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Hydrogen Bonding versus Halogen Bonding: Spectroscopic

Investigation of Gas-Phase Complexes Involving Bromide

and Chloromethanes

Hayden T. Robinson,” Christian T. Haakansson,” Timothy R. Corkish,” Peter D. Watson,™®!

Allan J. McKinley,” and Duncan A. Wild*™ ¢

Hydrogen bonding and halogen bonding are important non-
covalent interactions that are known to occur in large molecular
systems, such as in proteins and crystal structures. Although
these interactions are important on a large scale, studying
hydrogen and halogen bonding in small, gas-phase chemical
species allows for the binding strengths to be determined and
compared at a fundamental level. In this study, anion photo-
electron spectra are presented for the gas-phase complexes
involving bromide and the four chloromethanes, CH,Cl, CH,Cl,,

Introduction

Non-covalent interactions play a crucial role in chemistry,
having been studied across a broad range of areas such as
crystal engineering, catalysis, material design, and molecular
biology."™® Unlike covalent bonds which are generally de-
scribed as a sharing of electrons between nuclei to form an
overall attractive interaction,”” non-covalent interactions are
primarily driven by electrostatics, dispersion, polarisation, Pauli
repulsion, and charge transfer, each factor of which affects the
overall stability of the interaction.!*"

Hydrogen bonding is one type of intermolecular interaction
that is commonly observed,"*'® and occurs when an electro-
negative atom, such as nitrogen, oxygen, or a halogen, interacts
non-covalently with a hydrogen atom that is covalently bonded
to a second, relatively more electronegative atom.”'” While
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CHCl;, and CCl,. The stabilisation energy and electron binding
energy associated with each complex are determined exper-
imentally, and the spectra are rationalised by high-level CCSD(T)
calculations to determine the non-covalent interactions binding
the complexes. These calculations involve nucleophilic bromide
and electrophilic bromine interactions with chloromethanes,
where the binding motifs, dissociation energies and vertical
detachment energies are compared in terms of hydrogen
bonding and halogen bonding.

hydrogen bonding interactions between neutral species are
typically weak, such as in the case of the hydrogen bonded
water dimer complex having a dissociation energy of approx-
imately 13.2 kJmol™ ™ hydrogen bonding can also occur
between charged species, known as charge-assisted hydrogen
bonding, and has been shown to significantly increase the
strength of the interaction relative to the neutral analogue."

In contrast, halogen bonding®2* occurs when a nucleo-
philic species interacts non-covalently with a halogen atom (X=
Cl, Br, 1) that is covalently bonded to a relatively electronegative
atom or substituent.”*?' The ability of halogen atoms to partake
in these weak interactions is due to a region of low electron
density located on the side of the halogen atom opposite the
R—X covalent bond, commonly referred to as a o-hole.”® A
nucleophile will interact with the halogen at an angle of 160-
180° to the R—X bond, thus forming a halogen bond.?*®
Alternatively, an electrophile will interact with the electron-rich
equatorial belt of the halogen at an angle of 90-120° to the
R—X bond, which is an interaction that is analogous to halogen
bonding.””’ This highlights that directionality is an important
factor when considering non-covalent interactions.”*** The
binding strength of a halogen bond is also highly dependent
on how readily electron density can be withdrawn from the
halogen, an example of which being the halogen bonded
HCI--HCN dimer complex having a strength of 2.5 kimol™,
increasing to 11.3 kJmol™" for the halogen bonded HI--HCN

[30]

complex.”” Other types of interactions related to halogen
bonding include chalcogen bonding,*'>* and pnicogen
bonding,**? which in some cases have been shown to be

similar in strength.®’”*® Halogen bonding interactions have

been compared to hydrogen bonding previously, often with a
focus on crystal structures or neutral gas-phase species.?**-*
This study aims to expand these comparisons to hydrogen and

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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halogen bonding with charged species, and how these
interactions differ with respect to their neutral counterparts.

Chloromethanes represent an ideal series of molecular
candidates with respect to studying non-covalent interactions,
having the inherent ability to form both hydrogen and halogen
bonding interactions with a nucleophile or an electrophile. The
increasing chlorination of the base methane molecule also
allows for any variation in interaction strength to be studied.
Furthermore, the chloromethanes are known to exist in trace
amounts in the atmosphere,***¥ the sources of which being
both natural and anthropogenic.*****¢! The atmospheric lifetime
of the chloromethanes are dependent on reactivity with other
species such as hydroxyl radicals,”” or how readily they
undergo photodissociation reactions.”® Bromine also makes an
ideal candidate for studying intermolecular interactions, serving
as an intermediate in terms of size and electronegativity relative
to other halogens such as chlorine and iodine. Similar to the
chloromethanes, bromine is known to exist in trace amounts in
the atmosphere,” which makes studying gas-phase complexes
involving bromine and the chloromethanes relevant in an
atmospheric chemistry context. Additionally, bromine can act as
a nucleophile or electrophile depending on the presence or
absence of excess negative charge localisation.

Anion photoelectron spectroscopy is an ideal technique to
study the energetics of gas-phase anion-molecule van der
Waals complexes. In this technique photons interact with an
anion species causing detachment of an electron. Measuring
the kinetic energy of the ejected electron gives the electron
binding energy (eg), which can be used to determine the
strength of a non-covalent interaction by comparing the
binding energy of an anion-molecule complex to that of its
respective bare anion.r**?

