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The expression of chirality in adsorption phenomena constitutes an important topic, not only relevant to
asymmetric transformations involving solid surfaces, but also to the emergence of homochirality in both
terrestrial and extraterrestrial scenarios. Methanol (MeOH) aggregation on graphite/graphene, one of the

most idealized adsorbate—adsorbent systems, leads to islands of cyclic clusters of different sizes (Nano

Lett., 2016, 16, 3142-3147). Here, we show that this aggregation occurs enantioselectively affording 2D
conglomerates depending on the size of clusters, in close analogy to a Pasteurian racemate. Homochiral
sequences are held together by hydrogen bonding and other non-covalent interactions, whose absolute
configurations can be appropriately specified. A discussion involving the dichotomy between 2D

racemates and conglomerates, is offered as well. In addition, the present simulations showcase a broad
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range of acyclic and cyclic structures, even if some discrete rings are the dominant species, in

agreement with previous experimental data and theoretical modeling. Our results indicate that MeOH

DOI: 10.1039/d5ra02122g

rsc.li/rsc-advances high as 120 K and up to 150 K.

1 Introduction

In non-idealized environments, where any chemical system is
dynamic even at absolute zero, racemic mixtures of chiral
molecules tend to aggregate into heterochiral, rather than
homochiral domains. On the other hand, in a static idealized
environment, achiral molecules that interact to form 3D clus-
ters can give rise to chiral aggregations. A particularly repre-
sentative case is the water molecule, which, despite being
completely achiral, can form a three-membered cluster in the
gas phase that lacks a plane of symmetry." The situation of 2D
chirality has remained unclear, although a common hypothesis
is that homochiral packing is preferred in surfaces.>” Chirality
in two dimensions, either on surfaces or at interfaces, can be
categorized according to the type of adsorbate, i.e. inherently
chiral, prochiral, conformationally chiral, and achiral.® Prochi-
ral adsorbates, which lack chirality in 3D as they have mirror
images which can be superimposed, can however adopt non-
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clusters show binding energies close to the experimental values, remaining intact at temperatures as

superimposable configurations by being constrained to 2D
upon adsorption.

As expected for other polar molecules, MeOH is prone to self-
assembly through H-bonding, and in fact MeOH trimers already
exhibit some cooperativity upon binding as evidenced by
topological changes in bond distances.® Crystalline MeOH
polymorphs, generated at high pressure, show likewise supra-
molecular zig-zag structures between 30-150 K.'*'* Both theory
and experiments indicate that liquid MeOH consists of H-
bonded rings and acyclic chains, where hexamers and octam-
ers were identified as the dominant species.” DFT studies of
MeOH clusters, showed the higher stability of rings, especially
five- and six-membered, relative to structures of the same
number of MeOH molecules where one or more lie outside the
ring, and acyclic frameworks are even less stable.?

Concerning the adsorbate-adsorbent interaction, the
MeOH-graphite/graphene system is the most extensively
studied and idealized, even being chosen as an appropriate
model for benchmarking more complex systems. Given the
apolar character of the adsorbent, MeOH tends to orient the OH
group slightly pointing toward the surface.'*'* When more
MeOH molecules are present, they aggregate into clusters,
stabilized by intermolecular H-bonding, which rapidly diffuse
along the surface to interact with other clusters or creating new
ones at low surface coverages. MeOH clusters form small
islands when absorbed on highly-oriented pyrolytic graphite
(HOPG),*® a structural feature employed as starting point to

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra02122g&domain=pdf&date_stamp=2025-04-23
http://orcid.org/0000-0001-6484-9546
http://orcid.org/0000-0003-4493-8714
http://orcid.org/0000-0001-6876-6211
http://orcid.org/0000-0002-9213-6858
http://orcid.org/0000-0002-2608-3604
https://doi.org/10.1039/d5ra02122g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02122g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015016

Open Access Article. Published on 25 April 2025. Downloaded on 6/11/2026 4:45:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

determine the adsorption energy of the first MeOH monolayer
on the carbonaceous surface."”'®

