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Anion photoelectron spectroscopy has been used to determine the electron binding energies of the
X7-+-C3Hg (X = CL, Br, I) complexes. To complement the experimental spectra the DSD-PBEP86-D3BJ
functional has been employed, following comparison with previously calculated halide/halogen-
molecule van der Waals complexes. To validate the functional, comparison between the complex
geometries and vertical detachment energies with both experimental and CCSD(T)/CBS data for a suite
of halide—molecule complexes is also made. PES spectra determine the electron binding energies as
3.89 eV and 4.00 eV, 3.59 eV and 4.01 eV, and 3.26 eV and 4.20 eV for transitions to perturbed 2P states
of the chlorine, bromine and iodine complexes respectively. Two contributing structures resulting in
the photoelectron spectrum are those where the halide is coordinated by two hydrogens, each from a
terminal carbon in CsHe, and when bifurcating the C=C bond. These complexes are distinct from the
corresponding halide—ethene complexes and represent potential entry pathways to haloakyl radical for-
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1 Introduction

Propene represents an important atmospheric, industrial, and
extraterrestrial hydrocarbon as an extension of the chemistry
displayed by ethene and an intermediate in reactions to pro-
duce both longer and substituted hydrocarbons. Industrially,
propene undergoes polymerisation to form polypropylene, a
common plastic with U.S production capacity of 7.8 T g year .
Production of polypropylene relies on a Ziegler-Natta catalyst
and can be performed in the form of slurry or the gas-phase.
Taking the example of gas-phase polymerisation, a minor route
in global production, heterogeneous co-catalysts TiCl, and
MgCl, are used, presenting the potential for chlorine-propene
complex formation as catalyst degradation would likely lead to
the release of chlorine radicals into the reaction vessel.>

The detection of propene in both the atmospheres of Titan
and the interstellar medium (ISM) in the Taurus Molecular
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mation in atmospheric and extraterrestrial environments.

Cloud (TMC-1) place it as an important intermediate in a
bottom-up approach to the formation of long-chain hydro-
carbons in extraterrestrial environments (see eqn (1)-(3)).>*
The basis of this process is the bimolecular reaction of the
methylidyne radical (*CH) with ethane to produce propene and
atomic hydrogen with further reactions building upon the size
of the carbon chain.’ As an example, the methylidyne radical
(*CH) has been investigated spectroscopically using VUV
synchrotron photoionisation mass spectrometry, producing a
mixture of 1,3-butadiene, 1,2-butadiene and 1-butyne as photo-
lysis products. The ethynyl radical (*C,H) participates in similar
processes of hydrocarbon growth and has been investigated
extensively, particularly by pulsed Laval nozzle experiments.®™®

*CH + C,H — C;Hg + °H (1a)
°CH + C3H6 d 1,3'C4H6 +*H (1b)
*C,H + C;Hg — c-CgHg + *H (1c)

In the troposphere, propene undergoes oxidation via two
primary mechanisms. Models of smog chambers suggest that
reaction with hydroxy radicals (HO®) and O, leads to the
production of aldehydes (methanal and ethanal) and hydro-
peroxyl (HO,*).® Atmospheric models determining the fate of
volatile organic compounds (VOC) indicate direct reaction with
ozone again leads to production of two primary aldehydes but

This journal is © the Owner Societies 2022


https://orcid.org/0000-0002-8195-1232
https://orcid.org/0000-0001-5531-6975
https://orcid.org/0000-0003-1280-4308
https://orcid.org/0000-0002-0046-9365
https://orcid.org/0000-0002-8436-2847
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp03796c&domain=pdf&date_stamp=2022-10-21
https://doi.org/10.1039/d2cp03796c
https://doi.org/10.1039/d2cp03796c
https://rsc.li/pccp
https://doi.org/10.1039/d2cp03796c
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024042

Published on 15 padziernika 2022. Downloaded on 02.11.2025 13:59:07.

Paper

also Criegee biradicals as demonstrated by:"°

S HsC —g & — CH3C*HOO"® + HCHO (2a)

—C"HOO"® + CH;CHO (2b)

These reactions occur in the troposphere, and given ideal
conditions, the latter can lead to net ozone production,
however, the impact of halogen radicals in this region ultimately
results in ozone depletion'" via reactions with bromine radicals.
While the largest flux of propene (and other VOCs) into the
atmosphere is from the chemical industry and petroleum sources
(32-62 T g year ") both propene and bromine are readily sourced
from the oceans into the marine boundary layer (MBL), albeit in
much lower quantities (propene: 0.5 T g year™ ').'* Given the free-
radical addition to alkenes, the interaction between a halogen
radical and propene in the van der Waals (vdW) region could
activate propene to reaction with hydroxyl radicals and oxygen, or
ozone as per the reactions suggested previously (eqn (2a)).

Similarly the radical intermediates of the *OH + C3;Hg
reaction have been studied via (2+1) REMPI spectroscopy,
utilising 193 nm radiation to produce the photolysis products
(*C3HgOH)."® At the time of writing, halogen-propene com-
plexes have scarcely been studied, with the only published work
on propene complexes believed to be that of Xu'* and
Peebles'>'® who recorded the rotational spectrum and modelled
the propene-SO, complex respectively. Xu'* reports a structure
of the propene-SO, complex where the propene carbon back-
bone lies parallel with the plane of the SO,. This reflects a
similar conformation to that of the halogen-acetylene complexes
and may therefore be indicative of dispersion interaction."” A
combination of distributed multipole analysis (DMA) and atom-
atom potentials were modelled by Peebles and the resulting
structures agree with the parallel plane conformation though
different structures as to the rotation of the SO, molecule in this
plane result.">'® Considering that this work is rather inexpensive
computationally, with DMA being completed using only
Hartree-Fock theory and 6-31G** basis sets, it is difficult to
definitively assign the structure, however these structures are not
significantly different from those determined from experiment.

