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Nitromethane is a prototypical example for a molecule that can bind an extra electron in two fundamentally
different ways forming dipole-bound as well as valence anions. The classification of the electronic states as
dipole-bound or valence does in fact suggest a diabatic viewpoint, and we investigate the coupling between these
two electronic states of the nitromethane anion. The coupling element W is extracted from a cut through the
two lowest adiabatic potential energy surfaces by fitting of a simple avoided crossing model potential, that is, W
is effectively approximated as half the smallest splitting. High level ab initio calculations are performed to
compute the two states along the cut. We discuss in particular how a balance between the two very different
electronic states can be achieved, and how the temporary nature of the valence anion in a large region of the
relevant nuclear coordinate space can be taken into account. The autodetachment lifetime following vertical
electron attachment to the neutral is computed, but the calculation of the temporary anion state turns out to be
too expensive for a study of the two adiabatic surfaces, and consequently, the second adiabatic state is only
included at geometries where it lies below the neutral potential energy surfaces. We find a coupling matrix
element of 30 meV. On the one hand, this value is much smaller than the vertical excitation energies underlining
the need for a diabatic picture. On the other hand, this value suggests rapid transitions on a mass spectrometric
timescale substantiating the notion that the dipole bound state provides an efficient doorway for attachment to
the valence state.

1 Introduction

A large class of polar molecules can bind electrons in two fun-
damentally different ways.1–4 On the one hand, these molecules
can form dipole-bound anions where the extra electron is
essentially attached to the electrostatic dipole potential of the
neutral system. The associated binding energies are small,
and the dipole-bound electron occupies an extremely diffuse
orbital where the average distance to the molecular framework
is typically >10 Å. On the other hand, the extra electron can
occupy a compact valence orbital, and a stable, conventional
or valence anion is formed. For this type of system a number
of questions arise pertaining to which type of anion is formed
under which conditions, and to what extent the two anionic
states can be converted into each other. Examples that have
recently been investigated include nitromethane,5 nitroben-
zene,6 uracil,7 and the thymine dimer.8

In particular, the diffuse dipole-bound states have been dis-
cussed as providing ‘doorways ’ for the formation of the stable
valence states (see ref. 5, 6, 9–12 and references therein), or, in
cases where the valence state is dissociative, as doorways for
dissociative attachment processes (see e.g. ref. 13, 14). In this
context it is convenient to adopt a diabatic picture, that is,
one analyses the system in terms of electronic states that retain
their character when the nuclei move. Indeed, the distinction of
dipole-bound and valence states as such, does in fact imply a
diabatic viewpoint. We will discuss the concept of diabatic
states in more detail below, at this point we only note that dia-
batic states are coupled through the electronic Hamiltonian,
and, loosely speaking, the coupling matrix element is responsi-
ble for transitions between the states and provides a measure
to what extent the ‘doorway’ is actually open.

Nitromethane represents the prototypical example of an
anion that possesses both a dipole-bound and a valence state,
and both anionic states as well as their coupling are experimen-
tally well documented5,10,11,15,16 (for references to earlier work
see ref. 5). Photoelectron spectra of CH3NO2

� ions formed in
supersonic sources show only evidence of a valence state, but,
a mixture of anions exhibiting dipole-bound as well as valence
character is produced by Rydberg electron transfer. The
experimental values of the electron affinities (EA) are 12� 3
meV for the dipole-bound and 260� 80 meV for the valence
state, and a coupling between the two anionic states has been
inferred from the Rydberg quantum number dependence of
both attachment rate and field detachment signal.
In this paper we investigate the coupling between the two