Whether MeOH molecules break 2D symmetry upon
adsorption has not yet been thoroughly analyzed in detail.
Probably, the first genuine evidence was reported in 2011 by
Sykes and associates, who obtained low-temperature scanning
tunneling microscopy (STM) images of enantiopure MeOH
hexamers adsorbed on Au(111).*° It is clear that MeOH hex-
amers adopt a homochiral sequence and the authors rightly
identified that symmetry breaking takes place as binding to the
Au surface renders methanol chiral. Notably, the MeOH hex-
amers are essentially flat and the H-bonds between each
monomer are almost linear. While rings other than hexamers
were not observed, less stable zig-zag chain structures also
occur at higher MeOH coverages. However, in such acyclic
arrangements each methanol molecule adopts a distinct
configuration.

Thorough analyses by Nguyen et al. in 2011 and Zangi and
Roccatano in 2016 using molecular dynamics (MD) simulations
of MeOH molecules over graphite and confined between two, or
adsorbed on, graphene sheets, respectively, evidenced the
formation of monolayers involving H-bonded MeOH chains,
which undergo string-to-ring transitions depending on the
temperature and 2D density."®*® Zangi and Roccatano showed
the preferred formation of rings at lower densities appears to be
controlled by entropic effects, as strings with only one H-bond
at their edges will have an extra enthalpic penalty. Without
explicitly alluding to chirality, some snapshots from the MD
simulations show mirror-image arrangements of MeOH rings.

With the above premises, the objectives of this study are
twofold. Firstly, we revisit the diffusion of MeOH molecules on
a graphene surface at various MeOH concentrations and
a maximum temperature of 200 K, to elucidate more compre-
hensively the probability of forming cycles of different sizes at
temperatures close to experimental conditions and their
stability over time at temperatures below the desorption
threshold. Additionally, we evaluate the binding energy of
MeOH molecules forming these clusters. Next up, this analysis
sheds light into the enantiospecific appearance and the
conglomeratic nature of 2D MeOH conglomerate clusters as
they assemble along the graphene monolayer, its origin and
unambiguous oxygen configurations.

2 Computational details
2.1 Cluster preparation

To build the clusters used for molecular dynamics simulations,
a graphite sheet composed of 198 carbon atoms, forming a layer
measuring 36.3 x 21.7 A was constructed, where the edge
carbon atoms were replaced by hydrogen atoms. This structure,
along with the methanol molecule, was optimized without
constraints using the GFN-FF force field.”* Subsequently, the
methanol molecule was positioned on the graphite sheet by
employing the automated interaction site screening (aISS)
submodule of the XTB program package.”>** The most stable
structure was selected from a screening of 20 different posi-
tions, which were optimized using the aforementioned method.
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In the resulting structure, the methanol molecule was located in
the center of the graphite sheet with an arrangement almost
identical to that obtained from calculations using the general-
ized gradient approximation of the PBE functional.*® This final
structure was used in the subsequent alISS calculation. In this
case, a directed docking calculation was performed, applying an
attractive potential towards the methanol molecule and all
carbon atoms located within 4 A of the methanol, using
a scaling factor of 0.01 for this attractive potential. This process
was repeated to obtain clusters of 4, 5, 6, 7, 8, 9, 10, and 20
methanol molecules on the graphite sheet.