Given the role that halogen radical chemistry plays atmo-
spherically, and that halogen-propene vdW complexes repre-
sent model systems for these pre-reaction adducts, their
structure and stability warrants further exploration. This paper
features two different studies of halide-molecule complexes.
The first applies a double-hybrid functional to previously
studies halide-molecule systems in order to validate the DSD-
PBEP86-D3B] functional against previous experimental and
ab initio methods. This is briefly discussed in the Computa-
tional Methods (Section 2.2) to rationalise the functionals
selection. The functional is then employed in the latter study,
which investigates the substituent effects present in larger
unsaturated hydrocarbons on interactions with halides and
halogens by comparison to previous halide-ethene complexes
using anion photoelectron spectroscopy (PES).
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2 Methods

2.1 Experimental methods

Halide-propene gas mixtures were prepared by exposing halide
sources to the evacuated gas mixing station followed by injection
of 50 kPa of propene (Tradeflame, TF/Ultra Gas MAPP, 400 g). The
duration of exposure is governed by the vapour pressure of
the CCly, CH,Br, and CH;Il. To control the addition of CHjl,
the sample was cooled in an ice-salt water bath to approximately
—11 °C. The gas mixture is then made up to an operational
backing pressure of 450 kPa with argon. As the atomic mass of
C3H, is 42 amu, the *’CI™- - -C3Hg complex is expected to have a
m/z value of approximately 79. However due to the isotopic
abundances of Cl, the *’Cl peak is still preferable for performing
PES due to the increased ion signal. To reduce the impact of
residual "’Br contaminating the complex peak in the mass
spectrum, bromide experiments were conducted first, followed
by iodide and then chloride spectra. As recently concluded
spectra had also been of the bromide complexes, the likelihood
of contaminant CH,Br, being present remained significant, pre-
cluding experiments from commencing with chloride spectra.
This contaminating effect was sought to be reduced further in
each set of experiments by repeatedly flushing the gas mixing
station with a backing pressure (450 kPa) of argon, however trace
CH,Br, was purposely not eliminated entirely as spectra of *'Br~
were also used in calibration.

The spectrometer in the Wild Group has been described in
detail previously, with typical operating parameters of the time-
of-flight mass spectrometer (TOF-MS) including a beam energy
of 1500 eV.'®'® Mass spectra were calibrated using bare halide
peaks identified by their approximate time-of-flight (TOF)
timing and isotopic abundances, where available multiple
halide spectral features were used for this calibration and
in the case of iodide experiments the inclusion of the bro-
mide-79,81 doublet was necessary. Similarly, PES spectra of
bare halides were recorded and used to calibrate PES spectra of
the associated complexes. For each of the chloride complexes,
the photoelectron peak was fitted by a pair of gaussians with
separation constrained to the experimental spin-orbit splitting
of bare CL.?° This was used for the purpose of verification of the
recorded *Py5 1, Cl « 'S Cl™ transition, however the respective
bromide and iodide spectra formed the calibration of the
chloride-propene spectra. To present the photoelectron inten-
sities with respect to electron kinetic energy (Exg), a Jacobi
tranfsorm (I x ¢*) was also applied prior to normalisation.

2.2 Computational methods

To test the applicability of the DSD-PBEP86-D3B] functional for
the purposes used in this work, a number of representative
halide-molecule complexes were optimised and compared to
previous computational and experimental studies.”’** The com-
plexes selected are the halide complexes with O,, N,, acetylene,
ethene and both the syn- and anti-formic acid isomers.'”*%**7 As
these complexes have been investigated previously, starting geo-
metries were chosen from those already optimised using ab initio
methods rather than a traditional search of conformer space.

Phys. Chem. Chem. Phys., 2022, 24, 25842-25852 | 25843


https://doi.org/10.1039/d2cp03796c

Published on 15 padziernika 2022. Downloaded on 02.11.2025 13:59:07.

