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Abstract

The gas phase anion photoelectron spectrum of the Cl™---N, complex is presented, allowing determination of the electron
binding energy, and is compared to CCSD(T) calculations. The calculations reveal three stationary points on the neutral
complex surface; a linear C',, and two Cy, symmetry geometries. For the anion complex, two geometries are predicted,
similar to the Cy, symmetry conformations determined for the neutral. Comparing both computational and experimental
results with those from previous work we show trends between anion complex stability and electron stabilisation energy

and also the neutral complex stability with respect to the polarisability of the halogen
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1. Introduction

Anion photoelectron spectroscopy offers an avenue by
which to investigate the electronic structure of transient
species in the gas phase by accessing the neutral states
via a stable anion analogue. When coupled with mass
spectrometric techniques, the separation of ion-molecule
complexes in a gas mixture allows for only the complex of
interest to be scrutinised. The appreciable power of this
technique is apparent from numerous examples in litera-
ture, for example in references [1-4].

The impact of chlorine and other halide-containing
molecules in gas phase interactions has been explored ex-
tensively in recent decades. Initially interest was spurred
on by the impact that commercial chlorofluorocarbons
(CFCs) proved to have on the depletion of stratospheric
ozone [5]. However given the complexity of atmospheric
chemistry, the contribution of other species in a range of re-
actions was also explored, with some representative exam-
ples given in References[6-10]. Nitrogen, as the most abun-
dant gas in Earth’s atmosphere, would serve as an ideal
point of interest as it is able to mediate many atmospheric
reactions by solvating clusters in the gas phase[7, 11]. The
example given in reactions la and 1b shows nitrogen act-
ing as a cluster partner to an NO™T ion and is “switched”
for a water molecule going on to produce HNO,.

NOT + Ny + M —= NOT-N, + M (1a)
NO*'-N, +2H,0 — NOT - (H,0), + N, (1b)
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Under atmospheric conditions (in this case in the D
layer), the direct addition of water to NO™ is too slow
to account for its atmospheric abundance and as such
complexation by nitrogen is suggested to provide more
favourable pathways for such systems. Yet there is surpris-
ingly few studies completed on nitrogen-containing clus-
ters, perhaps due to its high stability and tendency to act
only indirectly or as a precursor to more reactive species
such as NO,.

Other than in our own atmosphere, halide-nitrogen
complexes may well exist on extraterrestrial bodies which
hold a significant nitrogen abundance. Considering only
our own solar system, we find four prominent examples
in Venus, Pluto, Titan and Triton. Taking Pluto, the ice
covering its surface is predicted from infrared reflectance
spectroscopy to be approximately 98% nitrogen with at-
mospheric pressures of 3mbar at the surface[11]. Recent
passes by the New Horizons probe has shown that due
to Pluto’s lack of a magnetic field and small escape ve-
locity (0.95kms~1)[11] the exposure of the atmosphere to
solar winds sweeps this atmosphere out into a tail much
like a comet[12]. This tail, and indeed other comet tails
could be representative of a highly charged environment
and present the possibility of the formation of ion-molecule
complexes through both direct[13] and dissociative elec-
tron attachment[14].

There is a conspicous paucity of prior work in the litera-
ture in the area of halide-nitrogen complexes and their po-
tential impact in both our atmosphere and extraterrestri-
ally, in particular research done experimentally. We wish
to expand on previously published spectroscopic and com-
putational studies undertaken in the Wild group on the
bromide and iodide complexes with nitrogen[15] by attend-
ing to the chloride species in the present work. This would
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bring us closer to completing the suite of halide-nitrogen
complexes studied.

