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ABSTRACT
Low-energy (0–15 eV) resonance electron interaction with isolated tetracyanoethylene (TCNE) molecules is studied in vacuo by means of
dissociative electron attachment (DEA) spectroscopy. Despite this molecule being relatively small, the long-lived molecular anions TCNE−

are formed not only at thermal electron energy via a vibrational Feshbach resonance mechanism but also via shape resonances with the
occupation of the π4

∗ and π5
∗ molecular orbitals by an incident electron. Dissociative decays of TCNE− are mostly observed at incident

electron energy above the π7
∗ temporary anion state predicted to lie at 1.69 eV by means of B3LYP/6-31G(d) calculations combined with

the empirical scaling procedure. Electron attachment to the π6
∗ orbital (predicted at 0.85 eV) leads to the generation of long-lived TCNE−

species, which can decay via two competing processes: extra electron detachment, which appears in hundreds of microseconds, or elimination
of two cyano groups to form the [TCNE − 2(CN)]− negative fragment on a tens of microsecond timescale. The latter is accompanied by the
generation of a highly toxic cyanogen molecule as a neutral counterpart. Since the electron transfer to the acceptor molecule TCNE plays a
key role in the formation of single-molecule magnets, the present data are of importance to understand the long-term behavior and likely
harmful effects produced by cyanide-based prospective materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0149262

I. INTRODUCTION

Elementary electron-induced processes, in particular resonance
dissociative electron attachment (DEA),1–3 occurring in microscopic
systems, are of great importance to understand more complex phe-
nomena observed in a variety of natural4–6 and artificial7–9 molec-
ular assemblies containing structural elements characterized by
high electron affinity.10,11 Disclosing the fundamental mechanisms
of low-energy (0–15 eV) electron-driven reactions in polyatomic
molecules requires a deep understanding of the dynamics of simple
model structures bearing an excess electron.12,13 Cyano-containing
compounds are usually characterized by high electron-withdrawing
ability10,11 and attract much attention due to their prospective appli-
cation in nanoscale organic electronics.14–16 The biological impact
of cyanides is due to their strong toxic activity against living

organisms17,18 as well as their likely pharmacological properties,19

the latter of which is linked with the mystery of cyanide production
by cyanogenic plants.20

Tetracyanoethylene (TCNE; see structure reported in Fig. 1), a
molecule containing as many as four cyano groups, has been con-
sidered a promising structural element in the molecular magnet
technology,21,22 where controlled electron transport through mag-
netically ordered molecules is required. In fact, electron transfer
from the metal to the acceptor molecule has been found21 to be
responsible for the formation of the genuine metal-cyanide molec-
ular magnet and, moreover, plays an important role in magnetic
ordering.22 Therefore, the energy alignment of vacant molecu-
lar orbitals and the dynamics of the TCNE negative ion are of
much interest to understand the long-term behavior of TCNE-based
magnetically ordered nanoscale structures.
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FIG. 1. Ion yield curves for TCNE in order of decreasing intensity. Vertical red
dashed lines indicate predicted positions of shape resonances associated with e−

addition to the π∗4–π∗9 MOs, whereas the green solid line shows the position
of the 2.6-eV ETS feature tentatively associated in the present study with core-
excited resonance. The metastable anion current at m/z = 45.1 is marked in blue.

Electron attachment energies at which short-lived (femtosec-
onds) temporary negative ion states of TCNE, mostly associated
with shape resonances,1,2 can be formed have been reported by
Burrow et al.23 To the best of our knowledge, the DEA proper-
ties of TCNE have only been studied by means of experimental
apparatus equipped with a monopole mass filter24 that led to sig-
nificant contributions to the measured negative ion signal from the
hot filament surface ionization as well as from the electron current.
In turn, the intense signal of molecular negative ions TCNE− has
been observed up to 10 eV,24 which a priori seems to be dubious
under conditions of free electron attachment to this relatively small
molecular target. The photochemistry and photon-stimulated frag-
mentation of gas-phase TCNE− have been studied by Khuseynov
et al.25 These authors also reported the adiabatic electron affinity
(EAa) of TCNE to be 3.16 ± 0.02 eV, the uncertainty being an
order of magnitude below than that for previously reported EAa
values.26,27 The EAa evaluated using the electron-transfer equilib-
rium technique reported by Chowdhury and Kebarle is 3.17 eV,26