Ab initio or density functional theory calculations represent
methods of locating theoretical electronic structures of chem-
ical systems. Such methods allow for the calculation of
theoretical interaction energies, for example those that occur
between molecule-molecule complexes,”>” or ion-molecule
complexes,”®* % based on the geometry of a chemical species.
As the geometry and electronic energy of a chemical species
are intrinsically dependent on one another, geometric informa-
tion can be inferred from experimental energetics, making
electronic structure calculations a powerful tool in rationalising
experimental data. One method of rationalising an anion
photoelectron spectrum is to simulate a vertical detachment
energy (VDE) for each optimised electronic structure, by
calculating the difference in energy between the optimised
ground state anion species and its neutral analogue at the
anion geometry. The types of non-covalent interactions stabilis-
ing an anion-molecule complex can then be determined by
comparing the theoretical VDE to the experimental eg. It is
therefore not surprising that anion photoelectron spectroscopy
in conjunction with ab initio or density functional theory
calculations has previously been successful for studying hydro-
gen and halogen bonding interactions in various anion-
molecule complexes ¥

In this study, we present the photoelectron spectra assigned
to bromide anion complexes with the chloromethanes. In
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addition to anion photoelectron spectroscopy, high-level
CCSD(T) calculations were used to compare the types of non-
covalent interactions that may occur, with a focus on hydrogen
and halogen bonding.

Results and Discussion
Photoelectron Spectroscopy

Figure 1 presents the photoelectron spectra of bromide com-
plexed with each of the four chloromethane solvent molecules,
namely Br~--CH,Cl, Br~--CH,Cl,, Br~--CHCl;, and Br~--CCl,. Addi-
tionally, a bare bromide photoelectron spectrum is also
presented. The photodetachment peak positions of the five
spectra are summarised in Table 1, alongside the peak positions
of the BrCH, complex which have previously been
reported.”” The defining feature shared among the spectra of
the bromide complexes is that they all contain two peaks, each
with distinct spin-orbit splitting that is relatively unchanged
compared to the bare bromide spectrum. This feature is
evidence of non-covalent interactions between the bromide
anion and the chloromethane solvent molecules, corroborating
that photodetachment is localised to the bromide portion of
the complexes; the two peaks are therefore indicative of
detachment to the 2P, and °P,,, electronic states of atomic
bromine. Hence, the electron stabilisation energy (E,,,) can be
defined as the energy difference between the respective P,
peak positions of the bromide complex and bare bromide. The
E.» serves as a measure of the stabilising effect that a solvent
molecule has on an anion moiety, thus resulting in perturbed
photodetachment peaks relative to the bare nucleophile.”” The
experimental E,,, values for each complex have also been
included in Table 1.

Immediately it is observed that for each of the spectra, the
photodetachment peaks associated with the bromide com-
plexes are narrower than the peaks of bare bromide. This can
be explained by equation 1, where the resultant energy spread
(dE,) of a peak is related to the kinetic energies of the detached
electrons and ion beam (E, and E; respectively), as well as their
masses (m, and m;)."® Electrons detached from ions with higher
mass will decrease the ',”n— term in the equation, and will
therefore have reduced spread in energy and thus narrower
peaks. This is evident when comparing the °P,,, peak of Br~ to
the ?P;,, peak of Br™--CH,Cl, which have similar electron kinetic

Table 1. Peak positions and E,,, values obtained from experimental
photoelectron spectra.

2P3/2 2P1/2 Esrab

[eV] [eV] [eV]
Br- 336 3.82 -
Br-CH,™ 345 391 0.09
BrCH,Cl 378 424 042
Br-CH,Cl, 3.95 4.40 0.59
Br-CHCl, 4.09 451 073
Br-CCl, 3.84 430 048

[701

[a] Zheng and co-workers.

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 1. Anion photoelectron spectra of Br~, Br™-CH;Cl, Br—--CH,Cl,,
Br~--CHCl; and Br---CCl,, produced utilising 4.66 €V laser radiation.
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energies of 0.84 eV and 0.88 eV respectively after absorption of
4.66 eV laser radiation, and have the same ion kinetic energy of
1500 eV, but differ noticeably in peak width.

me

dE. =4\ [

EeEi (1)

Regarding the photoelectron spectrum of Br --CH,Cl, the
*P,,, and P, ,, peaks as reported in Table 1 result in an E,,, value
of 0.42 eV, indicating a strong interaction between the Br~
nucleophile and the CH,Cl solvent molecule. For Br—--CH,Cl,,
photodetachment occurs further upfield than observed for
Br~---CH,Cl, therefore a higher E,,,, value of 0.59 eV is reported,
implying that the non-covalent interactions binding Br™--CH,Cl,
are stronger than those binding Br --CH,Cl. A similar trend is
observed for Br--CHCl;, which has the largest E,,, value of all
the complexes in this study at 0.73 eV, thus indicative of a very
tightly bound complex. A sharp decrease in the E,, is reported
for Br~--CCl,, which at 0.48 eV is still a strong interaction, but is
less than that seen for Br~--CH,Cl, and Br™--CHCl,. Accounting
for Br--CH,,"™ the overall trend observed is that increasing the
chlorination of the solvent molecule results in an increase in
Eor Which can be explained by the strong electron with-
drawing nature of chlorine causing an increasing dipole mo-
ment in the order of CH,< CH;Cl< CH,Cl, < CHCI;. This trend
ceases at CCl, where there is no longer a dipole in the molecule,
thus when complexed with Br~ there is a decrease in Eg,,
relative to Br --CHCl;. However, it is evident that Br --CCl, is
more tightly bound than Br™--CH,, indicating that the chlorine
atoms largely impact the strength of the interaction despite
neither CH, or CCl, having a permanent dipole.