2.2 Molecular dynamics simulations

Each of the 8 clusters obtained following the previously described
methodology was used as input for molecular dynamics calcula-
tions. Simulations were performed in the NVT ensemble. The
dynamics were propagated for 1000 picoseconds (ps) for each
cluster at 200 K using a Berendsen thermostat with a time step of
0.2 fs in order to perform simulations in the canonical NVT
ensemble. The mass of the hydrogen atoms was adjusted to 1
atomic unit (au). To prevent the “evaporation” of methanol
molecules, the system was encapsulated in an ellipse with radii of
20.1, 13.1, and 4.8 A using a logfermi potential scaled at
a temperature of 500 K. In some simulations, the graphite sheet
folded, and calculations were then performed by constraining the
graphite sheet without exact fixing. The atoms belonging to the
graphite sheet (including the hydrogen atoms of the edges) were
subjected to a potential with a force constant of 0.5 to allow slight
movement, thus preventing the folding of the sheet. After
running the molecular dynamics at 200 K, structures were
extracted every 10 ps and used as input for running molecular
dynamics under the same conditions, albeit at a temperature of
10 K and propagated during 10 ps. The 100 final geometries after
these “freezing” dynamics were optimized using the same
method, allowing for a change in total energy of 1 x 10™° Econi/En
and a change in gradient norm of 8 x 10~ Geopny/Ene

2.2.1 Stability analyses. The stability of the most repre-
sentative MeOH clusters (see below) was evaluated by propa-
gating molecular dynamics at 150 K for 100 ps from fully
optimized structures. For the pre-optimization prior to molec-
ular dynamics, we started from the most stable structure of all
those obtained with the methodology described in Section 2.2.

In the case of the seven-membered cluster, hydrogen bond
breaking was observed during the molecular dynamics.
Considering that 150 K is a high temperature, close to the
melting point of MeOH, the same molecular dynamics was
propagated for 100 ps at 120 K.

2.3 Binding energies

Binding energies (BE) of methanol in the clusters were calcu-
lated as:

EBE = Eclu - (Eclufl + EMeOH) (1)

where E.,_; is the optimized geometry of the cluster minus one
methanol molecule. Eyeon is the energy of the optimized
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methanol molecule and Eg, is the energy of the optimized
whole cluster. Binding energies were refined by including the
contribution of the zero point vibrational energy (ZPE) and
calculated as:

AZPEgg = ZPEcy, — (ZPEcu—1 + ZPEmeon) ()

The optimizations were carried out with the semiempirical
tight-binding GFN2-xTB method,* setting a threshold in the
total energy and gradient change of 5 x 10™® E.opn/E and 5 x
107> Geonv/Ena ", respectively. Vibrational frequencies were
obtained within the harmonic approximation with the same
method, and obtaining no imaginary frequencies.

3 Results

3.1 Surface MeOH clustering

With the preliminary goal of determining the energy distribu-
tion of MeOH molecules adsorbed on a graphene sheet, the
geometries obtained for all clusters were sorted and analyzed in
ascending order of energy. Fig. 1 shows histograms of the
structure counting as a function of the interaction energy in k-
cal mol * between the MeOH cluster and the graphene sheet, as
well as the 3D-structures of the most stable configurations. The
relative energy refers to the energy of a given MeOH cluster on
the sheet with respect to the sum of the energies of the MeOH
molecules and the surface. Accordingly, that energy cannot be
strictly compared to the experimental values obtained for
MeOH binding energies (BE), but they reflect the most stable
arrangement along a single simulation.

The MD for each set of MeOH molecules exhibited very
different behaviors. Therefore, to obtain representative distri-
butions of the structures extracted from the simulations, the
bins had to be spaced differently. Even so, all simulations
indicate that the most stable structures are rings consisting of
H-bonded MeOH molecules acting both as donors and accep-
tors. In this arrangement, the second lone electron pair on the
oxygen atoms points toward the graphene sheet. This type of
cyclic non-covalent arrangement was obtained in 4 out of 100
structures for the simulation involving four MeOH molecules
(Fig. 1a), 28 for the one with five molecules (Fig. 1b), 40 for six
(Fig. 1c), 56 for seven (Fig. 1d) and 17 for eight (Fig. 1e). On the
other hand, the simulation with nine MeOH molecules resulted
in the most stable aggregations being cycles of seven and eight
members, with one or two MeOH molecules outside the cycle.
The only simulations where zig-zag type structures were
observed involved ten MeOH molecules together with the
surface saturated by twenty MeOH molecules (Fig. S1t). This
behaviour has been observed in previous MD simulations as
well (see below).*

