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The quest to uncover the nature of benzonitrile
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Anionic states of benzonitrile are investigated by high-level electronic structure methods. The
calculations using equation-of-motion coupled-cluster theory for electron-attached states confirm
earlier conclusions drawn from the photodetachment experiments wherein the ground state of the
anion is the valence 2B1 state, while the dipole bound state lies adiabatically B0.1 eV above. Inclusion of
triple excitations and zero-point vibrational energies is important for recovering relative state correct
ordering. The computed Franck–Condon factors and photodetachment cross-sections further confirm
that the observed photodetachment spectrum originates from the valence anion. The valence anion is
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electronically bound at its equilibrium geometry, but it is metastable at the equilibrium geometry of the
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geometry, may serve as a gateway state for capturing the electron. Thus, the emerging mechanistic
picture entails electron capture via a dipole bound state, followed by non-adiabatic relaxation forming
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valence anions.

neutral. The dipole-bound state, which is the only bound anionic state at the neutral equilibrium

1 Introduction
Benzonitrile (C6H5CN) has recently become the first aromatic
molecule observed in the interstellar medium using a radio
telescope.1 Its detection in the cold-core Tauras Molecular
Cloud 1 (TMC-1) has far-reaching implications as it provides
a chemical link for unidentified infrared bands in the interstellar
medium. These emission features have long been thought to be
due to the polycyclic aromatic hydrocarbons (PAHs)2 and polycyclic aromatic nitrogen heterocycles (PANHs).3 However, proving
the presence of these molecules in the interstellar space has been
a challenge for radio-astronomy due to the nonpolar or weakly
polar nature of the polycycles combined with the large density of
states. Benzonitrile is one of the simplest nitrogen-containing
aromatic compounds. As a small molecule with a large dipole
moment (44 Debye), it does not have the same detection
limitations as the polycycles. The observation of benzonitrile in
TMC-1 provides the clearest indication to date that larger PAH
and PANH species are likely to be present there as well.
The molecular dipole moment also plays an important role
in electron capture and anion formation.4–9 Among the negative
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ions previously detected in the interstellar medium,10 many
are carbon-chain species,11–15 such as C2n1N and C2nH.
In these systems, electron capture by the neutral molecule
may involve doorway dipole-bound states16–21 or dipole-stabilized
resonances.22,23 The large dipole moment of benzonitrile is a
predictor of the existence of a dipole-bound state of its anion
which may be a precursor for other chemical and photochemical
pathways involving negative ions in laboratory environments and
interstellar space.
The goal of this work is to establish the key electronic
properties of benzonitrile, such as its electron aﬃnity (EA)
and the nature of electron binding in its anion. Despite several
previous investigations, including a direct photoelectron
imaging measurement,24 the debate about the very nature of
the benzonitrile anion is still ongoing. The existence of both
dipole-bound and valence states of the anion has been
predicted.24,25 Despite drastically diﬀerent characters of the
respective wave-functions, both types of anions are expected to
be weakly bound, with similar electron attachment and detachment energies, making the assignment and interpretation of
experimental data a delicate task.
The first measurement of the EA of benzonitrile dates back
to 1975,26 when it was indirectly determined to be 0.256(17) eV.
Another, also indirect, measurement27 based on electron capture detection in 1983 yielded a value with a significantly larger
uncertainty, 0.26(10) eV, nonetheless in perfect agreement
with the earlier determination. Subsequent 1992 experiments
indicated that the ground-state anion of benzonitrile could not
be observed via electron transmission spectroscopy and hence
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it was concluded that the anion is bound by a few tenths of an
electron-volt.28
The 2015 photoelectron imaging experiment by Sanov and
co-workers24 yielded the photoelectron spectra and angular
distributions for the bare and microsolvated benzonitrile
anion. Fig. 1 shows the photoelectron spectra of C6H5CN
and C6H5CNH2O obtained at two diﬀerent photon energies.
The authors reported the vertical detachment energy (VDE) of
bare C6H5CN of 0.058(5) eV, while in the C6H5CNH2O cluster
the band was blue-shifted by 0.32 eV. The spectra were assigned
to the valence anion (VA) of benzonitrile, although a contribution of the dipole-bound state (DBS) could not be ruled out. The
authors also calculated the EAs and VDEs for C6H5CN
and C6H5CNH2O using equation-of-motion coupled-cluster
(EOM-CC) methods.29–31 Of particular note, the computed
VDE of C6H5CN (0.047 eV) was in good agreement with the
0.058(5) eV experimental value. The calculations were carried
out for the valence state of the benzonitrile anion in which the
extra electron occupied a p*-like (b1) orbital and the target
photodetachment transition corresponded to electron removal
from the singly occupied HOMO of the anion. The assignment
of the experimental spectrum to the VA of benzonitrile took
into account the good agreement between the computed and
experimental VDE values. It was additionally supported by the
analysis of the photoelectron angular distributions, the Franck–
Condon simulation of the low-energy photodetachment band,