whereas the value of 2.90 eV obtained by Chen and Wentworth27

is likely somewhat underestimated. Christophorou et al. reported28

electron detachment time (τa) from TCNE− to be in the μs-range
using the time-of-flight technique.

The present paper is aimed at studying the formation of long-
lived negative ions as well as the DEA properties of gas-phase TCNE
by means of DEA spectroscopy.1,2,29–31 The detection of metastable
decay occurring on a microsecond timescale32,33 shed some light on
the dynamics of TCNE−, which contains more than 3.5 eV of excess
internal energy in its ground electronic but highly vibrationally
excited state. Density functional theory methods are employed to
calculate the thermodynamic energy thresholds for DEA-stimulated
negative ion formation to describe the energetics of TCNE fragmen-
tation by low-energy electrons as well as to predict the energy align-
ment of the vacant molecular orbitals (MOs).34 The results are of
interest to understand the behavior of this relatively small molecule
widely used as a functional element in molecular magnets.21,22 In
these nanoscale devices, the TCNE molecule operates under condi-
tions of excess negative charge; therefore, the DEA mechanism can
lead to unpleasant surprises. For instance, as shown below, extra
electron addition to TCNE is likely associated with the production
of cyanogen, which is considered a highly toxic gas.35 Since the DEA
properties can be responsible for the long-term stability of nanoscale
molecular assemblies,36,37 the present findings are useful to over-
come this primary obstacle on the way to the wide distribution of
organic electronics devices.38

II. RESULTS AND DISCUSSION
A. General remarks

Currents of mass-selected negative ions formed in the gas-
phase under single-collision conditions via a simple reaction TCNE
+ e− → TCNE− → Fragments, where TCNE− stands for molec-
ular anion, as a function of incident electron energy are shown
in Fig. 1, the dependencies also being known as ion yield curves.
Table I reports the likely structures of the observed negative frag-
ments. The most intense signal is associated with the formation of
long-lived molecular negative ions TCNE− (m/z = 128). It is to be
noted that the flight time for the TCNE− species until their detec-
tion is estimated to be 27 μs under present experimental conditions.
The elimination of CN− negative species as well as two and one
neutral CN radicals from TCNE− can be responsible for the gen-
eration of the most intense fragment anions detected at m/z = 26,
76, and 102, respectively, among the similar species detected in
the photofragmentation study.25 Other fragment anions observed
at m/z = 50, 64, and 90 with lower intensity can be ascribed to
the formation of [TCNE − 3(CN)]−, rupture of the central C=C
bond that divides the TCNE molecule in half, and elimination of
CCN species from TCNE−, respectively. The latter requires attach-
ment of the CN group back to the molecular frame to produce the
tricyanomethanide anion (m/z = 90). It is worth mentioning that
migration of CN groups has been observed earlier in a DEA study of
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane.39

Table II reports B3LYP/6-31+G(d) total energies relative to the
ground state of the neutral TCNE molecule (plus an electron in
infinity) for anion and corresponding neutral fragment species likely
formed by DEA to TCNE. In other words, Table II presents the
estimated thermodynamic energy thresholds for the formation of
these fragments. The suggested structures can explain the observed
thresholds in the ion yield curves (Fig. 1), with the exception of
very weak signals detected below 1 eV for the m/z = 50, 64, and
90 anions. However, the excess internal energy (vibrational plus
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TABLE I. Probable structures of fragment negative ions observed in the DEA spectra of TCNE, peak energies (eV), and
relative intensities (between parentheses) evaluated from the peak heights in order of decreasing mass numbers. The assign-
ment of peak energies with the negative ion resonances is also reported (see Sec. II B); all values are in eV. Notes: sh.
means shoulder; neutral stands for a peak observed in the signal of the neutral counterpart (see Sec. IV); VFR = Vibrational
Feshbach Resonance; C.E. = Core-Excited Resonance; experimental VAEs are from the ETS study by Burrow et al. (see
Ref. 23).