anionic states of nitromethane theoretically. So far, the ‘‘cou-
pling ’’ and ‘‘ transitions ’’ between the two nitromethane
anions have mostly been discussed in terms of the barrier on
the lowest Born–Oppenheimer potential energy surface
(PES).5,9,10 In other words, an adiabatic picture has been
adopted, and ab initio calculations have only been performed
for the lowest adiabatic state.9 Here, we emphasise the diabatic
viewpoint and the coupling between the two electronic states.
In particular, we compute a cut through the two relevant adia-
batic PES, and approximate the coupling matrix element effec-
tively by half of the smallest splitting. The paper is organised
as follows. In section 2 we discuss briefly the notion of adia-
batic and diabatic PES in the context of anions possessing both
a dipole-bound and a bound valence state. Moreover, the
extraction of the coupling matrix element from our ab initio
data using a primitive diabatisation scheme is described. The
main body of the paper is section 3 where bound state ab initio
calculations for the two anionic states are discussed. Special
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emphasis is placed on obtaining a balanced description, and
the possible autodetachment from the upper state. Results
for a cut through the two lowest adiabatic PES are presented,
and from these data the coupling matrix element is extracted.
In section 4 the lifetime of the temporary anion state originat-
ing from vertical attachment of a valence electron is consid-
ered, and our conclusions are summarised in section 5.

2 General considerations

In this section we start with a brief review of the notion of
adiabatic vs. diabatic states (a very readable introduction can
be found in ref. 17) and put it into the present context. To
be specific, the nitromethane anion is employed as an example,
but the ideas apply to a large class of molecular systems. Then
the calculation of the coupling between the diabatic dipole-
bound and valence states using ab initio methods is discussed,
and our ‘primitive ’ diabatisation scheme is described.
In the context of Born–Oppenheimer potential energy sur-

faces, it is straightforward to say what the adiabatic states
are, namely the eigenstates of the electronic Hamiltonian
He ¼ H�Tn , where H is the full Hamiltonian of the molecule
and Tn is the kinetic energy operator of the nuclei. For an
anion as nitromethane, the lowest adiabatic PES will show
two minima corresponding to the dipole-bound and to the
valence anions, respectively (see Fig. 1 for a schematic repre-
sentation). In going from one minimum to the other the nature
of the electronic wavefunction f changes dramatically, and
provided the change occurs sufficiently rapidly, the derivative
coupling elements (essentially hc|

P
@/@Qi|fi terms where Qi

are the nuclear coordinates) will show substantial values, and
the Born–Oppenheimer approximation breaks down.
Whenever an adiabatic electronic state depends strongly on

the nuclear coordinates in the sense that the derivative cou-
pling terms are large, it is conceptually as well as computation-
ally of great advantage to use diabatic states, that is, electronic
states that do not change character within the relevant nuc-
lear coordinate range (see ref. 17, 18 and references therein).
Within a basis of diabatic states the electronic Hamiltonian
is not diagonal. The diagonal elements (He)ii define the dia-
batic PES, and the off diagonal elements (He)i6¼j are referred
to as the coupling matrix elements. In this way the kinetic cou-
pling through Tn can be minimised and neglected, and one has
instead a potential coupling that is much easier to handle.

In contrast to the adiabatic representation, the definition of
diabatic states is in general non-unique (for a discussion of dif-
ferent diabatisation schemes see ref. 18 and references therein;
a good starting point for more recent work is ref. 19), but the
physics of the problem often suggests a meaningful choice (see
e.g. ref. 17). In the present context this choice is rather
obvious, since the classification as dipole-bound or valence
anion provides a natural definition of the diabatic states. The
dipole-bound and the valence state of the nitromethane anion
will clearly cross along a cut through the two minima (Fig. 1),
and, transitions or, loosely speaking, hopping between the
two anionic states will be determined by the coupling matrix
element.
Thus far we have a typical two state avoided crossing situa-

tion which is very well known. The coupling between a dipole-
bound and a valence state is more complicated because of the
possible autodetachment, that is, because of the coupling with
the PES of the neutral (Fig. 1). From any vibrational state of
the anion that is above the vibrational ground state of the neu-
tral system an electron can be ejected, and at any fixed geome-
try the electronic states of the anion that lie above the neutral
correspond to resonance or temporary states. The additional
coupling to the neutral surface can have a profound influence
on the effective coupling between the anionic states, and we
will come back to this point in section 4.
While it is in principle possible to compute the two multidi-

