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Closing the Shell: Gas-Phase Solvation of Halides
by 1,3-Butadiene
Peter D. Watson,[a, b] Christian T. Haakansson,[a] Hayden T. Robinson,[a] Timothy R. Corkish,[a]

James R. Brookes,[a] Allan J. McKinley,[a] and Duncan A. Wild*[a, c]

Abstract: Gas-phase solvation of halides by 1,3-butadiene has
been studied via a combination of photoelectron spectro-
scopy and density functional theory. Photoelectron spectra
for X� ⋯(C4H6)n (X=Cl, Br, I where n=1-3, 1–3 and 1–7
respectively) are presented. For all complexes, the calculated
structures indicate that butadiene is bound in a bidentate
fashion through hydrogen-bonding, with the chloride com-
plex showing the greatest degree of stabilisation of the

internal C� C rotation of cis-butadiene. In both Cl� and Br�

complexes, the first solvation shell is shown to be at least
n ¼ 4 from the vertical detachment energies (VDEs), however
for I� , increases in the VDE may suggest a metastable, partially
filled, first solvation shell for n ¼ 4 and a complete shell at
n ¼ 6. These results have implications for gas-phase cluster-
ing in atmospheric and extraterrestrial environments.

Introduction

In recent years, much interest has been generated as to the
formation of large carbon aggregations from monomer units in
the interstellar medium (ISM). Unlike smaller unsaturated hydro-
carbons (i. e. propene), direct observation of 1,3-butadiene has
not been reported, but as 1,3-butadiene represents a potential
important intermediate in the formation of larger carbon units
(Equations 1a–1c), it still remains of astrochemical interest.
Currently, butadiene is believed to form in extraterrestrial ices,
particularly methane ices with the addition of monomer radical
species.[1] As the degree of unsaturation is the property of
butadiene that supports this hydrocarbon growth, a number of

studies have investigated the reaction of radical species with
butadiene as pathways within larger astrochemical processes.
The addition reaction of the ethynyl radical (�C2H) yields the
formation of benzene, with similar mechanisms proposed for
the formation of nitrogen containing heterocycles and sub-
stituted naphthalenes.[2] These include reactions with cyano (
�CN), phenyl (�C6H5) and meta-tolyl (�C7H7) radicals
respectively.[3–5]

.CHþ C2H6 ! C3H6 þ
.H (1a)

.CHþ C3H6 ! 1,3� C4H6 þ
.H (1b)

.C2Hþ C4H6 ! c� C6H6 þ
.H (1c)

Terrestrially, butadiene is a notable product of combustion
reactions and occurs from both anthropogenic sources in the
burning of fuel mixtures as well as natural sources such as from
forest fires.[6,7] In combustion reactions, one such mechanism for
butadiene formation is from the decomposition of the C8H12

diradical which occurs on a picosecond timescale.[6] Once
formed, it undergoes similar radical chemistry to produce larger
carbon aggregates believed to be precursors to soot
formation.[8]

Atmospherically, brominated butadiene radicals activate the
oxidation of butadiene with a weaker Br–C bond forming a
good leaving group and addition site on the neighbouring
carbon, as illustrated in Equation 2.

BrCH�2CHCHCH2þO2 ! Br�þOCH2CHOCHCH2 (2)

The rate constant for this reaction is then 4.7×10� 13 cm� 3

molecule� 1 s� 1 at 298 K and 700 Torr.[9] For the chlorinated
analogue, the stronger Cl–H interaction is believed to favour
hydrogen abstraction reactions and the formation of corre-
sponding radicals. The experimentally measured rate constant
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for the reaction of chlorine atoms with butadiene here is 3.31×
10� 10 cm� 3 molecule� 1 s� 1.[7] The structure of these intermediates
involve the insertion of the halogen into the C=C bond,
bonding with the terminal carbon.

