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Storingmethane in clathrates is one of themost promising alternatives for transporting natural gas (NG) as it

offers similar gas densities to liquefied and compressed NG while offering lower safety risks. However, the

practical use of clathrates is limited given the extremely low temperatures and high pressures necessary to

form these structures. Therefore, it has been suggested to confine clathrates in nanoporous materials, as

this can facilitate clathrate's formation conditions while preserving its CH4 volumetric storage. Yet, the

choice of nanoporous materials to be employed as the clathrate growing platform is still rather arbitrary.

Herein, we tackle this challenge in a systematic way by computationally exploring the stability of

clathrates confined in alkyl-grafted silica materials with different pore sizes, ligand densities and ligand

types. Based on our findings, we are able to propose key design criteria for nanoporous materials

favoring the stability of a neighbouring clathrate phase, namely large pore sizes, high ligand densities,

and smooth pore walls. We hope that the atomistic insight provided in this work will guide and facilitate

the development of new nanomaterials designed to promote the formation of clathrates.
Introduction

In light of the growing environmental concerns in the last few
decades, developing alternatives to minimize the carbon foot-
print is of utmost importance. Natural gas (NG) is one of the
cleanest alternatives for energy generation. However, its wide-
spread use is severely hampered by its high transportation
costs, mainly due to its low density. Storing NG constituents as
solidied natural gas (SNG) in the form of methane clathrates
has been suggested as one of the most promising alternatives
for NG transportation, mainly due to its environmentally
friendly constituents and low safety risk.1 Clathrates are cage-
like structures where water molecules surround usually small-
sized molecules with highly directional hydrogen bonds.
These materials typically present a well-dened crystallinity,
represented by three main structures: I, II and H.2 Methane-
containing clathrates usually form structure I (S-I) networks.3

The synthesis of methane clathrates even on a laboratory
scale still poses crucial challenges that need to be tackled before
this technology can become economically feasible. Especially,
the low nucleation kinetics and high pressure required to
initiate clathrate nucleation from bulk water are severe
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problems increasing the production costs.4 Such conditions are
usually relented by employing chemical additives (e.g. THF and
surfactants)5,6 though this jeopardizes the CH4 volumetric
storage in the hydrate.1,7 Alternatively, clathrate formation can
be promoted under connement in nanoporous materials.
Under nanoconnement, the CH4–water contact area is
increased in comparison with bulk water, reducing the clathrate
formation pressures compared to the bulk.4,8 Interestingly,
storage in nanopores does not hamper the overall CH4 capacity
and in some cases may even overcome the storage capacity
observed in natural deposits.9

A fundamental understanding of the mechanisms involved
in the promotion of clathrate formation through connement
in nanoporous environments is still rather limited due to the
complex nature of this phenomenon. However, as pointed out
in a recent review,10 mesoporous materials with moderate
hydrophobicity are optimal candidates for promoting gas
hydrate formation, as they allow a balance between (i) over-
coming capillary forces, allowing the population of the pores,
and (ii) preserving the preferential tetrahedral orientation of
water molecules close to the pore's surface, an essential feature
for the formation of clathrate cages. Besides their role in the
hydrate formation, hydrophobic surfaces also seem to interact
rather strongly with clathrate interfaces.11,12 These fundamental
considerations have been conrmed by recent studies, which
revealed clathrates to be formed at faster rates and at milder
temperatures than in bulk water when conned in porous
materials displaying hydrophobic surfaces, such as activated
carbon9,13,14 and metal–organic frameworks.15–18
J. Mater. Chem. A, 2021, 9, 21835–21844 | 21835

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ta03105h&domain=pdf&date_stamp=2021-10-05
http://orcid.org/0000-0002-1363-7268
http://orcid.org/0000-0003-4493-5708
http://orcid.org/0000-0002-8456-0886
http://orcid.org/0000-0003-3499-0455
http://orcid.org/0000-0002-9292-2357
http://orcid.org/0000-0003-2206-178X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta03105h
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA009038


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
2/

20
25

 1
2:

08
:0

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Silica matrices have also been widely studied19–21 as media
for clathrate formation, mostly motivated by the need to
understand how clathrates are formed in natural deposits.4

However, there seems to be some discrepancy in the literature
on the role of silica surfaces in clathrate formation. While some
experimental studies have revealed silica to act as an inhibitor
of clathrate formation,20,22 theoretical studies have pointed out
that silica pores promote clathrate growth either due to the
slower mobility of water molecules next to the silica surfaces23

or due to the role of these surfaces as a source of methane
molecules.24 However, a point of agreement between experi-
mental and theoretical studies is the fact that hydrophobic
silica surfaces are more effective in clathrate promotion.25,26

