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a b s t r a c t

A combined photoelectron spectroscopy, photofragmentation and clustering study of the tetracyanoeth-
ylene (TCNE) radical anion in the gas phase is reported. The adiabatic electron affinity of TCNE is
3.16(2) eV. This result represents an order-of-magnitude improvement in the uncertainty over the pres-
ently accepted, indirectly determined value. The photodissociation of the anion at 355 and 266 nm leads
to three anionic channels: one yielding CN� and the other two corresponding to the loss of one or two CN
groups from the parent anion. The CN� fragment channel is dominant at 355 nm, while the double-dis-
sociation channel dominates 266 nm photochemistry.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

In the past decades, a considerable effort has been devoted to
the preparation and study of molecule-based conductors, super-
conductors, and magnets. Electron-donor and electron-acceptor
molecules play a major role in their development. One type of
these molecules is organocyanides, which have been used exten-
sively in materials chemistry due to their electron-acceptor prop-
erties and ability to form stable charge-transfer complexes and
salts [1]. Thorough characterization of these molecules, especially
their electron acceptance properties, is essential for understanding
the bulk properties of the materials that contain them, as well as
for the design of novel materials with enhanced characteristics.

Tetracyanoethylene (TCNE), the forerunner molecule in the
class of strong electron acceptors [2], is well known for its highly
conjugated p-system, which accounts for its unique reactivity
[3]. The D2h symmetry equilibrium structure of TCNE [4,5] is shown
schematically in the inset in Figure 1. This molecule is an excep-
tionally strong dienophile [6]. It plays an integral role in many sub-
stitution and addition reactions, such as the Diels–Alder reactions
[2], and is used as an oxidizing agent in the preparation of organic
magnets, conductors [7], and superconductors [8]. It is also known
to form stable charge-transfer complexes with many organometal-
lic substrates, which makes it a key component for study of elec-
tron-transfer reactions [9].

Despite the variety of applications in materials and organic
chemistry [6], some key properties of TCNE and the corresponding
ll rights reserved.
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reduced anion are still in question. For example, the adiabatic elec-
tron affinity (EA) of TCNE has been evaluated only indirectly
through gas-phase electron-transfer equilibrium and the presently
accepted value EA = 3.17 ± 0.20 eV [10] encompasses a broad
uncertainty range. The molecular structure and stability of neutral
and reduced TCNE have been studied theoretically [4,5], but the re-
sults vary significantly depending on the level of theory. For exam-
ple, the MP2/aug-cc-pVDZ calculations predict EA = 2.17 eV, while
CCSD/aug-cc-pVDZ (at the B3LYP/aug-cc-pVDZ optimized geome-
tries of the anion and the neutral) yields EA = 3.00 eV [4].

In the present work, we generate the TCNE� radical anion in the
gas phase and examine its photodetachment and photochemistry
using photoelectron imaging and photofragment mass-spectros-
copy. We report the first direct spectroscopic determination of
the electron affinity of TCNE, significantly improving on the uncer-
tainty of the previous result. We also examine the anion clustered
with water or argon and report the solvation effects on the anion
stability. These clustering studies shed additional light on the delo-
calized charge distribution in the anion of TCNE.

2. Experimental section

The experiments were performed using a tandem time-of-flight
reflectron mass-spectrometer described in detail previously [11]. A
sample holder with TCNE powder was heated to 150 �C in order to
increase the vapor pressure. The resulting TCNE vapor seeded in an
Ar carrier gas with a backing pressure of 20 psi was introduced into
a high-vacuum chamber through a pulsed nozzle (General Valve,
Series 9) operated at a repetition rate of 50 Hz. The supersonic
expansion was crossed with a 1 keV electron beam from an elec-
tron gun and anions were formed via secondary-electron attach-
ment to neutral molecules and clusters [12]. Water clusters were
formed from residual water vapor trapped in the gas lines.

http://dx.doi.org/10.1016/j.cplett.2012.08.035
mailto:sanov@u.arizona.edu
http://dx.doi.org/10.1016/j.cplett.2012.08.035
http://www.sciencedirect.com/science/journal/00092614
http://www.elsevier.com/locate/cplett


Figure 1. Representative time-of-flight mass spectrum. Inset shows the D2h

symmetry equilibrium structure of neutral TCNE. The geometry of the anion is
similar. See Refs. [4,5] for calculated structural parameters.
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The anions are extracted into a Wiley-McLaren time-of-flight
spectrometer, where they are separated by the mass-to-charge ra-
tio and detected with a microchannel plate (MCP) detector
mounted at the far end of the flight tube. In the detection region
of the instrument, the ion beam is intersected with a linearly polar-
ized pulsed laser beam, synchronized in time with the ion of inter-
est. The third (355 nm, 4 mJ/pulse) or fourth (266 nm, 2 mJ/pulse)
harmonics of a Nd:YAG (Yttrium Aluminum garnet) laser (Quanta
Ray, Lab 50, 8 ns pulse duration) was used in this work. Two types
of experiments were performed: photoelectron imaging and
photofragment mass-spectrometry.