Despite the importance of butadiene radical interactions in
both atmospheric and extraterrestrial environments, there are
few studies investigating the geometric and electronic structure
of these complexes. Halide-butadiene complexes represent a
good analogue for these systems, as anion complexes typically
feature bonding motifs that differ to their neutral counterparts,
allowing for spectroscopic investigation into regions of the
neutral potential energy surface other than local minima.
Additionally, as the halides represent simple analogues for a
number of anion-molecule interactions, investigating the
structure of these complexes may provide insight into the
radical chemistry present in extraterrestrial environments. While
these reactions may be modelled as well behaved bimolecular
systems, the role of gas-phase solvation may also be important
in their structure and reactivity.[10]

Beyond these contexts, the study of halide-butadiene
systems may also provide insight into the pre-reaction van der
Waals (vdW) complexes of important synthetic reactions,
namely the Diels-Alder reaction, pericyclic reactions of dienes
that form a suite of ring-containing structures.[11] The stereo-
selectivity of these products is governed by the structure of the
pre-reaction adduct prior to the concerted ring-closing mecha-
nism, and by substituting the dieneophile for a model anion
may provide insight into these reactions.[12]

This work investigates a number of solvated halide-
butadiene complexes using a combination of theoretical
methods and anion photoelectron spectroscopy. The electronic
structure of solvated systems is approached by the electronic
stabilisation energy of each successive solvated butadiene
molecule (denoted Esolv). From these energies and the binding
motifs present, the structure of larger solvated species may be
inferred.

Results and Discussion

Computational Results

Anion and neutral structures have been optimised using the
DSD-PBEP86-D3BJ functional for the halide/halogen-butadiene
complexes (Figure 1). For the anion complexes the minima are
the 1, 2 and 4trans conformers, with the most stable for all
three halides being the 2trans. This conformer features the
halide bound to the hydrogen atoms attached to carbons 1 and
3 in the butadiene molecule. This electrostatic interaction is
approximately ~30% more stable than the next conformer
(1trans), where the halide bifurcates the C=C bond. Additional
structures are also present in the bromide and chloride
complexes (denoted 4trans), where the halide appends to a
hydrogen on the terminal carbon similarly to previously studied
halide-formic acid complexes.[13] These structures exhibit similar
bonding motifs to the halide-propene complexes, where the
bidentate structure is again the most stable complex.[14]

Similarly each halide structure also shows trends in their
complex dissociation energy (D0) values that correspond to
previously studied halide-propene complexes, with the chloride
complexes being the most stable and the iodide complexes
being the least stable.[14] Comparing the two bidentate com-
plexes in the halide-propene and halide-butadiene complexes,
the larger hydrocarbon chain is more stable. This is attributed
to the delocalisation of donated electron density in the diene
such that the charge density gradients are constructive, where-
as in the propene complex the induced dipoles contain
destructive vector components.

For the cis-butadiene complexes, while none of the
structures are determined to be minima, the complexes are still
stabilised compared to the monomer units. For the four
structures present, each exhibit the same bonding motifs as
their trans counterparts; either bifurcating a CC bond, bidentate
coordination, or appending to a terminal hydrogen. Comparing
the imaginary mode representing the rotation around the C� C
bond in each of the complexes (in this case the Cl� complexes)
with that of the monomer (182i cm� 1), the 1cis (163i cm� 1), 2cis
(171i cm� 1) and 5cis (139i cm� 1) structures do not significantly
stabilise the rotation. The 2cis structure however has a
frequency of 49i cm� 1, as the two coordinating hydrogens lie on
either side of the C� C bond and as such the complex formation
stabilises the rotation. While still an imaginary mode for each of
the halides studied here, an anion with higher charge density
such as fluoride may yield a stabilised cis-butadiene complex.

In the neutral complexes, each of the vdW complexes
exhibit similar D0 values to comparative halide-propene
complexes.[14] The most stable neutral complexes are the 7cis
and 7trans structures respectively, as the halogen exhibits
similar interaction with the π-system as the halogen-propene
complexes. Despite the increase in complex stability in these
cases, the 7cis structure still retains the imaginary mode (132i
cm� 1) and it is not significantly stabilised with respect to the
butadiene monomer. The 7trans structure however is reminis-
cent of the prereaction adduct in radical activation of butadiene
by bromine to produce peroxy radicals, as reported in the
literature.[9] In both cases similarly to the inversion of halide/
halogen stability in the propene complexes, the halogen-
butadiene complexes are less stable than the corresponding
propene complexes. This is likely due to a combination of
delocalisation through the carbon chain reducing the bonding
interaction at any given carbon.