Anion Complexes

Ab initio calculations were employed in order to determine the
binding motifs of the bromide chloromethane complexes
observed in the photoelectron spectra. Depicted in Figure 2 are
structures pertaining to bromide anion interactions with CH,,
CH;Cl, CH,Cl,, CHCIl;, and CCl, molecules optimised at the
CCSD(T)/AVTZ level of theory. All structures shown are minima
on the potential energy surface.

One minimum structure was optimised for the Br—--CH,
complex, which involves the bromide appended to one hydro-
gen atom in a hydrogen bond (HB) motif. Two minima exist for
Br~--CH,Cl, one of which is an ion-dipole (ID) bound structure
where the bromide lies equidistant to the three methyl hydro-
gens, and the other where the bromide interacts with the
chlorine atom in a halogen bond (XB) motif. The Br--CH.Cl,
complex features two minima, one pertaining to a hydrogen
bond motif and the other pertaining to a halogen bond motif.
Similar structures were optimised for the Br --CHCl; complex,
interactions that include hydrogen bonding, halogen bonding,
and a third structure where the bromide interacts equidistant
to the three chlorine atoms, referred to as an ion-induced
dipole (lID) structure. A halogen bond structure and an ion-
induced dipole structure were the only two minima optimised

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 2. Anion complexes optimised at CCSD(T)/AVTZ level of theory. Associated dissociation energies for each structure are included from Table 2.

for the Br~--CCl, complex. A general trend observed throughout
the anion structures is that the bond length associated with the
van der Waals interaction decreases with increasing chlorination
of the methane molecule. For complexes interacting via hydro-
gen bonding, this is seen as a decrease in the Br—H bond length
from 2.736 A for Br—-CH,, to 2.256 A for Br—-~CHCl,, whereas for
halogen bond interactions there is a decrease in the Br—Cl bond
length from 3.544 A to 3.009 A.

The binding motifs observed for the anion complexes have
also been shown previously in literature. Three structures have
been described for the Br --CH, complex, but only the hydro-
gen bonded complex is a minimum structure,”® and has been
confirmed by experimental IR studies.”*”® The two structures
optimised for the Br --CH;Cl complex have the same binding
motifs as Sy2 reaction adducts.”*”” The hydrogen bond motif

ChemPhysChem 2023, 24, e202200733 (4 of 11)

observed for the Br --CH,Cl, and Br~--CHCl; complexes has
been shown to also exist in triangular hydrogen and halogen
bonded complexes involving CBr,.”® The halogen bond motif
for Br-CHCl; is similar to that seen for the Br --CHBr,
complex,”™ while BrCH,Cl, (XB) has been studied
previously.®? A study pertaining to the Cl~--CCl, complex also
found the XB and IID binding motifs as observed in this
study.®”

Table 2 presents energetics associated with each anion
complex, calculated in accordance with the W1w protocol from
CCSD(T)/AVTZ geometries to estimate the complete basis set
energies, and as such are referred to as CCSD(T)/CBS. Included
are vertical detachment energies (VDE) and dissociation ener-
gies (D). The D, is defined as the zero-point corrected differ-
ence in electronic energy between the complex and its bare

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH

35S 17 SUOWILIOD) aAIIeaID agedi|dde sy Aq pausenob afe saolle YO ‘8sh Jo sajnl 1oy Arelq 1T auluQ A8]1M\ UO (SUOIIPUOD-pUe-SWLB)WI0d A8 [IM Areuq 1 pull|uo//:Sd1y) suonIpuoD pue s | Ul 8ss *[€202/S0/rT] uo Ariqiiauliuo AjIM ‘AseAlun uemod uip3a Aq £820022029Udo/200T 0T/10p/wiod A3 1m Akelqipuljuo-adoine-Ansiweydy//:sdny wouy pepeojumoq ‘. ‘4§20z ‘TH9L6EVT



Chemistry
Research Article Europe

European Chemical

ChemPhysChem doi.org/10.1002/cphc.202200733 Societies Publishing
Table 2. Theoretical dissociation energies (D), simulated vertical detachment energies (VDE), and predicted stabilisation energies (E,,) of the anion
complexes calculated in accordance with the W1w protocol from CCSD(T)/AVTZ geometries, referred to as CCSD(T)/CBS.

