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We present a neutron total scattering study of the polyaromatic
hydrocarbons phenanthrene and pyrene, analysed by simulation
based data We compare the liquid structure in
terms of the degree and relative position of 7m-stacked pairs, to
measurements of benzene and naphthalene. We find that pyrene

refinement.

has the highest level of parallel stacking, with 46% of molecules
in stacked pairs. We observe a trend of decreasing displacement
in the stacking with increasing aromatic core size, and find that
for pyrene no offset is observed. The results have important
implications for the fundamental understanding and modelling
and for applied fields
astrochemistry and crude oil phase

of polyaromatic hydrocarbon structure,
including optoelectronics,
behaviour.

The non-covalent interactions between aromatic molecules and
functional groups are fundamental to many biological, chemical
and physical structures and processes™. Aromatic molecules with
one or more fused rings are known as Polyaromatic Hydrocarbons
(PAHS), for example naphthalene, phenanthrene and pyrene (fig-
ure[T)). Their larger size tends to result in stronger intermolecular
interactions, with a large flat area aligned for maximum disper-
sion attraction. The resulting structures are important for a wide
range of range science and technology, examples include under-
standing soot formation from combustion?, the aggregation of
PAHs in the interstellar medium® where the presence of clustering
is important in interpreting the IR emission spectra®, asphaltene
aggregation in petroleum extraction and refining®, and for or-
ganic electronics and optical devices where pyrene is a benchmark
molecule, said to be the "fruit fly" for photochemists, with higher
stacking resulting in higher charge-carrier mobilities.®. Results
of ab initio calculations of pyrene dimers at SCC-DTFBZ, TPSS-
D3BJ/def2-TZVPP® levels of theory in vacuum and at wB97X-
D4/def2-TZVP level in toluene solution, show that offset or ro-
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tated parallel stacked dimers have the lowest energy, with only
small differences in energy observed between different levels of
offset, “graphite like" and rotated structures. Cluster calcula-
tions have been performed for pyrene using SCC-DTFB,” show-
ing that, for up to 3 or 4 molecules, a single stack is formed, with
larger clusters being formed of multiple stacks. Phenanthrene
and pyrene clusters have also been studied by MD simulation
with the OPLS-AA force-field,7% with phenanthrene clusters tak-
ing herringbone structures, whereas pyrene clusters only showed
amorphous structures.
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benzene naphthalene phenanthrene pyrene

Fig. 1 Chemical structures of benzene and PAH’s with increasing num-
bers of aromatic rings and levels of condensation: naphthalene, phenan-
threne and pyrene.

In this communication we report an experimental measure-
ment of the liquid structures of phenanthrene and pyrene, which
we combine with our previous analyses of liquid naphthalenel!!
and benzene,™2 allowing us to study in detail changes in local
structure with increasing number of aromatic rings and conden-
sation. Measurement in the liquid state reduces the symmetry
and packing constraints present in the crystal state, but still in-
cludes the complexities of multi-body interactions that are absent
in dimer studies. It is therefore an excellent window into likely
structural motifs in the liquid, solution and amorphous states
where PAHs often have most applied relevance. In addition, these
results provide benchmark experimental data for the basic under-
standing of the complex intermolecular interactions between aro-
matic molecules. In particular the nature of 7 stacked interactions
is hotly debated™3"15 with subtle charge penetration effects play-
ing a key role and the ultimate cause of horizontal displacements
in stacked structures being ascribed to either dispersion attraction
and exchange repulsion, or electrostatic effects™.

Journal Name, [year], [vol.], 1 [1


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc06373f

Open Access Article. Published on 16 December 2025. Downloaded on 1/14/2026 12:43:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

A detailed description of the experimental methods is pre-
sented at the SI. In summary, we measure the total neutron struc-
ture factor, F(Q) (equation S1), for 3 isotopologues of liquid
phenanthrene (at 118°C) and pyrene (at 160°C): hydrogenated
(H), deuterated (D) and a 1:1 molar mix of the two (HD). We ob-
tain detailed information on the liquid structure using the simu-
lation based refinement method, Empirical Structure Refinement
(EPSR).1 Described in detail in SI section S1. The refined sim-
ulated ensemble of structures is collected and analysed to give
average structural information for the liquid.

Fits to the experimental F(Q) for the refined EPSR simulations
are shown in figure [2| for pyrene and phenanthrene. The fit to
the data is excellent, with some slight deviation for H containing
samples, due to the well know difficulties in unambiguously re-
moving inelastic scattering artifacts from samples containing light
hydrogen. The clear improvement in fit from a simulation with-
out refinement is shown in figures S3 and S4 in the SI. Fits to the
real space total pair distribution function, f(r) (equations S3 and
S4), are also excellent (SI figures S1 and S2). This function more
clearly demonstrates the level of fit for short range correlations,
therefore verifying the choice of bond lengths and energy param-
eters for the bonded potentials as outlined in the methods section
in the SI.

