. 4). If the electron
affinity is negative but too large then the addition of diffuse functions will
not improve the result. For the case of positive electron affinities where
DMol | provides a good estimate of the electron affinity, addition of diffuse
functions does not significantly change the results (Fig. 5 and Tabs. I and II).

These calculations demonstrate that, for some molecules, DMol predicts
metastable states (¢f. plateau in Fig. 4) with respect to the electron and
neutral molecule at infinity. The values of these metastable states are con-
sistent with measured negative electron affinities. In what follows DMol
without diffuse functions (DMol 1) is used to investigate the negative anions
of alkanes.

4. ELECTRON AFFINITIES OF ALKANES

Very few experimental data for the electron affinity of linear alkanes can be
found in the literature. Data exists for methane [42], Hexatriacontane [43]
and polyethylene [44]. The value of —5eV for methane suggests that small
alkane anions are metastable and difficult to observe [see for example [45]).
Intermediate anion states of alkanes dissociate mainly via H™ elimination:

C.Hopy2 +e— — (CnH2n+2)— — C,Hypp1 + H™

According to P. Rowentry et al. [53] these transient anions are core-excited
resonance states. Jordan and Burrow reporting [5] unpublished work on
methane and others alkanes state that “the extra electron must go into a
“Rydberg type” orbital”. They also report the absence of evidence of
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low-lying shape resonances due to capture by ¢ orbitals. The extra electron
goes in an orbital of high energy, of the Rydberg type. Hence, this orbital is
much higher in energy than the LUMO. Within Koopman’s theorem, the
EA of a molecule (atom) is related to the energy of the energy of the LUMO

eLumo by:
EA = —eLumo (11)

Koopmans’ theorem could not be applied in the present case for two reasons
(1) the EA can be linked to minus the energy of an orbital, but this orbital
has to be the one accepting the extra electron, which in that case is not the
LUMO and (2) Koopmans’ theorem refers to single determinant Hartree-
Fock, not DFT, wave functions.

In order to obtain electron affinities the excited states should be
computed. Then, the extra electron can be added in an orbital of Rydberg
type. This procedure could not be followed with the software used in this
study. Instead, the extra electron has been added to the LUMO of the
neutral ground state of the molecule. Fortunately, there is a cancellation of
errors in the procedure used here. The anion is too stable because its parent
is in the ground state, but the correlation energy, due to the extra electron,
is too high as the added electron is in an orbital too close to the parent
core. These two energy terms partially cancel each other, leading to a total en-
ergy value, and hence an electron affinity value, in good agreement with
experiment. This is especially true for large molecules (i.e., hexatriacontane)
where the energy due to the excitation or the correlation of the added elec-
tron, represents only a small percentage of the total energy.

Although there is no consensus on the dissociation attachment energy
values, the tendency for the resonance energy to decrease with increasing
carbon chain length is well known and approaches an asymptote with
n-butane [54]. These trends are confirmed by our DFT calculations (see
Tab. III below) which clearly show the decrease in the electron affinity as the
chain length increases, and the small variation after butane. This could be
interpreted as reflecting a reduction in the influence of the terminal methyl
groups on the LUMO as the hydrocarbon chain grows. The semiempirical
methods (INDO/2, MNDO, CNDO) show this tendency for the first four
alkanes, but remain too negative with increasing chain length. Hartree-Fock
theory, as implemented in the code Gaussian94, is too computationally ex-
pensive to extend the calculation to long chains. On the other hand, DMol,
while too positive for methane is consistent with the experimental estimate
for C36H74. It would appear that the DMol estimates of the electron affinity
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of alkanes become better (when compared to experimental values) as the
chain length increases.

In Table III the results of applying ab initio and semiempirical methods to
the calculation of the electron affinity of alkanes in vacuum are reported.
All the methods produce negative electron affinities, with the CNDO correla-
tion naturally producing a good result for methane.

5. CONCLUSIONS

Density functional theory, as implemented in the code DMol, has been used
to calculate the electron affinity of a set of 44 small atoms and molecules.
By adding diffuse functions to the basis sets a root mean square deviation
from recommended values of 0.1eV for atoms and 0.3e¢V for small mol-
ecules has been obtained (for positive electron affinities) in good agreement
with previous work on smaller sets of molecules. For molecules with nega-
tive electron affinity, DMol (without diffuse functions) appears to produce
estimates of electron affinity consistent with the experimental results. Apply-
ing DMol to calculations of temporary anion states (or resonances) of linear
alkanes (to » = 36, where n is the number of carbon atoms) shows a grad-
ual increase in electron affinity which appears to have converged by n=
36 to —~0.75eV, consistent with the experimental data for hexatriacontane
and polyethylene.

From the results presented above DMol appears to be a useful tool for
the calculation of molecular electron affinities. It is particularly suited for
large molecules due to its computational speed (especially with respect to
other ab initio methods). Where the electron affinity is negative DMol ap-
pears to provide a good estimate of the electron affinity which, for alkanes,
improves in accuracy with increasing molecular weight.
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APPENDIX

The DMol version 96.0/4.0.0 (1996) was used to perform the calculations
reported in this article. Parameters have been set as follows:
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Functional

Non-local spin density approximation (NLSDA) with the functional of
Vosko, Will and Nusair [19] together with the gradient-corrected correlation
term of Perdrew-Wang [20] and the gradient-corrected exchange term of
Becke [21].

Mesh

The XFINE (= 6000 points/atom) parameter has been employed for atoms
and molecules, FINE (= 3000 points/atom) parameter for alkanes.

SCF Procedure and Geometry Optimization

The density tolerance for SCF was set to 107, The DISS algorithm of Pulay
was utilized for faster convergence. The geometry optimization convergence
criteria were satisfied when the gradient was less than 10™* Hartree/Bohr
and when the energy change was less than 107> Hartree.
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