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1. Introduction

Styrene is an important chemical that is critical to the produc-
tion of many widely used polymers, such as polystyrene and

synthetic rubbers. These materials have major value and find
everyday use in objects such as films that are used for food

containment, or in blocks of thermal insulation used in build-
ing construction. More highly optimized applications are also

prevalent, such as its use in the production of rubbers used for

vehicle tyres that are tailored to deliver enhanced performance
and fuel efficiency. As a valuable source material, styrene itself

is produced from ethylbenzene, usually by dehydrogenation
using steam over an iron oxide catalyst,[1–3] or equally can be

produced by the reduction of phenylacetylene using hydrogen
gas over a Lindlar catalyst.[4] In the production of polymers, the
purity of the source material is very important as contaminants

can poison the polymerisation catalysts.[5, 6] For styrene feed-
stock, particular care needs to be taken over the presence of
residual ethylbenzene or phenylacetylene. Herein, we investi-

gate the details of the intermolecular structure of these three
closely related liquid reagents in their pure forms, with the aim

of improving our understanding of how the nature the aliphat-
ic side chain affects their molecular packing and potential reac-

tivity.
The interactions between the aromatic ring and various spe-

cies have drawn attention due to their importance in many

systems. These include cation–p interactions which are
amongst the strongest non-covalent interaction and, in many

cases, are stronger than hydrogen bonds and van der Waals in-
teractions.[7, 8] They are frequently encountered in nature and

play a key role in biological systems such as cation complexes
with proteins, chemical catalysis and solid-state physics[7, 9, 10] as
well as in soil chemistry.[8] In addition, OH–p interactions are

thought to be important in determining protein structures and
other biological assemblies and processes.[11–14] CH–p stacking
between sugar and aromatic residues is universally used by
lectins to interact with carbohydrates and is also involved in

the binding of proteins to the sugar moiety of glycolipids.[15–23]

Moreover, p–p stacking interactions are common and these in-

teractions between the aromatic residues also can stabilize
protein structures.[24] p–p mediated vertical base stacking also
significantly contributes to the stability of the DNA double

helix.[25] The importance of these interactions illustrate the
need to understand p–p bonding in detail. In this regard, ben-

zene has been studied extensively using both experimen-
tal[26–30] and theoretical[31–35] methods and it has been shown to

have a T-shape perpendicular and parallel configurations

which are almost isoenergetic. Although the T-shape configu-
ration is now viewed as the global energy minimum, the Y-

shape configuration is also found close to the global energy
minimum.[31] In the case of toluene, the increased dispersion

interactions stabilize the parallel geometry[36, 37] and the molec-
ular dipole moment favours a stagger (anti-parallel) arrange-
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ment of the methyl groups over the eclipsed geometry.[38] Sim-
ulations of liquid benzene using classical atom—centred force

fields have shown random orientations or a slight preference
for perpendicular arrangements of nearest neighbor mole-

cules,[39–41] but simulations using partial charges for benzene
yield a higher preferences for perpendicular arrangements of

nearest neighbor molecules.[42, 43] Liquid toluene has received
less attention although it is viewed as a better model for p–p

interaction in proteins.[44] However, recent simulations indicate
a prevalence of parallel stacking of the aromatic planes, with
the staggered disposition of -CH3 groups.[38, 45, 46] Aiming to re-
solve key aspects of conflicting pictures arising from the simu-
lation and earlier experimental work, neutron diffraction stud-

ies of benzene and toluene have subsequently been reported
by Headen et al.[47] and Falkowska et al. .[48] Headen et al.[47] ana-

lysed the structure of benzene and toluene and found that

benzene is the more structured of the two liquids. Moreover,
the multidimensional analysis showed that the local orienta-

tion order in these liquids is much more complex. At short sep-
arations the most favoured nearest neighbour geometry is par-

allel. At longer distances the perpendicular Y-shape arrange-
ment was preferable. Falkowska et al.[48] confirmed these obser-

vations. A MM/QM study has shown that for benzene at short

distances, molecules have parallel organisation, and at longer
distances the preferred molecular configuration is for perpen-

dicular organisation. The most stable configuration in the
latter is a T-shape arrangement,[44] with the planes of the rings