There have been three studies on weakly bound halide-
nitrogen complexes; one by Matsubara and Hirao[16], an-
other by Hiraoka[17] and previously noted, work by the
Wild group regarding Br ---N, and I ---N, clusters[15].
Hiraoka performed MP2 calculations on these anionic flu-
oride complexes with O,, Ny and CO molecules using 6-
3114+G** and 3-21G* basis sets on the F~ ion and N,
respectively, reporting that the singly-bound complex is
of Cy, symmetry and the doubly-bound complex is Dyy,.
However, Matsubara performed calculations on the clus-
ters formed between H , Li and F~ with a variety of
diatomic molecules including nitrogen, using B3LYP and
6-311++G** basis sets. Matsubara reports structures of
the singly-bound fluoride-nitrogen complex to be Cy sym-
metry and Cs,, and then Cy; symmetry for the F -+ (N,),
complex. A comparison of the geometric structures of the
two singly bound complexes as presented by Matsubara
and Hiraoka is given in Table 1 (Hiraoka’s results seem
more appropriate as the BSLYP functional without em-
pirical corrections does not account for longer range dis-
persion interaction as is present in the cases of van der
Waals (vdW) complexes[18]).

Table 1: Comparison between calculated geometries from
Matsubara[16] and Hiraoka[17]
Point Group  7x..|* 7TN=N  ZX..|||-N
Al [A] °]
Matsubara[16] Cs 2722 1.104 60.9
Hiraoka[17] Cay 2917 1.12 90.0

* ||| is the mid point of the N=N bond

2. Methodology

2.1. Ezperimental Methods

All experiments were conducted using a time of flight
mass spectrometer coupled to a magnetic bottle photo-
electron spectrometer (TOF-PES) based on designs from
both Cheshnovsky[19] and Wiley and McLaren[20]. Ex-
tensive detail of the apparatus is given in the seminal ref-
erences above and also in previous publications from the
Wild group[21-23]. The gas mixture prepared for these ex-
periments consisted of a halogen source (in this case trace
amounts of CCl, vapour) along with nitrogen gas with a
partial pressure of 40kPa then backed to the operational
pressure of 450kPa with argon gas. This gas mixture is
injected into the TOF-PES via a pulsed solenoid valve and
intersected with a beam of electrons to produce anion com-
plexes which drift towards the ion flight tube. Often resid-
ual halide sources from previous experiments are part of
this gas mix, however they prove beneficial in the cali-
bration of recorded mass spectra and mass separation is
sufficient to interrogate only the desired complexes.

Complexes are intersected with a 5ns pulse of 266 nm
radiation (4.66 €V), being the fourth harmonic of a Nd:YAG
laser (Spectra Physics Quanta Ray Pro) to detach photo-
electrons which are collected by the magnetic bottle[19].
Photoelectrons are detected by a microchannel plate (MCP)
detector at the end of a 1.8m photoelectron flight tube.
To improve detection efficiency, a grounded mesh sits 2 cm
in front of the detector and the front plate of MCP is posi-
tively biased (200V). By determining the electron kinetic
energy (eKE) from the time of flight of the photoelectrons,
the electron binding energy (eBE) for the transition they
are associated with can be determined via the following
equation:

eBE = hv — eKE (2)

where hv is the energy carried by the 266 nm photon.
Spectra are built up as a histogram of photoelectron counts
over 10000 laser pulses, which are calibrated, averaged and
smoothed over the course of experimentation.

After calibration the intensities in a spectrum undergo
a Jacobi transform (multiply by #3) such that they are with
respect to energy rather than time. The Jacobi transform
adds to the symmetry of peaks by increasing their tails
(ie. larger values of t), however as the binding energy
approaches that of the laser (4.66eV), the long electron
flight time leads to a significant increase in the intensity
of the background signal.

In the calibration of these experiments, the separation
of the 2Ps/, and the 2Py, states of the bare chloride is less
than the resolution of the spectrometer, thus making them
difficult to distinguish accurately. As such only spectra
recorded of the bromide ion is used to calibrate the chloride
complex spectra and the peak positions in these spectra
are reported as corresponding to the 2Ps /, transition as
this state will feature more dominantly.