Time-Of-Flight Mass Spectrometry

The mass spectra for the CCl4, CH2Br2 and CH3I gas mixtures are
presented in Figures 2, 3 and 4. The mass spectra often contain
residual halide sources from preceding gas mixtures. In this
suite of experiments, the chronological order of experiments
are those with CH3I, CH2Br2 and finally CCl4. This was done to
ensure that either residual Br� or I� would be present in the
CCl4 gas mixture for photoelectron spectroscopy (PES) calibra-
tion. Each of the mass spectra were calibrated against the bare
halide peaks present in each, which were themselves identified
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by their relative intensities and isotopic abundances. Full mass
assignments are provided in Supplementary Information. For
those mass peaks that are assigned to highly solvated
complexes, given that each of the mass spectra are calibrated
against peaks at comparatively low m=z values, uncertainty of
the calibration may effect the absolute m=z values for these
complexes. However as solvation occurs in a stepwise fashion,
the separation and relative intensities of peaks within bands of
the mass spectrum can be assigned with respect to neighbour-
ing bands. By commencing assignments at low, well-defined
m=z values and proceeding in series, full assignment of the
spectrum is then achieved.

The mass spectrum of the CCl4:C4H6:Ar gas mixture is shown
in Figure 2. The spectrum shows clear mass peaks for the
35;37Cl� , 79;81Br� and 127I� ions. The spectrum also features a
progression, marked by the red drop downs, of the
35;37Cl� :::ðC4H6Þn (n ¼1–4) complexes. These peaks are identified
based upon the isotopic abundances of the underlying chloride
ion and, at higher m=z values, the relative Dm=z equal to the

Figure 1. Optimised structures of the X···C4H6 anion (left) and neutral (right) complexes. Each structure is labelled based on the starting geometry described in
Figure 11. 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 D0 values are included for each structure.

Figure 2. Time-of-flight mass spectrum produced from a CCl4:C4H6:Ar gas
mixture (trace:50 kPa:400 kPa). The spectrum features a number of the
desired Cl� ···(C4H6)n complexes for n�4, labelled by the red drop downs.
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mass of a single butadiene unit. The highest of these (~250
m=z), is no longer well resolved when compared to the bare
chloride. This effect is the result of the relative time-of-flight
(TOF) plate voltages and adjustment of the relative space
focussing of the molecular beam. While this may be improved
upon by adjusting the voltage applied to the front TOF plate,
for the purposes of these photoelectron spectroscopy experi-
ments optimum mass resolved isotopes of the same species are
not paramount. Immediately preceding each of the
35;37Cl� :::ðC4H6Þn, there are a number of spectral features that
can be assigned to the respective butadiene solvated bromide
complexes (for n ¼1-3). The formation of these complexes is
encouraging for later scheduled experiments, as are both peaks
at 181 and 235 m=z which represent I� ⋯(C4H6)n for n � 2.
Immediately following the chloride-butadiene complexes (from
n ¼ 2), a number of Cl� ::: CCl3ð ÞðC4H6Þn complexes with up to
two butadiene molecules are present. PES spectra were not
recorded of these peaks to confirm their structure though they
do present interesting opportunities for future work in inves-
tigating a mixed solvent, gas-phase complex.