PCCP
and the behavior of the band under the microsolvation conditions.
However, while concluding that the experimental results could be
completely explained by the VA structure of benzonitrile, the
authors did not explicitly analyze the DBS.
In a subsequent computational study,25 Adamowicz and
co-workers examined the structures and energetics of both
the VA and DBS of benzonitrile using the CCSD(T) method
(CCSD32 with perturbative account of triple excitations33). They
reported25 the VDE of the DBS of benzonitrile to be 0.019 eV,
while claiming that the VA is adiabatically unbound. Although
the above VDE did not agree well with the published photoelectron spectra, the authors nonetheless suggested that the
experimental spectra of Sanov and co-workers should be attributed to the DBS, rather than the VA of benzonitrile.
In the present study, we resolve the ambiguity created by the
above conflicting conclusions. We report high-level calculations showing that the photodetachment transitions observed
by Sanov and co-workers are indeed attributed to the valence
anion, but also discuss the possibility that the DBS may serve as
a doorway state in the formation of the VA. This route is easily
accessible in benzonitrile and therefore the future detection of
its anion in interstellar medium should be anticipated.

2 Theoretical methods
The EOM-CC approach29–31,34–41 provides an efficient and
robust framework for computing a variety of electronic states
in closed- and open-shell species. Different variants of EOM-CC
enable access to different types of target electronic states, such
as electronically excited, electron attached or ionized states.
The EOM-CC wave-function has the following form:
|Ci = ReT|F0i,

(1)

where the linear EOM operator R acts on the reference CC wavefunction, eT|F0i. The operator T is an excitation operator
satisfying the CC equations for the reference state
 0i = 0,
hFm|H|F

(2)

where Fm denotes the m-tuply excited determinants and
 = eTHeT. In EOM-CCSD, the CC and EOM operators are
H
truncated as follows:32,38
T E T 1 + T 2 , R E R0 + R1 + R2 ,

(3)

where T1 and T2 are single and double excitation operators,
1-hole-1-particle (1h1p) and 2-holes-2-particles (2h2p):
T1 ¼

X
ia

Fig. 1 Photoelectron spectra of C6H5CN (top) and C6H5CNH2O
(bottom) obtained with two diﬀerent photon energies. Red and blue lines
correspond to the spectra obtained with 1.165 eV and 4.661 eV photons,
respectively. Reproduced with permission from ref. 24.
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tai ay i;

T2 ¼

1 X ab y y
t a b ji:
4 ijab ij

(4)

Diﬀerent variants29–31 of EOM-CC are defined by different
choices of the reference state and the type of EOM operators R.
For example, by choosing the reference as a neutral state and R1
and R2 as 1h and 2h1p operators, one can describe ground and
excited states of the cation. A similar strategy was used by Sanov
and co-workers,24 who computed VDE by EOM-IP-CCSD
from the open-shell VA state of benzonitrile. A more balanced
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Because Dyson orbitals are used for the expressions of various
experimental observables, such as photoionization/photodetachment cross sections,46,47 they can be interpreted as
correlated states of the ejected/attached electron. Thus, Dyson
orbitals provide a basis for a rigorous extension of molecular
orbital theory to many-body correlated wave functions.45,48,49
Here we compute Dyson orbitals using the CCSD (as CN1
) and
f
EOM-EA-CCSD (as CN
i ) wave functions of the neutral and of the
anion, respectively.