We can now move forward with confidence that the refined
simulations are consistent with the experimental data. Further-
more we note that EPSR is maximum entropy method, producing
the most disordered, and therefore most likely structural ensem-
ble that is not only constrained by the fit to the data, but also
known quantities such as the molecular structure, the liquid den-
sity, and the calculated charge distribution across the molecule.
Nevertheless, it is important to understand the possibility of al-
ternative solutions to the fit. We can explore this by running data
refinement with an alternative set of reference potentials using a
"standard" set of fixed OPLS charges and Lennard-Jones param-
eters (as used for liquid naphthalene)1Y, as described in section
S3 of the SI. Figures S5 and S6 in the SI show how the qual-
ity of the fit is almost identical for the two different reference
potential partial charge schemes, however some small structural
differences are observed, as noted below.

The simplest structural parameter we obtain from the refined
simulations is the one-dimensional radial distribution function,
g(r), between molecular centres. We plot these for phenanthrene
and pyrene, alongside those for liquid benzene (at 10°C)12 and
naphthalene (at 85°C)™, in Figure [3R). It is clear from the
centre-centre g(r)’s that the local environment of phenanthrene
and pyrene molecules are relatively unstructured (lower peak
heights), but more complex than benzene, showing bumps and
shoulders either side of the main peak in the g(r). Pyrene in par-
ticular shows a clear shoulder at r ~ 4A. At this short distance,
molecular geometry dictates that this must be parallel stacking
of molecules. Phenanthrene is even less structured when looking
at the g(r), likely due to the reduced symmetry of the molecule
allowing a richer variety of nearest neighbour structures.

A key structural metric for aromatics is the angular radial dis-
tribution function, g(r,0) (equation S5), i.e. the g(r) as a func-
tion of the angle between the normal of the aromatic planes,
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Fig. 2 Measured (dots) and EPSR simulated (red line) F(Q) for three
isotopologues of liquid phenanthrene (a) and liquid pyrene (b).

0. Our previous studies show a large increase in the probabil-
ity of stacked interactions (low #) when going from benzene'l2
to naphthalene. Full angular radial distribution functions are
plotted in figures S7 and S8 in the SI, showing, in similarity to
naphthalene, a clear preference for parallel stacked interactions
for both phenanthrene and pyrene. In Figure we compare
the stacked interactions between the different liquids, plotting
g(r,0 = 0—10°) for each liquid on the same plot. Pyrene clearly
shows the strongest preference for parallel stacked nearest neigh-
bour interactions, with a strong peak at ~ 3.7A (¢f graphite in-
terlayer spacing of 3.35A). Pyrene also shows a second higher r
peak at r = 7.8A, at roughly double the stacking peak distance,
suggesting the presence of stacked trimers. This higher level of
stacking in pyrene than smaller aromatics seems reasonable in
the context of larger available overlap affording greater disper-
sion attraction. We note that this level of stacking for pyrene is
somewhat affected by the choice of reference Coulomb potential,
as shown in supplementary figure S10, the OPLS fixed charge po-
tentials do show higher parallel stacking peak compared to the
LigParGen calculated charges. The overall shape is still the same,
but the peak at g(r,6 = 10°) is ~ 40% lower. Therefore we cau-
tion that this region of g(r,0) is most likely to be influenced by
choices in the initial seed potential. For phenanthrene the paral-
lel stacking peak at 6 = 0 — 10° is considerably broader than for
pyrene or even naphthalene, indicating much more disordered,
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Fig. 3 a) Radial distribution function g(r) between molecule centres for
liquid aromatics phenanthrene and pyrene compared to benzene? and
naphthalene™ b) Part of angular radial distribution function g(r,8) for
parallel stacked molecules only (8 =0—10° for the same aromatic liquids.

and generally longer distance parallel interactions than seen in
naphthalene and pyrene, likely due to the decreased symmetry
of the molecule. For phenanthrene, no significant difference is
observed in the g(r,6) for the two partial charge schemes used
(Figure S9).

