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Abstract
A combined experimental and theoretical approach has been used to investigate X– ···CH2O (X=F,
Cl, Br, I) complexes in the gas phase. Photoelectron spectroscopy, in tandem with time-of-flight
mass spectrometry, has been used to determine electron binding energies for the Cl– ···CH2O,
Br– ···CH2O, and I– ···CH2O species. Additionally, high-level CCSD(T) calculations found a C2v

minimum for these three anion complexes, with predicted electron detachment energies in excellent
agreement with the experimental photoelectron spectra. F– ···CH2O was also studied theoretically,
with a Cs hydrogen-bonded complex found to be the global minimum. Calculations extended to
neutral X···CH2O complexes, with the results of potential interest to atmospheric CH2O chemistry.

Keywords: photoelectron spectroscopy, ab initio calculations, noncovalent interactions, halides,
mass spectrometry.

1 Introduction

Formaldehyde (CH2O) is the most abundant carbonyl compound in the atmosphere, [1–3] and its
photolysis is responsible for significant quantities of atmospheric CO and H2, as well as HOx radi-
cals. [4–6] It has been found that CH2O can produce the OH radical at a rate an order of magnitude
higher than is attributable to O3, and two orders higher than that by CH3CHO. [7] Sources of
CH2O include the oxidation of CH4,

[8,9] or more commonly isoprene in forested areas, [10,11] and
anthropogenic emissions from motor vehicle exhaust [12] as well as biomass burning, [13] with its ma-
jor sinks being photolysis and reaction with the OH radical. [14] Being the prototypical aldehyde,
CH2O has warranted much interest and investigation due to its simplicity and role in atmospheric
photochemistry.
The reactions between halogens and CH2O have attracted attention as the hydrogen abstraction
reaction of Br + CH2O is an important termination step in the Br-dominated destruction of ozone
in the Arctic troposphere, as well as being a major sink for CH2O in this area. [15,16] Kinetics and
mechanisms have been reported for F, Cl, Br, and I atom reactions. [17–22] MP2 calculations have
estimated the barrier heights of the hydrogen abstraction reactions to be in the region of 4.4 kJ
mol−1 to 17.2 kJ mol−1 for the F, Cl, and Br reactions. Subsequent studies have estimated the
barrier to be as little as 0.7 kJ mol−1 for the Cl reaction. [17,18]
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Beukes et al. determined through computational methods the pre-reaction adduct to feature
the halogen appended to the aldehydic oxygen in reactions with CH2O and CH3CHO, with the
F···CH2O complex stabilised by 8 kJ mol−1 and the Cl···CH2O and Br···CH2O complexes by
14-15 kJ mol−1. [17] A later study found this adduct to not lie on the mimimum energy path for
the reaction of Cl + CH2O, with a C2V pre-reaction posited instead, stabilised by up to 4 kJ
mol−1 relative to the isolated reactants. [18] The reaction potential has also been explored using
calculations employing the B3LYP functional; the authors in this case determining a hydrogen-
bonded pre-reaction adduct while also citing a need for higher level CCSD(T) calculations to be
performed on the system. [23]

Despite the interest in neutral halogen interactions with CH2O and the subsequent atmospheric
implications, there are no studies concerning the anionic halides and CH2O. Such studies can be
useful tools in the areas of electronic structure, ion solvation, and even understanding nucleophilic
interactions with molecules. [24,25] One means of studying ion-molecule complexes is through anion
photoelectron spectroscopy (PES), which can provide information about both the anionic and neu-
tral forms of weakly bound complexes, with landmark work in the field by Markovich and Neumark
specifically centering on gas-phase halide ion solvation by H2O, CO2, and N2O molecules. [26–28] In
these cases, the photoelectron spectra of the bare halides are characterised by a ‘solvent shift’ to
higher electron binding energies (eBE) upon complexation.
Recently, our group has utilised anion PES in conjunction with ab initio calculations to deter-
mine the electronic structure of anion-molecule complexes, and in particular, the halide-acetone
complexes provide a useful comparative dataset for this work. [29,30] Higher resolution techniques,
such as anion zero electron kinetic energy (ZEKE) spectroscopy and slow electron velocity imag-
ing (SEVI) can be used to not only determine eBEs, but also to provide vibrational elucidation of
the neutral atom-molecule complex. This is particularly pertinent in cases where the anion state
closely resembles a transient saddle point along the neutral potential energy surface. [31]