Fig. 2 EOM-EA target configurations generated from a closed-shell
reference state. The first two configurations are 1p ones and the third
one is 2p1h.

treatment of open-shell anionic states is afforded by the EOMEA-CCSD variant42 in which the reference is a neutral closedshell state and R1 and R2 are of 1p and 1h2p type, as illustrated
in Fig. 2:
R1 ¼

X

ra ay ;

R2 ¼

i

1 X ab y y
r a b i:
2 iab i

(5)

Here we characterize the VA and DBS of benzonitrile by EOMEA-CCSD starting from the ground state of the neutral benzonitrile; in these calculations VDE is obtained as the energy
difference between the EOM-EA-CCSD and CCSD states.
The accuracy of EOM-CC can be systematically improved by
including higher-level excitations in T and R, up to the exact
limit. Here we account for the effect of triple excitations by
using perturbative correction, i.e., the EOM-EA-CCSD(T)(a)*
method.43,44
The EOM amplitudes and the corresponding energies are
found by diagonalizing the similarity transformed Hamilto Since H
 is a non-Hermitian operator, its left and right
nian, H.
eigenstates are not identical but can be chosen to form a
biorthonormal set.

HR|F
0i = ER|F0i,

(6)

 = hF0|LE,
hF0|LH

(7)

hF0|LMRN|F0i = dMN,

(8)

where M and N denote the Mth and Nth EOM states and
L ¼ L1 þ L2 ¼

X
a

la a þ

1X i
l abiy :
2 iab ab

(9)

The left and right amplitudes are found by diagonalizing the
 For energy calculacorresponding matrix representation of H.
tions, right eigenstates are suﬃcient, but for calculations of
properties and Dyson orbitals45 both left and right eigenstates
need to be computed.
Dyson orbitals are reduced quantities defined as the overlap
between initial N-electron and final N1-electron states:
pﬃﬃﬃﬃð N
fDyson
ðx
Þ
¼
N Ci ðx1 ; x2 ; . . . ; xN ÞCN1
ðx2 ; . . . ; xN Þdx2 . . . dxN :
1
f
if
(10)
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3 Computation details
As outlined above, we characterized the valence and dipolebound states of the benzonitrile anion by EOM-EA-CCSD using
the neutral CCSD reference. Core electrons were frozen in all
correlated calculations. Our primary focus is on the relative
energetics of the neutral, VA, and DBS. For negative ions, VDE
is defined as the energy gap between the ground-state energy of
the anion and the corresponding neutral molecule, both at the
equilibrium geometry of the anion (RA):
VDE = EN(RA)  EA(RA).

(11)

Analogously, vertical attachment energy (VAE) is computed at
the equilibrium geometry of the ground-state neutral molecule
(RN):
VAE = EA(RN)  EN(RN).

(12)

The electronic part of the adiabatic electron aﬃnity (AEAee) is
defined as the energy diﬀerence between the ground-state
energy of the anion at its equilibrium geometry and the
ground-state energy of the neutral at its equilibrium geometry:
AEAee = EN(RN)  EA(RA).

(13)

The diﬀerence between AEAee and VDE arises due to the
structural diﬀerences between the anionic and neutral states.
Thus, the two quantities are expected to be the same for DBS
but not for VA whose structure diﬀers substantially from that of
the neutral.
To obtain the relative ordering of the anionic states and to
compare with the experimental photodetachment onset, we
also computed AEA, which includes zero-point energy (ZPE)
diﬀerences between the anion and the neutral states:
AEA = AEAee + DZPE.

(14)