perpendicular to each other. This perpendicular arrangement is
in contrast to the studies of Headen et al.[47] and Falkowska

et al.[48] As part of an ongoing study to understand the liquid

structure of cyclic hydrocarbons, this paper presents a neutron
scattering study of the liquid structure of phenylacetylene, sty-

rene and ethylbenzene as pure liquids to probe the influence
of the aliphatic chain on the p–p interactions. Previous works

have examined the structure of liquid benzene and toluene,
which differ by a methyl group, and in these cases significant

differences in structure were revealed. Relatively few studies

have been reported about phenylacetylene liquid structure
and they have revealed that the most stable molecular config-

urations are the anti-parallel p-stacked structure.[49@51] In con-
trast, no reports, to date, have been published on the liquid

structure of ethylbenzene or styrene.

2. Results and Discussion

Neutron diffraction data and Empirical Potential Structure Re-
finement (EPSR) fits for phenylacetylene, styrene and ethylben-

zene are shown in Figure 1. Good agreement between experi-
mental and simulated data was found in all cases. A small re-

sidual disagreement at lower Q values was found and attribut-

ed to errors in the subtraction of inelasticity effects from the
data. The better fitting for the deuteriated samples is consis-

tent with this proposal, as these samples are less prone to in-
elasticity effects. Figure 2 presents the Fourier transform of the

F(Q) data as a function of distance, r. The agreement between
the experimental and simulated data is also good.

The data obtained from the EPSR modelling was used to cal-

culate the radial distribution functions (RDFs), angular radial
distribution functions (ARDFs) and spatial probability of density

functions (SPDFs). Figure 3 shows the notation used in the
paper for the identification of the atoms and also the defini-

tion of the angle q between the z axis of the central and sur-

rounding molecules used in the calculation of the angular
radial distribution function.

Figure S1 in the Supporting Information shows the RDFs be-
tween the centres of geometry (main) and the coordination
number (inset) as the function of distance for phenylacetylene,
styrene and ethylbenzene. In each case small differences are
found, for example, in the positions of the first maximum, first

minimum, second maximum and the coordination numbers for
the first shell for each liquid (Table 1). For each liquid, two well

Figure 1. Experimental (black line) and EPSR-fitted (red line) interference
differential cross-sections as a function of Q for phenylacetylene, styrene
and ethylbenzene.

Table 1. Positions of first maximum, minimum, second maximum and the
coordination number of the first shell for phenylacetylene, styrene and
ethylbenzene. The errors are :0.1 a and :0.4 for the distances and
coordination numbers, respectively.

Compound 1st maxi-
mum [a]

1st mini-
mum [a]

2nd maxi-
mum [a]

1st shell coordi-
nation number

phenylacetylene 5.95 8.15 10.25 12.0
styrene 6.25 8.55 10.85 13.3
ethylbenzene 6.35 8.65 11.05 12.9
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defined solvation shells were found. For phenylacetylene, the

first coordination shell maximum was found at 5.95 a. For sty-
rene and ethylbenzene, slightly lower maxima are found at

6.25 a and at 6.35 a, respectively.
The second maxima were found at 10.25, 10.85 and 11.05 a,

respectively. Table 3 shows the first shell coordination numbers
are between 12.0 and 13.3 and follow the trend styrene>eth-

ylbenzene>phenylacetylene. The shorter first shell coordina-
tion distance suggests that the structure of phenylacetylene is

more tightly packed than the other two solvents, which could
be due to the smaller size of the aliphatic chain or to the pres-

ence of stronger local ordering. To analyse the orientation of
the molecules in the coordination shells around the central
molecule angular radial distribution functions (ARDF), that is,
the RDF plotted as a function of the angle q between the z
axes of the central molecule and surrounding molecules, were

Figure 2. Experimental (black line) and EPSR-fitted (red line) Fourier trans-
form of F(Q) as a function of distance r for phenylacetylene, styrene and
ethylbenzene.

Figure 3. Schematic showing the notation used for the atom assignments
and the definition of the angle q between molecules. The red dots show the
centre of the geometry (CoG) of each molecule. All CoG are in the plane of
the ring.

