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Photoelectron spectrum of a polycyclic aromatic nitrogen heterocyclic anion: quinoline−
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We report a joint photoelectron spectroscopic and theoretical study on the molecular anion, quinoline−. Analysis of the
vibrationally resolved photoelectron spectrum found the adiabatic electron affinity, EAa(C9H7N), to be 0.16 ± 0.05 eV. These
findings were supported by density functional theory calculations. Our experimental and computational results demonstrate
the unusual electrophilicity for a polycyclic aromatic heterocycle.
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1. Introduction

Typically, cyclic aromatic hydrocarbons, such as benzene
and naphthalene as well as their heteroaromatic analogue
structures, do not support a valence bound anion. Quino-
line is a polycyclic aromatic nitrogen heterocycle that is
structurally equivalent and π -isoelectronic to naphthalene,
where a nitrogen atom replaces the position 1 CH group on
the hydrocarbon. Semi-empirical calculations predicted a
small positive electron affinity for quinoline almost 50 years
ago [1]. The neutral quinoline molecule has been exten-
sively studied computationally [2–9] and experimentally in
the gas phase by measuring the dielectric constant to de-
termine the dipole moment [10], photoionisation [11–13],
UV–Vis absorbance [14–16], microwave [17] and infrared
[18] spectroscopy. Quinoline has also general astrophysi-
cal interest [19–21]. Nevertheless, few experimental neg-
ative ion gas-phase studies exist. The compound negative
ion resonance [22] of quinoline was reported and the gas-
phase lifetime [23] of the negative parent ion was deter-
mined; however, no experimentally measured electron affin-
ity value for quinoline has been reported in the literature.

Here, we present the vibrationally resolved anion photo-
electron spectrum of quinoline− anion. From the spectrum,
we determined the adiabatic electron affinity to be 0.16 ±
0.05 eV. This assignment is supported by our theoretical
calculations and computationally simulated spectrum. The
active vibrational frequencies observed compare favourably
with previous experimentally measured vibrational modes
of quinoline.

∗
Corresponding author. Email: kbowen@jhu.edu

2. Methods

2.1. Experimental

Anion photoelectron spectroscopy is conducted by cross-
ing a mass-selected beam of negative ions with a fixed-
frequency photon beam and energy analysing the resultant
photodetached electrons. The photodetachment process is
governed by the relationship hν = EBE + EKE, where hν

is the photon energy, EBE is the electron binding energy,
i.e., the transition energy between the anion and a par-
ticular vibronic state of its neutral counterpart, and EKE
is the electron kinetic energy. Negative ions of quinoline
were formed in a biased (−500 V) supersonic expansion
nozzle-ion source, where the quinoline sample was placed
in a stagnation chamber, heated to 70 ◦C, and coexpanded
with ∼30 psig of argon gas through a 23 µm orifice into
∼10−4 Torr vacuum. Negative ions were formed by inject-
ing low-energy electrons from a more negatively biased,
thoriated-iridium filament into the expanding jet, where a
microplasma was formed in the presence of a weak exter-
nal magnetic field. These anions were then extracted, colli-
mated and transferred into the flight tube of a 90◦ magnetic
sector mass spectrometer with a mass resolution of ∼400.
The mass-selected anions of interest were then crossed with
the intracavity laser beam of an argon ion laser, and the
photodetached electrons were energy-analysed in a hemi-
spherical electron energy analyser having a resolution of
∼20 meV. The photoelectron spectrum reported here was
recorded with 2.540 eV photons (488 nm), and it was cali-
brated against the photoelectron spectrum of the O− anion

C© 2015 Taylor & Francis

D
ow

nl
oa

de
d 

by
 [

Jo
hn

s 
H

op
ki

ns
 U

ni
ve

rs
ity

] 
at

 0
6:

19
 0

4 
Fe

br
ua

ry
 2

01
5 

http://dx.doi.org/10.1080/00268976.2014.1003261
mailto:kbowen@jhu.edu


2 A.M. Buytendyk et al.

[24]. It was also measured at lower resolution using our
pulsed photoelectron magnetic bottle instrument.

2.2. Computational

Density functional theory (DFT) calculations of quinoline
neutral and anion were performed with the Gaussian09 [25]
software package. Geometry optimisations, energy calcu-
lations and frequency analysis were all performed with
the unrestricted wb97xd [26] functional and aug-cc-pVTZ
[27,28] basis set. The highest occupied molecular orbital
(HOMO) of the relaxed anion was generated in GaussView
[29]. A simulated photoelectron spectrum was generated
using the Franck–Condon method as implemented [30] in
Gaussian09 using the default parameters which includes
a convolution of the spectrum with Gaussian distributions
with a 135 cm−1 half-width at half-maximum.