3.2 CIP-based oxygen configurations

While MeOH lacks enantiomorphism in 3D, the obvious 2D
chirality arises from the non-covalent interactions, as the two
lone pairs on the oxygen atom are prochiral and their binding
affords a stereogenic oxygen with a distorted tetrahedral
geometry bearing four different substituents. Overall, this

12248 | RSC Adv, 2025, 15, 12246-12254
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arrangement forces all the hydrogens in the cluster to orient
towards the same direction, giving the structure a unidirec-
tional circular orientation that confers a specific configuration
to each MeOH molecule (see optimized geometries of MeOH
clusters in Fig. 1). MD simulations evidence unambiguously
that MeOH clusters self-assembled on the first monolayer are
homochiral regardless of their size. Fig. 2 shows the moment
when the six-membered homochiral cluster is formed during
a molecular dynamics simulation conducted at 200 K. In that
picture, the colored lines represent the variation of hydrogen
bond distances, while the black line depicts a smooth of the
electronic energy throughout the simulation. When the simu-
lation captures the formation of all hydrogen bonds there is
a drop in electronic energy. That event is highlighted with
a vertical pink line at approximately 250 ps.

At this stage, however, to denote the configuration in terms
of “orientation” or right-handed/left-handed is confounding.
Such notations are generally appropriate for chiral lattices with
periodical arrangements, in which right- and left-handed
(whether overlayer or substrate) imply the use of right- and
left-handed coordination, respectively.> Raval and coworkers
have shown that the enantiospecific interaction of homochiral
molecules with a surface may also create an adsorption foot-
print, i.e. the bonding connectivity to the surface, if this process
leads to the absence of reflection symmetry.* A typical case
where the orientational effect makes sense is provided by the
honeycomb lattice of highly oriented pyrolytic graphite, for
which symmetry directions can be identified. A given substrate
could then be adsorbed with an angle relative to a unit-cell
vector of the graphite, thereby showing the orientation of the
monolayer.*

In the present case, the graphene sheet does not induce any
asymmetry during the deposition of an adsorbate such as
MeOH, and the configuration of every homochiral cluster can
be assigned with confidence according to the standard CIP
(Cahn-Ingold-Prelog) rules. Since the atomic stereogenicity
now involves both covalent and non-covalent interactions, the
unequivocal assignment using a hierarchical system requires
an additional priority rule, as already described.*® The presence
of two non-covalent interactions involving lone pairs (LP---A vs.
LP---B) follows the general criterion that higher atomic number
precedes lower. Thus, as an example shown in Fig. 3 left, the
substituents around the oxygen atom will have the following
order of priority: (i) methyl group, (ii) hydrogen atom, i.e., the
donor H-bond interaction with an adjacent MeOH molecule,
(iii) the interaction of methanol's HOMO with the (carbon)
surface, and (iv) the acceptor H-bond interaction with the
HOMO-1 orbital.

This assignment ensures that all the oxygen atoms in four-,
five-, and six-membered clusters have the same configuration.
When the hydrogen-bond donor is oriented in a clockwise
direction, all oxygen atoms exhibit the S configuration. On the
other hand, the seven- and eight-membered cycles are not
enantiomerically pure mixtures because the methyl group of the
methanol molecule, which points inward toward the cycle,
adopts a different configuration (see Fig. 3, right).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Distributions of relative energies AE calculated for cluster sizes of 4 (a), 5 (b), 6 (c), 7 (d), 8 (e), and 9 (f) MeOH molecules. The mean (u) and
standard deviation (), both in kcal mol™, for each distribution are shown in the plot legends. Solid red lines are probability density functions fitted
to the BE distributions. Different spaced bins were used for each cluster owing to their different behavior. Distributions consist of 100 samples,

each calculated with GFN-FF.

