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We present here results of experiments where low energy electrons are attached to medium-sized
benzene clusters. Out of the various fragments observed in the mass spectrometer the most intriguing
is the weak albeit unequivocal occurrence of a C6H

−
6 moiety. Since the gas phase benzene radical

anion is not electronically stable, we propose here – based on electronic structure calculation – that
this moiety actually corresponds to linear structures formed by opening of the benzene ring via
electron attachment.

I. INTRODUCTION

Benzene with its planar hexagonal form of D6h sym-
metry represents one of the most iconic structures in
chemistry. An interesting question is how this structure
changes upon varying its charge state. The benzene rad-
ical cation, C6H

+
6 , is Jahn-Teller active and thus has two

structural forms – the compressed and elongated rings.
They are energetically very close to each other and their
abundance depends on the elementary environment of
the cation (ref). Even more interesting is the benzene
dication, C6H

2+
6 , which has a number of stable isomers

with the most stable structure being the pyramidal one
with a C5H5 base and a CH group at the apex (ref).
Nonetheless, independent from these structural peculiar-
ities, both the cation and dication are directly observed,
e.g., in the standard electron impact mass spectra of ben-
zene.

The situation is very different for the benzene radical
anion, C6H

−
6 , which has not been detected in the iso-

lated form. The reason is that anionic states of benzene
are embedded in the continuum and the electron thus un-
dergoes autodetachment on an ultrafast timescale. For
example, the lowest anion state, which is a e2u shape
resonance, lies 1.12 eV above the neutral benzene and
its electronic width of 0.12 eV corresponds to autode-
tachment lifetime of XXX fs. Upon ring distortion the
energy of this resonant state slightly decreases (ref) how-
ever, no configuration has been found where this anion
state is below the neutral, i.e., the gas phase radical an-
ion is not electronically stable. However, this situation
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changes dramatically upon solvation. The benzene an-
ion C6H

−
6 is electronically stabilized and readily observed

in solvents, e.g., in liquid ammonia [1] and in ammonia
clusters[2].
The above considerations govern the outcome of reac-

tions of benzene-containing species with free electrons.
For a gas phase benzene molecule, the formation of low-
lying shape resonances leads merely to a considerable
vibrational excitation [3]. For high lying core-excited
resonances, the dissociative electron attachment channel
opens, which leads to hydrogen abstraction; the C6H

−
5

cross section peaks at 8 eV with a shoulder up to 10
eV [4]. Upon electron attachment to large benzene clus-
ters at low electron energies (∼0.3 eV), benzene clus-
ter anions (C6H6)

−
n were detected for sizes n ≥ 53 [5].

This was interpreted as formation of a solvated electron
in benzene, which was supported by photoelectron spec-
troscopy. No negatively charged benzene clusters were
observed for smaller sizes at these low electron energies.
However, at much higher electron energies of hundreds
of eV, cluster anions with n ≤ 52 (down to n = 2) were
observed through fragmentation of large (C6H6)

−
n clus-

ters. In this paper we report the first observation of a
stable isolated C6H

−
6 anion with lifetime is longer than

ten microseconds and we attribute its formation to the
opening of the benzene ring and formation of chain-like
structures.

II. EXPERIMENT

We generated benzene clusters by a continuous su-
personic expansion of a benzene vapor with an argon
buffer gas.The gas was expanded through a conical noz-
zle (90 µm diameter, 30◦ full opening angle, and 2 mm
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length), which was attached to the benzene contain-
ing reservoir placed in the source vacuum chamber.
The reservoir temperature and nozzle temperature of
TR ≈ 300 K and T0 = 333 K, respectively, were kept con-
stant by independent heating. The Ar stagnation pres-
sure was P0 = 3 bar, i.e., the benzene concentration in
the gas mixture with Ar was about 5%. These expan-
sion conditions result in (C6H6)N with the mean neutral
cluster size of N̄ ≈ 300. The cluster size was determined
in our recent pickup experiments [6].

In our present case of relatively large neutral (C6H6)N
clusters, the measured cluster ion fragment (positively or
negatively charged) mass spectra do not fully reflect the
neutral cluster size distributions. First, they suffer from
the cluster fragmentation upon ionization, and second,
our time-of-flight mass spectrometer in perpendicular ar-
rangement has a limited mass range (m/z ≈ 600), within
which the spectra can be obtained without any mass dis-
crimination. The pickup experiment represents a more
reliable methods to determine the mean neutral cluster
size. A detailed discussion can be found in Ref. [6]. Nev-
ertheless, in the present investigation of the negatively
charged benzene clusters, we concentrate on the mass re-
gion below m/z ≤ 700.