The mass spectrum from the CH2Br2:C4H6:Ar gas mixture
(Figure 3), shows good complex formation for a number of
solvated bromide and iodide clusters. The space focussing of
the time-of-flight photoelectron spectroscopy (TOF-PES) results
in poorer mass resolution for >275 m=z, however the same
approach that was used to analyse the CCl4 spectrum can be
taken here. There are two progressions of solvated bromide
complexes denoted in Figure 3 by red and blue drop downs.
The peaks indicated in red represent the Br� ⋯(C4H6)n (n ¼1-5)
complexes and starting at 133 m=z with the monosolvated 79Br�

complex. The blue peaks start at 173 m=z for n ¼ 0 in a series
of 79;81Br� :::ðCH81;79

2 BrÞðC4H6Þn complexes. The bromide-
bromomethyl radical peak has previously been studied by anion
PES however as with the Cl� � ðCCl3Þ complexes, the butadiene

solvated complexes offer an opportunity to study solvation in a
competitive environment.[15]

Particularly in these bromide-bromomethyl radical com-
plexes, the relative intensities of the features in the mass
spectrum increase with increasing butadiene solvation. This is
believed to be a kinetic effect with a stark pressure depend-
ence. The typical operating voltage of the piezo nozzle is ~340
V, with increases in the applied voltage required throughout a
day of experiments as the background pressure slowly
increases. However it was found in these butadiene experi-
ments that the mass spectrum intensities comparing high and
low m=z peaks was greatly dependant on the nozzle voltage. At
low voltages, low m=z peaks such as the bare halides and
monosolvated halides produced good mass spectrum inten-
sities whereas increases in the nozzle voltage of up to 10 V
reduced these intensities as the high m=z peaks became more
intense. This suggests that in the source chamber the amount
of halide anions produced by dissociative electron attachment
becomes rate limiting as the increased local partial pressure of
butadiene and the halomethane source readily solvate the
anion and anion complexes.

Lastly, the mass spectrum of the CH3I:C4H6:Ar gas mixture is
presented in Figure 4. The range of this spectrum is significantly
larger than that of the corresponding bromide spectrum, with
the largest spectral features recorded at 702 m=z. As with the
previous mass spectra, the CH3I spectrum consists of a number
of solvated iodide-butadiene complexes as well as mixed-
solvent complexes. These are shown in Figure 4 as red, blue
and orange drop downs which represent I� ⋯(C4H6)n (n ¼1-10),
I� ⋯(CH3I)(C4H6)n (n ¼0-8) and I� ⋯(CH3I)2(C4H6)n (n ¼0-5) respec-
tively. As with the mixed-solvent bromide complexes, the
nozzle voltage appears to affect the relative intensities of the
peaks within each band, with the most intense comprising the
n ¼ 3 complex in each case. The strong iodide mass peak in
Figure 3 coupled with the strong solvation progression present

Figure 3. Time-of-flight mass spectrum produced from a CH2Br2:C4H6:Ar gas
mixture (trace:50 kPa:400 kPa). The spectrum features a number of the
desired Br� ···(C4H6)n complexes for n�5, labelled by the red drop downs, as
well as peaks attributed to Br� ···(CH2Br)(C4H6)n (n =0–3) complexes (blue
drop downs).

Figure 4. Time-of-flight mass spectrum produced from a CH3I:C4H6:Ar gas
mixture (trace:50 kPa:400 kPa). The spectrum features a number of the
desired I� ···(C4H6)n complexes for n�10, labelled by the red drop downs, as
well as peaks attributed to I� ···(CH3I)(C4H6)n (n =0–8) complexes (blue drop
downs) and I� ···(CH3I)2(C4H6)n (n=0–8) complexes (orange drop downs).
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in the CH3I mass spectrum is indicative of the relatively large
amount of CH3I present in this gas mix.

At high m=z, the spectrum becomes increasingly congested
as the number of permutations of the monomer units grows. In
order to perform PES spectroscopy on peaks in this region,
similarly to their mass assignment, the Q-switch timing of the
Nd:YAG laser may be correlated against the ion TOF and used
to predict Q-switch timings that intersect these larger clusters.
This is especially useful in performing spectroscopy on peaks
where the mass spectrum is less intense and the contained
anion complexes produce photoelectrons with TOF similar to
those of the background ion noise.