3.3 Binding energies

Binding energies were computed for the most stable clusters
mentioned above, with the sole exception of the twenty MeOH
aggregate, since the most representative structures involve the
formation of seven- and eight-membered rings. We chose the
most stable clusters for obtaining BE since at the low temper-
ature conditions where experiments are conducted, the most

© 2025 The Author(s). Published by the Royal Society of Chemistry

abundant arrangements should be highly populated. Fig. 4
plots the BE from four- to ten-membered methanol-containing
rings. The results obtained for the corresponding cycles of
seven, eight, nine, and ten MeOH molecules were derived from
an average of the individual BE of each MeOH molecule in the
cycle, because none is conformationally equivalent. The devia-
tion observed for such rings lies in the fact that BE depend on
the cluster structure with subtraction of one MeOH molecule.

RSC Adv, 2025, 15, 12246-12254 | 12249
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Fig. 3 (Left) Zoom-in onto a MeOH molecule in the five-membered
ring cluster showing an S configuration. The yellow dashed lines
represent the donor and acceptor H-bonds. The interaction of MeOH
with the graphene sheet is represented by the overlap of one phase of
the methanol's HOMO orbital (dark blue) with the same phase of a 7w*
orbital of a graphene carbon (light blue). (Right) Homochiral cyclic
cluster of five MeOH molecules and non-homochiral cluster of seven
MeOH molecules denoting the corresponding configurations at
oxygen. It should be noted that the five-membered cluster shows the
same configurations as those of four- and six-membered MeOH
clusters. The same applies to the comparison between the seven- and
eight-membered MeOH clusters.

These optimized structures differ significantly depending on
which molecule of the cluster is removed, skewing the average
BE. Even with the manual modification of such MeOH clusters
by bringing all the molecules closer together, the resulting
geometry was almost identical to that obtained without altering
the original structure.

Binding energies alone cannot provide a satisfactory ratio-
nale for the MeOH desorption process in view of the large
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squares). Logarithmic (red line) and parabolic (blue line) fittings of the
calculated BE. Pale green band corresponds to the BE range obtained
for a MeOH monolayer with increasing exposure on a graphite surface
at 105 K.*¢ Darker green band is the BE range of a submonolayer of
MeOH over a graphite surface at 90 K.*” For comparative purposes, the
horizontal orange line is the BE of MeOH in the first monolayer on
graphene-covered Pt(111).?” Horizontal solid and dashed black lines
correspond to the BE computed for clusters containing five and three
MeOH molecules at DFT level, respectively.**

oscillations observed. Despite the observed energy scattering,
these results suggest an increasing trend in BE as the number of
MeOH molecules included in the cluster increases. The
quadratic function depicted in Fig. 4 (blue line) seems to
provide a smoother fit, although it significantly deviates from
the BE obtained for the nine-membered cycle, which should not
be ruled out. On the other hand, the logarithmic function fits
most of the data better. It is important to note that less stable
clusters, after the desorption of one MeOH molecule, lead to
higher BE. Therefore, an asymptotic behavior at higher MeOH
concentrations seems to better fit the global process under
study, where the clusters formed after the desorption of one
molecule should rearrange to form stable six-, seven-, or eight-
membered rings, and the loss of MeOH will not be detri-
mental to rearrangements involving many molecules.

As shown in Fig. 4, the BE exhibits an asymptotic behavior as
the number of MeOH molecules increases. This trend is consis-
tent over a broad BE range that qualitatively aligns with experi-
mental data for the first layer of MeOH adsorbed on graphene,
where the MeOH density is gradually increased at 105 K.*®

3.4 Cluster stability analysis

Finally, we explore the stability of MeOH clusters to assess how
long these structures remain over time on the graphene surface.
To this end, MD started from completely optimized geometries.
Such simulations were conducted for clusters containing from
four to seven MeOH molecules, as they are expected to be the
most abundant in the first monolayer, as already indicated.
Larger clusters (from eight to ten molecules) were ruled out in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 MD of the seven MeOH cluster at 150 K propagated for 100 ps.