Complex Symmetry Do VDE Estab
[kmol™] Py, [eV] Pz [eV] leV]
Br~--CH, (HB) G, 10.9 346 3.92 0.10
Br~CH,Cl (ID) Gy 446 3.80 425 0.43
Br-CH,Cl (XB) G,y -33 3.28 3.74 —0.08
Br--CH,Cl, (HB) C, 56.6 3.96 442 0.60
BrCH,Cl, (XB) C, 15.7 3.50 3.96 0.14
Br--CHCl, (HB) Gy 71.8 411 457 0.75
Br-CHCl, (XB) C, 30.7 3.68 414 0.32
Br--CHCl (ID) G,y 6.9 3.33 3.78 —0.04
Br~--CCl, (XB) (&% 43.1 3.84 4.30 0.48
Br--CCl, (IID) G, 20.1 3.51 3.97 0.15

substituents. The VDE is the amount of energy required to
detach an electron from the bromide anion in each complex in
the Franck-Condon region to either of the perturbed 2P states
of the bromine, i.e., ?P,, and *P,,.

As observed in Table 2, generally complexes with higher D,
values also predict higher VDE values. The best example of this
is Br--CHCl; (HB), which is the most tightly bound anion
complex in this study with a D, of 71.8 kJmol™’, predicting the
largest ?P,,, VDE of 4.11 eV. This can be explained by the three
chlorine atoms, which due to the electron withdrawing capacity
of chlorine will contribute to a large dipole moment across the
molecule, resulting in electron deficiency on the lone hydrogen
atom. The bromide interaction with the hydrogen forms a
strong hydrogen bond, and thus a D, of 71.8kJmol™"
Conversely, the least tightly bound complex is Br~--CH,Cl (XB)
with a D, of —3.3 kJmol™', the only complex in this study that
has a negative dissociation energy. This is largely due to the
methyl hydrogens being a poor electron withdrawing group
from the lone chlorine atom, thereby forming a relatively
unstable halogen bond. However, despite a negative D, this
complex is a local minimum as opposed to the global minimum
Br~--CH,Cl (ID). This can be explained by a transition structure
that exists as the bromide anion linearly approaches the
chlorine atom of CH,Cl, which has a central barrier of
approximately 8.0 kimol™".

Some trends can be drawn from the D, values. The first is
that when comparing a type of interaction, such as hydrogen
bonding, increasing the chlorination of the methane molecule
results in an increase in the D, value of the complex. This is
shown through the hydrogen bond interactions, which increase
from 10.9 kymol™" for the Br --CH, complex, to 71.8 kJmol™' for
the Br™--CHCl; complex. Similarly for halogen bond interactions,
the D, value increases from —3.3 kimol™' for the Br--CH,Cl
complex, to 43.1 kJmol™' for the Br--CCl, complex. However,
this increase is non-linear, as the difference between the
halogen bonded Br --CH,Cl, and Br --CH,Cl complexes is
19.0 kJmol™', whereas for the halogen bonded Br --CHCl; and
Br~--CH,Cl, complexes the difference is only 15.0 kimol™', and
likewise this difference decreases to 12.4kJmol™' for the

ChemPhysChem 2023, 24, e202200733 (5 of 11)

halogen bonded Br~--CCl, and Br™--CHCl; complexes. This trend
appears to hold for the hydrogen bonded complexes as well, so
it appears that additional chlorine atoms have a diminishing
increase in the stability of the complex, regardless of the type
of interaction binding the bromide-chloromethane complex.
Interestingly, another trend can be drawn from the D, values, in
that the hydrogen bonded complexes are approximately
41.0 kJmol™" more tightly bound than the halogen bonded
complexes, based on Br-CH,Cl, and Br --CHCl;. Similarly,
comparing Br--CHCl; and Br--CCl, the halogen bonded
complexes are approximately 23.4 kJmol~' more tightly bound
than the ion-induced dipole complexes.

Neutral Complexes

While the anion complexes are formed in the experimental
apparatus of this study, detachment of an electron from the
bromide anion will form a neutral bromine-molecule complex.
The neutral complexes were therefore studied to determine
whether the binding motifs change relative to the anion
complexes. Presented in Figure 3 are the corresponding neutral
complex structures optimised at the MP2/AVQZ level of theory,
with W1w extrapolated dissociation energies summarised in
Table 3. A lower level of theory is used in the geometry
optimisations relative to the anion complexes, as the neutral
complexes are open-shell systems and require significantly
more computational effort than the anion complexes. This is
especially true for those containing larger numbers of basis
functions (CHCI; or CCl,). However, a dataset of W1w extrapo-
lated energies determined from MP2/AVQZ geometries for the
anion complexes is included in the supporting information,
which have little deviation from the dataset determined from
CCSD(T)/AVTZ geometries in the main text. While an unre-
stricted wavefunction reference is used in these calculations
involving the neutral complexes, the amount of spin contami-
nation present in these open-shell systems appears to be low,

~

with the highest <52> value reported as 0.7604. A full list of

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH

35S 17 SUOWILIOD) aAIIeaID agedi|dde sy Aq pausenob afe saolle YO ‘8sh Jo sajnl 1oy Arelq 1T auluQ A8]1M\ UO (SUOIIPUOD-pUe-SWLB)WI0d A8 [IM Areuq 1 pull|uo//:Sd1y) suonIpuoD pue s | Ul 8ss *[€202/S0/rT] uo Ariqiiauliuo AjIM ‘AseAlun uemod uip3a Aq £820022029Udo/200T 0T/10p/wiod A3 1m Akelqipuljuo-adoine-Ansiweydy//:sdny wouy pepeojumoq ‘. ‘4§20z ‘TH9L6EVT