Photoelectron images are recorded using a perpendicular (with
respect to the ion beam) velocity-map [13] photoelectron imaging
[14,15] assembly [11]. The photodetached electrons are projected
onto a 40 mm diameter position sensitive MCP detector (Burle,
Inc.) by means of the electric field defined by a series of velocity-
map imaging electrodes. Raw images are recorded using a 1 mega-
pixel charged-coupled device (CCD) camera and accumulated for
�106 experimental cycles. The reconstruction of the cylindrically
symmetric (with respect to the laser polarization direction)
three-dimensional probability distribution from the images is per-
formed via inverse Abel transform [15] using the BASEX program
[16]. The known photodetachment transition of O� [17,18] was
used to calibrate the electron kinetic energy (eKE) scale of the
images. Photoelectron spectra were fit to sums of Gaussian func-
tions using a standard algorithm for accurate determination of sol-
vation energies. The corresponding photoelectron angular
distributions were not analyzed in this work.

The photofragment-ion mass-spectra were recorded using a
single-stage linear-field reflectron [11]. The fragment masses were
determined by scanning the reflectron retardation potential while
monitoring the ion signal with an off-axis MCP detector, as de-
scribed previously [19]. Typically, 512 time-traces are averaged
for each ion fragment. Stitching the averaged traces together yields
the final photofragmentation spectra presented here.
3. Results and discussion

A representative time-of-flight mass spectrum corresponding to
the parent ions of interest is shown in Figure 1. The photoelectron
images of the bare TCNE� anion and the TCNE��Ar cluster obtained
at 355 nm are presented in Figure 2. The corresponding spectra,
plotted versus electron binding energy, eBE � hm � eKE, are shown
alongside the images (blue lines). The photoelectron images and
spectra of TCNE�, TCNE��Ar and TCNE��H2O collected at 266 nm
are shown in Figure 3. All images exhibit notable noise and
distortions, attributed to the low signal levels. On this account,
no attempt was made to analyze the photoelectron angular distri-
butions. The low-pass filter Fourier analysis, described previously
[20], was performed on all data sets presented and the resulting
‘clean’ photoelectron spectra, intended to guide the eye, are plotted
in gray together with the raw data in Figures 2 and 3.

The 355 nm TCNE� and TCNE��Ar photoelectron images in Fig-
ure 2 reveal perceptible rings. In the corresponding spectra, the low-
er-eBE transitions are labeled collectively as band X. This band
consists of at least four overlapping sub-bands, marked with ticks
in the figure. These sub-bands are assigned to electron detachment
from the ground state of the anion to the lowest vibrational levels
(marked as 0–3) of the ground electronic state of the neutral. The
vibrational interval is estimated at �500 cm�1. From the position
and width of the first peak in the 355 nm TCNE� spectrum, the
adiabatic electron affinity of TCNE is determined as
EA = 3.16 ± 0.02 eV. This is the first spectroscopic determination of
this crucial property of TCNE. The result is in excellent agreement
with the previous indirect determination of EA = 3.17 ± 0.20 eV
[10], but reflects an order-of-magnitude smaller uncertainty range.

The low-eKE (i.e., high-eBE) bands in the photoelectron spectra,
labeled with lower case a and b in Figure 2, are assigned to autode-
tachment from either TCNE� or one of the fragments produced in
the photodissociation of the anion. The autodetachment peaks
are less intense in the TCNE��Ar spectrum, consistent with the
expectation that an Ar tagged cluster should be vibrationally cold,
resulting in colder fragments.