M/Z
Negative ion Peak energy

structure (relative intensity)

128 TCNE− 0.0 sh. 0.2 0.7
(100) Neutral

102 [TCNE − CN]− 2.6 4.8 sh.
(0.8) 9.6

(<0.1)
90 [TCNE − C(CN)]− 0.8 3.0 sh. 4.3

(<0.1) (<0.1)
76 [TCNE − 2(CN)]− 1.1 2.3 sh. 6.0

(8.7) (0.3)
9.7

(0.4)
64 [TCNE − C(CN)2]− 0.5 3.3 6.0

(<0.1) (0.1) (<0.1)
50 [TCNE − 3(CN)]− 0.8 4.0 sh. 6.0

(<0.1) (<0.1)
45.1 m∗: 128→ 76 0.8

(0.1)
26 CN– 2.6 3.7 sh.

(1.1)

Negative ion resonance VFR π4,5
∗ π6

∗ C.E. π9
∗ C.E.

predicted VAE <0 0.35 0.85 3.93
experimental VAE 0.5 0.96 2.6 4.6

rotational) stored in the neutral TCNE molecule under the present
experimental conditions, i.e., at 70 ○C, is estimated to be 0.27 eV at
the B3LYP/6-31+G(d) level of theory. The above-mentioned weak
signals, therefore, can be explained (see, for instance, Ref. 40 and
references therein) by electron attachment to vibrationally excited
TCNE molecules.

B. Resonances in the DEA cross-section
The shapes of negative ion currents as a function of incident

electron energy (Fig. 1) can be understood on the basis of vertical
electron attachment energies (VAEs) measured in the total electron
scattering cross-section of TCNE by means of electron transmission
spectroscopy (ETS)41,42 by Burrow et al.23 In this study, most spec-
tral features have been associated with electron addition to vacant
MOs of TCNE via one-particle shape resonances;1,2,30 therefore, the
localization properties and energy alignment of these MOs are to
be included in the discussion. B3LYP/6-31G(d) π∗ virtual orbital
energies (VOEs) of the TCNE molecule along with the VAEs pre-
dicted on the basis of empirical procedure43 (see also Sec IV) are
compared with ETS data in Table III. The present assignment of
spectral features observed in the very complicated electron transmis-
sion spectrum of TCNE is somewhat different from that reported

on the basis of the HF/3-21G calculations23 since the established
procedure to scale B3LYP/6-31G(d) VOEs is expected to provide
much better predictions as reported in Table III. The mismatch
between the energy of the broad and weak 4.6-eV ETS feature and
the VAE (3.93 eV) predicted for the highest π9

∗ shape resonance
of the b2g symmetry can be due to mixing with core-excited states
(one-hole two-particle resonance).1,2,30 Schematic representation
and VAEs predicted for nine vacant π∗ MOs of TCNE are illustrated
in Fig. 2.

The predicted energies of the π4
∗–π9

∗ MOs are also shown
in Fig. 1 to match the observed peaks in the DEA cross-section.
According to these data, the lowest π∗ temporary negative ion that
contains enough energy to allow dissociative decay of TCNE− is
likely associated with electron addition to the π6

∗ MO (predicted
VAE = 0.85 eV). This state gives rise to the formation of metastable
anions at the apparent m/z = 45.1 as well, but below its energy, the
fragment anions are not observed with the exception of the m/z = 76,
as shown in Table II and discussed below. Electron attachment to the
lowest three π∗ MOs (likely via vibrational Feshbach resonance) and
to the π4,5

∗ MOs (via shape resonance) leads to the observation of
only long-lived TCNE− species. Anion currents observed above 2 eV
are likely due to the formation of the highest π9

∗ negative ion state,
which is expected to be mixed with core-excited resonances. The π7

∗
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TABLE II. B3LYP/6-31+G(d) structures and total energies (eV) relative to the ground state of the neutral TCNE molecule. The values are corrected for zero-point vibrational
energies.