Figure 4. Angular radial distribution function for phenylacetylene (top),
styrene (middle) and ethylbenzene (bottom) calculated as a function of the
angle between the z axes of the central and surrounding molecules
(08<q<908), as shown in Figure 3. The blue lines represent angles smaller
than 308 with thick dark blue line corresponding to 08. The red lines repre-
sent angles larger than 608 with 908 denoted by the thick pink line. Data for
the two extreme angles (in pink and dark blue) are also presented as an
inset for direct comparison.
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calculated and are presented in Figure 4, Figure 5 and Figure
S2 in the Supporting Information. The positions of the maxima

are summarised in Table 2.
The 08 ARDF, corresponding to parallel orientation of the

molecules, has two maxima for each system, at 4.5 a–4.7 a

and at &6.5 a. The height of the first maximum is similar for
styrene and ethylbenzene with a peak value of 0.74, but lower

by &12 % for phenylacetylene. The second maximum has the
same position and magnitude for all solvents. The 908 ARDF,

assigned to a perpendicular orientation, has only one maxi-
mum in each case at 5.65 a for phenylacetylene, at 5.75 a for

styrene and at 5.85 a for ethylbenzene. The maximum is the

highest for phenylacetylene and the lowest for ethylbenzene.
Only the ARDF of phenylacetylene has a well-defined minimum

and second maximum around 9.5 a.
The presented ARDFs reveal that, at short distances, the

molecules prefer to be in a parallel orientation. In contrast, the
molecules adopting the perpendicular arrangement were
found at longer separations, but parallel orientation is also

possible at these distances. At the longer distances, >5 a, the
intensity of the ARDFs for phenylacetylene are higher than for
the other solvents showing that the structure of phenylacety-
lene is more structured. The more clearly defined positions of
the minimum and second maximum of 908 ARDF is also con-
sistent with this view. For all the systems, the position of the
second maximum of 08 ARDF is found at longer separations

than found for the maximum of the 908 ARDF which is consis-
tent with a second layer of the parallel molecules being pres-
ent. At distances >7.5 a there is no strong preference for any
specific orientation. The populations of the parallel and per-
pendicular molecules for each liquid were calculated and the
results are summarised in Table 3. The short distance cut-off

corresponds to the first minimum of the 08 ARDFs and long
distance cut-off with second minimum of the 08 ARDFs. The

minimum of the 908 ARDFs was found at similar distance to

minimum of 08 ARDF and, therefore, this value was used as
the minimum of the 908 ARDF. No significant difference was

found between molecules studied. At shorter distances from
the central molecule, more molecules were found to be paral-

lel than at longer separations, but in all cases the number of
perpendicular orientations is far higher than the parallel orien-

tations. However, the number of all specifically oriented mole-

cules accounts for only a small portion (&21 %) of the total
number of molecules in the first coordination sphere. It is im-

portant to emphasise that, although the specific configurations
may be important for the chemical behaviour, most of the

molecules have generally disordered intermolecular interac-
tions.

To study the three-dimensional organisation of molecules,

the spatial probability density functions were calculated for
each system. In this approach, the position of surrounding

molecules or chosen atoms is then binned on a three-dimen-
sional grid according to their position from the central mole-

cule. The number of molecules/atoms found in a given ‘bin’ is
indicative of the ‘popularity’ of that position and so, when

averaged over all molecules/atoms and many frames, these

‘spatial probability densities’ offer a snapshot of the preferred
positions of one species relative to another. Plotting a surface

which encompasses all positions above a certain threshold (a
useful measure is typically the bulk number density of the mol-

ecule/atom type) visually illustrates probable average positions
of the molecules/atoms in 3D space. Such functions are shown

Figure 5. The overhead projection of the 3D plot (Figure 4) for phenylacetylene (left), styrene (middle) and ethylbenzene (right) calculated as a function of
the angle between the z axes of the central and surrounding molecules (08<q<908), as shown in Figure 3.

Table 2. Positions of first maximum, minimum, second maximum of the
angular radial distribution function of 08 and for of 908 phenylacetylene,
styrene and ethylbenzene. The error is 0.1 a.