In calculations of energetics, we used the geometry of the
neutral and VA states optimized by CCSD/aug-cc-pVTZ and
EOM-EA-CCSD/aug-cc-pVTZ, respectively. Both structures are
of C2v symmetry. As is well documented in the literature,4,5
the shape of potential energy surfaces of dipole-bound anions
is very similar to the respective structures of the neutral species
because the extra electron resides largely outside the molecular
core. Thus, the energies of DBS were computed at the geometries
of the neutral benzonitrile. Triples corrections to the VDE and
AEA of the VA were computed with the EOM-EA-CCSD(T)(a)*
method43,44 using aug-cc-pVTZ. We assume that the eﬀect of
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triples cancels out for the DBS, because the unpaired electron does
not participate in the bonding.
Because of their structural similarity, we also expect the
vibrational frequencies of the neutral and DBS to be similar,
giving rise to DZPE E 0. ZPEs of the neutral and the VA states
were computed within the harmonic approximation with CCSD
and EOM-EA-CCSD using aug-cc-pVDZ and resolution-of-theidentity (RI) approximation50,51 with the matching basis set
(ri-aug-cc-pVDZ), at the geometries optimized at the same level
of theory. The computed structures and normal modes were
used to compute the Franck–Condon factors within parallelmode double-harmonic approximation using the ezSpectrum
software;52 these calculations used T = 300 K. To further
elucidate putative contributions of the DBS to the spectra, we
computed photoelectron cross sections using EOM-EA-CCSD
Dyson orbitals and the ezDyson software.53
To correctly describe DBS, large basis sets with additional
sets of diﬀuse functions are needed. We used the aug-cc-pVTZ
basis augmented with several extra sets of diﬀuse functions
added to each atom, with the exponents obtained following the
same procedure as in our previous studies;23,54–57 the details
are provided in the ESI.† Our preliminary calculations monitoring the convergence of the VAE of the DBS showed that the
results converge with the aug-cc-pVTZ+6s3p(3s) basis. Here,
‘‘6s3p’’ refers to the additional diffuse functions placed at the
heavy atoms and ‘‘(3s)’’ to those placed at the hydrogen atoms.
Below we report the energetics of the bare benzonitrile anion
obtained with aug-cc-pVTZ+6s3p(3s). For the C6H5CNH2O
complex, the VAE of the DBS converged with the aug-ccpVTZ+4s4p(4s) basis. Thus, for the benzonitrile–water complex,
we report energetics obtained with aug-cc-pVTZ+4s4p(4s).
All electronic structure calculations were performed using
the Q-Chem package.58,59 Below we report symmetry labels
using Mulliken’s convention.60 Basis sets, relevant Cartesian
coordinates, and vibrational frequencies are given in the ESI.†

4 Results and discussion
4.1

Benzonitrile anions

Fig. 2 shows Dyson orbitals of the two lowest states of the
benzonitrile anion, 2A1 and 2B1. The shape of the orbitals
identifies the former as DBS and the latter as VA. In the VA
state, the unpaired electron resides on a relatively compact
p*-like orbital of b1 symmetry, giving rise to the 2B1 state. The
Dyson orbital for the DBS is a diﬀuse s-like orbital located on
the opposite end of the cyano-group, giving rise to the 2A1 state.
The DBS is supported by the large dipole moment of benzonitrile,
4.57 Debye (CCSD/aug-cc-pVTZ).
Fig. 4 shows the schematic energy diagram of the neutral
benzonitrile and the two anionic states. The energies shown in
the figure are our best estimates of AEAs (EOM-EA-CCSD/CCSD
with triples corrections, plus ZPE); the contributions of
diﬀerent components are given in Table 1. The present EOMEA-CCSD calculations reveal that at the neutral’s equilibrium
geometry (RN), the VA state is electronically unbound, and the
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Table 1 Attachment and detachment energies (in eV) for valence (2B1)
and dipole-bound (2A1) anions of benzonitrile

State

VAEa

VDEa

AEAeea

DZPEb

D(T)c

AEAd

2

0.0240
NBe

0.0240
0.0639

0.0240
0.1150

B0
0.1256

B0
0.0677

0.024
0.078

2

A1
B1

a
EOM-EA-CCSD/aug-cc-pVTZ+6s3p(3s). b RI-CCSD/RI-EOM-EA-CCSD
and aug-cc-pVDZ for the VA. c EOM-EA-CCSD(T)(a)*/aug-cc-pVTZ for the
VA. d AEA including DZPE and triples’ correction. e Electronically not
bound.