Here, we present a study of the fundamental properties and structures of X– ···CH2O complexes in
the gas phase (where X = Cl, Br, and I for the experimental results, and extending to F with calcu-
lations) using a combination of mass spectrometry, anion PES, and high-level ab initio calculations.
The experimental electron detachment energies of the weakly bound X– ···CH2O complexes can be
used to extract information with respect to the strength of the interaction between the halide anion
and CH2O, with equilibrium geometries, dissociation energies, and predicted electron detachment
energies produced from CCSD(T) calculations.
In addition, in order to obtain an accurate estimate for the electron affinity (EA) of the neutral
X···CH2O systems, our calculations have been extended to the neutral complexes, with these results
of interest to atmospheric X + CH2O reactions.
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2 Results and Discussion

2.1 Mass Spectrometry

Figure 1 shows a representative negative ion mass spectrum of a gas mixture made from CCl4, Ar,
and formalin solution. The Cl– anions are visible as the most abundant peaks in the spectrum at
35 m/z and 37 m/z respectively, while the two peaks at 65 m/z and 67 m/z have been attributed
to Cl– complexes with CH2O. Other systems include Cl– ···H2O (m/z = 53, 55), Cl– ···Ar (m/z =
75, 77), and Cl– ···CH3CH2OH (m/z = 81, 83). The CH3CH2OH is present as the residue from a
previous experiment, along with the note of Br– anions at 79 m/z and 81 m/z.
The natural isotopic abundances of Cl– and the presence of its subsequent complexes led to some
early issues with the characterisation of Cl– ···CH2O. The Cl– ···N2 complexes are readily formed
in our gas mixtures, and the 37Cl– ···N2 mass peak (m/z = 65) cannot be separated from the
35Cl– ···CH2O peak at our working resolution. In order to obtain a clean photoelectron spectrum,
one would then think to mass select the 37Cl– ···CH2O. However, early gas mixtures made with the
formalin solution, which contains 10% methanol as a stabiliser, yielded 35Cl– ···CH3OH complexes
in the gas phase (m/z = 67), contaminating the 37Cl– ···CH2O mass peak. This was rectified
by thorough freeze-pump-thawing of the formalin solution in addition to pulsing the gas mixture
into the spectrometer apparatus after only a day of mixing. To avoid as much of any small
contamination as possible, the 35Cl– ···CH2O and 81Br– ···CH2O peaks were mass selected prior to
the recording of photoelectron spectra, with a discussion on these spectra continued in the next
section.
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Figure 1: A negative-ion mass spectrum resulting from a gas mix of CCl4, Ar, and the vapour of a formalin
solution. Cl– peaks are observable at m/z = 35 and 37, while Cl– ···CH2O mass peaks are found at m/z
= 65 and 67. See main text for other peak assignments.

2.2 Photoelectron Spectroscopy

The photoelectron spectra of Cl– ···CH2O, Br– ···CH2O, and I– ···CH2O are presented in Figure 2.
Each spectrum, except for Cl– ···CH2O where the spin-orbit splitting is smaller than the resolution
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of the apparatus, shows distinct spin-orbit splitting indicative of a non-covalently bound halide.
Experimental detachment energies to the neutral 2P3/2 and 2P1/2 states of each halogen are shown
in Table 1 as well as electron stabilisation energies (Estab), being the difference in eV between
2P3/2 peak positions from the bare halide photoelectron spectrum compared to that of of the
CH2O-complexed halide.