mensional anionic PES including their mutual coupling and
the autodetachment width, this task is very cumbersome and
at the moment effectively impossible. Here, as a first approach
to the system we aim at a reasonable estimate for the coupling
between the anionic states that will allow us to draw some qua-
litative conclusions. Specifically, a one-dimensional cut includ-
ing the crossing of the diabatic states is defined in the next
section, and the adiabatic surfaces along the cut are computed
using high level ab initio methods. Our results are then used for
a least squares fit of a simple avoided crossing model potential

V ¼ V1 W
W V2

� �
; ð2:1Þ

where the diagonal terms are harmonic potentials in the coor-
dinate s defining the cut

Vi ¼
1

2
oiðs� siÞ2 þ vi; ð2:2Þ

and the off diagonal coupling element W is assumed to be con-
stant. This approach is effectively equivalent to approximating
the coupling as half of the smallest splitting along the given cut
through the adiabatic surfaces, which is however – owing to
the possible autodetachment – difficult to pinpoint (cf. Fig. 1).
Moreover, this procedure allows us to investigate more sophis-
ticated ansaetze for W in a straightforward manner.
In the particular case of the nitromethane anion, we expect

that an one-dimensional approach in the spirit of Fig. 1 repre-
sents an adequate framework for qualitative considerations.
The two electronic states in question do have the same symme-
try (2A0), there is no high symmetry point where the coupling
does vanish, and the two vibrational modes that are expected
to be most relevant – NO2 wagging and symmetric NO stretch-
ing9 – are both totally symmetric. Let us point out, that apart
from other avoided crossing situations, the one-dimensional
potential V is in particular equivalent to model Hamiltonians
used in electron transfer theory,20 and indeed, one can view
the dipole-bound/valence state dynamics as an intramolecular
electron transfer process.

3 Bound state ab initio calculations

From an electronic structure viewpoint computing the two
lowest PES of the nitromethane or similar anions poses a

Fig. 1 Schematic representation of the adiabatic (full lines) and dia-
batic (dashed lines) PES of an anion possessing both a dipole bound
and a valence state. In addition the PES of the corresponding neutral
molecule is indicated (dotted line). Note that at any fixed geometry
anionic states above the neutral PES are resonances with complex
valued PES.
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challenging task for two reasons. On the one hand, one needs
to describe two very different electronic states in a balanced
way, and, on the other hand, in a considerable fraction of
nuclear coordinate space the second state represents a reso-
nance or temporary species, and one needs to include the pos-
sible electron autodetachment by some mean. We defer the
latter issue to section 4, and in this section only those
parts of the two anionic PES are considered that lie below
the neutral surface.
The balance issue deserves careful consideration, since it is

well established that the electronic structures of the two anio-
nic states are notably distinct. The orbitals of a dipole-bound
state are very similar to those of the neutral molecule, whereas
the orbitals of an anionic valence state differ dramatically from
this set. Thus, separate high level calculations for the two
states can be performed in a straightforward way using the
respective orbital set, but, if one aims at describing both states
within one calculation, which orbital set should be employed?
To be specific consider a configuration interaction (CI) calcula-
tion for the two anionic states. If the orbitals of the neutral
molecule are used to build the configuration space, just one
reference configuration is needed to include the dipole-bound
state, but one needs many reference configurations to account
for the orbital relaxation of the valence state. Obviously, the
opposite is true if the CI expansion is based on the orbitals
of the valence state, and, if averaged orbitals were used, one
probably needs several references for both states. Apart from
the necessity to perform an extensive multireference CI
(MRCI), it is by no means clear how exactly a reasonably
balanced CI space can be constructed. We will discuss different
CI spaces in the next section where MRCI wavefunctions are
employed to compute the lifetime of the temporary CH3NO2