Fragment structures

M/z Negative ion Neutral Relative energy

128 TCNE− (vertical) −3.39

128 TCNE− (adiabatic) −3.51

102 [TCNE − CN]− ●CN 1.03

90 [TCNE − C(CN)]− ●CCN 1.24
(tricyanomethanide)

76 [TCNE − 2(CN)]− NCCN (cyanogen) −0.35

●CN + ●CN 5.66

76 [TCNE − 2(CN)]− NCCN (cyanogen) 0.54

●CN + ●CN 6.55

64 C(CN)2
− ●C(CN)2 1.85

50 [TCNE − 3(CN)]− NCCN (cyanogen) + ●CN 3.36

26 CN− [TCNE − CN]● 0.84
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TABLE III. B3LYP/6-31G(d) virtual orbital energies (VOEs) for neutral TCNE; pre-
dicted and reported earlier experimental vertical attachment energies (VAEs) to form
the negative ion π resonances. All values are in eV.

VAE

Orbital VOE Scalinga ETSb

π9
∗(b2g) 3.737 3.93 4.6

π8
∗(b3g) 1.038 1.76 1.73

π7
∗(b3u) 0.955 1.69 1.53

π6
∗(au) −0.082 0.85 0.96

π5
∗(b1g) −0.705 0.35 0.5

π4
∗(b2u) −0.706 0.35

π3
∗(b1u) −1.484 −0.28

π2
∗(ag) −1.836 −0.56

π1
∗(b2g) −4.958 −3.08

aVAE = 0.8065 × VOE + 0.9194 (see Ref. 43 and Sec IV).
bFrom ETS study by Burrow et al. (see Ref. 23).

and π8
∗ resonances (predicted VAEs around 1.7 eV) are associated

with shoulders in the DEA cross-section.
The most intense 2.6-eV ETS feature23 cannot be associated

with shape resonances on the basis of the present B3LYP/6-31G(d)
calculations. Indeed, the predicted positions of both π8

∗ (1.76 eV)
and π9

∗ (3.93 eV) MOs are far from 2.6 eV (see Fig. 2). The radi-
cal anion TCNE− shows a broad absorption feature centered around
2.9 eV,44,45 with the corresponding vertical excitation energy for the
transition from the ground 12B2g TCNE− state to the 12B3u state
being calculated at 3.05 eV.46 We, therefore, tentatively ascribe the
2.6-eV ETS feature to a core-excited resonance with two electrons
in the lowest unoccupied MO and a hole in the highest occupied
MO. The 2.6-eV resonance likely appears in the m/z = 26 and 102
anion currents as a peak as well as in the m/z = 64, 76, and 90 anion
currents as a clearly seen shoulder (see the vertical solid green line
in Fig. 1). The assignment of the negative ion resonances is also
reported in Table I.

The predicted B3LYP/6-31+G(d) adiabatic electron affinity of
TCNE (3.51 eV in Table II, obtained as the total energy difference
between the neutral and the lowest anion state, each in its optimized
geometry) is overestimated by 0.35 eV since the experimental value
is reported to be 3.16 eV.25 To correct the B3LYP/6-31+G(d) verti-
cal electron affinity (3.39 eV in Table II, obtained as the difference
between the total energy of the neutral and the lowest anion state,
both in the optimized geometry of the neutral state), the calculated
value is similarly decreased by 0.35 eV, which leads to 3.04 eV. This

FIG. 3. Signals of molecular negative ions TCNE−, corresponding neutral
molecules TCNE0 (blue line), and electron detachment time τa as a function of
incident electron energy. The VAEs predicted for the π4