Figure 2: Photoelectron spectra of the Cl– ···CH2O (top), Br– ···CH2O (middle), and I– ···CH2O (bottom)
gas-phase anion complexes from 0 to 4.661 eV .

The Estab values range from 0.51 eV for Cl– ···CH2O to 0.41 eV for I– ···CH2O; a trend that is
expected given the greater interaction between the smaller halides and CH2O resulting in an
increased stabilisation of the anion complex. This can be numerically demonstrated by the trend
in computational dissociation energies (D0) of each anion complex (see Table 2). The overall

4

10.1002/cphc.202000852

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemPhysChem

This article is protected by copyright. All rights reserved.



magnitude of the Estab values is indicative of a relatively strong interaction, and again is expected
based on the inherent dipole across the CH2O molecule. As an additional point, Estab values for
the X– ···CH2O complexes presented here are systematically lower by up to around 100 meV than
that reported for the similar X– ···CH3COCH3 anion complexes. [30]

In the previous discussion on the mass spectrometry results, it was noted that the 35Cl– ···CH2O
mass peak, the peak that was mass selected for PES experiments, had some overlap with the
37Cl– ···N2 mass peak. This mass contamination explains the small shoulder of the 35Cl– ···CH2O
photoelectron spectrum that is centred at approximately 3.75 eV, being in agreement with the
photoelectron spectrum of Cl– ···N2 previously reported by our group. [32] In similar circumstances,
the 81Br– ···CH2O peak was mass selected to avoid as much mass contamination as possible, albeit
resulting in a small overlap with 79Br– ···CH3OH. There are two small peaks in the 81Br– ···CH2O
photoelectron spectrum visible near 4.00 eV and 4.40 eV respectively, and these have been at-
tributed to the small presence of 79Br– ···CH3OH, with the photoelectron spectrum and associated
calculations of this system to form part of a future publication.

Table 1: Peak positions and Estab values obtained from the experimental photoelectron spectra of Figure
2.

2P3/2
2P1/2 Estab

[eV] [eV] [eV]

Cl– 3.63

Cl– ···CH2O 4.14 0.51

Br– 3.36 3.83

Br– ···CH2O 3.78 4.23 0.42

I– 3.06 4.00

I– ···CH2O 3.47 4.41 0.41

2.3 Anion Geometries and Predicted Electron Detachment Energies

All of the experimentally observed anions in this work: Cl– ···CH2O, Br– ···CH2O, and I– ···CH2O,
optimised to a similar C2v geometry from CCSD(T) calculations as per Figure 3.a, with a summary
of geometric parameters in Table 2. The interaction might best be described as an ion-dipole motif,
with the halide in these cases positioned inline with the electropositive region of the C––O axis.
The distance to the CH2O molecule was found to increase positively with halide size, ranging
from 2.8 Å to 3.2 Å, whereas dissociation energies (D0) were found to have a negative correlation
with respect to halide size, decreasing from 49.4 kJ mol−1 for Cl– ···CH2O to 43.2 kJ mol−1 for
I– ···CH2O. These dissociation energies are on the order of 7-10 kJ mol−1 smaller than that reported
for the similar X– ···CH3COCH3 complexes, rationalising the lesser ‘solvent shift’ observed in the
experimental spectra. [30]

The predicted vertical detachment energies (VDE) to the neutral halogen 2P3/2 and 2P1/2 states
from CCSD(T)/CBS calculations, also shown in Table 2, are in excellent agreement with the
experimental results across all three experimentally observed X– ···CH2O complexes. The largest
deviation for 2P3/2 predictions is on the order of 0.05 eV at most for the Br– ···CH2O complex, with
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Figure 3: Optimised CCSD(T)/AVTZ geometries of the (a) Cl– ···CH2O anion complex. Br– ···CH2O and
I– ···CH2O optimised to similar C2v structures. The CCSD(T)/AVTZ geometry of F– ···CH2O is shown
in (b). Further structural information can be found in Table 2.