After the expansion the clusters passed through a
skimmer followed by three differentially pumped vacuum
chambers, and they were detected in a fourth one by a
reflectron time-of-flight mass spectrometer (TOF), first
implemented and described elsewhere [7, 8]. It can detect
either positive ions [7, 8], or it can work in the negative
ion mode [9, 10] employed in the present experiments.
The clusters are ionized by an electron beam pulsed at
a frequency of 10 kHz. The pulse width was 5 µs and
extraction and acceleration voltages of 4 keV and 8 keV,
respectively, were applied with a delay of 0.1 µs to pre-
vent any unwanted ionization with electrons accelerated
by the extraction voltage. After the flight path of ap-
proximately 95 cm in the reflectron TOF, the ions were
detected with a microchannel plate detector and the mass
spectra were recorded. The electron energy was scanned
between 0 and 12 eV in steps of 0.2 eV to obtain electron
energy dependent mass spectra and an energy-dependent
negative ion yield. However, due to the very low abun-
dance of the (C6H6)

−
n ions some of the presented spectra

were recorded for a very long time (several repeated days)
at a single electron energy of 8 eV, where the maximum
of (C6H6)

−
n ion signal occurred. The energy scale cali-

bration was done using the 4.4 eV and 8.2 eV resonances
in the electron attachment of CO2 molecules.

III. CALCULATIONS

All electronic structure calculations of the C6H
−
6 struc-

tures and their neutral counterparts were carried out
using the ORCA 5.0.1 program package [11]. Geome-
tries of the anionic structures were first pre-optimized
at the second-order Møller-Plesset perturbation theory

level (MP2) [12, 13] employing the cc-pVDZ basis set
and then evaluated at the complete active space self-
consistent field [14] (CASSCF) level using cc-pVTZ basis
set [15, 16]. Note that the CASSCF calculation always
used MP2-based natural orbitals (NO) as an initial guess
calculated with the same basis set. Size of the active
space was chosen based on the NO analysis such that
orbitals with occupation numbers between 0.05 and 1.95
were considered as the active ones. This resulted in using
the CASSCF-(7-6) method for the anionic structures and
CASSCF-(6-6) for the neutral ones.
Final single-point energies were the calculated at com-

plete active space perturbation theory [14] (CASPT2)
with the aug-cc-pVDZ basis starting again from natural
orbitals calculated at the MP2/aug-cc-pVDZ level. Ver-
tical detachment energies (VDE) were subsequently ob-
tained as the difference between the single-point energy
of the anionic and neutral structures at the geometry of
the anionic one. Additional benchmarks concerning con-
vergence of the VDE with respect to the basis set and
size of the active space are presented in the SI.

IV. RESULTS

A. Mass Spectra

Fig. 1 shows the mass spectrum of negatively charged
benzene clusters after the electron attachment to the pure
(C6H6)N clusters. The negative ions have extremely low
intensities, therefore the spectrum was recorded and ac-
cumulated for a long time at a constant electron energy
of 8 eV. This energy roughly corresponds to the maxi-
mum signal for the (C6H6)

−
n cluster ions as shown be-

low. The major peaks in the spectrum correspond to
the (C6H6)n−1C6H

−
5 and (C6H6)

−
n series. For the first

members of the series n = 1 the fragment C6H
−
5 ion at

m/z = 77 is slightly dominating over m/z = 78, how-
ever, for n ≥ 2 (C6H6)

−
n dominate over the neighboring

(C6H6)n−1C6H
−
5 fragment. Apart from these, there is a

weaker series starting at m/z = 110 (orange triangles)
assigned to (C6H6)nO

−
2 due to a small oxygen impurity

deposited in the clusters from the vacuum background,
which is discussed below. Finally, there is a very weak
series of mass peaks displaced by ∆m/z =-15 from the
(C6H6)

−
n peaks (green diamonds) tentatively assigned to

(C6H6)n−1C5H
−
2 , i.e., dissociation of CH3 from benzene

clusters upon the electron attachment.
First, we discuss the (C6H6)nO

−
2 series with oxygen

impurity. The presence of the oxygen containing clus-
ters may be surprising since the background pressure in
all chambers, which the clusters pass through, is in the
region 10−6-10−9 mbar and we do not see any evidence
for the oxygen present on the benzene clusters in the
positively charged ion spectrum. The expected amount
of oxygen picked up by the (C6H6)