Finally, the spread in electron energies (dE.) of the
magnetic bottle photoelectron spectrometer depends on
the ion mass and kinetic energy. According to Chenovsky
et al[19], dE. is given by,

dE, = 4, | 2B,y (3)
my

where m,, my, E., and E; are the masses and kinetic en-
ergies of the detached electron and anion. The ions have
approximately 1000 eV of kinetic energy, and hence for an
electron with kinetic of energy 1.05eV, i.e., detached from
the chloride ion following absorption of 4.66 eV radiation,
the spread in energies is therefore 0.52 eV leading to a res-
olution of 0.21 eV (full width half maximum, FHWM).

2.2. Computational Methods

Ab initio calculations were performed at the CCSD(T)
level of theory for the chloride-nitrogen complexes using
the Gaussian 09 software package[24]. Augmented corre-
lation consistent basis sets developed by Dunning[25, 26]
were employed for both nitrogen and chlorine (aug-cc-
pVnZ n =T,Q,5 representing the triple, quadruple and



quintuple- basis sets with chlorine including additional
diffuse functions). Energies of the bare halogen anions and
neutrals are calculated along with the nitrogen molecule to
later compare with complex energies and calculate values
of the cluster binding energy D. and true cluster bind-
ing energy Dy. Complex geometries were optimised us-
ing the triple-( basis sets with strict convergence criteria
(1 x 1078 By, ap™!) due to the expected loosely bound na-
ture of such systems. Each optimisation was followed by
vibrational frequency analysis of these geometries. The
complete basis set limit energy was produced by extrap-
olation through quadruple-¢ and quintuple-{ single point
energies using the two point extrapolation scheme given in
equation 4, where o = 5 for SCF extrapolation and o = 3
for CCSD(T) correlation energy extrapolation, E(L) is the
energy resulting from a certain basis set, A is a parameter
and Eo is the energy of the complete basis set[15].

E(L) = Ex + % (4)

Comparison is also made between previously calculated
energies at MP2 for the chloride-nitrogen complex and be-
tween other halide-nitrogen complexes at both MP2 and
CCSD(T) levels of theory.

3. Results and discussion

3.1. Computational Results

Rudimentary electrostatic modelling of the halide-N,
complexes has been completed previously, with the mul-
tipole expansion taking into account charge-quadrupole
and charge-hexadecapole electrostatic interactions and the
charge-induced dipole interaction (equation 5)[15].

q (©O(3cos?0—1)
Ve R,6) = 1 ( o
+ ®(35 cos* § — 30 cos? A + 3)
8R5
2 2 0 2 0
Vina(R,0) = 4 (o cos? O + oy sin” 0) )

2(4mep)2 R4

As in a previous publication[15] the values are

O = —4.994 x 107%°Cm? and ® = —8.493 x 107 Cm*
for the quadrupole and hexadecapole moments respectively
and oy = 2.436 x 1074 C?m? J~! and

a; = 1.670 x 1074°C2m?2 J~! for the parallel and per-
pendicular dipole polarisabilities of the nitrogen molecule
[27].

The electrostatic model of the halide-nitrogen com-
plexes treat the halide as a point charge as well as omitting
the hard wall repulsion present and hence fails to accu-
rately describe the impact the halide size has on the inter-
action. That being said, the model suggests that the an-
ion complexes should exhibit a T-shaped structure which is
due to the dominance of the charge-quadrupole interaction

despite the anisotropy in the polarisibilities of the nitrogen
molecule (o > o) which favours a linear complex con-
sidering only the charge-induced dipole interaction. The
anisotropy would suggest that the neutral complex would
have a linear geometry, being dominated by dispersion in-
teractions.

3.1.1. CCSD(T) Calculations

We begin our analysis of the results of the CCSD(T)
calculations by focussing on the neutral species, with a
complete data set provided in Supplementary Information.
Geometry optimisation calculations predicted three sta-
tionary points on the neutral surface with data presented
in Table 2. The geometries correspond to a Cu,,, and two
Cs, symmetry conformations, with one of the two Cs, ge-
ometries showing much shorter distances between the chlo-
rine and nitrogen atoms (almost half) and the N—N bond
length increasing from 1.104 A to 1.290 A. This increased
bond length more closely resembles a double bond similar
to that of molecular oxygen (1.213A). Accordingly, in a
subsequent vibrational analysis, the harmonic frequencies
are significantly higher than what one would expect from
loosely bound vdW complexes for the vibrational modes
assigned to the C1-N—N bend and CI---N stretch and lower
in energy for the N—N stretch. Through a Roby analysis
(completed using Tonto[28]) it is shown that the CI-N
bond in this structure is at least 92% covalent suggesting
that this conformation is a more tightly bound triangular
complex (referred to as “TIri”)[23].