only bound anionic state is the DBS, with the VEA of 0.024 eV.
This finding is consistent with the corresponding results of
Adamowicz and co-workers,25 who reported the VDE of the DBS
to be 0.019 eV with CCSD(T). However, at the optimized
geometry of the valence anion, both the DBS and VA are
(vertically) bound by 0.026 eV and 0.064 eV, respectively. The
latter value is in excellent agreement with the experimental VDE
of 0.058(5) eV, previously assigned to the VA.24 We note that
this value is a significant improvement over the corresponding
EOM-IP-CCSD value of 0.047 eV, which was obtained using
a less balanced protocol based on the open-shell anionic
reference and a smaller basis set.24
Considering only the electronic energies (computed with
EOM-EA-CCSD), the DBS minimum is 0.139 eV below the
minimum of the VA and the VA is adiabatically unbound (as
indicated by the negative AEAee). However, the ZPE correction
makes the VA adiabatically bound by 0.011 eV. A relatively large
eﬀect of DZPE (0.126 eV) favoring the VA can easily be rationalized by the shapes of the respective Dyson orbitals (Fig. 3):
because the electron is attached to the p* orbital, the vibrational modes of the anion become softer, thus lowering the
magnitude of ZPE relative to the neutral. The mode that is most
aﬀected by electron attachment is the butterfly mode. The
frequency of this mode softens by B170 cm1 upon electron
attachment, which is clearly illustrated in Fig. 5 by the
reduction of the curvature of the potential energy profile. The
frequencies are given in Table S1 in the ESI.†
The inclusion of perturbative triple excitations increases
the attachment energy of the VA by 0.068 eV. Thus, the VA is

Fig. 3 Dyson orbitals for the two lowest electronic states of the
benzonitrile anion, 2A1 and 2B1, computed at the respective optimized
geometries. Isovalue 0.007.

Phys. Chem. Chem. Phys., 2020, 22, 5002--5010 | 5005

View Article Online

Published on 20 February 2020. Downloaded by University of Southern California on 3/4/2020 3:08:22 PM.

PCCP

Fig. 4 Schematic representation of the energy levels of the neutral,
valence and dipole-bound anionic states of benzonitrile (see text). Note
that the VA adiabatically drops below the neutral and the DBS due to zeropoint energy.

adiabatically more stable than the DBS when both triple
excitations and ZPE are taken into account. Table 1 summarizes
the key energetics and Fig. 4 presents the results graphically.
Fig. 4, which shows the relevant energy levels of benzonitrile
and its anion, highlights that the VA is bound by 0.078 eV
relative to the ground state of the neutral and is 0.054 eV more
stable adiabatically than the DBS. However, at the geometry of
the neutral, the VA is above the DBS and is electronically
unbound. Thus, the DBS may act as a doorway for the VA
formation. In this mechanism, the electron is first captured by
benzonitrile at its neutral geometry, forming the DBS anion,
followed by a non-adiabatic transition to the more stable
VA state.
4.2

C6H5CNH2O complex

In the C6H5CNH2O complex, the water molecule forms a
hydrogen bond with the cyano group, only weekly perturbing

Fig. 5 Potential energy curves along the butterfly mode for VA, DBS, and
the neutral, showing the relaxation of VA. Energies along the scan are
computed with EOM-EA-CCSD/aug-cc-pVDZ+6s3p(3s). The scan was
generated by taking the displacement along the butterfly normal mode
of the anion (mode #2 of 209.18 cm1).
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Fig. 6 Dyson orbitals for the two lowest electronic states of the
C6H5CNH2O complex, 2A 0 and 2A00 , computed at the respective optimized geometries. Isovalue 0.007.

Table 2 Attachment and detachment energies (in eV) for the valence (2A00 )
and dipole-bound (2A 0 ) states of the benzonitrile–water complex

State

VAEa

VDEa

AEAeea

2 0

0.0661
0.0535

0.0661
0.4566

0.0661
0.1690

A
A

2 00
a

EOM-EA-CCSD/aug-cc-pVTZ+4s4p(4s).

the electronic structure of the benzonitrile core. The electronic
states of the anion appear to be very similar to those of the bare
benzonitrile, as one can clearly see from the Dyson orbitals
shown in Fig. 6. However, microsolvation aﬀects the energetics
of the states (Table 2). At the neutral’s geometry, the DBS(2A 0 )
and VA(2A00 ) are vertically bound by 0.066 eV and 0.054 eV,
respectively. The detachment energy for VA increases approximately tenfold, up to 0.457 eV at the optimized geometry of
the VA. Adiabatically, the DBS and VA are bound by 0.066 and
0.169 eV, respectively.
Fig. 7 shows the relevant state ordering in this complex;
relevant energies are collected in Table 2. Here, the ZPE also
makes the VA more bound, but the eﬀect is small, relative to the
VDE itself. The computed VDE agrees with the experimental
electron detachment energies, confirming that electron detachment happens from the VA. One crucial experimental observation