−
n clusters from the

background is very small. We can make the following es-
timate – from other experiments [6], we know the mean
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FIG. 1. The mass spectrum of negatively charged clusters
after 8 eV electron attachment to (C6H6)n clusters. The ma-
jor series are (C6H6)n−1C6H

−
5 and (C6H6)

−
n . Further series

indicated: (C6H6)nO
−
2 (orange triangles) due to an oxygen

impurity, and (C6H6)n−1C5H
−
2 (green diamonds).

size of our neutral (C6H6)N clusters of N̄ ≈ 300, which
corresponds to the mean cluster radius of 2.2 nm. The
clusters fly about 1.5 m in the vacuum of 10−6 mbar or
lower. From this we deduce that the uptake probability
of a single molecule by the average cluster is ≤0.5, i.e.,
less than half of the clusters can pick up an O2 molecule,
and the uptake of more than one molecule is probable
only for the largest, less abundant, clusters. However,
oxygen molecules have large electron attachment cross
sections [17]. Thus, the electrons attached temporarily
to benzene clusters in a metastable state can be stabi-
lized by the oxygen molecule and we may thus see the
oxygen containing clusters in the negative ion spectrum
despite their low abundance. To check this hypothesis,
we deliberately doped the (C6H6)N clusters with more O2

molecules by filling the oxygen gas into a pickup chamber
at the pressure of 1×10−4 mbar increasing the mean num-
ber of collisions of an average cluster with O2 molecules
about 10-times, i.e. each cluster should collide with sev-
eral (∼5) O2 molecules. This experiment resulted in the
spectrum completely overwhelmed by (C6H6)nO

−
2 series

while the (C6H6)
−
n intensities remained unchanged by the

oxygen doping.

As outlined already in the introduction, the most in-
teresting observation is the appearance of the (C6H6)

−
n

ions and of the C6H
−
6 monomer in particular. However,

one has to be careful here, since there are isotope con-
tributions from the (C6H6)n−1C6H

−
5 ions at the corre-

sponding (C6H6)
−
n ion masses. Therefore, we show the

spectrum of Fig. 1 in more details in Fig. 2, where the
orange horizontal lines correspond to the calculated iso-
tope contribution to the (C6H6)

−
n ion peaks based on

the (C6H6)n−1C6H
−
5 abundances. The isotope contribu-

tion clearly cannot account for the entire intensity of the
(C6H6)

−
n peaks.

Nevertheless, we have made another test with deuter-
ated benzene C6D6 to prove the presence of the (C6H6)

−
n

ions including the monomer. Figure 3 proves the C6D
−
6

ion peak unambiguously and shows that the isotope con-
tribution of C6D

−
5 at m/z = 83 is small. Thus, all the

FIG. 2. The detail of mass spectrum of negatively charged
(C6H6)

−
n clusters shown in Fig. 1. Horizontal lines show the

isotope contribution to the (C6H6)
−
n ion peaks based on the

(C6H6)n−1C6H
−
5 abundances.

FIG. 3. The mass spectrum of negatively charged deuterated
(C6H6)n clusters showing that the the isotope contribution of
C6D

−
5 at m/z = 83 is relatively small compared to the C6D

−
6

ion peak.

experimental evidence proves unambiguously the gener-
ation of (C6H6)

−
n ion by electron attachment to large

(C6H6)N clusters.

B. Energy dependence

To explore the origin of the (C6H6)
−
n ions further, we

show the energy-dependent ion yields of these ions in
Figure 4. Note that the top spectrum (green circles)
shows the dependence for C6D

−
6 ion offset by a factor

of 10 in the y-axis. The (C6H6)
−
n and (C6H6)n−1C6H

−
5

ion yields are shown by the bottom red squares and blue
diamonds, respectively. The ions exhibit very low in-
tensities and thus we have integrated several n = 1-4
ion yields to obtain energy dependencies with somewhat
reasonable signal-to-noise ratio. All the spectra exhibit a
maximum around 8 eV. Despite the low signal, the peak
position agrees well with the previously measured disso-
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FIG. 4. The energy-dependent ion yield of different ions:
C6D

−
6 (green circles) is offset by 10 in y-axis; (C6H6)

−
n (red

squares) and (C6H6)n−1C6H
−
5 (blue diamonds) ion yields

have been integrated for n = 1-4 to obtain reliable energy
dependencies.

ciative electron attachment (DEA) spectrum of benzene
yielding C6H

−
5 , where a single peak at 8 eV with a weak

shoulder extending to 10 eV was observed [4].