Table 2: Geometrical parameters of the chlorine-N, gas phase neu-
tral complexes from CCSD(T) calculations. D, values are derived
from CCSD(T)/CBS results, while Dy utilises the CCSD(T) /aug-cc-
PVTZ computed harmonic zero point energies.

TX.¥ TX-N TN=N /{X-N-N D. Dy
[Ig] [A] [A] [kJmol™']  [kJmol™!]
Tee 3.513 3.556 1.104 81.1° 1.3 1.1
Tri 1.735 1.851 1.290 69.6°
Lin 3.741  3.189 1.104 180.0° 3.5 2.7
N, 1.104

* ||| is the mid point of the N=N bond

Table 3: Geometrical parameters of the C2, chloride-N, gas phase
anion complexes from CCSD(T) calculations. D, values are derived
from CCSD(T)/CBS results, while Dy utilises the CCSD(T)/aug-cc-
PVTZ computed harmonic zero point energies.

LX-N-N D Dy

Tx---%* TX-N TN=N e

[A] [A] [A] [kJmol~!]  [kJmol?]
Tee 3.544  3.587 1.104 81.2° 9.3 8.5
Tri 1.686 1.839 1.468 66.5°

N, 1.104

* ||| is the mid point of the N=N bond

The other Cy, complex (referred to as “Tee”) exhibits
a geometry consistent with a vdW type complex. The
N—N bond length in the complex remains unchanged from
the nitrogen molecule and the X—N separation is 3.556 A.



However, considering the vibrational frequency analysis
this complex displays an imaginary frequency correspond-
ing to the X—N—N bending mode suggesting it is a transi-
tion state. The linear complex lies 1.6 kJ mol~! below this
geometry (energies are extrapolated to the complete basis
set and include zero point energies from the triple-¢ har-
monic vibrational analysis). The linear complex displays
all real frequencies. The CCSD(T) calculations indicate
that the linear complex is the most stable geometry for
the neutral complex, although the complex dissociation
energies in both the linear and “Tee” geometries are small
which results from the interaction being only inductive.

Considering the anion potential energy surfaces now
we note the lack of a stationary point corresponding to
the linear geometry, not unexpected if we again use the
electrostatic model as a guide. We find two stationary
points of Cs,, symmetry (given in Table 3) which are the
anion analogues of the neutral “Tri” and “Tee” complexes
as C1—N separations for these complexes are 1.839 A and
3.587 A respectively. As for the neutral complexes the an-
ion “Tri” complex lies much higher in energy compared
to the global minimum (847.1kJmol~! for the anion and
466.0kJmol™! for the neutral). With this in mind the
stable conformation of the anion complex is the “Tee”
complex and upon electron detachment the correspond-
ing neutral complex would vibrationally cool to adopt the
linear geometry.

3.1.2. Electron Detachment Energies

Electron detachment energies for the complexes are de-
termined from CCSD(T) calculations to be later compared
with experimental results. Calculations for the chlorine
atom give an electron detachment energy at the complete
basis set for the bare halide. The spin-orbit coupling con-
stant of the bare halide is determined using the experimen-
tally known separation of the 2P states of chlorine and ap-
plied to the calculated electron detachment energies. Com-
parison with experimental energy levels yields a correction
to account for shortcomings in the calculations, this is then
applied to all subsequent calculated transitions[29]. In the
case of chlorine the determined shifts for the quintuple-
¢ and complete basis sets were 0.016eV and —0.015eV
respectively suggesting that both these basis sets are ap-
propriate for these kind of calculations considering the res-
olution of the TOF-PES is 0.21¢€V.