∗–π6
∗ virtual orbitals are

reported by red bars. The SF6
− signal (green line) indicates the shape of the

electron energy distribution.

value is in excellent agreement with the scaled π1
∗ LUMO VAE

(3.08 eV in Table III), which provides additional evidence that the
scaling procedure43 (see also Sec. IV) is correct. In turn, being confi-
dent in the scaling procedure, it can be concluded that not only the
first 12Ag but also the second 12B1u valence excited state of TCNE– is
bound since the π2

∗(ag) and π3
∗(b1u) temporary anion states (shape

resonances) are predicted to lie in a bound region, their VAEs being
predicted to be −0.56 and −0.28 eV, respectively, as reported in
Table II. This conclusion contradicts that reported in the compu-
tational study,46 however, and is in agreement with ETS results23 as
well as with predictions based on photodetachment data observed
for CN-containing compounds.47 In the present picture, the 0.5-eV
ETS feature23 should be associated with extra electron addition to
practically degenerate π4

∗ and π5
∗ negative ion states, as presented

in Table III.

FIG. 2. B3LYP/6-31G(d) schematic rep-
resentation and predicted VAEs (black
bars) for virtual π∗ MOs of neutral
TCNE. Red bars indicate the positions
of the spectral features detected by
ETS.23 Green ovals indicate the ten-
tative assignment of the ETS features
based on the predicted VAEs.
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FIG. 4. Metastable broad anion peak
observed at apparent (fractional)
m/z = 45.1 in comparison with the
normal narrow signal of the m/z = 50
anion species in the mass spectrum
recorded at the fixed incident electron
energies indicated in the figure.

FIG. 5. B3LYP/6-31+G(d) schematic representation and vibrational quanta for low-
frequency in plane fundamental vibrations of the TCNE molecule that allow carbon
atoms of the CN groups to approach each other to form a cyanogen molecule that
is a neutral counterpart for the m/z = 76 anion fragment. The displacement vectors
are indicated by blue arrows.

C. Long-lived molecular anion and its slow decay
An interesting aspect of the present study concerns the observa-

tion of the long-lived TCNE− and its subsequent slow dissociation.
This most intense decay is associated with the elimination of two CN
groups to form the [TCNE − 2(CN)]− species (m/z = 76). A com-
parison between TCNE− current and that for the SF6

− possessing
an instrumental shape (see Fig. 3) leads to the conclusion that res-
onances with extra electron addition to almost degenerate π4

∗ and
π5
∗ MOs (predicted VAE = 0.35 eV) give rise to the main peak in

the TCNE− signal. Therefore, these excited temporary negative ion
states can relax quickly (faster than electron autodetachment that
usually appears on a femtosecond timescale) to the ground elec-
tronic state via internal conversions (radiationless transitions) as
established for a variety of long-lived molecular anions.48–50 In fact,
the final 12B2g TCNE− state is able to keep excess electron on a milli-
to microsecond timescale, as reported in Fig. 3.

Electron attachment to the π1
∗–π3

∗ MOs predicted to lie in
the bound region likely via vibrational Feshbach resonance2,3,29,31

is expected to be responsible for the left wing of the broad 0.2-eV
peak in TCNE− current. This contribution, however, is unresolved
in the present data due to low electron energy resolution. On the
contrary, the contribution of the π6

∗ shape resonance (predicted
VAE = 0.85 eV) to the right wing of the TCNE− current prolonged
above 1 eV is clearly supported by the observation of a 0.7-eV peak
in the TCNE0 signal as shown in Fig. 3. This signal is due to neu-
tral particles (labeled TCNE0) formed by electron detachment from
the relaxed TCNE− initially formed in the π6

∗ anion state. Indeed,
TCNE− → TCNE0

+ e− process occurs not only in the collision cell
but, in particular, when mass-selected TCNE− anions fly through the
fields-free area located between the mass analyzing magnet and the
detection system (see Sec IV). According to the present data, elec-
tron detachment from TCNE– observed at 0.7 and 0.5 eV occurs
in 250 and 550 μs, respectively, whereas the TCNE− formed close
to thermal energy (0.2 eV) is able to keep excess electron on a
millisecond timescale (∼1.9 ms, see Fig. 3).