�

anion. Let us at this point only note that the balance require-
ment leads to huge, effectively impractical CI expansions.
A different strategy to achieve a balanced description of the

two anionic states is to use propagator based or closely related
methods (see e.g. ref. 21, 22). Examples include the ADC,23 the
EOM,24 and the EOM-CC25 methods. The relations between
the various different approaches can advantageously be under-
stood in the framework of intermediate state representations.26

All these methods have in common that one starts from a
closed-shell reference system and that the attachment spectrum
is computed, that is, all attachment energies to the reference
system are directly obtained from one calculation. In particu-
lar, a balanced description of the different attachment states
is guaranteed to some order of perturbation theory. We have
employed the EOM-CC method25 implemented in the ACES
II package,27 and will present results for the two nitromethane
anion states below.
Let us now turn to the cut through the surfaces that has been

chosen along the straight line vector connecting the two
minima d ¼ xDB� xV where xDB and xV represent the equili-
brium structures of the dipole-bound and the valence states,
respectively. A dimensionless ‘ reaction’ coordinate s can then
be defined via the geometrical structure

xðsÞ ¼ xDB þ sd; ð3:3Þ

that is, s ¼ 0 and s ¼ 1 correspond to the geometries of the
dipole-bound and valence states, respectively.
The two equilibrium geometries xDB and xV have been com-

puted at the coupled cluster with single and double substitu-
tions (CCSD) level using Dunning’s double-z basis28

augmented with d-type polarisation (exponents 0.75, 0.8, and
0.85 on C, N, and O, respectively) and p-type diffuse functions
(exponents 0.034, 0.048, and 0.059 on C, N, and O, respec-
tively) on the heavy atoms (DZPD) as well as with a
(11s4p)/[9s4p] set (X) to describe the dipole-bound electron.
The X set was placed in a distance of 4 Å from the carbon
atom in the direction of the dipole vector of the neutral

molecule (almost parallel to the CN bond) and consists of
Dunning’s double-z basis for hydrogen augmented with 7 even
tempered s-type functions (exponents between 0.053 and
0.000039) and 4 even tempered p-type functions (exponents
between 0.01 and 0.000156). Our CCSD/DZPD+X geome-
tries are very similar to the results from ref. 9, and fall in fact
between the CCSD(T)/6-311G++(2d2p) and HFDFT/6-
311G++(2d2p) equilibrium structures given therein. Specifi-
cally, we find bond lengths that are somewhat longer (typically
0.007 Å) than the CCSD(T)/6-311G++(2d2p) values in
ref. 9, and the respective values for the angles show differ-
ences of less than 0.3 degrees. Moreover, the adiabatic EA
(AEA) of the valence state obtained from our CCSD/
DZPD+X energies is �32 meV also in good agreement with
the values from ref. 9 (note that the zero-point correction that
stabilises the valence anion by roughly 70 meV is not included
in our value).
Having established a cut through the two minima, we return

to the computation of the two adiabatic states as a function of
s. These calculations have been performed at the EOM-CC
level of theory.25 Three different basis sets have been used,
the DZPD+X set described above, Dunning’s augmented
polarised valence double-z set (AUG-cc-pVDZ+X),29 and
Dunning’s polarised valence triple-z set augmented with the s
and p-type diffuse functions of the corresponding augmented
set on the heavy atoms (cc-pVTZ+sp+X).29 In comparison
with separate CCSD calculations for the two anionic states,
at the EOM-CC level one would expect the energy of the
valence anion to be somewhat underestimated owing to the
pronounced relaxation effects. This is indeed the case, as can
be seen from the AEA listed in Table 1. For all three basis sets
the EOM-CC AEAs are more negative by roughly 300 meV.
Obviously, the EOM-CC description of the two anionic states
is not perfectly balanced (assuming that it is reasonably well
balanced in separate CCSD calculations). Nevertheless, keep-
ing in mind that computing accurate EAs is notoriously diffi-
cult,30,4 and that we are not so much interested in relative
energies but rather in the avoided crossing structure, the
EOM-CC results are quite satisfying.
The EOM-CC cuts through the two anionic PES are dis-