The plots represent the variation of the H-bond distances (in angstroms)

highlighted in the structure over the course of the MD simulation. The pale color represents the raw dynamics data, while the thinner and solid
line corresponds to a Savitzky—Golay smooth with a 100-point window.

view of the ten-MeOH cluster yielding seven-membered rings as
prevalent structures. Likewise, no nine-membered rings were
detected for the simulation with nine molecules, but rather
eight- and seven-membered rings with external MeOH mole-
cules. The productivity of eight-membered cycles is very low
when simulating the oligomerization of eight MeOH molecules.
Simulations were conducted at 150 K and we discarded any
evaluation at higher temperatures as MeOH begins to evaporate
at 175 K and becomes crystalline before reaching such
temperatures. This observation is consistent with simulations
at 200 K, which show both ring-forming and ring-breaking
reactions, leading to different arrangements of MeOH on the
surface.

The results indicate that only five- and six-membered rings
remain intact throughout the entire simulation. On the other
hand, four- and seven-membered rings are unstable under
these conditions (see Fig. S2-S41 and 5). Fig. 5 shows the
rearrangement that the seven-membered cluster undergoes

© 2025 The Author(s). Published by the Royal Society of Chemistry

during the simulation, which is the most complex of all. In any
case, one cannot conclude that four- and seven-membered rings
will be absent on the first submonolayer of graphite/graphene,
as 150 K is a relatively high temperature for MeOH, close to its
melting point. In fact, upon performing another MD simulation
of the seven-membered ring at 120 K, the least stable cluster
remained unchanged for the entire 100 ps. Therefore, at the
typical working temperatures for this system, all mentioned
cycles should be present, albeit favoring five- and six-membered
MeOH clusters.

4 Discussion
4.1 Comparison with previous simulations

As already mentioned in Sections 1 and 3.1, Nguyen et al.
assessed the behavior of methanol molecules over graphite
using Lennard-Jones potentials and fixed partial charges.*®
Later, Zangi and Roccatano carried out a similar study with

RSC Adv, 2025, 15, 12246-12254 | 12251
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methanol molecules over and between graphene sheets using
the OPLS force field.*® Both obtained concordant results to
those presented in this work. At high densities, they observed
that methanol molecules predominantly form hydrogen-
bonded linear chains adopting a zig-zag pattern. A trend that
we observed when the 36.3 x 21.7 A graphene sheet supports
ten and twenty methanol molecules, namely with an almost and
completely saturated surface, respectively.

At lower densities, Zangi and Roccatano also observed that
MeOH molecules form small rings, primarily consisting of four
or five molecules. Although the probability of forming larger-
membered rings is nonzero, it dramatically decreases to
nearly zero beyond five-membered rings, with a maximum
probability observed for four-membered cycles. This trend can
be confirmed by visualizing molecular dynamics snapshots
(Fig. 2 in Nano Lett., 2016, 16, 3142-3147),*° where at very low
densities, only four- and five-membered rings are present, while
at intermediate densities, only two six-membered and one
eight-membered cycles appear. The latter results are partially
consistent with the Monte Carlo simulations of MeOH depos-
ited on carbon black of Nguyen et al.,'® where associations
forming four- and five-membered rings, were disclosed (Fig. 4 in
Journal of Physical Chemistry C, 2011, 115, 16142-16149).
However, the Monte Carlo simulations treated the MeOH
molecules as completely rigid entities, and some details could
have been lost in the simulations. This limitation could also be
behind the impossibility of detecting larger MeOH cycles (six-
and seven-membered rings in particular), even when the gra-
phene surface is fully saturated.

In this regard, our results slightly deviate from such previous
findings, as simulations performed with four water molecules
yielded only 4 out of 100 structures leading to four-membered
cycles. Instead, an open structure where the last OH bond
points toward the surface, was found to be almost equally stable
and more prevalent. This result contrasts notably with the
simulation involving five methanol molecules, where a higher
number of structures led to five-membered cycles. In the latter
simulation, only a single four-membered cycle was observed,
with open structures being significantly more abundant (see
ESIY). A similar pattern could be observed for simulations with
six and seven methanol molecules, where the probability of
forming larger-membered rings increases, while four- and five-
membered cycles do not appear at all.