C. Computational Results

We consider six linear structures that can form upon
benzene ring opening due to the electron attachment –
a direct product of the ring opening carrying one hydro-
gen on each carbon atom (structure 1 in Figure 5) and
five structures with one shifted hydrogen atom (struc-
tures 2-5 in Figure 5). Geometries of these radical anions
were optimized according to the protocol described above
and their energies were then obtained at the CASSCF-
(7-6)/aug-cc-pVDZ level. These energies, referenced to
the total energy of neutral benzene at the CASSCF-(6-
6)/aug-cc-pVDZ level, are presented in Figure 5. It can
be seen from this figure that energies of all the structures
lie only up to 5 eV above the energy of neutral benzene,
rendering the ring-opening event thermodynamically fea-
sible as the energy of the incident electrons is about 8 eV.

Table I presents VDEs of the six linear structures. Un-
like the benzene radical anion which is electronically un-
stable in the gas phase (having a non-negative VDE) [1],
it can be seen from Table I that all the considered linear
radical anion structures are electronically stable, possess-
ing sizable negative VDEs.

V. DISCUSSION

The mass spectra in Figs. 2 and 3 show that the C6H
−
6

and (C6H6)
−
n radical anions are generated in the pro-

cess of attachment of slow (∼8 eV) electrons to large
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FIG. 5. Total electronic energies (top) of the proposed linear
structures (bottom) relative to the energy of neutral benzene.

Structure VDE [eV]

1 −1.603
2 −2.926
3 −2.355
4 −1.453
5 −1.520
6 −1.610

TABLE I. Calculated VDEs of the six linear structures from
Figure 5.

(N̄ ≈ 300) benzene clusters. Their abundance is low,
yet their appearance is unambiguous. Experiments with
the deuterated benzene provided further evidence that
the monomeric signal corresponds, indeed, to the C6H

−
6

radical anion and not just to the isotope contribution of
C6H

−
5 , which is quite common product of the DEA pro-

cess. The formed negative anions must be stable at least
on the time scale of their flight time in our TOF spec-
trometer, which is about 10 µs for the C6H

−
6 monomer

and even longer for (C6H6)
−
n clusters.

Large (C6H6)
−
n cluster anions with n ≥ 53 were re-

ported to be formed in abundance via generation of the
solvated electron in Ref. [5]. We cannot compare yields
of our smaller (C6H6)

−
n clusters to the yields of the large

ones, since such large clusters cannot be detected in our
TOF spectrometer due to its perpendicular arrangement.
All the clusters generated in supersonic expansions attain
essentially the same velocity with a very narrow distri-
bution. When the ionized clusters are extracted in the
TOF region perpendicularly to the beam velocity, they
keep the component of velocity parallel to the beam, and
thus the heavier ones, which spend longer time in the
TOF region, can escape the detection. We can partly
compensate for that effect by applying a deflection volt-
age against the beam direction, however, we still cannot
detect clusters of m/z ≥ 4000. A more detailed discus-
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sion of this effect in out TOF can be found elsewhere
[18].

We have measured the energy dependent ion yields,
as presented in Fig. 4, to shed more light onto the ori-
gin of the (C6H6)

−
n clusters. Despite the low signal-to-

noise ratio, results shown in Figure 4 suggest that all
observed negative ions are generated by atachment of an
electron with energy around 8 eV. Note that this en-
ergy is also compatible with the DEA process of isolated
benzene molecule yielding C6H

−
5 . Thus DEA of ben-

zene may be the initial step in the generation of both

(C6H6)n−1C6H
−
5 and (C6H6)

−
n ions. In the latter case,

caging of the departing hydrogen may lead to (C6H6)
−
n

ions, as observed in our earlier studies [10, 19, 20]. How-
ever, the monomeric benzene radical anion cannot be
formed as it is electronically unstable. Instead, ring-
opening is proposed here as the mechanism leading to
the mass spectrometric detection of electronically stable
linear C6H

−
6 ion structures. Present calculations show

that, indeed, multiple linear structures of C6H
−
6 , which

are electronically stable, can be formed by attachment
of an electron with 8 eV kinetic energy, rendering the
ring-opening mechanism viable.
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scavenging of electrons in fe(co)5 aggregates deposited on
argon nanoparticles, J. Phys. Chem. C 120, 7397 (2016).
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