played in Fig. 2. Clearly, the results obtained with all three
basis sets are qualitatively similar. On the lower adiabatic
PES there is a small barrier separating the two minima which
is obviously a manifestation of a relatively sharp avoided
crossing with the second adiabatic state. As discussed above,
close to the intersection of the anionic states, the higher state
crosses also the neutral PES, and the ‘ last ’ ab initio points
on our upper curves correspond to attachment energies of less
than 0.1 meV (cf. the attachment energy of the dipole-bound
electron that is in the order of 10 meV). In other words, in
going from the ‘ last ’ point to slightly smaller s values the
upper state is turned into a resonance, and to follow this curve
one needs a method that takes electron autodetachment expli-
citly into account (see section 4). In this context we note

Table 1 Adiabatic electron affinities at different levels of theory. At

the DCCSD levels the AEA is obtained from substracting the CCSD

energies of the neutral and the valence anion at their respective equili-

brium structures. In contrast, at the EOM-CC level the vertical elec-

tron attachment energy of the anion is computed directly which is

then added to the energy it takes to ‘deform’ the neutral to the anionic

structure. CCSD/DZPD+X geometries have been used, and zero

point corrections are not included. All values are given in meV

DCCSD EOM-CC

DZPD+X �32 �270

AUG-cc-pVDZ+X 130 �190

cc-pVTZ+sp+X 68 �200

Phys. Chem. Chem. Phys., 2002, 4, 2511–2516 2513



that owing to the X set, in our calculation there is a dense
pseudo-continuum at low energies that immediately ‘dissolves ’
the upper state as it crosses the neutral PES. Only for s values
considerably below the point of intersection one can identify a
state possessing mainly valence character in the EOM-CC cal-
culations. Yet, the associated energies do not form a smooth
curve, since the mixing with the pseudo-continuum states is
obviously strongly s-dependent.
The parameters obtained from the least squares fit of the

avoided crossing model potential V to the ab initio data are
collected in Table 2. The overall quality of the fit (w2) is reason-
ably good, but small deviations between the ab initio and the
model curves can be seen even on the coarse scale of Fig. 2.
As expected, the parameters defining the harmonic diagonal
terms, i.e., the diabatic potentials, depend to a considerable

extent on the basis set. In contrast, the off diagonal coupling
term W is almost basis set independent, and we find a value
of W ¼ 30 meV (242 cm�1). Let us note that owing to the
‘ local ’ symmetry of the NO2 group, one could argue for an
s-dependent coupling that should become very small – though
not exactly zero – for a vanishing tilting angle of the NO2

group. We have investigated fitting to W0 ¼ ls and to
W00 ¼ W0+ ls, but, with neither choice was the quality of
the fit significantly improved. At least for fitting purposes only
the value of W close to the intersection matters.
Our value for the coupling element W represents the first

quantitative information on the coupling between a dipole-
bound and a valence anion. The magnitude of W should be
compared with the splitting of the adiabatic surfaces at the
respective equilibrium structures which is much larger (�1
eV). Thus, for the nitromethane anion we clearly have a weak
coupling situation, and transitions from one anionic state to
the other need to be discussed in terms of diabatic states,
whereas an adiabatic barrier crossing picture is not appropri-
ate. Some implications for the interpretation of experiments
are pointed out in section 5.