Compound 1st maximum
of 08 [a]

2nd maximum
of 08 [a]

1st maximum
of 908 [a]

phenylacetylene 4.65 6.25 5.65
styrene 4.15 6.15 5.75
ethylbenzene 4.45 6.15 5.85

Table 3. The populations of parallel and perpendicular molecules of all
molecules present in the specific range. For each liquid, such as phenyla-
cetylene, styrene and ethylbenzene, the shorter (0–5.65 a, 0–5.35 a and
0–5.55 a), and longer distances (5.65–7.45 a, 5.35–7.65 a and 5.55–7.45 a)
are determined from the corresponding ARDFs. The errors are &0.5 %.

Compound
Parallel [%] Perpendicular [%]
Short
distance

Long
distance

Short
distance

Long
distance

phenylacetylene 1.0 0.7 15.8 17.8
styrene 1.5 0.7 12.8 20.8
ethylbenzene 1.2 0.7 14.7 17.9
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in Figure 6 for phenylacetylene. These functions look similar

for styrene and ethylbenzene and are presented in Figure S3
and Figure S4, respectively.

The analysis of the nearest molecules from the central mole-
cule shows that at short distances the centres of geometry of

the surrounding molecules are localised above and below the
aromatic ring, and includes both parallel and perpendicular ori-

entation. It is observed that the centres of geometry of the sur-

rounding molecules are displaced away from the aliphatic
group towards the centre of the ring of central molecule. The

carbon atoms of aliphatic chains are placed equatorially in de-
fined areas around the central molecule and also above and

below the ring. For the molecules in perpendicular orientations
similar observations are found. However, in the parallel orienta-

tion the carbon atoms of the chain (Figure 6 C) are found
above and below the ring, but without a defined orientation.
Again the aliphatic group is displaced away from the aliphatic
chain of the central molecule. The positions of the atoms
around central molecule suggest that the parallel orientation

at short distances is preferable, but it is not a parallel stacked
arrangement. The distributions of the alkyl chain of surround-

ing molecules away from the alkyl chain of the central mole-
cule are consistent with an anti-parallel arrangement or dis-
placed parallel arrangement for each system.

The analysis of the orientation of molecules at longer sepa-
rations reveals that the most probable positions of the sur-

rounding molecules are well-defined around the equator of
the central molecule. Such an organisation corresponds to a Y-

shape arrangement. Compared the position of the perpendicu-

lar molecules with the position of the aliphatic chain at short
separation, an overlapping of the positions is noticeable. This

suggests that the aliphatic chain attached to perpendicular
molecules is placed between perpendicular and central mole-

cule, towards to the aromatic ring. At longer separations the
carbon atoms of the aliphatic chain were found mostly to be

close to the aliphatic chain of the central molecule revealing

an association where the aliphatic chains come together. If the
molecules are parallel at long separations, they are localized

equatorially and the aliphatic chains make halos above and
below the ring.

Figure 7 and Figure S5 show site-site radial distribution func-
tions for phenylacetylene and the RDFs for styrene and ethyl-

benzene are shown in Figure S6 and Figure S7, respectively.

For all systems, the highest maximum and at shortest distance
was found for C13–C13 (carbon atom of the aliphatic chain)

PRDF revealing that the probability of finding the aliphatic
chains close to each other is higher than to the ring. This is

consistent with the proposal that the aliphatic chains interact.
However, a smaller maximum at a longer distance for C13–C2

(carbon atom of the ring) PRDF shows that the aliphatic chain

can also be found close to the ring of central molecule. The
maximum of C2–C2 (carbon atoms of the ring) was found at

longer distances of &4.9 a, and the maximum of centre of ge-
ometry–centre of geometry (CoG–CoG) PRDF at 5.95 a con-

firming that the central molecule is predominantly surrounded
by the aliphatic chain. The radial distribution functions are sim-

Figure 6. Spatial probability density functions for liquid phenylacetylene calculated within two distances ranges determinate from ARDF, that is, 0–5.65 a and
5.65–7.45 a from the central molecule. The function represents 20 % of A) all molecules, B) perpendicular molecules only (q = 90:108) and C) parallel mole-
cules only (q= 0:108) with respect to the central molecule found within r = 0–5.65 a. Additionally, functions representing the top 10 % of D) all molecules,
E) perpendicular molecules only (q = 90:108) and F) parallel molecules only (q = 0:108) with respect to the central molecule found within r = 5.65–7.45 a.
Three different perspectives with only centre of geometry (blue) and centre of geometry and C11 (red) and C13 atoms (yellow surface) are shown for D, E
and F to illustrate the structures.
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ilar for all three molecules; however, the positions of the

maxima are shifted to longer distances for styrene and even
longer distances for ethylbenzene as can be seen in Figure S8.