Chemistry

Research Article Europe
ChemPhysChem doi.org/10.1002/cphc.202200733 Socttes Pubtohing
Br'...CH, (MHB)
o
.300 A
‘ _____ B0A__. 9. >
D, = 6.5 kJ mol"!
Br...CH,CI (HB) Br'...CH,Cl (MHB) Br...CH,Cl (AXB) Br..CH,CI (CIB)
J J)
‘ 35874 ‘ 167.0° ° 3.593 A H
142.1° ‘ """"""""""" WY | T AN | @
2,986 A/j\ b 178.4° 33884 7Y D D
D, = 4.4 kJ mol" D, = 5.6 ki mol" D, = 18.1 kJ mol" D,=2.7kJ mol"
Br...CH,CL, (AXBI) Br'..CH,Cl, (AXB2) Br...CH,Cl, (AXB3)

D, = 15.5 kJ mol" D, = 163 kI mol"

o O

4.006;?"-..,_
D, = 2.8 kJ mol"!

Br’...CHCI, (AXB1) Br...CHCI, (AXB2)

D, = 14.7 kJ mol" 29104 Y D, = 12.2 kJ mol"
, = 14

Br'...CHCI, (AXB3)

163.7°

D, = 5.4 kJ mol"

Br'...CCl, (CIB) Br'...CCl, (AXBI)

D, = 5.4 ki mol" 177 D, = 11.5 kJ mol"!

Br'...CCl, (AXB2)

D, = 5.6 kJ mol”!

Figure 3. Neutral complexes optimised at MP2/AVQZ level of theory. Associated dissociation energies for each structure are included from Table 3.

Table 3. Theoretical dissociation energies (D,) of the neutral complexes
calculated in accordance with the Wiw protocol from MP2/AVQZ geo-
metries, referred to as CCSD(T)/CBS.
Complex Symmetry D,
[kJmol™]
Br*--CH, (MHB) Gy 6.5
Br*-~CH,Cl (HB) C, 44
Br*--CH,Cl (MHB) G 5.6
Br*-~CH,Cl (AXB) C, 18.1
Br*--CH,Cl (CIB) C, 2.7
Br*--CH,Cl, (AXB1) G, 15.5
Br*-~CH,Cl, (AXB2) C, 16.3
Br*--CH,Cl, (AXB3) Gy 2.8
Br*-~CHCl, (AXB1) C 147
Br*.-CHCl, (AXB2) C, 122
Br*--CHCl, (AXB3) C, 5.4
Br*--CCl, (CIB) C, 5.4
Br*--CCl, (AXBT1) C, 115
Br*--CCl, (AXB2) G, 5.6

~;

predicted (SZ) values are reported in the supporting informa-
tion. Additionally, the neutral potential energy surface is
typically much flatter with respect to the anion surface due to
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the absence of charge interactions. In this region, small energy
gradients result in negligible effects on the ez of complexes
undergoing comparatively large atomic displacements. For
these reasons, the MP2/AVQZ geometries were deemed
sufficient for determining the structural binding motifs and
overall stability of the neutral complexes, providing a bench-
mark for future studies.

When bromine interacts with a chloromethane, several
binding motifs were located. The most common is when
bromine interacts with the electron-rich equatorial belt of the
chlorine atom, denoted an analogous halogen bond (AXB). This
interaction is observed in nine different minima: one Br*--CH,Cl
complex, all three Br*--CH,Cl, complexes, all three Br*-CHCl,
complexes, and two of the Br*-CCl, complexes. Bromine
interacts linearly with a chlorine atom in two neutral complexes,
denoted as chlorine bound or CIB, those being Br®--CH,Cl (CIB)
and Br*--CCl, (CIB), while bromine interacts with one of the
methyl hydrogens in the Br*--CH;Cl (HB) complex. Bromine can
also interact with the three methyl hydrogen atoms, as shown
for one of the Br*-CH,Cl complexes (denoted as methyl
hydrogen bound or MHB), an interaction almost identical to the
lone structure identified for the Br*--CH, complex.

Several of the neutral structures have binding motifs similar
to those studied previously. The Br+CH, potential energy

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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surface has been studied extensively, where the Br*--CH, (MHB)
complex was shown to be the global minimum.®" The four
Br*--CH;Cl complexes found in this study have similar binding
motifs to those found in a study pertaining to CH;Cl dimer
complexes, where instead of the CH;Cl moiety interacting with
atomic bromine, the interaction occurs with the chlorine atom
of the other CH,Cl molecule.®? The lone Br*--CCl;Br neutral
structure shown in a study by Bowen and co-workers features
atomic bromine interacting with the bromine atom of CCI;Br,"*®
an interaction similar to what is shown in this study for the
Br®.-CCl, (AXB1) complex.

Of the structures found for the neutral complexes, the
complexes interacting via analogous halogen bonding typically
have the highest D, values, and therefore are predicted to be
the most stable. However, three of the nine analogous halogen
bond complexes have D, values lower than 6 kJmol™", those
being Br*-CH,Cl, (AXB3), Br®-CHCl; (AXB3), and Br*-CCl,
(AXB2). One possible explanation for this is that the interaction
occurs with multiple chlorine atoms, so the complexes are less
tightly bound. As for the remaining structures, they are all less
tightly bound due to the electrophilic bromine interacting with
regions of the molecule that are relatively electron-deficient,
such as interactions with hydrogen atoms or at the side of the
chlorine atom opposite the C—Cl covalent bond.