PCCP

These were then reoptimised using the DSD-PBEP86-D3BJ
functional with Ahlrich’s def2QZVP and Dunnings aug-cc-pVnZ
basis sets.>*° For Br and I, pseudopotentials were included in
the Dunning basis sets (i.e. aug-cc-pvnZ-PP) and additional
diffuse functions were included for the Cl basis set.*"**> Collec-
tively these basis sets are denoted here as AvnZ (n = T,Q).
For the def2QZVP basis set, a pseudopotenial is included for I
but notably Br is an all-electron basis set. Optimised structures
were then confirmed by harmonic frequency calculations with
all calculations completed using Gaussian 09.** Associated
complex dissociation energy (D,) values are then determined
for both the anion and neutral minima by comparison of the
corresponding energies of the monomer species. Vertical
detachment energies (VDE)s for these complexes were calcu-
lated similarly to previous ab initio methods, by calculating the
energy of the neutral complex with the geometry of the anion.
The energy difference between the neutral single-point energy
and the anion minima then represents detachment to the
barycentre of the neutral electronic state. This energy was then
artificially split into the two states analogous to the P states
of the halogen according to the spin-orbit coupling constant
and given by AEso = g(j(j—i- 1)—4(l+1)—s(s+1)) with A =
—588.23 cm ™', —2456.83 cm ' and —5068.77 cm ™! for Cl, Br
and 1 respectively.**® The calculated VDE values are also
corrected for differences between the computational methods
and experimental *P;, 1/, < 'S VDEs. This is done by calculat-
ing the VDE of the corresponding bare halide for a given
method and basis set and then determining an empirical
correction from the calculated to the experimental value from
literature (see Table 1).*”° Subsequently this empirical
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correction is applied to the complex VDEs, and typically pro-
duce smaller corrections with improvements to the quality
of computational method and with increasing basis set size
(i.e. Shifty1(I7) = —0.006 €V).">*! A summary of the resulting
corrected and shifted VDEs is provided in Table 3 with all
cartesian coordinates, geometries, VDEs, and harmonic fre-
quencies provided in the ESL

Included in Table 1, the DSD-PBEP86-D3BJ/AV(T,Q)Z
energies are also extrapolated to the complete basis set limit
using Helgaker’s approach for completeness.*> The results of
these benchmarking calculations are presented and discussed
in further detail in Section 3.1, however in general those values
calculated using Dunning basis sets were more suitable.
Considering the comparative computational cost of the
halide-propene calculations, and that the employed calibration
protocol to experimental halide photodetachment corrected for
deficiencies in the basis set, the smaller basis sets (def2QZVP
and AVTZ) were selected for exploratory work.

3 Results and discussion
3.1 Benchmarking DH-DFT methods

3.1.1 Complex geometries. In almost all cases, the minima
determined via ab initio methods previously have been con-
firmed by the double-hybrid functional showing the same
bonding motifs. While interatomic distances can be compared
for the complexes present, the energy gradients of these
minima are low given the strength of vdW interactions and
relatively large geometry changes typically are not reflected in
the energetics. In all cases, it is more appropriate to consider

Table 1 X~ spin—orbit corrected VDE values and empirical shifts to experiment from DSD-PBEP86-D3BJ calculations. Complete basis set values are
included from a sum of the Helgaker two-point extrapolated correlation energy (Ecor. given by E(L) = E, + A-L™3) and Eper/AVQZ*?

Eppr Epm_prr Eeorr VDE VDEp, | VDEp, | VDEey, Shift
cl- def2QZVP —459.9780761 3.498 3.462 3.571 3.613 0.151
AVTZ —459.8651033 —459.9695313 —0.1044280 3.566 3.530 3.639 0.083
AVQZ —459.8679704 —459.9821509 —0.1141805 3.609 3.573 3.682 0.040
CBS —459.9892676 —0.1212972 3.645 3.609 3.718 0.004
cl def2QzvP —459.8495275
AVTZ —459.7559396 —459.8384744 —0.0825348
AVQZ —459.7590777 —459.8495294 —0.0904517
CBS —459.8553066 —0.0962289
Br- def2QzVP —2573.4537545 3.384 3.232 3.689 3.364 0.132
AVTZ —416.1875885 —416.3037678 —0.1161793 3.396 3.244 3.701 0.120
AVQZ —416.1888795 —416.3403815 —0.1515020 3.443 3.291 3.748 0.073
CBS —416.3661575 —0.1772780 3.481 3.329 3.786 0.035
Br def2QzvP —2573.3294072
AVTZ —416.0818963 —416.1789782 —0.0970819
AVQZ —416.0833295 —416.2138432 —0.1305137
CBS —416.2382394 —0.1549099
I def2TZVPD —297.4673082 3.222 2.908 3.850 3.059 0.151
def2QzvP —297.5439463 3.232 2.918 3.860 0.141
AVTZ —295.2455821 —295.3511569 —0.1055748 3.235 2.921 3.863 0.138
AVQZ —295.2460954 —295.3884861 —0.1423907 3.290 2.976 3.918 0.083
CBS —295.4153518 —0.1692564 3.332 3.018 3.960 0.041
I def2TZVPD —297.3488981
def2QZVP —297.4251586
AVTZ —295.1432301 —295.2322600 —0.0890299
AVQZ —295.1438493 —295.2675757 —0.1237264
CBS —295.2928948 —0.1490455
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regions of interaction rather than discrete bond lengths as even
small thermal contributions can result in large deviations from
equilibrium structures. We approach vdW complexes here in
this manner however much work has been undertaken to
characterise the roaming pathways of gas-phase interactions.*?
Regardless, comparing typical bond lengths between ab initio
results and those from DH-DFT methods show that the latter
approximate ab initio geometries to a high degree of similarity.
As an example comparing the I"---N, "A; complex, previous
CCSD(T)/AVTZ geometries calculate a I-N interatomic distance
of 4.057 A with a complete basis set (CBS) D, of 7.0 k] mol*. The
corresponding DSD-PBEP86-D3BJ/AVQZ interatomic distance
and D, are 4.048 A and 8.1 kJ] mol~! which shows excellent
agreement with CC values. These example D, energies lie outside
the set threshold for chemical accuracy in non-covalent interac-
tions (< 0.1 kcal mol ") however this difference is approximately
11 meV and well within the spectroscopic resolution of the PES
spectrometer.