exact comparison difficult for Cl– ···CH2O due to the resolution of the recorded spectra. In any
case, the experimental and theoretical Cl– ···CH2O energies are in fine agreement. These results
allow us to assign the electronic structure of Cl– ···CH2O, Br– ···CH2O, and I– ···CH2O in the gas
phase as being the C2v configuration of Figure 3.a.
The result for the F– ···CH2O equilibrium geometry differs to the other halide complexes studied
in this work. A Cs structure was predicted from the geometry optimisation, and all vibrational
frequencies found to be real, for a complex where the F– anion is bound almost linearly to a H
atom of CH2O in a typical hydrogen bonding arrangement. The angle between F– , H, and C
as per Figure 3.b is 163.5◦, suggesting a highly directional interaction. This is reflected in the
CCSD(T)/CBS D0 of the complex: 77.3 kJ mol−1, which is up to 28 kJ mol−1 more than that
determined for the Cl– ···CH2O anion complex. Despite this, as well as the short F– ···H distance
of 1.659 Å, only a small distortion of the CH2O molecule bond lengths is observed, moving from
an equilibrium bond length of 1.10 Å for the C–H bond, to 1.13 Å on the side nearest the F–

anion upon complexation. Interestingly, the O––C–H angle undergoes a more notable distortion,
increasing from 121.7◦ to 127.1◦ on this side of the CH2O molecule.
The predicted VDEs for the F– ···CH2O complex are 4.12 eV to the 2P3/2 state of neutral F and
4.17 eV for the 2P1/2 state. While this complex has not been studied experimentally in this work,
these results should provide a good prediction of any PES experiments on this system given the
agreement between theory and experiment for the other anion complexes reported here.
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Table 2: Structural parameters of X– ···CH2O complexes optimised at the CCSD(T)/AVTZ level of theory,
along with dissociation energies and predicted vertical detachment energies from CCSD(T)/CBS results.

VDE

Complex Symmetry R1 θ D0
2P3/2

2P1/2

[Å] [◦] [kJ mol−1] [eV] [eV]

F– ···CH2O Cs 1.659 163.5 77.3 4.12 4.17

Cl– ···CH2O C2v 2.817 104.0 49.4 4.13 4.24

Br– ···CH2O C2v 2.951 104.8 46.0 3.83 4.29

I– ···CH2O C2v 3.189 106.0 43.2 3.46 4.40

2.4 Neutral Geometries and Energies

The following section comprises results relevant to the stationary points on the neutral potential
energy surface for the X···CH2O species. As will be shown, the neutral geometries differ greatly
from those reported for the anion species, and as a result, the experimental work reported in
this paper probes not the stable minima of this section. Instead, the neutral geometries serve
to enhance the discussion surrounding the atmospheric relevance of the potential pre-reaction
adducts, in addition to the reporting of electron affinities.
The ground state neutral geometry for all X···CH2O complexes studied in this work, termed Com-
plex 1, is shown in Figure 4.a. These structures feature the halogen appended to the oxygen
of the CH2O, and have been previously reported. [17] At the CCSD(T)/AVTZ level of theory, the
X···CH2O bond distance ranges from 2.0 Å for the fluorine complex up to 2.9 Å for the iodine equiv-
alent. Additionally, the angle made with the C––O axis becomes larger with increasing halogen
size. These structural parameters are reported in Table 3.
The dissociation energies for the Complex 1 neutrals show a curious trend, increasing in the order
of Cl < Br < F < I and range from 15-18 kJ mol−1 from CCSD(T)/CBS calculations. Electron
affinities (EA) have also been determined, being the difference in energy between the optimised
neutral structures and the optimised anion counterparts, and are found to be consistently 0.15
eV less than the predicted VDEs of Table 2. These numbers seem to suggest that the neutral
potential energy surface is rather flat.
The Complex 1 geometries have been previously thought to be pre-reaction adducts along the X
+ CH2O hydrogen abstraction reaction pathway. [17] In a proceeding paper it was determined that
the pre-reaction adduct lying along the minimum energy pathway of the Cl + CH2O hydrogen
abstraction reaction featured the Cl in a similar C2v position as Figure 3.a, albeit with an increased
R1 distance relative to the anion complex presented in this work. [18] All attempts to optimise this
neutral complex resulted in the determination of an imaginary frequency. ‘Following’ this out-of-
plane rocking mode led to the successful optimisation of the Complex 2 neutrals for all X···CH2O
species, shown in Figure 4.b. As an aside, the C2v Cl···CH2O saddle point, which features an R1