Fig. 7 Schematic representation of the neutral, valence anions, and
dipole-bound states of the benzonitrile–water complex.
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is that the detachment energy increases by 0.32 eV upon addition
of water relative to the bare benzonitrile. This value is in good
agreement with the 0.39 eV increase in VDE predicted by theory.
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4.3

Photodetachment spectra

The computed energetics of the bare benzonitrile suggest that
the VA species are dominant even at room temperature (300 K),
as shown in Fig. 8. The much larger gap between the VA and
DBS in the microsolvated benzonitrile makes the presence of
the DBS in C6H5CNH2O highly improbable. In this section,
we analyze Franck–Condon factors and photodetachment
cross sections for the VA and DBS, to further confirm our
assignment.
Using the geometries of the anion and neutral forms of
benzonitrile, we computed the Franck–Condon factors for the
photodetachment from the VA state and compared them
with the experimental spectrum as shown in Fig. 9. The spectra
show broad vibrational progression. The analysis of the
computed Franck–Condon factors (Table 3) reveals three dominant modes: ring-breathing mode (#26), butterfly mode (#2),
and another soft out-of-plane mode (#0); there is also a hotband transition for rocking mode (#1). A symmetric ringbreathing mode is active because of the structural changes
between the neutral and the anion along this coordinate,
whereas symmetry-lowering vibrations (modes #0 and #2) give
rise to noticeable Franck–Condon factors because of the large
change in harmonic frequencies. The frequencies are shown in
Table S1 of the ESI† and the modes are shown in Fig. 10.
The character of the Franck–Condon modes is consistent
with the detachment from the antibonding p* orbital (Fig. 3,
right panel).
As the formation of the DBS of the anion does not lead to a
significant change in geometry, the detachment from DBS would
result in the sharp 00 transition with no vibrational structure.

Fig. 9 Computed photoelectron spectrum for the VA and the experimental spectrum obtained by Sanov and co-workers.24 In the computed
spectrum, the Franck–Condon factors were convoluted with Gaussians of
width 0.05 eV.

Table 3 Peak positions and assignments for the photoelectron spectrum
of C6H5CN (1A1 ’ 2B1)

Energy (eV)

Intensity (arb. units)

Vibration

0.0634
0.0639
0.0684
0.0847
1.2701

0.1406
0.3106
0.1797
0.1046
0.1049

111
00
011
211
2610

Fig. 10 Franck–Condon active modes: #0 (out-of-plane), #2 (butterfly),
and #26 (ring breathing).

Fig. 8 Ratio of the Boltzmann population of VA (NVA) relative to the total
population (Ntotal) as a function of temperature.

This journal is © the Owner Societies 2020

Thus, the observed vibrational structure in the measured photodetachment spectrum also supports the conclusion that the
observed photoelectron spectra must be attributed to the VA rather
than the DBS.
Extending the same argument to the C6H5CNH2O
complex, the VA is expected to show a similar Franck–Condon
progression in the photoelectron spectra. In the experiment
with 1.165 eV photons, C6H5CN and C6H5CNH2O indeed
show similar Franck–Condon envelops. This observation
strongly suggests that the observed photoelectron spectra for
both C6H5CN and C6H5CNH2O correspond to the detachment from VA.
To assess whether possible contributions from the DBS to
photoelectron spectra are not seen in the experiment due to the
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potentially low cross section, we also computed absolute photodetachment cross sections using Dyson orbitals and ezDyson
software.53 Diﬀerent orbital characters of DBS and VA result in
diﬀerent trends in the computed cross sections. The absolute
cross sections for the two anionic states are shown in Fig. S1 of
the ESI.† Fig. 11 shows the dependence of the ratio of the two
cross sections as a function on the photon energy. The results
reveal that at low photon energy the DBS photodetachment
cross section is 100 times higher than that of VA. At the
1.165 eV photon energy, corresponding to the experimental
spectrum shown in Fig. 9, our calculations predict sDBS/sVA =
4.65 (see the inset Fig. 11). Taking this ratio value and estimating the relative intensity of DBS photodetachment at this
energy as
IDBS ¼ IVA 

sDBS
sVA

(15)