All DSD-PBEP86-D3B]J structures are presented in the ESLf
It should be noted that the structures presented correspond to
minima on their respective potential energy surfaces, however
all the structures presented for the halide-oxygen complexes
are determined to be transition states in all basis sets. The
calculation of these complexes in particular have presented
difficulties previously where less robust ab initio methods
(i.e. MP2) fail to produce qualitatively correct structures. This
was attributed to the multireference character of the system
which can lead to spin contamination of the self-consistent
field (SCF) wavefunction and erroneous exaggeration of the
perturbative contributions.?* In X™- - -0, these effects have also
been attributed to higher order electrostatic contributions,
particularly in anion complexes, where the appropriate bent
anion structure is determined via inclusion of ion-quadrupole
and ion-hexadecapole contributions. This can be addressed to a
degree with robust coupled cluster methods and by use of
analytic gradients as opposed to finite differences, however in
benchmarking the double-hybrid functional here error super-
position cannot be excluded without full decomposition of the
respective energy contributions. Rather, the approach taken
here is to alter the choice of basis set to best describe diffuse
orbitals. Given that the original DSD-PBEP86-D3B]J functional
has been parameterised to reproduce CCSD(T) electronic
behaviour and optimised with Ahlrich’s def2 basis sets, to
avoid any systematic error in basis set design, a basis set from
this family should also be chosen.*"** However in the original
design of Dunning basis sets additional augmentation func-
tions are included to improve the dipole polarisabilities of
group 18 elements, this also extends to group 17 halides.*
Similar improvements to the calculated polarisability of fluor-
ine and other atomic polarisability have been shown in the
design of Ahlrich def2 basis sets with additional diffuse func-
tions (mean unsigned error of 0.5%).**

To test the dependence in this troublesome case, the XO,
complexes were reoptimised using both inclusion of diffuse
functions in the Ahlrich’s set but also additional diffuse functions
in the already augmented Dunning basis set, denoted def2QZVPD

This journal is © the Owner Societies 2022
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Table 2 Comparison of the calculated harmonic frequencies of the
Cl---O, complex for DSD-PBEP86-D3BJ and a number of basis sets with
CCSD(T)/AVTZ. Geometry optimization to a minimum required computa-
tion of the nuclear Hessian at each step

Cl™---02 Gy
def- def- CCSD(T)/

AV(T+d)Z dAVTZ dAV(T+d)Z 2QZVP 2QZVPD AVTZ
# 264 264 324 305 335
Primatives
w1y 1197 119 119 1261 15 14
[0 55 56 56 57 57 58
w3 1566 1566 1566 1587 1602 1591
w. CalcAll
[N 25 25 25 24
s 62 62 62 61
w3 1580 1580 1580 1599

and dAVTZ respectively (shown in Table 2).*> Using the MolSSI
basis set exchange Python API module, additional diffuse func-
tions to form the doubly augmented d-aug-cc-pV(T+d)Z basis set
was also generated for chlorine and is provided in the ESL *>*°
The choice of basis set alone however, seemed to not produce
qualitatively accurate structures. Rather the optimisation proce-
dure, in this case calculation of the nuclear Hessian at each step,
produces these results. However, becoming overly reliant on a full
harmonic calculation at each optimisation step quickly becomes
impracticable with respect to the computational cost for larger
systems.

Overall, while users should be aware that the inclusion of
additional diffuse functions to an Ahlrich basis set can yield
qualitatively correct structures for troublesome cases, the number
of primitives with respect to the Dunning bases here (albeit
comparing the TZ and QZ quality bases), is not preferable due
to the associated computational cost. Secondly, while outside the
scope of this work, the intention of performing calculations on
these geometries with AVTZ and AVQZ basis sets was that future
energy decomposition (via methods such as SAPT2) could lead to
the formulation of extrapolation protocols that would exceed the
thermodynamic accuracy of the functionals.”” A number of exist-
ing protocols have been developed in recent years (including
rudimentary methods demonstrated here in Table 1), however
have been developed with cc-pvnZ bases.**™>*

3.1.2 Vertical detachment energies. While the structures
show the same binding motifs in each of the halide-molecule
complexes, for the purposes of this work the most appropriate
experimental comparison is the VDEs. For each of the halide-
molecule complexes these VDEs are compared with both
experiment and previous ab initio methods to determine the
viability of the DSD-PBEP86-D3B] functional in this context.
These VDEs are summarised in Table 3 for the AVQZ basis set.
In most cases, the double-hybrid used achieves comparable
performance to the ab initio methods and in some cases
(X™---HCCH complexes) appears to produce more accurate VDESs.
There are examples amongst the test suite, namely the formic
acid complexes, where the double-hybrid does perform poorly,

Phys. Chem. Chem. Phys., 2022, 24, 25842-25852 | 25845
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Table 3 Comparison between literature CCSD(T)/CBS (VDEcomp), experi-
mental (VDEg,p) and VDEs determined as part of this work (VDEpy_per) for
XM complexes (X = Cl, Br, land M = O,, N, HCCH, C,Hy, syn-HCOOH and
anti-HCOOH,). All values are reported in eV