The calculated adiabatic electron detachment energy
(ADE) for the chloride-nitrogen complex is 3.67 and 3.78 eV
for the 2Ps /o and 2P /, states respectively, while the pre-
dicted vertical detachment energies (VDE) are 3.69 and
3.80€V to the two states. Further discussion of these re-
sults with respect to experiment and with other halide-
nitrogen complexes follows. However at this point it is
worth noting the spin-orbit splitting present in the chlo-
ride species is small (0.109eV[30]) and it may prove dif-
ficult to separate the two 2P states in experiment due to
the resolution of the TOF-PES.

3.2. Ezperimental Results
8.2.1. Mass Spectrometry

A representative mass spectrum for the Ny-Ar-CCly
gas mix is presented in Figure 1. Clear signals are ob-
served for both isotopes of chlorine and bromine, allowing
for calibration of the remaining peaks in the spectrum.
The peaks at 63 and 65 amu correspond to the 3°Cl~ N,
and 37Cl*~-~N2 complexes respectively. These are easily
identifiable as chlorine peaks due to the ratio of the sig-
nal intensity corresponding closely to the isotopic ratio for
#Cl and *'CL

Other peaks in the spectrum are observed at 53 and
55, 71 and 73 and 75 and 77 amu which are from the
isotope pairs of the chloride-water, chloride-oxygen and
the chloride-argon complexes. Peak positions at 79 and
81 amu correspond to the bromide isotope pair and are
the result of previous experiments’ bromide halide source
adsorbing to the interior of the gas mixing station. The
spectrum does not show further degrees of solvation by
nitrogen as the signal intensity typically decreases rapidly
with further coordination. No significant signal for the
larger clusters was found during experiment which high-
lights the difficulty in producing these kind of transient
complexes in the gas phase.

I(t)

aug,sobﬁﬁwft

(m/z)

Figure 1: Mass spectrum of the N,-Ar-CCl, gas mix

8.2.2. Photoelectron Spectroscopy Results

Photoelectron spectra of the chloride and bromide ions
were recorded for calibration purposes however as expected
the lower resolution of the TOF-PES meant that peaks cor-
responding to transitions to the 2P states of the chlorine
could not be separated and only the bromide ion spec-
trum was used for calibration. The recorded spectrum of
Cl N, was then processed, first by calibration and then
a Jacobi transform on the intensities, followed by smooth-
ing.



The spectrum is presented in Figure 2 over the range of
electron binding energy from 0.00 to 4.66 eV, and features
a single band, with a maximum at 3.75eV. At higher
electron binding energy (4.00 to 4.66eV) the evidence of
the Jacobi transform’s influence on background noise is
readily apparent. The spectrum is truncated at 4.66eV as
this is the highest energy possible in the spectrum.

Intensity (E)

eBE (eV)
Figure 2: Photoelectron spectrum of the chloride-nitrogen complex

A fitting procedure was applied to the spectral feature
assuming that it is composed of two closely spaced tran-
sitions from the anion to the neutral ?Ps , and ?P: , spin
orbit states which, due to the spectral resolution being
0.21eV, are unresolved. The transition to each state was
modelled as a Gaussian profile with FWHM initially de-
fined by the instrument resolution. The separation of the
two Gaussians (i.e. , the spin orbit splitting of the chlorine
2P states, being 0.109eV [30]), and the intensity ratio of
2:1 (arising from the state degeneracy for J = 3/5 and !/5)
were held constant during the fitting procedure.

The fit to the experimental band is provided in Fig-
ure 3 (red curve), with the two component Gaussian func-
tions (blue and green curves). The fit provides an esti-
mate for the VDEs to the ?Ps/, and %P, states as 3.72
and 3.83eV respectively. There is good agreement be-
tween the experimentally determined and predicted VDE.
Prior to correction for spin-orbit splitting and shifting cor-
rection, the calculated VDE is 3.74eV. After taking into
account the correction factors, the predicted VDE to be
3.69 and 3.80eV. Further corrections could be applied to
the calculated results to account for the perturbation of
the halogen spin orbit state separation by the coordinated
nitrogen, however considering the calculated complex dis-
sociation energy of the neutral the degree of perturbation
is expected to be negligible. The predicted VDE values lie
within 0.03 eV of the values estimated from the fit to the
experimental band.