4 Temporary nitromethane anion

We now turn to the second major obstacle for computing the
two anionic PES: the valence state is a resonance in a consider-
able fraction of the relevant nuclear coordinate space. In this
connection we also discuss the question of balanced MRCI
expansions for the two nitromethane anion states.
In general, a resonance or temporary state is a state of a sys-

tem that has sufficient energy to decay into one or more sub-
systems, and in the present context the relevant decay
channel is electron autodetachment. Resonance states can be
characterised by complex Siegert energies31,32

Eres ¼ Er � iðG=2Þ; ð4:4Þ

where Er is the resonance energy or position usually measured
with respect to the target in a scattering experiment, and G is
the resonance width that is related to the lifetime t ¼ �h/G.
One possibility to compute complex resonance energies is to
employ complex absorbing potentials (CAP),33,34 and we have
investigated the valence state at the geometry of neutral nitro-
methane using the CAP/CI method.35 This method is particu-
lar attractive in the present context, since it can be combined
with existing electron structure codes in a straightforward
manner35 and electron correlation effects can be incorporated
efficiently.36

Fig. 2 Adiabatic and diabatic surfaces based on the EOM-CC ab
initio data. The full circles represent the ab initio points of the adiabatic
PES. The corresponding adiabatic and diabatic surfaces obtained from
the least square fit of the model potential V to these data (cf. Table 2)
are indicated as continuous and dashed lines, respectively. Upper
panel: DZPD+X basis, medium panel: Aug-cc-pVDZ+X basis, lower
panel: cc-pVTZ+sp+X basis set.

Table 2 Fitted parameters of the avoided crossing potential V defined

in eqn. (2.1). The seven parameters have been obtained from a least

square fit to the two adiabatic surfaces that have been computed at

the EOM-CC level using the indicated basis sets. o1 and o2 are given

in Hartrees, v1 , v2 andW are given in meV. N is the number of ab initio

energies used for the fit and w2 is the usual sum of squared data-point/

model deviations in Hartrees

DZPD+X AUG-cc-pVDZ+X cc-pVTZ+sp+X

o1 0.234 0.229 0.226

o2 0.131 0.153 0.175

s1 �0.0790 �0.175 �0.275

s2 0.963 0.896 0.798

v1 �22 �41 �72

v2 270 187 176

W 30.4 30.0 30.5

N 35 39 33

w2 4.7�10�7 6.9�10�7 5.0�10�7
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Independent of the particular method employed to treat the
metastable state, a crucial point pertains to balancing the
anion and the neutral-plus-free-electron aspects in the wave-
function (see e.g. ref. 35, 37, 38]). One usually distinguishes
three levels of approximation, the static exchange (SE), the sta-
tic exchange polarisation (SEP), and the MRCI level. At the
SE level only configurations of the type (target)N(f*)1 are
taken into account, where (target) refers to the occupied
SCF orbitals of the neutral target molecule possessing N elec-
trons, and f* is a virtual orbital of appropriate symmetry. At
the SEP level target polarisation, i.e., orbital relaxation effects
are included by adding all single excitations from the target
orbitals, and at the MRCI level dynamic electron correlation
is taken into account by building the CI space from all single
and double excitations with respect to any of the SE configura-
tions. From a viewpoint of balance, the energy as well as the
lifetime of the temporary state are considerably overestimated
at the SE level, somewhat underestimated at the SEP level, and
only at the MRCI level a reasonably balanced description is
achieved (see e.g. ref. 35, 38). These ideas can be borrowed
to address the closely related problem of balancing valence
and dipole bound states. In this context the SE level is
obviously useless, and one needs to include at least the relaxa-
tion effects at a SEP-like level. Unfortunately, for nitro-
methane the SEP-analogue level is also not of much use,
since the stability of valence state is too strongly overestimated
(see below). Thus, one needs to go to the MRCI level, yet, the
associated configuration space gets extremely large (cf. Table
3), and for nitromethane this level is for all but the smallest
basis sets impractical.
A thorough description of the CAP/CI method has been