Complex VDEcomp VDEgyp VDEpH-brr/avQz
Cl™- .0, 3.66(3.77 3.66(3.77 3.65|3.76
Br ---0,%* 3.40|3.85 3.43|3.90 3.40|3.85
-0, 3.09]4.03 3.12]4.06 3.09]4.03
Cl™-- N, 3.69|3.80 3.72/3.83 3.68|3.79
Br - N, 3.41|3.86 3.42(3.92 3.42|3.88
I -N,*° 3.08[4.02 3.07|3.92 3.10]4.04
Cl™-.-HCCHY 4.04|4.15 4.1 4.13]4.24
Br ---HCCH" 3.72|4.18 3.81|4.28 3.78|4.24
I---HCCHY 3.33]4.28 3.43|4.37 3.36/4.30
Br---CyH,*® 3.52|3.98 3.57]4.05 3.51|3.97
I ---C,H,*° 3.17|4.11 3.19]4.12 3.17]|4.11
Cl™--- syn-HCOOH>’ 4.75/4.86 4.674.78 4.79]4.92
Br - -- syn-HCOOH>’ 4.24]4.70 4.23|4.69 4.47|4.96
I --- syn-HCOOH?’ 3.69]4.63 3.75/4.68 3.71]4.68
Cl™ - - anti-HCOOH”’ 5.12|5.23 5.07|5.18 5.13|5.24
Br - - - anti-HCOOH?” 4.63|5.08 4.62]5.08 4.65|5.13
I"--- anti-HCOOH*’ 4.07|5.01 4.08|5.05 4.07|5.03

¢ Experimental spectra were not deconvoluted into the two *P peaks of
the Cl in this case.

particularly for the Br- - - syn-HCOOH complex where the experi-
mental *Ps/, peak is 4.23 eV while the value for the double-hybrid
is 4.47 eV.

Most notable is the encouraging performance of the double-
hybrid in these cases. It is largely attributed to the calibration
protocol used in determining detachment energies. While it
is true that the shift values determined for Wnw methods
are distinctly lower than those for DSD-PBEP86-D3BJ/AVQZ
(0.002 eV and 0.083 eV respectively for 1), this difference
would appear to remain consistent in both the bare halides
and halide-molecule complexes."® Similarly, the difference
between the AVQZ VDEs and those from the AVTZ calculations
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is small (see Table 1). As the formation of halide-molecule
complexes represent a perturbation to the electronic structure
of the bare halide, calculated VDEs of these complexes may
be corrected empirically in this manner to reliably reproduce
experiment at a reduced cost. While Table 1 also includes CBS
extrapolated VDEs with shifts of at most half of the corres-
ponding AVQZ values, the magnitude of this shift is less
important than whether it can be accounted for empirically.
Given this, and the appreciable increase in computational cost
for larger systems for ab initio methods, the exploratory study of
halide-propene complexes will include use of the def2QZvVP
and AVTZ basis sets. This protocol may also have wider
implementations as an effective strategy for determining such
electronic transitions with minimal computational effort.

3.2 Halide-propene complexes

3.2.1 Computational results. The optimised structures from
the conformer search of the halide/halogen-propene complexes
are shown in Fig. 1. The anion complexes consist of two primary
minima; where the halide is bound by coordinating to hydrogen
atoms of the propene. These structures represent bidentate
(BiDent) and bifurcated (Bif) structures and are bound with D,
values between 23.8 k] mol " and 30.4 k] mol . In each case the
chloride complex is the most strongly bound given that the
charge density of the anion decreases moving down the group
17 elements. An additional structure, where the halide appends
to the methylidene group, is also optimised for the chloride
complex. This suggests that in regions where the electron density
is more polarisable, anions with higher charge density are more
suited to these interactions. As noted in Section 3.1, where the
only available electrostatic interactions are those of methylidene
group hydrogens as in the halide-ethene complexes, these inter-
actions can compete with the ion-induced dipole interaction of
the alkene. Noting that the hydrogen appended complexes are

BiDent. Bif.

2.667A
2.812A
3.081A

30.4 kJmol 28.9 kJmol
Dy ={ 28.1 kJmol ! Dy ={ 27.1 kJmol!
23.8 kJmol 24.0 kdmol*

HApp.

175.0°

D, = 20.6 kJmol ™

Bif. End.

..29.5°

3.702A
D, = 5.0 kJmol™ @

D, = 8.4 kJmol™

MePoc.

99.3 kJmol
Dy ={ 49.6 kJmol !
38.9 kJmol™

Fig. 1 Optimised structures of the X- - -C3Hg anion (left) and neutral (right) complexes. Structures are calculated with the DSD-PBEP86-D3BJ functional
with AVTZ basis sets, with structural differences for the chloride (green), bromide (black) and iodide (blue) complexes. Associated Dg values are included

for each structure.
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minima for each halide (excluding the I"---C,H,/AVQZ), they are
also similarly stable to that of the Cl™- - -C3Hg hydrogen appended
complex. In these structures, the ion-induced dipole interaction
is of similar strength to the hydrogen appended structure (D, =~
20 kJ mol ") however when they are available in propene, a purely
electrostatic interaction is more stable.