Photoelectron Spectra

The photoelectron spectra of the Cl� ⋯(C4H6)n n ¼ 0-3 com-
plexes are presented in Figure 5. Each of the spectra are fitted
with two Gaussian functions as per Equation 3. The determined
electron binding energy (EBE) for each of the perturbed 2P3=2
peaks are then presented in Table 1. In each case, the degree of
stabilisation gained through solvation is expressed as the
increase in EBE and is referred to as the electron stabilisation
energy (Estab). This is illustrated in Figure 6. As there are multiply
solvated halides present in these spectra, the stepwise solvation
energy (Esolv) is a measure of the successive electronic stabilisa-
tion (ΔEstab) with each additional solvating molecule.

The EBE of the Cl� ⋯C4H6 complex is determined from peak
fitting as 3.9962(6) eV but is reported to 3 s.f. Comparing the
experimental EBE (4.00 eV) with the vertical detachment energies
(VDE) calculated from DSD-PBEP86-D3BJ/AVTZ calculations, the
most probable anion structure is again the 2trans complex
(4.02 eV). The 1trans and 4trans conformers are structurally
similarly and have similar D0 values, with corresponding VDE
values of 3.88 eV and 3.93 eV respectively. Given the quality of
the fit in this case (R2 ¼0.9826), this is believed to be sufficiently
different to assign the spectrum to the 2trans structure. The Estab
of the complex is determined to be 39.0 kJ/mol which shows
good agreement with the determined D0 of the anion complex.
The calculated Estab is 34.6 kJmol� 1, but represents the adiabatic
detachment energy (ADE) rather than VDE. Extending this to
the further solvated chloride-butadiene complexes, the Esolv
show successive decreases with increasing degrees of solvation.
These experimental Esolv energies are 27.6 kJmol� 1 and
20.9 kJmol� 1 respectively, indicating the stability in these anion
complexes.

From the fitting of the experimental chloride-butadiene
spectra, it is clear that the fitted Gaussian functions become
narrower as the EBE approaches the photon energy (i. e. low
electron kinetic energy (EKE)). Fitting a linear regression through
this data of EKE against σ for each fit yields the function
s ¼ 9:7� 10� 2EKE þ 3:02� 10� 2 (R2 ¼0.9821) and provides
some predictive power as to the expected Gaussian width of a
given transition. The corresponding dE=EKE values range from
30% to 64% near threshold.

The photoelectron spectra from the Br� ⋯(C4H6)n (n ¼1-3)
complexes are presented in Figure 7. The EBE of the n ¼ 1
complex is determined as 3.66 eV with a resulting Estab of

Figure 5. Illustrative anion and neutral potential energy surfaces of A
solvated by M. EBE values are the electron binding energies of the complex
and bare A, and D0 are the respective complex stabilisation energies of the
anion and neutral complexes. Note that EBE(A···M) + D0(A···M)=EBE(A) +

D0(A
� ···M), and Estab=EBE(A···M) � EBE(A)=D0(A

� ···M) � D0(A···M). This can be
extended for increasing solvation where Esolv(n)=Estab(n) � Estab(n � 1).

Table 1. Comparison between the experimental electronic binding energy (EBE), stepwise solvation energy (Esolv) and calculated VDE for the halide-butadiene
complexes (all in eV).

n Cl� ···(C4H6)n Br� ···(C4H6)n I� ···(C4H6)n
EBE VDECalc Esolv EBE VDECalc Esolv EBE VDECalc Esolv

0 3.59 3.34 3.06
1 4.00 4.02 0.40 3.66 3.70 0.31 3.27 3.31 0.21
2 4.28 0.29 3.91 0.26 3.47 3.52 0.20
3 4.50 0.22 4.13 0.21 3.64 0.17
4 3.78 0.14
5 3.93 0.15
6 4.06 0.13
7 4.27 0.21
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0.31 eV (30.2 kJmol� 1). Compared to the chloride complexes,
the Br� ⋯C4H6 calculated D0 value does not agree as well with
the VDE. Considering that the neutral complexes are generally
more strongly bound moving down the group 17 elements, this
deviation away from alignment is attributed to the more
appropriate definition of the difference in D0 values. This
suggests that the VDE conformation in the neutral state is
bound, albeit vibrationally excited. Of the neutral bromine vdW
minima, the D0 values range from 8.6 kJmol� 1 to 11.6 kJmol� 1.
For the anion complexes, the 1trans and 4trans complexes have
D0 values of 28.0 kJmol� 1 and 27.6 kJmol� 1 respectively. As
these are both less than the Estab energy it suggests that
photodetachment from these complexes, while possible, would
be to unbound states as only a negative D0 in the neutral would
produce such an Estab.