distance of 3.22 Å in reference to Figure 3.a as well as a θ value of 105.0◦ at CCSD(T)/AVTZ, has
Cartesian coordinates and vibrational frequencies reported in the Supporting Information. This
certainly raises an interesting point for discussion, with the Complex 2 Cl···CH2O more stable
by only 0.1 kJ mol−1 relative to the C2v saddle point at the CCSD(T)/AVTZ level of theory, in
reference purely to the total electronic energy of the system.
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Figure 4: Optimised CCSD(T)/AVTZ geometry of the (a) oxygen-appended Cl···CH2O neutral complex.
All X···CH2O systems optimised to a similar Cs structure, termed Complex 1. Another CCSD(T)/AVTZ
minimum is shown in (b), termed Complex 2 for all X···CH2O systems, with Cl···CH2O shown represen-
tatively. Further structural information can be found in Table 3.

Table 3: Structural parameters of neutral X···CH2O complexes optimised at the CCSD(T)/AVTZ level
of theory, along with dissociation energies and predicted electron affinities from CCSD(T)/CBS results.

EA

Symmetry R1 θ D0
2P3/2

2P1/2

[Å] [◦] [kJ mol−1] [eV] [eV]

F···CH2O Cs 2.040 100.3 15.9 3.95 4.00

Complex 1 Cl···CH2O Cs 2.550 106.3 15.1 3.93 4.04

Br···CH2O Cs 2.684 107.0 15.8 3.64 4.10

I···CH2O Cs 2.925 107.8 17.8 3.29 4.23

F···CH2O Cs 3.133 133.7 0.7 4.19 4.24

Complex 2 Cl···CH2O Cs 3.524 131.7 2.0 4.10 4.21

Br···CH2O Cs 3.573 130.6 3.5 3.80 4.26

I···CH2O Cs 3.756 132.7 5.9 3.45 4.39

Attempts were made to reconcile the difference between this work and that reported by Gruber-
Stadler et al. with respect to the neutral C2v Cl···CH2O system. An intrinsic reaction coordinate
(IRC) calculation was performed using MP2/aug-cc-pVDZ on the hydrogen abstraction transition
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state that had been reported previously. Our calculation determined a minimum on the Cl +
CH2O reactant potential energy surface that features a hydrogen bonding interaction between the
Cl and CH2O. A vibrational analysis confirmed a true minimum; however, the complex was found
to have an electronic dissociation energy (De) of -0.2 kJ mol−1, meaning the isolated reactants are
more stable at this level of theory. Further optimisation of this hydrogen-bonded complex led to
the C2v Cl···CH2O system, again with an imaginary frequency.
Calculations on the hydrogen-bonded system were scaled to CCSD(T)/aug-cc-pVDZ, with the
aug-cc-pV(D+d)Z basis set for Cl, and a stable minimum found successfully, this time with a
De of 1.9 kJ mol−1 and a zero-point energy corrected D0 of 0.9 kJ mol−1 for comparison to
the other neutral systems presented in this work. A hydrogen-bonded Cl···CH2O geometry has
not been successfully located at CCSD(T)/AVTZ, and the loosely bound nature of the system
warrants further investigation. Cartesian coordinates for the hydrogen-bonded Cl···CH2O system
at CCSD(T)/AVDZ have been provided in the Supporting Information.
Returning to the Complex 2 geometries; these structures are described here by an R1 distance to
the C of CH2O as well as the angle made with the C––O axis. There is a clear trend with respect
to R1 distances, increasing from F to I with increasing halogen size, although the angle θ shows no
clear trend. D0 values are as low as 0.7 kJ mol−1 for F···CH2O and up to 5.9 kJ mol−1 for I···CH2O,
indicating that the strength of the interaction is rather weak; perhaps governed by dispersion forces
or weak π interactions. The estimated electron affinities of the Complex 2 neutrals are strikingly
in line with the predictions of the anion VDEs. This demonstrates that the Complex 2 structures
reside as high-lying minima on the neutral potential energy surface relative to the far more stable
Complex 1 species.