The lowest negative ion state that gives rise to the fragmenta-
tion of TCNE via the DEA mechanism is associated with electron
addition into the π6

∗ MO. In fact, only long-lived TCNE− species
are observed below the predicted energy (0.85 eV in Table III) of
the π6

∗ resonance as presented in Fig. 1. Electron addition to the
π6
∗ MO leads to the formation of only negative fragments [TCNE
−2(CN)]− observed either as a normal mass peak at m/z = 76 or
as metastable anions in a broad mass peak at apparent m/z = 45.1
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FIG. 6. The branching ratio curves (a)
and schematic representation (b) for the
generation of the most abundant nega-
tive ions produced by resonance electron
attachment to gas-phase TCNE. The
temporary negative ion states involved
in these decays as well as character-
istic timescales are also indicated. IVR
stands for internal vibrational energy
redistribution.

(Fig. 4). It is to be noted that the simple rupture of a single bond
with the formation of either CN− (m/z = 26) or [TCNE − CN]−

(m/z = 102) is a priori expected to be kinetically more efficient. How-
ever, experimental findings indicate that the elimination of two CN
groups from TCNE− to form the m/z = 76 species produces a signal
an order of magnitude higher than that for the m/z = 26 or m/z = 102
(see Fig. 1).

According to the B3LYP/6-31+G(d) thresholds, the elimina-
tion of two separate CN groups is expected to occur at incident
electron energy above 5.66 eV (Table II), whereas the m/z = 76
and 45.1 currents peak at 1.1 and 0.8 eV, respectively. Therefore,
it should be concluded that the formation of [TCNE − 2(CN)]−

is accompanied by the elimination of its neutral counterpart in
the form of the closed-shell NCCN (cyanogen) molecule. The
present B3LYP/6-31+G(d) calculations predict a negative thresh-
old in this case, provided that the m/z = 76 anion is in its linear
form; in other words, CN groups are eliminated from the neigh-
bor carbon atoms as presented in Table II. This process leads to

an energy release of 0.35 eV and is expected to be energetically
and kinetically more favorable. Indeed, the whole process requires
CN groups to approach each other to be eliminated as a cyanogen
molecule.

There are several fundamental vibrations of the TCNE
molecule that allow the cyano groups to approach each other (Fig. 5),
which, therefore, can favor their elimination as a cyanogen molecule.
Since the vibrational quanta are calculated to be small (see Fig. 5),
these vibrations are expected to be strongly populated in TCNE−,
the calculated frequencies of which are very close to those of TCNE.
Evidently, cyanogen formation is expected to occur more easily if
the CN groups are eliminated from the neighbor carbon atoms.
Therefore, despite the fact that the formation of a triangular m/z
= 76 structure is also possible on energetic grounds (predicted
threshold = 0.54 eV), this structure seems to be less probable
kinetically.

To illustrate the TCNE− decays, Fig. 6(a) reports the branch-
ing ratio curves for the generation of the most abundant negative

J. Chem. Phys. 158, 164309 (2023); doi: 10.1063/5.0149262 158, 164309-7

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/jcp/article-pdf/doi/10.1063/5.0149262/17105234/164309_1_5.0149262.pdf

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

ions via competitive processes dominant at incident electron ener-
gies below 1.5 eV, namely, the formation of the long-lived anion
TCNE− (m/z = 128) and its dissociation with the generation of the
[TCNE − 2(CN)]− fragment (m/z = 76). Two complementary decays
of TCNE− associated with the elimination of a cyano group in its
negatively charged form (m/z = 26) or as a neutral counter-
part of the m/z = 102 negative ion dominate the DEA signals
as incident electron energy exceeds 2.7 eV. It is interesting to
note that approximately half of the TCNE− anions formed close
to 1 eV, i.e., by electron addition into the π6

∗ MO, dissoci-
ate by elimination of a cyanogen molecule, whereas the latter
half decays by autodetachment of an extra electron in ∼100 μs
(see Fig. 3).