Photoelectron spectroscopy of the iodide-butadiene com-
plexes were successfully performed for up to seven solvating
butadiene molecules. This was helped by the larger spin-orbit

splitting of the neutral iodine, bringing the EBE of the
2P3=2 peak

for higher solvated complexes below that of the photon energy.
These photoelectron spectra are presented in Figure 8 and the
EBE values of each peak presented in Table 1.

The EBE of the perturbed 2P3=2 peak is 3.27 eV and the
calculated Estab of the monosolvated complex is 0.21 eV
(20.4 kJmol� 1). Unlike the bromide complexes, the D0 values of
both iodide complexes are greater than the Estab from experi-
ment and both possible photodetachment channels. As the
2trans complex is significantly more stable and the neutral D0

values are ~8 kJmol� 1, it suggests that it is still the most
probable anion structure as the resulting Estab values are closest
to experiment.

As there are a number of solvated structures present for
each of the halides, it is necessary to consider whether
butadiene [4+2] Diels-Alder cycloaddition occurs within the
gas mixture. To investigate this, additional DSD-PBEP86-D3BJ
calculations were performed on the iodide complex with the
most probable product, 4-vinylcyclohexene. As the number of
heavy atoms increased significantly in these larger complexes,
the basis set used was the def2TZVPD. The def2 basis set was
chosen here based on the reliability of the def2QZVPD basis set
for troublesome cases.[14] These were compared with a mini-
mum structure representing the I� ⋯(C4H6)2 complex where the
butadiene monomers interacted with the iodide similarly to the
2trans conformer of the monosolvated complex. The results of
these calculations are shown in Figure 9, where two minima
and a transition state were determined for the 4-vinylhexene
complex and one structure was determined for the trimer
complex. The trimer structure is a transition state where the
imaginary mode (53i cm� 1) represents a rotation of the
butadiene monomers such that their interaction is not directly
towards the iodide. The proposed offset arrangement of the
butadiene monomers does still represent a good approximation
of the trimer structure. Undertaking VDE calculations of the two
iodide-4-vinylhexene complexes and the I� ⋯(C4H6)2 complexes
yields distinct values of 3.19 eV, 3.35 eV and 3.52 eV respec-
tively. The D0 values of the 4-vinylhexene complexes are also

Figure 6. Photoelectron spectrum of Cl� ···(C4H6)n (n =1-3) complexes from
Figure 2 assigned to photodetachment to the perturbed 2P3/2 and

2P1/2 states
of each complex. Each complex is deconvoluted into two Gaussian functions
representing the two 2P peaks.

Figure 7. Photoelectron spectrum of Br� ···(C4H6)n (n =0-3) complexes from
Figure 3 assigned to photodetachment to the perturbed 2P3/2 and

2P1/2 states
of each complex.

Figure 8. Photoelectron spectrum of I� ···(C4H6)n (n=1-7) complexes from
Figure 4 assigned to photodetachment to the perturbed 2P3/2 and

2P1/2 states
of each complex.
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similar to those of the monosolvated iodide-butadiene complex,
indicating that the degree of stabilisation is more dependant
on the degree of solvation than the solvent molecule in this
case. Compared with the experimental detachment (3.47 eV),
only the trimer complex agrees reasonably with the experimen-
tal perturbed 2P3=2 peak and thus the Diels-Alder product is
subsequently ruled out from higher butadiene complexes for
each halide.