3 Conclusions

This paper presents the first account of X– ···CH2O (X=F, Cl, Br, I) complexes in the gas phase
through both experimental and theoretical means. Cl– ···CH2O, Br– ···CH2O, and I– ···CH2O were
produced, and detected with time-of-flight mass spectrometry prior to interrogation via photo-
electron spectroscopy. The photoelectron spectra, aside from Cl– ···CH2O due to the working
resolution, display spin-orbit splitting indicative of a non-covalent interaction between the halide
and the CH2O molecule. Experimental Estab values were determined to be 0.51 eV for Cl– ···CH2O,
0.42 eV for Br– ···CH2O, and 0.41 eV for I– ···CH2O. This ‘solvent shift’ suggests a relatively strong
interaction.
CCSD(T) calculations determined a C2v structure to be the global minimum for Cl– ···CH2O,
Br– ···CH2O, and I– ···CH2O, with the halide positioned at the electropositive end of the C––O
axis. Furthermore, the predicted VDEs of these complexes were found to be in excellent agreement
with the experimental photoelectron spectra, allowing the structure of these anion complexes to
be assigned. Calculations on the F– ···CH2O system determined a Cs hydrogen-bonded minimum
instead, however this species was not studied experimentally.
As a result of the large differences between the stable anion and neutral geometries reported here,
the experimental detachment energies are likely not probing any of the reported neutral minima.
Instead, the Franck-Condon region accessed via the anion structures is likely to be unbound.
However, the indication is that the neutral potential energy surface is quite flat, and requires a
full investigation. This may differ for future experimentation on the F– ···CH2O system, where the
ground state anion geometry features a different bonding motif to that of the other halide systems
of this work.
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Computational work was also conducted on the X···CH2O neutral complexes, where two distinct
minima were determined for each halogen complex. The first features the halogen appended to
the oxygen of CH2O, and this is the more stable of the two minima. Attempts were made to
locate a C2v neutral minimum structurally similar to the anion geometry of Figure 3.a. However,
these structures returned an imaginary vibrational mode, with a second Cs structure subsequently
optimised with all real frequencies. Further investigation is warranted on the neutral halogen-
CH2O systems, in particular Cl···CH2O, in order to determine whether a stable, hydrogen-bound
minimum exists. An appropriate starting point may be the CCSD(T)/AVDZ stable minimum
determined for Cl···CH2O presented in the Supporting Information.

4 Experimental Section

The gas mixtures in these experiments were made up with small amounts of vapour from a halide
donor source and formalin solution (37% CH2O by mass), and brought up to 400 kPa with Ar
as the buffer gas. The halide sources were CCl4, CH2Br2, and CH3I, with dissociative electron
attachment to these species in the gas phase producing Cl– , Br– , and I– anions respectively.
The electron source was a hot rhenium filament, while formalin was chosen as it has been shown
previously to give a headspace of CH2O vapour. [33,34] The formalin solution had to be sufficiently
freeze-pump-thawed to remove as much CH3OH in the sample as possible.
The gas mixtures were pulsed at 10 Hz through a piezoelectric nozzle and into a time-of-flight mass
spectrometer, with the design based on that by Wiley and McLaren, [35] where anion complexes
were mass selected prior to irradiation with a 4.661 eV photon from a Nd:YAG laser.The resolution
of the apparatus is given as follows. [36]