A similar number of neutral complexes have been optimised
for the halogen-propene complexes (also in Fig. 1). While a
selection of these are minima in the bromine and iodine
complexes, namely the bifurcated (Bif) and methylidene group
appended (End), the two stuctures that yield minima in all
halogens are those where the halogen rests inside the methyl
group pocket (MePoc) or interacts with the n-system of
the propene (Perp). The MePoc structures are weakly bound
(Do = 3.2-4.9 kJ mol ') as is expected for vdW complexes, and
we note that the D, halide trend established inverts for the
corresponding halogens. This is attributed to the polarisability
of the halogen atoms in each case, with those that are more
diffuse and polarisable able to form stronger transient interac-
tions. Those complexes where the halogen is interacting with
the n-system are bound stronger than even the corresponding
halide complexes. For the bromine and iodine complexes the
D, values are 49.6 k] mol " and 38.9 k] mol " respectively and
the halogen is bound equidistant from the two unsaturated
carbons. In the chlorine complex however there is a distinct
contraction of the C-Cl distance to 1.843 A and the / x_c—c
angle increases to 110.4° as the chlorine binds with the
terminal carbon forming a 1-chloropropyl radical. The asso-
ciated D, of this complex is significantly higher (99.3 k] mol ™)
and representative of an intermediate for the free-radical
addition of chlorine to the alkene. This insertion agrees with
previous theoretical studies in that gas-phase chlorine insertion
preferentially occurs on the terminal carbon and that the CI-C
distance and / cj-c-c angle correspond to literature MP2/AVDZ
structures.> >

3.2.2 Time-of-flight mass spectrometry. The mass spectra
produced from each of the gas mixtures are presented in Fig. 2-4
in the chronological order in which they were recorded. Regarding
the systems studied, these represent the bromide, iodide, and
chloride gas mixtures respectively for the reasoning outlined in
the Experimental section. Full mass spectral assignment is pro-
vided in the ESI,{ however, important peak and features will be
described here.

Fig. 2 is the mass spectrum produced from the CH,Br,:C;Hg:Ar
gas mixture. Immediately apparent are the two sets of calibration
peaks corresponding to the ***’Cl~ and 7**'Br anions. There
is also a peak at 77 m/z which corresponds in mass to **CIC;H;  is
assigned to the formation of the *Cl™---C;Hs complex. This
complex formation also contributes to the now unequal inten-
sities of the bromide peaks, highlighted in the inset of Fig. 2, as
the corresponding *’Cl complex isobaric with the 7°Br peak. While
not the intended spectroscopic target in this gas mixture, PES
spectra of the 77 m/z peak were recorded in case later experiments
on the CCl, gas mixture proved unsuccessful. These PES spectra
are included in the ESIL{ along with a corresponding deconvo-
luted CI™ PES spectrum.
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Fig. 2 Mass spectrum resulting from the CH3Br,:CsHg:Ar gas mixture.
The spectrum shows mass peaks resulting from the bare Cl™ anions and
propene complexes with Cl™ and Br™. Inset: The bare Br is isobaric with
the 3’CL™- - -C3sHg complex.
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Fig. 3 Mass spectrum resulting from the CHsl:CsHg:Ar gas mixture. The
spectrum shows mass peaks resulting from the bare Br~ anions and
propene complexes with ™. Inset: Highlighted the peaks at 169, 211 and
254 m/z assigned to the |- --(CsHg), (n = 1-3) complexes.

A number of other structures are present in the mass
spectrum in the regions of 115-125 m/z and 150-175 m/z.
These peaks are taken to be a combination of several isotopic
combinations of CCl, and a similar contaminant CHCI; from
previous experiments. For the region of 115-125 m/z, combina-
tions of CHCl;™ is expected but not assigned as the vdwW
complex CI - --*CHCI,, would result in peaks with m/z values
of 118, 120, 122 and 124 respectively. The 5'Br™- - -C3Hg complex
would be expected to have a m/z value of 123 and there is a peak
in this structure that indeed does. As this peak appears suffi-
ciently resolved, PES spectra of this mass peak would not be
expected to contain other contaminant complexes, however
when undertaking photodetachment within such a congested
region this should be kept in mind.
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Fig. 4 Mass spectrum resulting from the CCly:C3Hg:Ar gas mixture. The
spectrum shows mass peaks resulting from the bare halides and propene
complexes with both Cl™ and Br™. Inset: Highlighted the peaks at 118-124
m/z assigned to the Br---CsHg and Cl™- - -(C3Hg)> complexes.

Comparatively the mass spectrum of the CH3I:C3Hg:Ar gas
mixture (Fig. 3) is not significantly congested. In the lower m/z
range shown, the residual bromide anion peaks are still
detected however the spectrum is now dominated by the iodide
signal. These three peaks are used for a preliminary calibration
that is then improved upon with inclusion of the next most
intense signal at 269 mj/z representing the I ---CH;I complex
commonly seen in previous CH;I gas mixtures.”® The other peaks
within the mass spectrum represent these two primary iodide
sources solvated by propene molecules, with I"---(C3;Hg),, and
I - (CH3I)(C3Hg), (7 = 1-3) present.

Finally the mass spectrum of the CCl;:C3Hg:Ar gas mix is
presented in Fig. 4. There is a congested 117-125 m/z region in
the mass spectrum similar to that of Fig. 2 however this is
significantly more resolved than for the previous spectrum.
The resolution in this region in the presented spectrum does not
adequately resolve these peaks individually. This is attributed
predominantly due to the optimisation of space focussing of the
TOF plates and einzel lenses for the calibration peaks. It is because
of this resolution and congestion that a number of the peaks are
assigned to complexes of bromide and argon as well as the
previously noted CI" - - -(C5Hg), complexes. The m/z range presented
is restricted here by comparison to the CH;I gas mixture however
there are clear formation of both the 3°Cl™---C;Hs and
81Br. . .C3Hs, distinct from contaminant isobaric species.