This again is consistent with the proposal that the structure of

the phenylacetylene is best defined.
Previous studies concerning the structure of ethylbenzene,

styrene and phenylacetylene, are limited. Ab initio studies of
the structure of phenylacetylene showed that the most stable

(global minimum) is the anti-parallel arrangement; however,
other parallel orientations were also found to be highly proba-

ble.[49–51] In the present experimental investigation, the most

preferable orientation for the closest coordinating molecules
were found to be in a parallel arrangement. The two structures

for perpendicular molecules, in which two C@H···p hydrogen
bonds between phenylacetylene molecules are present,[49, 50]

were also found as a local minimum, but the stabilization
energy is less favourable than for parallel orientation. In our

studies, there was no proof that would allow us to confirm or

contradict the existence of these kinds of perpendicular ar-
rangements for short separation.

Each of the studied molecules comprises an aromatic ring
with a different aliphatic chain attached, and which could influ-

ence the structure of the liquids. The electrostatics based on
Hunter-Sanders p–p stacking model suggests that an electron

donating substituent on one of the constituents and an elec-
tron withdrawing substituent on the other will lead to favoura-
ble p–p stacking.[52, 53] In contrast, high-level ab initio calcula-

tions indicates that any substitution, whether electron donat-
ing or electron withdrawing, will favour the formation of p–p

stacking.[54, 55] Substituent effects in the sandwich configuration
of the benzene dimer[52] are often rationalized in terms of a

simple electrostatic model :[56, 57] electron-withdrawing substitu-

ents enhance the p-stacking interaction by withdrawing p-
electron density from the substituted benzene, reducing the

electrostatic repulsion with the other benzene. Electron-donat-
ing substituents diminish p-stacking interactions by the oppo-

site mechanism. The aliphatic groups attached to aromatic
ring in our studies belong to both electron-withdrawing (eth-

ynyl group) and donating substituents (vinyl and -C2H5 group);
however, no strong and visible difference in the interaction be-

tween parallel solvent molecules was found. The contribution
of the parallel molecules to the primary coordination sphere is

also not significantly different between these three liquids. A
comparison of the three molecules with previous studies for

toluene and benzene[47, 48] shows some common features. A
recent previous study[48] reveals that benzene and toluene

shared common structural features in the liquid state, but that

differences in the molecular organisation within the first solva-
tion shell were affected by the presence of the methyl sub-
stituent. These results together with the findings from the
present study, shows that the solvation spheres have similar
sizes and coordination numbers for all five molecules. The
smallest molecular separation occurs for benzene, this increas-

es with increasing size of the chain (acetyl < methyl < vinyl <

ethyl). For each of the molecules, two regions within the first
coordination sphere, in which surrounding molecules show dif-

ferent behaviour in approaching to the central molecule, were
found. At shorter distances, molecules prefer to be parallel and

at longer separation the perpendicular orientation is preferred
(although parallel molecules may still be present at these sepa-

rations). It is important to emphasize that for benzene and tol-

uene the maximum of the ARDF for the parallel orientation
was found at 4 a, while for the other molecules studied in this

study the maxima occur at 4.5 a. The maximum of ARDF of
perpendicular arrangement in all cases was found at 6.0 a.