given in ref. 39, and here we present only the details pertaining
to the present calculations. The underlying one-particle basis
set is Dunning’s double-z (DZ) basis28 augmented with a
[6p]/(5p) set of diffuse functions at the nitrogen and oxygen
atoms (even scaled exponents starting with half of the smallest
p-exponent of the respective DZ set and using a scaling factor
of 1.6). We were confined to this small basis set, since owing to
the low symmetry of the system the MRCI configuration space
gets large (Table 3 ), and presently, calculations with larger
basis sets are too time consuming for us (note that in CAP/
CI calculation several (here 15) eigenvectors of the CI matrix
are needed). The dimension of the CI matrix was reduced via
an energy selection scheme where those configurations are dis-
carded whose perturbatively estimated contribution to the
total energy is below a given threshold T.40,41 For a discussion
of this technique in the context of resonance states see ref. 36.
The Hamilton and the CAP matrix have been computed using
the MOLCAS42 and the DIESELCI43 packages of programs,
and the eigenstates of the CAP/CI Hamiltonian have been
computed using a Davidson algorithm adopted for complex-
symmetric matrices.44

A rough estimate of the Siegert energy of the 2A0 CH3NO2
�

resonance state has been obtained at the SE level where we find
a position of Er ¼ 2.03 eV and a width of G ¼ 0.46 eV. As dis-

cussed above, these values can be viewed as generous ‘upper
bounds ’ for the resonance parameters. Going to the SEP level,
the stability of the anionic valence state is greatly overesti-
mated, and in fact, a bound valence state is predicted. Thus,
no information about the resonance energy of CH3NO2

� can
be obtained at the SEP level, and the MRCI level is needed.
Our results obtained with different selection thresholds T are
collected in Table 3. Clearly, the resonance parameters con-
verge with decreasing T, and our best values are Er ¼ 0.73
eV and G ¼ 0.25 eV corresponding to a lifetime of 2.6 fs.
We conclude that at the geometry of neutral nitromethane
the valence anion is a typical shape-type resonance, and our
results should be seen as a reasonable estimate for the reso-
nance position in an electron scattering experiment. Regarding
the trends observed at different levels of theory CH3NO2

�

behaves similar to many other anions,4,35 and thus, we expect
that if higher correlation effects are included and larger basis
sets are used, the anionic state is further stabilised in the sense
that slightly lower resonance positions and widths are found.
To our knowledge there are no electron scattering data for
nitromethane we could compare with, but our resonance posi-
tion is surprisingly close to the resonance position observed in
dissociative attachment15 which often reflect the positions
obtained from electron scattering.
Clearly, using an MRCI approach it is in principle possible

to describe both the dipole-bound and the (temporary) valence
state in a balanced manner. Yet, our experience with the tem-
porary CH3NO2

� anion state shows that the corresponding CI
matrices are huge even if only small basis sets are employed.
For basis sets that include a reasonable number of polarisation
functions as well as the set of functions needed to describe the
dipole-bound electron, the MRCI approach is effectively
impractical. Thus, for the time being we cannot include the
part of the adiabatic PES where the second state is a resonance
into our considerations. Let us note that it is by no means clear
to what extent the coupling between the two anionic states will
be influenced by the coupling to the autodetachment conti-
nuum, in particular in view of the fact that the crossing of
the higher adiabatic state with the neutral PES is essentially
at the same geometry as the avoided crossing between the
two anionic states.