3.2.3 Photoelectron spectra. Each of the photoelectron
spectra were calibrated against accurately determined electron
binding energy (Epg) values of resolved *P transitions of the
bare halides. For the spectra taken of mass signals in Fig. 2 the
81Br~ signal was used, whereas for the mass spectra in Fig. 3
and 4, I forms the calibration.

The photoelectron spectrum of the 77 m/z peak from Fig. 4 is
shown in Fig. 5. The spectrum consists of a single broad feature
that is attributed to transitions to the two perturbed P states of
the chlorine. A pair of Gaussian functions is fitted to the spectrum
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Fig. 5 Photoelectron spectrum of the 77 m/z peak from Fig. 4. The

spectrum is deconvoluted into two gaussians representing the perturbed
%P3/, (red) and %P3, (blue) states of the Cl™---CzHg complex.

with an R value of 0.9848. While the intensities of the fit are
arbitrary and are normalised for the purposes of presentation
here, the ¢ value from the fit is 85.6(4) meV. The determined
electron stabilisation energy (Egwp) values for the perturbed
Cl™- - -C;H; states are then 3.89(1) eV and 4.00(1) eV respectively.
This is indicative of a relatively strong vdW interaction as the Eg,},
of the chloride complex is 0.28 €V (27.1 k] mol ). Comparing this
experimental stabilisation with that of the DSD-PBEP86-D3B]/
AVTZ values, the closest calculated VDE belongs to the bifurcated
structure (Egp, = 27.5 k] mol ). While it is tempting to therefore
assign the detachment to this conformer, the resolution of the
experiment is such that this is not conclusive. Given the similarity
in the D, values for the bidentate and bifurcated structures, the
formation of the complex is likely driven by collision theory and
the orientation of the monomers under complex formation.
Similarly, considering the solid angle of the approaching chloride
to the propene, the interaction between the formal charge of the
halide and the n-system of the propene would likely redirect
the incoming halide to regions of attractive interaction. While
the third hydrogen-appended structure is present for the chloride
complex, it is relatively more weakly bound, and would likely
represent a meta-stable conformation.

In recording the bromide-propene spectrum, the 123 m/z
peak in Fig. 2 was targeted. The resulting PES is shown in Fig. 6
and is attributed to the ®'Br™---C;Hg. These transitions are
assigned similarly to the chloride complex and have Egg values
of 3.59 eV and 4.01 eV for transitions to the perturbed *P;,, and
’p,,, states of the bromine. The Egp of the complex is then
determined to be 0.23 eV (22.2 k] mol™'), highlighting the
relative strength of the interaction in the chloride complex. The
inset of Fig. 6 details the tailing features of the 2P, peak.
Typically these features, as the detector is less saturated and are
closer to the photon energy, are more resolved than those of the
’P;), peak. There are two features present in this region with
Egg values of 4.21 eV and 4.31 eV respectively. Within the main
*p,,, peak there is some addtional structure with features at
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Fig. 6 Photoelectron spectrum of the 123 m/z peak from Fig. 2 assigned
to photodetachment to the perturbed 2Pz, and 2Py, states of the
Br—--.CsHg complex.

4.02 eV and 4.08 eV. While less resolved, some structure is
present within and shouldering the *P;;,. These transitions
correspond to 3.62 eV and 3.79 eV.

As the bromide-propene complex has calculated bifurcated
minima structures in the anion and neutral, the PES can be
modelled with ezSpectrum 3.0 and is presented in Fig. 7.>” Full
Franck-Condon factors (FCFs) with Duschinsky rotations from
these calculations are included in the ESI,{ and as the spin-
orbit states in this context only represent a change to the band
origin, are only included for the ®P;, however the vibronic

Intensity (a.u.)

3.6 3.7 3.8 3.9 4 41 42
Ege (eV)
Fig. 7 Simulated photoelectron spectrum for the 2P5,, photodetachment
of the Br™---CsHg complex. Stick spectra (red) represent the individual

FCFs calculated. The black trace is a Gaussian convolution with width,
w = 0.005.
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behaviour is the same in both cases as modelled here. While
useful, it should be noted however that due to the strength of
the non-covalent interactions, these modes are expected to be
anharmonic and the calculated band structures may not resemble
experimental spectra. The band origin, corresponding to the
adiabatic detachment energy (ADE), is 3.563 eV with the next
transition at 3.616 eV corresponding well to the experimental
feature within the main ?P,, peak. This represents a 53 vibronic
transition with the ws (424 cm ™) mode corresponding to a C-C~C
bending mode of the propene. Notably the energy difference
between this feature and the ADE corresponds to the same peak
separation in the *P,/, peak, allowing for the assignment of these
4 features. The feature residing between the two perturbed *P
peaks has an Egg of 3.79 eV and agrees well with the modelled 72
and 8; overtones (Epg = 3.795 €V, 3.797 eV). Here the w,
(936 cm™ ') and wg (942 cm ™) modes represent the C-CHj stretch
and a number of coupled hydrogen bending modes. The same
modes are assigned to this progression present in the *P;/, peak
(4.21 ev and 4.31 eV). This vibrational structure suggests that
transitions to the bifurcated neutral, importantly from the corres-
ponding anion complex, are indeed present. It is not clear
whether the same structure is present for the bidentate complex
as no corresponding neutral was optimised. Given the neutral
geometry would represent a highly vibrationally excited analogue
of the bidentate complex the VDE, while not an experimentally
observable quantity, would then likely correspond to a potentially
unbound excited state. Similarly to the chloride complex, it is
expected that both complexes are observed experimentally and
cannot be distinguished at the current resolution.