However, comparing quantitatively the number of parallel and
perpendicular molecules with respect to all the molecules, for

benzene at short separations more molecules are parallel than

perpendicular. This is in the contrast with the four other mole-
cules studied. In all cases, when the molecules are parallel, the

parallel-displaced arrangement is observed, but for benzene
and toluene[47, 48] this is much more obvious than for the mole-

cules examined, herein. At long distances, for all solvents, the
population of perpendicular molecules is dominant compared
to parallel, and the Y-shape arrangement was found for all in-

vestigated systems.
There is a strong dependence of the stacking arrangements

with respect to the size of the chain on the aromatic ring. For
toluene,[48] the intensity and position of maximum of C chain—
C chain PRDF and C chain—C ring PRDF are similar, around
4.2 a, but for phenylacetylene, styrene and ethylbenzene, the

maximum of C chain—C chain PRDF is higher than C chain—C
ring PRDF. The position of maximum chain-chain increases
from 3.9 to 4.2 a from phenylacetylene to ethylbenzene. This
shows, that for toluene both interactions are equally probable,
thus for three other solvents, the stacking of chains is more

preferred.

3. Conclusions

The structures of phenylacetylene, styrene and ethylbenzene

have been studied by neutron diffraction measurements to es-
tablish the influence of the saturation of the aliphatic chain at-

tached to aromatic ring on the local ordering. Despite the
small difference in the functionality of the aromatic molecules,

Figure 7. Site–site radial distribution functions for phenylacetylene. The
PRDF between the carbon atoms of the aliphatic chains (C13–C13) are in
green, carbon atom of the aliphatic chain–carbon atom of the ring (C13–C2)
in dark green, carbon atoms of the ring (C2–C2) in violet and centre of
geometry–centre of geometry (CoG–CoG) in dotted black line.
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only small differences were found in the intermolecular interac-
tions. The size of the coordination sphere and the number of

molecules contained within this shell are similar, with a slightly
lower occupancy for phenylacetylene. The most clearly defined

short range intermolecular structure was found for phenylace-
tylene and this is mostly due to the smaller size of the side-

chain attached to aromatic ring. The analysis of the organisa-
tion of the molecules in the shell reveals two regions, in which

the surrounding molecules show different behaviour in their

approach to the central molecule. At short separation mole-
cules prefer to be parallel, and at longer separations the per-

pendicular arrangement is dominant, but parallel orientations
also exist. An examination of the aliphatic chain interactions

also demonstrated that there is a preference for chain-chain
proximity.

Experimental Section

All neutron diffraction data were collected using the Small Angle
Neutron Diffractometer for Amorphous and Liquid Samples (SAN-
DALS) at the ISIS pulsed neutron and muon source at the Ruther-
ford Appleton Laboratory, UK.[58]

For ethylbenzene and styrene, scattering data on the fully protiat-
ed and fully deuteriated compounds and their equimolar mixture
were collected to take full advantage of the isotopic contrast be-
tween hydrogen and deuterium. For the phenylacetylene, scatter-
ing data on the fully protiated and single deuteriated on the acetyl
chain compounds were collected. All chemicals were purchased
from Sigma–Aldrich and used without further purification. The liq-
uids were loaded into null-scattering Ti0.68Zr0.32 flat plate containers
of internal dimensions 35 V 40 V 1 mm and wall thickness of 1 mm.
During the measurements, the samples were maintained at a tem-
perature of 298 K. Additional measurements were made on each of
empty sample cells, the empty diffractometer and a 3.0 mm thick
vanadium standard sample. Data were corrected for multiple scat-
tering and absorption, and normalized to the incoherent scattering
of vanadium using the Gudrun software.[59] Residual inelasticity ef-
fects arising from the presence of hydrogen were removed using
iterative procedures.[59]

The corrected neutron diffraction data were analysed using the
Empirical Potential Structure Refinement (EPSR) method, which
allows the construction of three dimensional atomistic structural
models of liquids or disordered samples that are consistent with
experimental scattering data.[60] After obtaining the agreement be-
tween the simulated and experimental data, the structural proper-
ties such as radial distribution functions, angular distribution func-
tions and spatial distribution functions were calculated. For each
liquid, EPSR analysis was initialized from an equilibrated Monte
Carlo simulation at 298 K containing 400 molecules in a cubic box
at the atomic densities presented in Table 4. Reference potential
parameters for each pure liquid were taken from the OPLS-AA
force field,[61] Table 5. Structural properties were calculated using a

combination of built-in routines in EPSR[60] and custom analysis
codes.[62]
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