The observed trend of our MD simulations is consistent with
the binding energy results shown in Fig. 4, where a logarithmic
interaction energy is inferred as the ring size increases. Our
findings indicate that if four-membered rings form, they will
likely break to form larger and more stable cycles, with five- and
six-membered rings being more prevalent. This conclusion
could further be supported by the stability analysis presented in
Section 3.4, where only five- and six-membered cycles remain
unchanged over time.

4.2 Stereoselective adsorption: 2D chirality of MeOH clusters

After revisiting the diffusion and behavior of MeOH on gra-
phene, a question not yet formally documented emerges, how
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does an enantiospecific aggregation process occur between
MeOH and graphene? To address this question, it is key to
define precisely what is chiral and what is not. As noted earlier,
unlike the 3D chemical space, where racemic mixtures of chiral
molecules tend to self-assemble into heterochiral, rather than
homochiral, domains, the notion of 2D (surface) chirality is not
immediately obvious and actually both heterochiral and
homochiral aggregates are observed. Highly symmetric achiral
molecules, water being the paradigmatic example, can afford
one of the simplest 3D chiral clusters in an idealized static
environment.' In that cluster, three water molecules establish
three hydrogen bonds forming a ring. Two of the non-covalently
linked hydrogen atoms are positioned out of the plane formed
by the ring in the same direction, while the third points to the
opposite direction. This 3D disposition has been also observed
for MeOH.” From a strictly geometric and static point of view,
this system exhibits no symmetry plane and hence, it may exist
in two non-superimposable mirror-image configurations. In the
case of water, it is estimated that the energy barrier for inter-
conversion of the free hydrogens is even lower than the zero-
point energy (ZPE) of the minimum energy structure
(—0.04 kcal mol *).?® This scenario implies that in a real
dynamic system, even at 0 K, the three-water-molecule cluster
remains entirely achiral due to the rapid interconversion
between enantiomers.

In context and for clarity, a few representative examples of 3D,
yet transient, chirality in idealized environments should be men-
tioned as their configurational lability may go unnoticed. This is
well portrayed by non-constrained organic trisubstituted amines
bearing four different substituents in almost tetrahedral geom-
etry, which are chiral from a static point of view. However, such
amines are not configurationally stable to be labeled as chiral
compounds, due to the rapid and continuous interconversion of
enantiomers caused by the umbrella effect at the nitrogen atom.
Probably, the subtle distinction between conformation and
configuration is provided by achiral alkanes. The gauche dispo-
sitions of butane for instance, break mirror symmetry and are
therefore chiral. Nonetheless, like amines, their rapid intercon-
version (ie. racemization) at ambient conditions impede to
“freeze” a chiral state. In the light of the present discussion, it is
pertinent to ascertain whether or not the expected racemization
of the aforementioned configurationally labile species would still
be feasible on a surface, where the hydrogen atoms of water,
otherwise freed in the gas phase, the lone pair of amines and the
chains of alkanes could now be engaged in non-covalent inter-
actions with the surface, thereby restricting their motion.

In the case of cyclic clusters of four, five, and six-membered
MeOH formed on the graphene surface at low densities, there is
no possibility of racemization into clusters with the opposite
configuration at working temperatures prior to evaporation, as
they remain stable even at 150 K, as demonstrated by the results
presented in Section 3.4. Therefore, unlike the cases mentioned
above, these MeOH aggregates can be considered chiral clus-
ters. In other words, a racemic mixture (conglomerate) is
formed, different from a racemic compound or heterochiral
racemate, for which each oligomer would have the two config-
urations in equal ratio.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Moreover, the heterochiral behavior of MeOH on graphene at
high densities, results from a favorable zig-zag pattern where
each oxygen atom adopts a different configuration, which renders
an achiral structure. Although every methanol unit lacks the
fourth non-covalent interaction that would provide it with four
substituents, the HOMO molecular orbital, which points toward
the graphene surface, is non-degenerate relative to HOMO—1,
which is parallel to the graphene surface, and can thus be
considered an additional substituent. In this context, the CIP
rules would be similar to those mentioned in Section 3.2, where
the lowest-priority substituent is the HOMO—1 of MeOH.