Finally, the extraction time of TCNE− from the collision cell is
estimated at 11 μs, and their flight time through the field-free area
located between the acceleration region and mass analyzer is 16 μs
under the present experimental conditions.29,33 Therefore, it should
be concluded that TCNE− observed around 0.8 eV, i.e., in the max-
imum of the m/z = 45.1 current, can dissociate in 11–16 μs with the
formation of [TCNE − 2(CN)]− species more likely in their linear
form. Increasing incident electron energy above 0.8 eV makes this
process faster, which leads to the observation of the m/z = 76 normal
signal in the 1.1-eV peak. This signal is associated with the dissocia-
tion of TCNE− inside the collision cell, i.e., faster than 11 μs from its
formation. Decreasing incident electron energy below 0.8 eV sup-
presses the dissociative decays that lead to the observation of the
long-lived anion TCNE−, which detaches extra electrons in 250 μs
as measured at 0.7 eV (Fig. 3). We tentatively attribute these three
processes (slow dissociation, fast dissociation, and electron detach-
ment) to the formation of the π6

∗ temporary anion state on the basis
of its predicted (0.85 eV) and experimental (0.96 eV) VAEs as well
as the observed peaks in the anion currents. These competing pro-
cesses provide a delicate balance between slow and fast decays of the
TCNE− formed by resonance electron attachment to the π6

∗ vir-
tual orbital via either dissociation or electron autodetachment. To
summarize these findings, the abundant TCNE− competitive decays,
including electron autodetachment and dissociation, are illustrated
in Fig. 6(b).

III. CONCLUSIONS
Free low-energy (0–15 eV) electron interaction with gas-phase

TCNE via resonance mechanisms is studied by means of DEA
spectroscopy. Experimental findings are assigned based on density
functional theory calculations. The predicted electron attachment
energies to form temporary anion states of TCNE are compared with
previously reported ETS data. On this basis, the main conclusions
are the following:

(1) Despite the TCNE molecule being relatively small, the
long-lived, i.e., mass spectrometrically observable on a
microsecond timescale, molecular negative ions TCNE−

are detected in a broad range of the incident electron
energies, in particular at epithermal energies correspond-
ing to the formation of shape resonances with extra elec-
tron addition into the π4

∗–π6
∗ MOs (predicted VAEs of

0.35–0.85 eV).

(2) A variety of dissociative decays of TCNE−, mostly associ-
ated with the elimination of the cyano groups, are detected
at incident electron energies above 1.7 eV, i.e., in the energy
range of the π7

∗–π9
∗ temporary negative ion states with

likely contributions from core-excited resonances.
(3) The 2.6-eV ETS feature lying in the gap between the pre-

dicted positions for the π8
∗ (1.76 eV) and π9

∗ (3.93 eV) shape
resonances can be associated with the core-excited TNCE−

state.
(4) Not only the first 12Ag but also the second 12B1u valence

excited state of TCNE− is bound.
(5) The most intense and energetically beneficial DEA channel is

associated with the elimination of two cyano groups from the
TCNE− (m/z = 128) to form the [TCNE − 2(CN)]− species
(m/z = 76). This rearrangement process competing with elec-
tron autodetachment appears on a microsecond timescale;
the conclusion is supported by the observation of metastable
anions in broad mass peaks at the m/z = 45.1.

(6) Extra electron addition into the π6
∗ vacant MO contributes

to the DEA cross-section in a relatively narrow electron
energy range (0.7–1.1 eV) and produces cyanogen since,
on energetic grounds, only the NCCN closed-shell structure
can be formed as a neutral counterpart for the m/z = 76
anion.