An interesting question now arises as to how many molecules
in the liquid can be considered to be in stacked dimers. We de-
fine limits for r and 6 from which to integrate g(r,0), setting,
6 = 0—20° and for benzene set an 7y = 5A due to the shoulder
in g(r,0 = 0—10°) centred at ~ 4A. From this we calculated an
rmax for each liquid by scaling the benzene cut-off by the ratio of
the cube-root of the molecular volume to account for differences
in molecular density. Table [1| gives these cut-off’s and the cal-
culated stacking coordination numbers. The calculated cut-off’s
seem to be broadly justified, coming in close to, if slightly below
the minima observed in the g(r,0 = 0— 10°) for naphthalene and
pyrene. Pyrene clearly has the largest number of stacked interac-
tions, with close to half of all molecules being in a stacked pair.
This falls to approximately a third for naphthalene and phenan-
threne and and eighth of benzene molecules.

To understand how and where these parallel stacked molecules
are situated around each other, we plot three dimensional spa-
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Table 1 Comparison of a stacking coordination number in each of the
liquid aromatics as calculated by integrating g(r,6) between 6 =0 —20°
and r=0—rygy.

Fmax cut-off [A] Stacking coordination number

Benzene 5.0 0.126
Naphthalene 5.7 0.351
Phenanthrene 6.2 0.360
Pyrene 6.4 0.458

tial density functions. These represent an isosurface of the 3
dimensional distribution function of the centre of one molecule
around another. The top panel of figure [4] shows the spatial den-
sity functions for all relative orientations of molecules in liquid
phenanthrene and pyrene, plotted as the isosurface for the 15%
most likely locations for a molecule in the first solvation shell.
Compared to smaller aromatics, these solvation structures are
more complex showing many diffuse lobes. A more detailed view
of these diffuse lobes can be observed through xy and xz slices
through the SDF’s, as plotted in the SI figures S12 to S15.

All molecules
a) E

Parallel molecules

) ‘ d)
¢ :

e
©» &

Fig. 4 Spatial density functions showing 15% most likely locations for
all molecules in the first solvation shell in liquid phenanthrene (a) and
pyrene (b), and for only parallel molecules (6 < 10°) for phenanthrene
(c) and pyrene (d).

Following similar studies for benzene and naphthalene, we can
enquire as to the location of parallel stacked molecules by plotting
SDF’s for molecules where the angle between the aromatic planes
is less than 10°. This is shown in the bottom panel of figure[d] For
phenanthrene the stacking is clearly heavily offset, with a prefer-
ence for being above the concave “bay" section of the molecule
and opposite this along the longer sides of the molecule. Con-
versely, for pyrene there is no clear offset in the stacking, with the
preference being for face-to-face stacking. This is at odds with
smaller aromatics benzene and naphthalene that do show a clear
offset in parallel stacked molecules. In figure[5]we plot a 2d slice
through the xz plane of the spatial density functions of parallel
molecules, for all four aromatic liquids considered here (with x
being the long axis in the plane of the molecule, and z being the
axis normal to the aromatic plane). If we set aside phenanthrene

Journal Name, [year], [vol.], 1 |3


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc06373f

Open Access Article. Published on 16 December 2025. Downloaded on 1/14/2026 12:43:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

(due to its decreased symmetry) there is a clear decrease in the
offset of the stacking with increased aromatic size as one moves
from benzene to naphthalene to pyrene (noting we get the same
result here with the OPLS fixed charge used as the reference po-
tentials, see SI fig S16). We can also check the relative orientation
of the molecules by plotting the g(r,¢) where ¢ is the angle be-
tween vectors defining the long axis of the molecules (fig S11 in
SI), there are clear peaks at 0 and 180° showing a preference of
complete face-to-face alignment of the molecules.

benzene naphthalene
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Fig. 5 2D xz slices through the spatial density functions for benzene2,
naphthalenel, phenanthrene and pyrene, where x is the long axis of the
molecule and z is the vector normal to the aromatic plane.

In conclusion, we find that increasing the size and condensa-
tion of an aromatic from naphthalene to pyrene increases the
amount of parallel stacking within the liquid structure. This can
be simply rationalised by increased molecular size meaning that a
larger number of atoms are pre-arranged for maximum dispersion
and Coulomb attraction upon stacking. A similar result is also
seen in the crystal structures, where benzene and naphthalene
show herringbone structures of single molecules, pyrene shows
a herringbone structure of stacked pairs offset along their long
axis.1Z Following from this, we find a clear trend that in the lig-
uid state stacking becomes distinctly overlapped with increasing
aromatic size, with face-to-face aligned stacking observed as the
highest probability stacking motif for pyrene. The reasons for this
are less clear. Calculations of dimer structure show offset stacked
or crossed structures as being energy minima.Z"? However, the
liquid state is more complex, with steric and/or packing consid-
erations possibly favouring maximum overlap of the molecules.
Finally the neutron data provide a robust experimental bench-
mark for comparing to simulation and theoretical predictions of
intermolecular structure for these important and ubiquitous PAH
systems.
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