Even if spontaneous mirror-symmetry breaking is plausible,
especially under kinetic control and in 3D, the existence of equal
homochiral domains globally afford a racemic system. Therefore,
it should be difficult to obtain an enantiopure monolayer at high
MeOH concentrations. Statistically, however, at the very begin-
ning of cluster formation, there will always be a slight excess of
one type of cluster, which could influence the handedness of the
subsequent MeOH molecules that will collide with it. A potential
strategy to control enantioenrichment in the first monolayer
would be to start the deposition at extremely low concentration
and gradually adding MeOH, so that the arrangement of the
initial molecules could provide a chiral bias.

4.3 Binding energies

The BEs obtained in our simulations rise to an asymptotic
value, as a function of surface coverage. In contrast, in the
experimental results carried out by Bolina et al.,® the BEs
reduce to an asymptotic value. This discrepancy may be attrib-
uted to the existence of kinked surfaces. In other words, defects
and kinked edges lead to inhomogeneous layers, which are not
simulated here and most likely influence the BE to a significant
extent.

Much narrower BE data for submonolayers have been reported
in recent studies (green solid band in Fig. 4)."” That energy range,
obtained at 90 K, is also associated with H-bonded MeOH
molecules rather than isolated MeOH molecules on the graphene
surface. Furthermore, this BE range perfectly matches the one
obtained for the first adsorption layer of MeOH on graphene-
covered Pt(111) (solid orange line in Fig. 4).>® These experi-
mental studies, together with our analysis of cluster formation
and their BE, suggest that four-, five-, six-, and seven-membered
rings are likely to be the most abundant species at very low
concentrations of MeOH deposited on either graphite or gra-
phene surfaces. While recent experimental data align with our
calculated BE values for four- and five-membered clusters (Fig. 4),
six- and seven-membered rings should not be dismissed, as their
BE values fall within the range of previous experiments,'® and
represent the most abundant clusters in the simulations (see
ESIt). The existence of significant populations of eight-to-ten-
membered macro-cycles is however unlikely even when falling
within the range of the calculated BEs. Actually, as evidenced by
rearrangements involving ten MeOH molecules, MD simulations
afford more seven-membered cycles than ten-membered ones
with nearly identical stability. Also, it is worth mentioning that
other DFT calculations provided BEs for clusters containing three
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and five MeOH molecules (dashed and solid black lines in
Fig. 4)," which slightly deviate from the experimental results due
to incomplete inter-molecular interactions. In fact, no cyclic
oligomers were described, unlike the present simulations and
those obtained using the Monte Carlo method.*

5 Conclusions

In conclusion, we have revisited and uncovered new insights
into the structural organization and dynamics of cyclic and
acyclic MeOH clusters adsorbed on graphene sheets, which
extend and complement previous experimental and theoretical
results. MD simulations show that the type of islands formed
are stabilized by intermolecular H-bonding and other non-
covalent interactions involve cyclic clusters of four, five, six,
seven, and even eight MeOH molecules depending on their
concentration near the graphene surface, as was concluded
previously. The current analysis reveals, however, that the
probability of finding cyclic five- and six-membered clusters is
the highest, since four- and seven-membered clusters are not
stable under typical experimental working conditions. The
calculated BEs of MeOH in such structures provide a qualitative
estimate that aligns with experimental results. The most
significant finding is that the supramolecular arrangements of
MeOH forming four-, five- and six-membered rings lead to
homochiral entities by virtue of the stereogenicity at the oxygen
atoms. Self-assembly takes place stereoselectively affording
separate homochiral clusters, characteristic of a racemic
conglomerate in two dimensions. On the other hand, seven and
eight-membered clusters afford non-homochiral aggregates.
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