Contrary to the anion complexes, the general trend
observed among the neutral complexes is that for any given
interaction the complex becomes less tightly bound with
increasing chlorination of the base methane molecule, an
example of which is Br*--CH,;Cl (MHB) which has a lower D, than
Br*--CH, (MHB). This is because more chlorine atoms will result
in less electron density concentrated in one region of the
molecule, therefore making interactions with electrophilic
bromine less favourable. This also explains why Br*--CH;Cl (AXB)
is the most stable neutral complex, as electron density will
mostly be concentrated on the lone chlorine atom, hence the
relatively large D, of 18.1 kJmol™'. Interestingly, the only
exception to this trend is that Br*--CCl, (CIB) is more stable than
Br*--CH;Cl (CIB). Based on theoretical dissociation energies,

hydrogen bonding is a more stable interaction than halogen
bonding when a nucleophile is interacting with a solvent
molecule, such as in the case of the bromide anion complexes.
However, in the case of an electrophile such as atomic bromine
the opposite seems to occur, where the analogous halogen
bond is a more stable interaction than the interactions
involving solely the hydrogen atoms.

Rationalisation of Experimental Data

A formal assignment of theoretical structures to the experimen-
tal photoelectron spectra is given in Table 4, where the
experimental photoelectron peak locations are compared to the
theoretical vertical detachment energies computed from the
optimised anion geometries (as shown in Figure 2). Zheng and
co-workers found that the *P;,, and P,,, peaks of the Br -CH,
complex lie at 3.45 eV and 3.91 eV respectively.” This study
has predicted that the Br™--CH, complex has only one possible
structure, a hydrogen bond motif, with theoretical VDE values
of 3.46 eV and 3.92 eV which are in good agreement with
experiment” The two minima found for the Br-CH,Cl
complex include the ion-dipole bound structure, with predicted
peaks at 3.80 eV and 4.25 eV, and the halogen bond structure
which is predicted to lie at 3.28 eV and 3.74 eV. Experimentally,
the peak locations of the Br --CH;Cl complex are found at
3.78 eV and 4.24 eV, and upon comparison with the ab initio
calculations, the ion-dipole bound structure is in close agree-
ment with experiment, with no evidence of any peaks that
would indicate the presence of the halogen bond structure.
Regarding the Br --CH,Cl, complex, the predicted VDE values of
the hydrogen bond structure at 3.96 eV and 4.42 eV lie in close
agreement with the observed experimental peak locations at
3.95 eV and 4.40 eV, while the lack of a photodetachment peak
at 3.50 eV is evidence that the halogen bond structure is not
present experimentally. Of the three possible minima structures
corresponding to the Br--CHCl; complex, the theoretical VDE
values calculated for the hydrogen bond structure at 4.11 eV

Table 4. Comparison of experimental and theoretical peak locations. The experimental values are from Table 1, whereas the theoretical values are from
Table 2 and are calculated in accordance with the W1w protocol from CCSD(T)/AVTZ geometries, referred to as CCSD(T)/CBS.

[a] Zheng and co-workers.””

Experimental Binding Motif Theoretical
Py, [eV » 2 ?
32 V] 12 [eV] P3/, [eV] P12 [eV]
Br--CH, 3451 3.91@ HB 3.46 3.92
Br-CH,Cl 3.78 424 ID 3.80 425
XB 3.28 3.74
Br-CH,Cl, 3.95 4.40 HB 3.96 442
XB 3.50 3.96
Br--CHCl, 4.09 451 HB 411 457
XB 3.68 4.14
IID 333 3.78
Br--CCl, 3.84 430 XB 3.84 430
IID 3.51 3.97
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and 4.57 eV have the closest agreement to the experimental
peak locations found at 4.09 eV and 4.51 eV. The VDE values
calculated for the halogen bond structure, 3.68 eV and 4.14 eV,
and for the ion-induced dipole structure, 3.33 eV and 3.78 eV,
do not agree with the experimental data. As for the Br--CCl,
complex, the halogen bond structure predicts VDE values at
3.84 eV and 4.30 eV, which are in excellent agreement with the
experimental peak locations that are also found at 3.84 eV and
4.30 eV, whereas the theoretical peak locations of 3.51 eV and
3.97 eV calculated for the ion-induced dipole complex do not
agree with the experimental data.