The lowest-eBE bands in the 266 nm photoelectron spectra of
TCNE�, TCNE��Ar and TCNE��H2O (Figure 3) correspond to the
same ground-state anion to ground-state neutral transition as in
Figure 2, so they are also labeled X. Due to the lower resolution
for the higher kinetic energy electrons in 266 nm photodetach-
ment, the low-frequency vibrational progression within the X
band, partially resolved in Figure 2, is not observed in Figure 3.
However, a higher-frequency progression with a �2100 cm�1

interval is apparent in the 266 nm spectra. This progression is
not observed in Figure 2, because its second band (eBE � 3.5 eV)
is either greatly suppressed in the 355 nm spectra due to the
threshold proximity or indistinguishable from the low-eKE autode-
tachment bands (a–b). We cautiously assign this progression to the
CN stretch in neutral TCNE [21] Similar to 355 nm, the spectra in
Figure 3 exhibit sharp low-eKE peaks that do not shift as a result
of solvation. These peaks are assigned to autodetachment of ex-
cited TCNE� or vibrationally excited photofragments.

The TCNE��H2O spectrum in Figure 3 is shifted towards higher
binding energy by about 0.35 eV. This shift defines the hydration
energy that can be calculated from the thermodynamic cycle: D0-

(A��X) = EA(A�X) + D0(A�X) � EA(A). It is often assumed that solvent
binding energy to the anion is much greater than that to the corre-
sponding neutral, i.e. D0(A��X)� D0(A�X), in which case D0(A�-

�X) � EA(A�X) � EA(A). If so, the above spectral shift of 0.35 eV
corresponds to a hydration energy that is quite small compared
to that of many smaller anions. For reference, the first hydration
energy of O�2 is 0.967 eV [22], while that of I� is 0.46 eV [23]. It is
possible that the hydration energy of neutral TCNE is not negligible
and, if accounted for, will increase the above estimate for the anion
hydration. However, the low first hydration energy of TCNE� is
consistent with the delocalized-charge structure of TCNE� [4,5]
and its asymmetric solvation, whereas the water molecule is ex-
pected to be bonded to only one or at most two of the four electro-
negative CN groups, interacting effectively with only a fraction of
the excess charge [24]. This interpretation finds further support
in that no discernible solvation-induced shift is observed in the
TCNE��Ar photoelectron spectra at either 355 or 266 nm. A typical
Ar binding energy to a small anion is �0.05 eV [25], which is great-
er than the resolution and uncertainty limit in Figure 2. We expect
that the Ar solvation energy may also be decreased significantly



Figure 2. Photoelectron images and corresponding photoelectron spectra of TCNE� and TCNE��Ar cluster obtained at 355 nm. Vertical double arrow indicates the laser
polarization direction. The experimental spectra are shown in blue. The gray curves are the result of a low-pass filter Fourier analysis. See the text for explanation of the
spectral band assignments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Figure 3. Photoelectron images of TCNE�, TCNE��Ar and TCNE��H2O collected at 266 nm. Vertical double arrow indicates the laser polarization direction. The experimental
spectra are shown in blue. The gray curves are the result of a low-pass filter Fourier analysis. See the text for explanation of the spectral band assignments. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 4. Photofragment-ion mass-spectra for TCNE� obtained at 355 and 266 nm.
�CN and �2CN indicate the m = 102 and 76 a.m.u. fragment anions, i.e., C2ðCNÞ�3
and C2ðCNÞ�2 , corresponding to the loss of one or two CN groups from parent TCNE�,
respectively.
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relative to the small-anion value, due to the large size and delocal-
ized charge distribution of TCNE�.

Figure 4 displays the photofragment-ion mass-spectra for
TCNE� obtained at 355 and 266 nm. Three types of fragment ions
are observed in different proportions at both wavelengths: CN�

(m = 26 a.m.u.) and the m = 102 and 76 a.m.u. ions corresponding
to the loss of one or two CN groups from parent TCNE�, respec-
tively. The CN and 2CN loss fragments are indicated as –CN and
–2CN, respectively in Figure 4. This fragmentation pattern is con-
sistent with the accepted structure of TCNE� (see the inset in Fig-
ure 1). The CN� channel dominates the fragmentation at 355 nm,
but the double dissociation (–2CN) fraction increases drastically
at 266 nm compared to 355 nm, which may be accounted for by
the greater available energy.

4. Summary

We reported the first spectroscopic determination of the adia-
batic electron affinity of TCNE in the gas phase, EA = 3.16 ± 0.02 eV.
This result represents an order-of-magnitude improvement in pre-
cision compared to the previous indirect determination [10]. Three
anionic photofragmentation channels are observed for TCNE� at
355 and 266 nm: one yielding the CN� fragment and the other
two corresponding to the loss of one or two CN groups from the
parent anion. The CN� channel dominates the fragmentation at
355 nm, while the double-dissociation (�2CN) channel dominates
the radical anion photochemistry at 266 nm.
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