dEe = 4

√
me

mI

EeEI (1)

where me and mI are the masses of a detached electron and anion respectively, and Ee and EI are
their kinetic energies. Thus, an electron photodetached from a 35Cl– anion moving in an ion beam
of 1000 eV would have 1.05 eV of kinetic energy after absorption of a 4.66 eV photon. This results
in a spread in electron energies (dEe) of 0.51 eV, and a corresponding full width half maximum of
0.21 eV.
The overall design and operation of the apparatus is described in other works from the group, [37]

and so attention here will be brought to the recent changes made to the spectrometer. The pho-
toelectron flight tube, making use of a magnetic bottleneck design introduced by Cheshnovksy, [36]

was replaced with one of smaller diameter than was previously in place. The smaller diameter
allows the solenoid winding of the new flight tube to protrude slightly into the laser interaction
chamber, more in line with Cheshnovsky’s original design, and was anticipated to create a greater
overlap between the solenoid magnetic field and the magnetic field of the permanent magnet, both
of which are used to capture ejected photoelectrons.
The winding of the copper wire around the new flight tube was designed to be spaced only by the
width of the insulated wire at 2 mm, as opposed to the previous spacing of 5 mm. The original
winding was found to warm up over time, leading to a fluctuation of the solenoid field, and thus
electron flight times, throughout experimentation. The greater number of loops around the new
flight tube means that the same strength of magnetic field can be achieved with a smaller operating
current of approximately 1 A.
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Another update to the apparatus has been the addition of a bubbler into the gas mixing station in
order to facilitate volatile solutions into the gas phase more efficiently. Although this was trialled
with the formalin solution, the best results for obtaining monomeric, gaseous CH2O were achieved
by simply using the headspace above the solution.
The experimental spectra were processed by converting raw photoelectron count bins into time-
of-flight, and subsequently electron kinetic energy (eKE) and eBE. Photoelectron peak intensities
were multiplied by their time-of-flights cubed (t3) as part of a Jacobi transform applied to account
for the non-linear conversion from time-dependent bin widths to energy-dependent widths. The
peaks were calibrated using the well-known photoelectron spectra of the bare halides, which were
also used to determine experimental Estab values, and these are presented here as the difference
between the 2P3/2 photoelectron peak of said bare halide relative to the 2P3/2 peak of the CH2O-
complexed halide e.g. Br– relative to Br– ···CH2O.

4.1 Computational Details

Initial calculations were performed using the Gaussian 09 package, [38] while all of the geometries
and energies presented in this paper were completed with the use of the CFOUR computational
chemistry package. [39] All geometries of the X– ···CH2O and X···CH2O complexes were optimised
at the CCSD(T)/AVTZ level of theory, where AVTZ represents the aug-cc-pVTZ basis set for first
row atoms, [40] aug-cc-pV(T+d)Z basis set for Cl, [41] and aug-cc-pVTZ PP for both Br and I. [42,43]

Tighter convergence criteria were used to optimise the complexes due to their loosely-bound nature,
with vibrational analyses confirming all real frequencies for each complex in this work unless
otherwise stated. These frequencies, as well as in-depth structural information and Cartesian
coordinates for each complex are reported in the Supporting Information. All energies presented,
unless stated otherwise, were extrapolated to the complete basis set (CBS) limit. CCSD(T) energies
of the anion complexes, vertically detached analogues, and neutral complexes were calculated up
to AV5Z in order to perform a CBS extrapolation in accordance with W2w protocol. [44]

The predicted VDEs were determined by performing single point energy calculations on the op-
timised anion complex geometries and altering only the charge and multiplicity so as to simulate
the ejection of an electron as per the Franck-Condon principle. Raw energies were split into 2P3/2

and 2P1/2 components based on the experimental coupling constant of each halogen, and a small
shift included based on the difference between the CCSD(T)/CBS electron detachment energy of
the bare halide relative to the well-studied, corresponding experimental value. For example, this
results in a shift of +0.003 eV for the I– ···CH2O predictions. A similar protocol was followed to
determine EA values; this time using the energy difference between the ground state anion complex
and the ground state neutral complex.
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[18] M. Gruber-Stadler, M. Mühlhäuser, T. R. Selev̊ag, C. J. Nielsen, J. Phys. Chem. A 2008,
112, 9-22.