Further evidence to support the assignment of each
structure to the experimental photoelectron spectra can be
found through the experimental E,,,, values and the theoretical
D, values. This is done through a process of elimination, where
structures that are predicted to be less tightly bound theoret-
ically than structures already assigned to previous experiments
in the chloromethanes series are considered unlikely to be the
structure observed experimentally. Take Br --CH,, which exper-
imentally has a small E,,, of 0.09 eV.” For the lone hydrogen
bound structure, this small shift is also reflected in the D, value,
calculated to be 10.9 kJmol™" at CCSD(T)/CBS level of theory. As
there are no other minima structures to consider, Br™--CH, (HB)
is the only structure that can be assigned to the spectrum.
When considering the Br~--CH;Cl spectrum, the experimental
E.» value of 0.42 eV is much higher than that observed in the
Br--CH, spectrum, and of the two structures predicted
theoretically only the ion-dipole Br --CH;Cl complex has a
higher D, than the hydrogen bound Br --CH, complex. The
other structure, Br--CH,Cl (XB), is predicted to be less stable in
terms of D, relative to Br--CH, (HB), and if this was true then
the peaks observed in the Br--CH5Cl spectrum would have to
lie at lower eg than what is actually observed, thus the halogen
bond structure is inappropriate to assign to the Br --CH;Cl
spectrum. Applying this logic to the remaining spectra, it can
be shown that Br—--CH,Cl, (HB), Br—--CHCl; (HB), and Br~--CCl,
(XB) are the most appropriate structures to assign to their
respective spectra, the same structures that are predicted to
have VDEs that agree with the experimental peaks. Therefore,
based on the assignment of optimised structures to the
experimental spectra in this study, there is strong evidence to
suggest that hydrogen bonding interactions are favoured over
halogen bonding interactions in anion-molecule complexes
when both hydrogen atoms and chlorine atoms are present in
the solvent molecule.

For some of the assigned structures, there is a small
deviation between the photodetachment peak locations ob-
served experimentally, and the predicted VDE values, such as in
the case of Br --CHCl;. The main reason for this is likely due to a
small change in the spin-orbit splitting of bromine when
forming a complex. It is known that the spin-orbit constant of
bare bromide is approximately 0.46 eV,*® and when calculating
the theoretical VDE for a bromide complex it is assumed here
that this value does not change, hence why it is not factored
into the calculation. While there appears to be negligible
change in spin-orbit splitting for Br™--CH;Cl and Br--CCl, given
the poor resolution of our experimental apparatus, a spin-orbit
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splitting of approximately 0.45eV is observed for the
Br~--CH,Cl, complex, and an even smaller spin-orbit splitting of
0.42 eV is observed for the Br --CHCl; complex. Interestingly,
Zheng and co-workers observed an increased spin-orbit split-
ting of approximately 0.01 eV for the Br~--CH, complex relative
to bare bromide.™ A computational method that could be
used to calculate theoretical energies of the spin states for each
complex to compare to experimental values is the CASSCF
method, however this is beyond the scope of this study.

Previous photoelectron spectroscopy studies regarding
similar halide-chloromethane complexes can be compared
directly to the results found in this study. The Cl~--CCl, complex
was found to have a VDE at 4.22 eV, corresponding to an E,, of
approximately 0.58 eV with respect to the bare chloride
spectrum.”” Bowen and co-workers studied the Br --CCl;Br
complex, and found that the ?P,,, peak shifted from 3.37 eV for
Br~, to 4.21eV for the complex, an E, of approximately
0.84 eV.*® Mabbs and co-workers investigated the 1--CH,Cl
complex, and found the ?P;,, peak to lie at 3.41 eV, correspond-
ing to an E,, of approximately 0.35eV.™? Similarly, the
ICH,Cl, complex has been studied, where the *P;,, peak was
found at 3.52 eV, which is an E,,, of approximately 0.46 eV.*!
The main comparisons that can be made from these various
studies is that the halide impacts the strength of the
intermolecular interaction, which typically follows a trend of
ClIm>Br > 17" Thijs trend is highlighted between the
X~--CCl, complexes, where the E,, value found for Br --CCl, of
0.48 eV is lower than the 0.58 eV found for CI™--CCl,. Similarly,
the E,,, values for Br --CH;Cl and Br --CH,Cl, of 0.42 eV and
0.59 eV respectively, are higher than those found for 17--CH,Cl
and 17--CH,Cl, of 0.35eV and 0.46 eV respectively. As for the
Br~--CCl;Br complex, the E,, of 0.84 eV is much higher than
that found for the Br~--CCl, complex in this study. This is due to
the bromide forming a halogen bond with a different atom,
which in the case of Br™--CCl;Br is a bromide-bromine halogen
bond. The reason this is a stronger interaction is due to the
weaker electron withdrawing capacity of bromine relative to
chlorine, so the three chlorine atoms in CCl;Br withdraw
electron density from the bromine atom more readily, resulting
in a region of lower electron density at the side of the bromine
atom opposite the C—Br covalent bond, allowing for a more
favourable interaction with a nucleophile relative to a chlorine
atom in CCl,.

Conclusions

This study has investigated gas-phase complexes pertaining to
the bromide anion interacting with the four chloromethane
molecules, CH,Cl, CH,Cl,, CHCl;, and CCl,. Experimental photo-
electron spectra were recorded for each bromide chloro-
methane complex, of which the E,,, values were determined to
be 0.42 eV for Br--CH;Cl, 0.59 eV for Br--CH,Cl,, 0.73 eV for
Br~--CHCl;, and 0.48 eV for Br --CCl,. This large solvent shift
found for each complex indicates that the bromide anion is
bound by strong non-covalent interactions.

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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The types of non-covalent interactions were investigated
using ab initio calculations to determine the most stable bind-
ing motifs for each complex, which includes hydrogen bonding
and halogen bonding. The theoretical VDEs for each complex
were compared to the photoelectron spectra, which found that
an ion-dipole motif was the most stable Br --CH,Cl complex,
whereas a hydrogen bond motif was determined to be the
most stable interaction for the Br --CH,Cl, and Br --CHCI,
complex. For the Br™--CCl, complex, the most stable interaction
was found to be the halogen bond.