Finally the iodide-propene complex PES is recorded by
photodetachment of the 169 m/z peak in Fig. 3 and shown in
Fig. 8. As with the previous PES spectra for the chloride and
bromide complexes, the spectrum features two main peaks
representing detachment to the perturbed P states of the
iodine in an I"---C3Hg complex. The Egg of these peaks are
determined to be 3.26 eV and 4.20 eV, equating to an E,, value

hv=266nm
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Fig. 8 Photoelectron spectrum of the 169 m/z peak from Fig. 3 assigned
to photodetachment to the perturbed 2Ps, and 2Py, states of the
|7+ -.C3Hg complex.
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of 0.20 eV (19.4 k] mol™"). In the higher Egg region from the
P peak similar vibrational structure can be seen to that of the
bromide complex. Two bands are determined with one having
Egg values of 4.35, 4.40, 4.45 and 4.50 eV (AEgg = 0.05 eV =
403 cm ') corresponding to a progression in the C-C-C bend
(ws = 420 cm™ ). The other band is only determined with two
peaks 4.47 and 4.52 eV and is assigned to a combination band
of the bending mode and a C-C-C internal twisting mode (w3 =
160 cm™ ). Both transitions represent transitions to the complex
where the halide is interacting with the n-system perpendicularly
to the plane of the propene.

Collectively, the halide-propene complexes are bound by the
electrostatic interaction, with the relatively strong D, values
in each case dominated by the anion interaction. Moreover, the
respective charge density of the anion correlates with the
strength of the interaction. This is reflected by the Eq., values
of 27.1 k] mol™%, 22.2 k] mol™* and 19.4 k] mol~* for the CI,
Br~ and I ---C3H, respectively. In comparing the bidentate and
bifurcated conformers of each of the halide complexes, the E.p,
values indicate that those halides that are larger (Br, I), are
sterically unfavoured in residing in the interacting regions
when compared to the chloride complexes. The vibrational
progressions present in the iodide and bromide complexes
suggest that detachment from the bound anions, of which both
the bifurcated and bidentate conformers are most likely, to a
vibrationally excited region of the neutral. Given that the most
stable neutral complexes are those where the halogen interacts
with the m-system reminiscent of a free-radical addition to the
alkene, detachment to these states may serve to lock the halide
in the vdW region prior to initiation. Here the use of anion PES
allows for photodetachment to regions of the neutral potential
energy surface that may not be typically accessible in neutral
spectroscopy.

These neutral interactions can also be compared to those of
previously studied halide-alkene systems, namely the halide-
ethene complexes.?® In these complexes, where the interaction
dominated by the perturbation of the n-system, the strength of
interaction is lower than when a purely hydrogen bonding
environment is available. The E,, values for the halide-ethene
complexes are 0.21 eV (19.5 k] mol ") and 0.13 eV (12.6 k] mol ")
for bromide and iodide respectively. The stability of the bromide
complexes is not dissimilar, while there is a significant stabilising
effect when increasing the length of the alkene in the iodide
complexes. Again it is expected that the interaction is balanced by
the charge density of the anion and its size with respect to the
physical interacting region.

4 Conclusions

To summarise, halide-propene complexes have been produced
in the gas-phase and their photoelectron spectra are presented.
The experimental Epg values, representing transitions to per-
turbed P states of the halogen, are 3.89 eV and 4.00 eV, 3.59 eV
and 4.01 eV, and 3.26 eV and 4.20 eV for ClI7, Br and I™
complexes respectively. DSD-PBEP86-D3BJ/AVTZ calculations
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have also been completed to determine structures of a number
of anion and neutral complexes. To validate the double-hybrid
for use in these cases, a suite of calculations were also com-
pleted for comparison with previously studied halide-molecule
complexes. These generally showed good agreement with
previous experiments however in troublesome cases, use of
additional diffuse functions in an Ahlrich def2QZVPD basis set
was the only basis set to yield qualitatively correct harmonic
frequencies. With all other basis sets, calculating second
derivatives at each optimisation step was required. Inclusion
of an empirical correction derived from the computational and
experimental VDE of the bare halides yields complex VDEs in
excellent agreement with previous experiments and values
comparable to CCSD(T)/CBS. Each of the calculated halide-
propene structures correspond to photodetachment from
either a bidentate or bifurcated structure where the interaction
is dominated by the electrostatics interaction of the anion and
hydrogen atoms. Given the energy resolution of the PES spec-
trometer, the two conformers cannot be distinguished however
vibrational structure in the Br™- - -C3Hg spectrum indicates that
the bifurcated structure is present. The most stable neutral
conformers are those where the halogen interacts with the
n-system of the C—C bond in each case. For the chlorine
complex, this also results in insertion into the double bond
at the terminal carbon, producing a 1-chloropropyl radical.
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