[19] J. V. Michael, D. F. Nava, W. A. Payne, L. J. Stief, J. Chem. Phys. 1979, 70, 1147-1150.

[20] P. C. Anderson, M. J. Kurylo, J. Phys. Chem. 1979, 83 2055-2077.

[21] R. Walsh, S. W. Benson, J. Am. Chem. Soc. 1966, 88, 4570-4575.

[22] K. L. Feilberg, M. S. Johnson, C. J. Nielsen, J. Phys. Chem. A 2004, 108, 7393-7398.

[23] F. Dong, Z. Qu, Q. Zhang, F. Kong, Chem. Phys. Lett. 2003, 371, 29-34.

[24] A. Sanov, R. Mabbs, Int. Rev. Phys. Chem. 2008, 27, 53-85.

[25] R. E. Rosenberg, J. Org. Chem. 2008, 73, 6636-6641.

[26] G. Markovich, S. Pollack, R. Giniger, O. Cheshnovsky, J. Chem. Phys. 1994, 101, 9344-9353.

[27] D. W. Arnold, S. E. Bradforth, E. H. Kim, D. M. Neumark, J. Chem. Phys. 1995, 102,
3510-3518.

[28] D. W. Arnold, S. E. Bradforth, E. H. Kim, D. M. Neumark, J. Chem. Phys. 1995, 102,
3493-3509.

[29] T. R. Corkish, C. T. Haakansson, A. J. McKinley, D. A. Wild, J. Phys. Chem. Lett. 2019,
10, 53385342.

[30] T. R. Corkish, D. B. ’t Hart, P. D. Watson, A. J. McKinley, D. A. Wild, J. Mol. Spectrosc.
2019, 364, 111178.

[31] D. M. Neumark, Phys. Chem. Chem. Phys. 2005, 7, 433-442.

[32] P. D. Watson, H. Yong, K. M. L. Lapere, M. Kettner, A. J. McKinley, D. A. Wild. Chem.
Phys. Lett. 2016, 654, 119.

[33] I. Pengelly, J. A. Groves, J. O. Levin, R. Lindahl, Ann. Occ. Hyg. 1996, 40, 555-567.

[34] A. Gold, D. F. Utterback, D. S. Millington, Anal. Chem. 1984, 56, 2879-2882.

[35] W. C. Wiley, I. H. McLaren, Rev. Sci. Instrum. 1955, 26, 1150-1157.

[36] O. H. Cheshnovsky, S. H. Yang, C. L. Pettiette, M. J. Craycraft, R. E. Smalley, Rev. Sci.
Instrum. 1987, 58, 2131-2137.

[37] K. M. Lapere, R. L. LaMacchia, L. H. Quak, A. J. McKinley, D. A. Wild, Chem. Phys. Lett.
2011, 504, 13-19.

13

10.1002/cphc.202000852

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemPhysChem

This article is protected by copyright. All rights reserved.



[38] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman,
G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H.
P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T.
Vreven, J. A. Montgomery Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers,
K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J.
C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G.
Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, Ö. Farkas,
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Noncovalent interactions: Gas-phase complexes formed between halide anions and CH2O have
been studied experimentally through the pairing of mass spectrometry and photoelectron spec-
troscopy. CCSD(T) calculations have also been performed on these systems and are found to have
excellent experimental agreement as well as the potential to be of atmospheric interest.
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