Additionally, computational work was conducted on the
neutral bromine chloromethane complexes to determine
whether the types of favourable interactions would differ
relative to their anion counterparts. The analogous halogen
bond was found to be the most stable interaction for all
bromine chloromethane complexes, indicated by the larger
dissociation energies relative to the other structures. Thus, there
is experimental evidence that hydrogen bond interactions are
predominantly favoured over halogen bond interactions for the
anion complexes, where a nucleophile is interacting with the
chloromethane, whereas the analogous halogen bond interac-
tions appear to be more stable than interactions solely with
hydrogen atoms for the neutral complexes, where instead an
electrophile is interacting with the chloromethane.

Experimental Section

The experimental apparatus comprises of a Wiley-McLaren style
time-of-flight mass spectrometer,® coupled to a photoelectron
spectrometer that has a Cheshnovsky et al. magnetic bottle-neck
design.”? Previous publications have outlined the overall exper-
imental setup in detail,**®" so only specific information regarding
the current work will be provided.

Gas mixtures required to form the various bromide-chloromethane
complexes contain a total pressure of 400 kPa which consists of
mostly argon, with trace amounts of dibromomethane as the
bromide donor introduced into the gas mixture by way of vapour
pressure. The vapour pressure associated with dichloromethane,
trichloromethane, and tetrachloromethane was used to introduce
three of the four solvent species into their respective gas mixtures,
whereas approximately 7 kPa of monochloromethane was intro-
duced into its respective gas mixture. A piezoelectric nozzle pulses
the gas mixture into the spectrometer, where the resultant super-
sonic expansion is intersected by a beam of electrons originating
from a hot rhenium filament, allowing the gas species to undergo
dissociative electron attachment processes that form the desired
anion species, including van der Waals complexes. All anion species
are accelerated down a time-of-flight tube to achieve mass
separation, where the desired bromide-chloromethane complex is
selected for photoelectron spectroscopy experiments. The bromide-
chloromethane complexes are intersected with 266 nm (4.66 eV)
laser radiation, produced from the fourth harmonic of a Nd:YAG
Spectra Physics Quanta Ray Pro, and the detached photoelectrons
are guided to a detector. The time-of-flight associated with the
arrival of the photoelectrons are converted to electron kinetic
energy, which is used to calculate the electron binding energy
based on the known photon energy of the laser radiation.

Spectral intensities need to be readjusted to account for the non-
linear conversion from time-of-flight to kinetic energy, which
involves multiplying the spectral intensities by their time-of-flight
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cubed (). The photoelectron spectra associated with each
bromide-chloromethane complex are the result of multiple back-
ground-subtracted spectra summed together, where each individu-
al spectrum consists of 10,000 laser shots. Based on the known 2P,
and °P,, spin-orbit states of atomic bromine,®**? calibration spectra
associated with the bare bromide anion are recorded to account for
any drift in electron kinetic energy.

Computational Methods

In all calculations, Dunning’s augmented, correlation consistent
basis sets (aug-cc-pVXZ where X=D, T, Q) were applied to carbon
and hydrogen atoms,”® with chlorine atoms being allocated its
respective aug-cc-pV(X+d)Z basis sets,*** and the equivalent
pseudo-potential aug-cc-pVXZ-PP basis sets being applied to
bromine atoms.”**” Collectively, these basis sets are referred to as
AVXZ in both the main text and the supporting information. The
Gaussian 09 program® was used for calculations involving the
MP2/AVQZ geometries dataset for both the anion and neutral
complexes. The CFOUR computational chemistry program® was
used for calculations involving the CCSD(T)/AVTZ geometries data-
set for the anion complexes. Vibrational frequency analysis
calculations at the equivalent level of theory were performed for
each optimised geometry to determine whether the structure was
a minimum on the potential energy surface. CCSD(T) single point
energy calculations were performed for every structure in both
MP2/AVQZ and CCSD(T)/AVTZ datasets, using AVDZ, AVTZ and
AVQZ basis sets in order to perform a two-point basis set
extrapolation in accordance with the Weizmann (W1w)
protocol."®'°" The W1w protocol allows for an approximation of
the CCSD(T)/CBS energies, and thus any energies reported that are
extrapolated using this method are referred to as CCSD(T)/CBS.

All calculations involving neutral open-shell complexes, including
the theoretical vertical detachment energy (VDE) calculations, make
use of unrestricted Hartree-Fock theory. The theoretical VDE values
were determined from single point energy calculations of an
optimised anion structure, where the charge and multiplicity are
altered to simulate the detachment of an electron. Electron
affinities (EA), while not reported in the main article but are present
in the supporting information, were determined from single point
energy calculations, being the difference in energy between an
optimised neutral structure and the most stable optimised anion
structure for a given chloromethane complex (e.g. Br~-CHCI; (HB)
is the most stable anion structure when determining EA of
Br*--CHCl; neutral structures). Both VDE and EA values are split into
?P,,, and 2P, , spin-orbit states based on the experimental spin-orbit
constant of bromine.®™ A shift factor of —0.013 eV is also applied to
the VDE and EA values, determined from the difference in energy
between the experimental and theoretical *P;,, electronic state of
atomic bromine.®?
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