Intensity (E)

3.0....3.5....4.0.,. 5
eBE (eV)

Figure 3: Fit of the experimental band to the sum of two gaussian
functions. Blue is the transition to the 2133/2 state, Green is the

transition to the 2P1/2 state, and Red is the sum of the two

8.8. Comparison with other halide-nitrogen complezes

Previous work [15] provided both experimental and
CCSD(T) results for the analogous bromide and iodide
complexes and some information on the fluoride-nitrogen
complex. These are presented alongside the current data
here in Table 4. For the singularly coordinated complexes
we are able to identify several trends.

Table 4: Comparison between halide-nitrogen complexes[15, 23]

Ps/2 P1/2 FEstap D, anion D, neutral

(eV) (eV) (meV) (kJmol™') (kJmol™')
FN, -— - — 15.7 —
CIN, 3.72 3.83 110 8.5 1.1
BrN, 343 3.92 40 7.8 1.8
IN, 3.07 4.02 20 7.0 2.4

From our experimental data the electron stabilisation
energy (Esiqp), ie., the difference between the energies of
the transitions to the 2Ps/, state in the bare halide and
in the complexes, is calculated. We can see that there is
a moderate linear correlation between the anion complex
stabilisation energy (Dy) and the complex electron stabil-
isation energy (Estqp). We can also see that the complex
dissociation energy (for the “Tri” complexes) decreases as
you move through the halide series, appearing to adhere
to periodic trends. This is associated with the nature of
the halide as an electron donor, fluoride on one hand is
much smaller and a ‘harder’ Lewis acid, whereas iodide is
‘softer’ and more diffuse. On the other hand the values of
Dy in the neutral complexes increase on moving through
the halide series (Cl---N, to I---N,). They are much lower
than the Dy values of the anion series. Both of these ob-
servations are due to the nature of the interaction bind-
ing the complexes. In the anions, as electrostatic models



have suggested, the charge-quadrupole interaction is dom-
inant and would result in stronger interaction, whereas in
the neutral species it is only dispersion forces binding the
complexes. This suggests that firstly; the interaction is
much weaker, and secondly; that the polarisibility of the
halide determines the strength of interaction. With this
in mind it is not surprising that the iodine complex is the
most strongly bound having the largest polarisibility while
the chlorine complex features the weakest intermolecular
interaction.

4. Summary

Ab initio calculations have also been performed on the
chloride-nitrogen complex as well as the neutral analogue
at CCSD(T) level of theory. We report the vertical detach-
ment energy (VDE) and therefore the electron affinity of
the neutral as 3.72eV which shows good agreement with
calculated values of 3.69eV and 3.80eV for the two 2P
states when considering the resolution of the TOF-PES
apparatus.

CCSD(T) calculations predict five stationary points,
three for the neutral and two for the anion complexes. A
linear structure, present only in the neutral, a pair of ge-
ometries of Cy, symmetry but with comparably shorter
bond lengths than the linear and two other Cs, conforma-
tions that are much more weakly bound and typical of van
der Waals complexes. The linear complex is suggested to
be the most favourable form of the neutral complex while
the Cs, van der Waals complex is the most stable form of
the anion.

Comparison is also made here between the chloride-
nitrogen complex and other halide-nitrogen complexes stud-
ied previously. We note a correlation between the experi-
mental electron binding energy (*Ps,,) and the calculated
complex dissociation energies for the anion. This trend
can be rationalised by the strength of the halide ions as
Lewis donors. In the neutrals the Dy values increase from
chlorine to iodine which can be associated with the in-
crease in the polarisibility of the halogen atoms as atomic
size increases.
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