One can compute the Franck–Condon spectra for an arbitrary
mixture of DBS and VA. Fig. 11 shows such a spectrum for an
equal mixture of the two anionic states. The sharp threshold
peak due to the DBS has a very high relative intensity, dwarfing
the Franck–Condon envelope due to the VA. This shows that if
the population of the DBS were significant, the first sharp peak
in the photoelectron spectrum would be attributed to the DBS.
However, the very similar first peak in the C6H5CNH2O
spectrum (Fig. 1, bottom) should definitely be attributed to
VA, based on the energetics shown in Fig. 7. Disregarding the
0.32 eV band shift, the C6H5CN and C6H5CNH2O spectra
shown in Fig. 1 are indeed very similar, strongly suggesting that
the electronic character of the core anion should be the same in
both cases. This comparison supports the argument that the
first peak observed in the experimental spectra of both
C6H5CN and C6H5CNH2O originates from the VA. If the
DBS were involved, it would have contributed more prominently (with a sharp threshold peak) to the spectrum of the
unsolvated anion, compared to the micro-hydrated species,
overpowering the Franck–Condon features from the VA.
A similar interplay between the VA and DBS was observed in
uracil.61,62 An experimental study by Bowen et al.63 was able to
distinguish between the DBS and VA in uracil. The photoelectron spectrum of the uracil anion shows a strong narrow single
peak at 93 meV. The absence of the Franck–Condon progression indicated negligible structural changes from the anion to
the neutral, which is characteristic of DBS. Using argon and
krypton as solvents did not affect the narrow peak, but when
xenon was used as the solvent, the spectra changed dramatically. This behavior was attributed to the polarization effect of
xenon, which resulted in breaking the symmetry of the molecule and stabilizing the VA. Using a more polar solvent such as
H2O resulted in the complete disappearance of the DBS peak.
The behavior of the benzonitrile anion diﬀers from that of
uracil in several respects. First, the Franck–Condon features
are observed in the photoelectron spectrum with no solvent
present. Second, no additional sharp peaks, which could be
attributed to the DBS, are seen in the photodetachment of the
unsolvated anion, as compared to the micro-solvated species.
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Fig. 11 Top: Ratio of the cross sections (DBS versus VA) for electron
detachment from the benzonitrile anion. Bottom: Convolution of the
Franck–Condon factors using eqn (15) with Gaussian (width = 0.05 eV)
and assuming equal populations of the DBS and VA.

Third, the VA of benzonitrile is adiabatically more stable than
the DBS. Thus, the DBS may act as a doorway to capture the
electron, subsequently transferring the population into the VA
upon the collisional relaxation of the anion. Since the cross
sections for photodetachment are equal to the cross sections of
the reverse process, radiative electron attachment, the large
value of the cross section for DBS further supports that electron
capture directly into this state may be efficient.

5 Conclusion
CCSD and EOM-EA-CCSD calculations of the electronic states of
benzonitrile and its anion reveal that although, in terms of
electronic energies the VA is adiabatically above the neutral
state, the respective ZPE-corrected levels reverse the state
ordering, making the VA bound. The inclusion of triples’
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corrections further stabilizes the VA state relative to the neutral
and DBS. The computed energetics are in excellent agreement
with the experimental values reported in earlier work.24 The
computed Franck–Condon factors provide further support to
the assignment of the ground state of the benzonitrile anion as
the valence-bound anion, 2B1, rather than dipole-bound state
(2A1), as was claimed by Adamowicz and co-workers.25 The DBS
2
A1, which is 0.054 eV above the VA (adiabatically) and is
electronically bound at the equilibrium geometry of the neutral,
may serve as a doorway state for electron capture. The calculations of benzonitrile solvated with one water molecule show
that the VA is stabilized further and becomes bound even at the
structure of the neutral complex. The calculations of photoelectron spectra show similar Franck–Condon envelops,
blue-shifted by 0.39 eV with respect to the bare benzonitrile,
which is also in excellent agreement with the experimental
findings (0.32 eV) of Sanov and co-workers.24 As was pointed
out in the original experimental study,24 the similarity in the
vibrational structure of the photodetachment spectra of the
bare and microsolvated benzonitrile provides additional evidence that the ground state of benzonitrile is the valence 2B1
state. This work highlights the importance of balanced and
accurate treatment of electron correlation and the need to
consider nuclear motion.
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