3. Results and discussion

The photoelectron spectrum of quinoline anion, presented
in Figure 1(a), exhibits a vibrationally resolved profile. The

Figure 1. (a) The measured photoelectron spectrum of the
quinoline− anion recorded using 2.540 eV photons. (b) The calcu-
lated Franck–Condon simulated photoelectron spectrum. 190 ×
262 mm (300 × 300 DPI).

observed transitions are centred at EBE 0.16 eV (peak A),
0.23 eV (peak B), 0.33 eV (peak C) and 0.52 eV (peak
D). The lowest EBE transition in the spectrum is its origin-
containing transition, i.e., the ν ′ = 0 ← ν ′′ = 0 transi-
tion, and it defines the adiabatic electron affinity. Thus,
EAa(C9H7N) was determined to be 0.16 eV ± 0.05 eV
(Peak A). Our electronic structure calculations, including
the zero-point energy, found quinoline to support a bound
valence anion with an EA of 0.19 eV, which is in very
good agreement with our experimentally measured value
and the previous calculated semi-empirical value of 0.2 eV
[2]. Since the electron is added to a closed shell molecule,
the electron affinity is expected to be small. There is scant
evidence of vibrational hot bands in the spectrum, possibly
because of anion autodetachment. The optimised geome-
tries for both anion and neutral quinoline were calculated
and found to be planar with very similar bond lengths be-
tween the structures (Figure 2(a)). The HOMO structure for
the quinoline anion is shown in Figure 2(b), where the ex-
cess electron is delocalised in the π∗ anti-bonding orbital.
A computationally simulated photoelectron spectrum was
generated and is also shown in Figure 1(b). The profile of
the calculated spectrum matches well compared with the
experimentally measured photoelectron spectrum.

Since quinoline is a planar species belonging to the
Cs point group, there are 45 vibrational modes that can
be classified as even or odd, 31A′ and 14A′′, respectively.
The A′ modes will have the greatest Franck–Condon over-
lap and be active in a photoelectron spectrum. The vibra-
tional frequencies from Figure 1(a) were measured as the
energy spacing between peak centres in the spectrum and
are presented in Table 1. Previous IR studies were consid-
ered to identify and assign the vibrational modes [18]. The
vibrational frequency 565 cm−1 (spacing between A and
B) is assigned as vibrational mode ν29, an in-plane ring
distortion. The adjacent vibrational frequency (between A
and C) at 1371 cm−1 is assigned as the vibrational modes
ν14 and ν15 a C–C bond stretch. The spacing between A
and D is 2904 cm−1 which corresponds to the C–H vibra-
tional modes ν1–7. The calculated vibrational frequencies
are close to the experimentally measured vibrational modes
which is expected since the calculated simulated spectrum
of quinoline is very similar to the experimentally measured
spectrum (Table 1).

4. Summary

The molecule quinoline, displays a greater electrophilicty
than its analogue, naphthalene. Quinoline anion was formed
by injecting low-energy electrons into a supersonic expan-
sion of the molecule seeded in argon and the anion pho-
toelectron spectrum was recorded. A small but positive
electron affinity of 0.16 eV was experimentally measured,
indicating that quinoline supports a valence bound anion.
DFT calculations at the wb97xd /aug-cc-pVTZ level of
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Figure 2. (a) Optimised (wb97xd/aug-cc-pVTZ) structure of the quinoline− anion along with the critical bond lengths (Å). (b) The
highest occupied molecular orbital (HOMO) of the ground state of the anion. 564 × 231 mm (96 × 96 DPI).

Table 1. Transition assignments for the photoelectron spectrum of quinoline compared with calculations from this studya and previously
reported literature values.

Experimental (this work) Calculated (this work) Reported values (from the literature)

Peak location Vibrational spacing Peak location Vibrational mode
Experimental

vibrational spacingb
Calculated

peak locationc

(eV) � (eV) (cm−1) (eV) (cm−1) (cm−1) (eV)

A 0.16 0.19 0.20
B 0.23 B-A 0.07 565 0.26 532, 535 522 (ν29)
C 0.33 C-A 0.17 1371 0.37 1371 1392 (ν14), 1371(ν15)
D 0.52 D-A 0.36 2904 0.55 3161 3086(ν1), 3056(ν2),

3036(ν3), 3014(ν4),
3004(ν5), 2979(ν7)

aUncertainties are ± 0.05 eV or less.
bFrom Ref. [18].
cFrom Ref. [2].

theory found the electron affinity to be 0.19 eV. Both our
experimental and theoretical results were in good agree-
ment with those from previous studies.
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