5 Summary and conclusions

We have studied the coupling between the dipole-bound and
the valence state of the nitromethane anion by ab initio meth-
ods. Specifically, we have investigated the two lowest adiabatic
states of the nitromethane anion along a cut including the two
minima corresponding to the dipole-bound and the valence
state. This one-dimensional perspective seems appropriate for
nitromethane, since the relevant electronic states and vibra-
tional modes are totally symmetric. From an electronic struc-
ture theory point of view, the key points are a balanced
description of two very different electronic states and the pos-
sibility of electron autodetachment from the higher state in a
considerable range of nuclear coordinate space. For example,
at the geometry of the neutral the valence state is a short lived
shape-type resonance, and we predict a lifetime of 2.6 fs. Yet,
the computation of the autodetachment width is a demanding
task, and we were limited to quite restricted basis sets. Thus,
we focused on bound state methods, and the second adiabatic
PES was consequently computed only at geometries where it
lies below the PES of neutral nitromethane. To obtain a
balanced description of the two anionic states, the EOM-CC
method was employed in conjunction with different one-parti-
cle basis sets. As can be seen from the calculated AEA, even at
this sophisticated level of theory the strong relaxation effects in
the valence state are not fully accounted for, but we expect a

Table 3 Resonance position and width for vertical electron attach-

ment into the lowest 2A0 valence state of nitromethane. The energies

have been obtained using the CAP/CI method and the DZ+5p one-

particle basis set at the CCSD/DZPD+X equilibrium geometry. T is

the threshold used in the energy selection procedure of the many-par-

ticle basis set and DCI is the corresponding dimension of the CI matrix

T Hartrees DCI 10
6 CSFs Er eV G eV

3�10�6 0.45 1.58 0.29

1�10�6 0.92 1.09 0.26

3�10�7 1.6 0.83 0.25

1�10�7 2.4 0.73 0.25
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satisfying characterisation of the coupling between the two
anionic states.
From the ab initio PES the coupling between the dipole-

bound and valence states of CH3NO2
� was extracted by a least

square fit of a simple avoided crossing model potential. The
coupling parameter W is remarkable robust with respect to
the one-particle basis set employed in the electronic structure
calculations, and shows a value of about 30 meV. Note that
we cannot draw any conclusions regarding the dependence of
W on the nuclear coordinates, and our value represents the
coupling at the intersection. Our study provides the first reli-
able estimate for the coupling between a dipole-bound and a
valence state. It can for instance be employed to set up Landau
Zener type surface hopping models, and allows us to address a
number of qualitative issues. Yet, more calculations are needed
to clarify the role of autodetachment and to explore the multi-
dimensional PES. It will be interesting to see, whether the mag-
nitude of the nitromethane coupling element is typical for a
larger class of systems.
Regarding the particular value ofW ¼ 30 meV, we conclude

that W is small with respect to the vertical excitation energies
of the anionic states that are in the order of 1 eV. Thus, the
nitromethane anion is clearly in the weak coupling regime,
and any description of transitions between the dipole-bound
and the valence state should be based on the diabatic picture.
On the other hand,W is large compared with the mass spectro-
metric timescale of many experiments.5,10,16 In first order per-
turbation theory the corresponding transition rate is essentially
W 2 times a Franck–Condon factor, and even with very unfa-
vourable Franck–Condon factors rapid transition are expected
on a ms or even ms timescale appropriate for mass spectrome-
try.
Thus, on a mass spectrometric timescale the dipole bound

state is indeed a very efficient doorway for electron attach-
ment. The valence state is quickly populated, and can then
be stabilised by collisions with a third body. In this light the
strongly enhanced valence attachment upon argon-solvation10

is readily understood, since the vibrational excited valence
state can dissipate its energy by argon evaporation. Yet, the
coupling is of course not a one-way doorway, and it should
be possible to populate the dipole-bound state by vibrational
excitation of the valence anion. Indeed, vibrational excitation
of valence anions produced by a supersonic source and subse-
quent field detachment may provide a pathway to accurately
measure the AEA of nitromethane. In conclusion, a pure
dipole-bound state of CH3NO2

� cannot survive on a ms time-
scale, and all anionic states energetically above the dipole-
bound minimum will possess a mixed character. Our results
suggest that considerably faster techniques are needed to
observe pure dipole-bound states of nitromethane.

Acknowledgement

I gratefully acknowledge stimulating discussions with L. S.
Cederbaum, H.-D. Meyer, J. Schirmer, and H. Köppel. This
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