In both the bromide and iodide complexes there is a
similarly distinct decrease in the Esolv energy as there was in the
chloride complexes. These energies are plotted against the
number of solvating butadiene molecules, and compared with
other larger halide clusters with H2O, CO2 and N2O in literature
in Figure 10.[16–18] As noted by Markovich in comparing halide-
water clusters, the Esolv energy decreases with each successive
solvent molecule until a full solvation shell is filled. The onset of
solvating molecules filling a second solvation shell is marked by
a sharp increase in the Esolv for that number of molecules. In the
case of the iodide-butadiene clusters this occurs at n ¼ 7 and is
indicative that the filled first solvation shell consists of six
coordinated butadiene molecules. The Esolv for n ¼ 7 is approx-
imately equal to that of the monosolvated complex suggesting
that the filling of the second solvation shell treats the complete
first shell as a single core, much like a bare iodide albeit
shielded. Interestingly there is also present at n ¼ 5 a small
increase in the Esolv which suggests that the 4-coordinated
complex may itself be a metastable structure. Conversely
however, photoelectron spectra of IO3

� ⋯(H2O)n show a marked
decrease in DEBE (here Esolv) at n ¼ 10.[19] Here the change in
stabilisation was attributed asymmetric solvation where stable
anion geometries correspond to higher energy conformers in
the neutral state. Considering this, and without calculated
geometries for the highly solvated I⋯(C4H6)n anion and neutral
complexes, determination of the solvation shell is inconclusive
and further studies would be required.

Conclusion

In summary, a number of X� ⋯(C4H6)n (X ¼Cl, Br, I; n � 3; 3; 7
respectively) complexes have been formed in the gas-phase
and their anion photoelectron spectra recorded. To comple-
ment these experimental results the structures of several vdW
complexes have been calculated for each of the halide and
halogen species with both cis- and trans-1,3-butadiene using
the DSD-PBEP86-D3BJ functional. For the monosolvated com-
plexes, the Estab values decrease as the size of halide increases
and from calculation are most stable when coordinated by
bidentate hydrogens from the butadiene. The VDE of these
complexes was determined as 4.00 eV, 3.66 eV and 3.27 eV for
the Cl� , Br� and I� complexes respectively. The difference in
stabilisation trend with respect to the halide decreases as the
number of solvating butadiene molecules increases with n ¼ 3
near parity.

As the 1,3-butadiene may undergo a [4+2] cycloaddition,
the iodide complex of the product 4-vinylcyclohexene was also
calculated. The VDE of this complex was found to be 3.35 eV
whereas the trimer butadiene complex has a VDE of 3.52 eV,
much more aligned to the experimental value of 3.47 eV.

Within the solvation of the iodide-butadiene complexes, the
stepwise solvation energy generally decreases with the number
of solvating butadiene molecules. There are two points where
the solvation energy increases at n ¼ 5 and n ¼ 7 which may
indicate that the n ¼ 4 represents a metastable solvated iodide
and the n ¼ 6 represents a full solvation shell.

Figure 9. Optimised structures of the I� ···C8H12 and I� ···(C4H6)2 anion
complexes. Structures are calculated with the DSD-PBEP86-D3BJ functional
with def-2QZVPD basis set. Associated D0 values are included for each
structure.

Figure 10. Comparison of trends in Esolv for a range of solvated halide
complexes with butadiene, H2O,

[18] CO2,
[17] and N2O.[16,17]
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Experimental

Experimental Methods

All experiments were conducted using a TOF-PES spectrometer that
has been detailed previously and only relevant details are included
here.[20,21] Gas mixtures were prepared by introduction of the
relevant halide source (CCl4, CH2Br2 and CH3I) followed by a partial
pressure of 1,3-butadiene (Sigma-Aldrich >99%, 100 g) and then
made up to operational pressure (450 kPa). When preparing the gas
mixtures, lab lighting was switched off to reduce any potential
light-activated cycloadditions in the line of the gas mixing station.
The clear Teflon gas line that connected the gas mixing station to
the piezo nozzle assembly was then also covered in aluminium foil.
The original gas mixture, consisting of CH3I:C4H6:Ar was made with
trace methyliodide and a partial pressure of 30 kPa of 1,3-
butadiene. This however did not yield significant intensities in the
mass spectrum to perform PES and the gas mixture was remade
with a higher partial pressure of 50 kPa. The improved intensities in
the mass spectrum informed the later CH2Br2 and CCl4 gas mixtures
and this partial pressure of 1,3-butadiene remained unchanged.