(7) DEA can not only prevent the long-term stability of TCNE-
based nanoscale magnets but also provide a source of harm-
ful effects via the generation of toxic gaseous species, pro-
vided that an organic electronics device operates under
conditions of excess negative charge.

IV. EXPERIMENTAL AND COMPUTATIONAL METHODS
An overview of DEA spectroscopy (DEAS) may be found

elsewhere,1,2,30,31 and specific conditions of the present technique
are described in Refs. 29 and 33. Briefly, a low-energy (0–15 eV)
electron beam is passed through a collision cell filled with a vapor
of the compound under investigation, as schematically presented
in Fig. 7. A current (I) of mass-selected (using a sector magnetic
analyzer) negative ions is registered as a function of the incident
electron energy (ε). The electron energy scale is calibrated by detect-
ing the SF6

− current formed by thermal electron attachment to SF6.
The full width at half maximum of the electron energy distribu-
tion is estimated to be 0.4 eV, and the accuracy of the measured
peaks is estimated to be ±0.1 eV. The substance under investigation
(TCNE, Sigma-Aldrich No. T8809, 96%) was evaporated at 45 ○C,
which is far below its melting point (199 ○C). The minimal possi-
ble temperature of the collision cell was 70 ○C due to heating from
the hot filament.

Metastable anions are registered as broad signals in the mass
spectrum and indicate a slow decay between the initial (m1

−)
and final (m2

−) negative fragments, i.e., the process m1
−
→ m2

−

+ Neutral, which takes place in the acceleration region (microsec-
ond timescale). The apparent m/z ratio (m∗) of a metastable peak
can be estimated by means of the equation m∗ =m2

2/m1.32 The eval-
uation of the electron detachment time (τa) is based on the detection
of the neutral species formed by electron detachment from nega-
tive ions during their flight through the field-free region between
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FIG. 7. Schematic representation of the
DEA spectroscopy and DEA process.
The main parameters of the experiment,
incident electron energy (ε) and mass
number (M/z), as well as the measured
signal, mass-selected anion currents (I),
are indicated.

the mass-analyzer and the detection system (see Fig. 7), as proposed
for time-of-flight experiments51 and modified for magnetic mass
spectrometers.29 The accuracy of the measured electron detachment
times is ±20% provided that the measured signals lie in the exper-
imental time window (tens of hundred microseconds) that allows
detection of the neutral counterpart. The evaluated detachment
times should be referred to as those determined for a test compound,
for instance, sulfur hexafluoride.49,50 Under the present experimen-
tal conditions (70 ○C), the electron detachment time for the SF6

− was
120 μs.

The density functional theory calculations were performed with
the Gaussian 09.52 Regardless of the difficulties encountered in the
calculations of negative ion states,53 it has been reported54–56 that
linear correlations can be obtained between experimental VAEs and
the corresponding VOEs of neutral molecules calculated with basis
sets without diffuse functions. In particular, the scaling of σ∗ and
π∗ MOs requires different parameters, and the correlation is more
accurate provided that “training” compounds are structurally similar
to the subject molecule.34,57 In the present study, the linear equa-
tion VAE = 0.8065 × VOE + 0.919443 was employed to obtain the
B3LYP/6-31G(d) π∗ VAEs.

The first vertical electron affinity of TCNE was estimated as the
difference between the total energy of the neutral and the lowest
anion state, both in the optimized geometry of the neutral TCNE,
using the B3LYP functional58 with a 6-31+G(d) basis set with the
minimum addition of diffuse functions. The adiabatic electron affin-
ity of TCNE was estimated as the energy difference between the
neutral and the lowest anion state, each in its optimized geometry.
To assign the structures of the fragments observed in DEA spec-
tra, the thermodynamic energy thresholds were calculated as the
difference between the total energies of the negatively charged and
neutral fragment species and that of the neutral ground state at the
B3LYP/6-31+G(d) level of theory.
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