In attempting to form larger clusters the beam energy was
increased to � 2200 V for the CH3I gas mixture to improve the beam
stability and reduce the influence of stray fields. While this
broadened the peaks presented, the associated reduction in energy
resolution was acceptable to form highly solvated 1,3-butadiene
complexes as the spin-orbit splitting of the 2P states of iodine is
greatest of the selected halides. For the corresponding Br� and Cl�

spectra, the beam energy was reduced to � 1500 V to adequately
resolve the 2P peaks and reduce the width of fitted Gaussian
functions respectively. The timescale of the experiment is such that
the voltage is applied to the TOF plates at T0+404.34 μs and the
laser is Q-switched at +22.91 μs relative to the TOF plates to
intersect the laser pulse with I� in the ion beam. This was
particularly important for larger I� ⋯(C4H6)n complexes as the
correlation between the Q-switch timing and the ion TOF was used
to guide temporal photodetachment searches.

PES spectra were analysed in two different approaches. For the Br�

and I� PES spectra, where the 2P peaks are resolved, the peak
positions are determined by averaging the ebe values at half-
maximum intensity for each peak. For the Cl� spectra, the peak
positions are determined by fitting a pair of Gaussian functions as
per Equation 3.[22]

I ¼ Ae�
ðEBE � VDEÞ

2

2s2 þ
1
2Ae

�
ðEBE � VDE� 0:109Þ

2

2s2 (3)

Computational Methods

The DSD-PBEP86-D3BJ double-hybrid functional with def2QZVP
and aug-cc-pVTZ (denoted AVTZ) basis sets was used to perform a
conformer search for both the cis- and trans-1,3-butadiene halide
and halogen complexes.[23� 27] The DSD-PBEP86-D3BJ functional was
chosen for its efficacy in describing long-range interactions and
applicability to similar systems previously.[14,28] For Cl additional
diffuse functions are included and for Br and I, effective core
potentials are included for the AVTZ basis set.[29,30] Starting geo-
metries utilised a number of different bonding arrangements with
respect to the double bonds of the butadiene molecules similarly
to previously studied ethene and propene complexes.[14,31] These
included where the halide or halogen bifurcates the C=C or C� C
bond, is bidentate coordinated by the butadiene, appends to a
single hydrogen or is bound out-of-plane from the butadiene. Due

to the number of these conformers each is numbered for cis- and
trans-1,3-butadiene as per Figure 11 and referred to in text as such.
The starting geometries are generally numbered with an order
representing the bifurcation of a bond or bisection of an angle,
followed by hydrogen-appended geometries, followed by out-of-
plane interactions with a bond.

All structures were screened by harmonic frequency calculations
using the associated basis set of their optimisation using Gaussian
09.[32] For the trans-1,3-butadiene complexes, conformers were
screened to be minima, however the cis-1,3-butadiene monomer is
itself a transition state where the imaginary mode represents a
rotation around the C� C bond. For these complexes, while D0

values are also reported as they provide an indication as to the
relative stability of the complexes, the reduction in the imaginary
mode compared to the monomer is also considered. Similar
protocols to those used previously for the determination of vdes of
the respective complexes was then undertaken, with only halide-
trans-butadiene complexes considered.[14]
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Photoelectron spectra for X� ⋯(C4H6)n
(X=Cl, Br, I and n=1–3, 1–3 and 1–7
respectively are presented. For all
complexes, the calculated structures
indicate that butadiene is bound in a
bidentate fashion through H-bonding,
with the Cl complex showing the
greatest degree of stabilisation of the
internal C� C rotation of cis-butadiene.
These results have implications for
gas-phase clustering in atmospheric
and extraterrestrial environments.
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