In this sense, it seems an interesting approach to direct the
formation of clathrates in nanoporous silica materials by
graing the silica surface with hydrophobic moieties, such as
alkyl groups, at the SiO2 surface. This approach is employed in
the synthesis of well-known amorphous reversed silica mate-
rials, widely used in chromatography separation. However,
other materials such as ordered mesoporous silica, e.g. SBA-15,
could also be easily functionalized to incorporate such hydro-
phobic groups at their surface. Indeed, multiple experimental
studies have demonstrated the outstanding clathrate
promoting effects of hydrophobized silica surfaces.27–30 Never-
theless, considering the diversity of types, distribution and
concentration of surface ligands available to be introduced into
SiO2 matrices, as well as the different pore sizes of the parent
matrix, it is important to establish clear structure–property
relationships to guide the choice of high-performance materials
without having to rely on serendipity-based experiments.

Earlier computational evaluations of clathrate nucleation in
nanoconnement shed light on how the interfacial interactions
play a fundamental role in the organization and stabilization of
conned clathrate structures. In particular, it was observed that
clathrate networks grow with the support of rather unorganized
water molecule layers on hydrophilic silica surfaces.8,24,31 It was
also observed that the less hydrophilic such surfaces are, the
more organized are the water molecules in the vicinities of the
pore walls. This ultimately favours the clathrate growth.25

Moreover, the interactions of methane molecules with the pore
wall seem to be also of importance by favouring the formation
of half cages as observed next to the siloxane surface of
kaolinites.32

Considering the fundamental role of interfacial interactions
between the clathrate and the pore walls in the structural
stabilization of clathrate structures, we judge it necessary to
obtain fundamental insight into the interfacial characteristics
of different alkyl-graed SiO2 surfaces. Therefore, we created
SiO2 models in which various parameters such as the pore size,
ligand density and ligand type are systematically varied to
obtain insight into their role in the stability of clathrate struc-
tures. For each of the obtained structural models, we investigate
the structural stability of the formed clathrate phase and
examine whether the clathrate structure is retained when
increasing the temperature above the equilibrium temperature.

In this work, we computationally studied the interfacial
congurations of clathrate structures at themicroscopic level by
21836 | J. Mater. Chem. A, 2021, 9, 21835–21844
systematically changing the pore size of the silica matrix as well
as the density and type of alkyl groups. Using an octyl-
functionalized silica surface as a starting point, we rst
studied the impact of pore size and ligand density on the
stability of clathrates. This was followed by a comparative study
of the effect of different SiO2 ligands on the stability of adjacent
clathrate phases. In Fig. 1, we summarize the main modelling
strategy used in this work.

Methods
Modelling strategy

We started the construction of our reversed silica microscopic
models by cleaving a bulk glass-like silica lattice along the (0
0 1) plane and saturating uncoordinated Si and O atoms with
–OH and –H atoms respectively. This procedure resulted in a 21
Å-thick 60.15 Å � 60.15 Å surface SiO2 slab containing a silanol
density of 10.8 mmol m�2. Although this value is somewhat
higher than the usual silanol surface concentration reported in
silica (8.0 � 1.0 mmol m�2),33 such an extensive array of silanol
groups facilitates the random placement of ligands in different
densities.34

Some of these silanol groups were then replaced by mono-
meric ligands positioned orthogonally with respect to the SiO2

surface. Initially, dimethyloctylsilane (C8) was selected for an
extensive investigation on the effect of different ligand concen-
trations and pore sizes on the interactions between reversed silica
and clathrate surfaces. To perform this study, we generated two
microscopic models with different C8 chain concentrations: one
with 2.7 mmol m�2 and another with 5.6 mmol m�2. Such C8
concentrations were respectively in agreement with lower (2–3.5
mmol m�2) and higher (5–6 mmol m�2) bond density C8-
terminated silica.35 From these structural models, four different
simulation cells were created by introducing two void zones (25 Å
and 60 Å) perpendicular (z direction) to the C8-terminated SiO2

surfaces. Subsequently, 5 � 5 � 2 and 5 � 5 � 5 CH4 clathrate
super cells constructed from an experimentally derived structure I
clathrate unit cell obtained from the literature3were cleaved along
the (0 0 1) plane and introduced into the 25 Å and 60 Å void zones
of the reversed silica models. For convenience, the resulting
microscopic models, which presented either small (sp) or large
pores (lp) and either a low (ld) or high density (hd) of C8 chains,
were renamed sp-hd, sp-ld, lp-hd, and lp-ld, as shown in Fig. 1b
and S1.†

To study the effect of different alkyl groups on the interac-
tions between the reversed silica and clathrate phases, the
preceding structural model with a larger pore and a higher
concentration of alkyl terminations (lp-hd) was selected and
later used as a template for the construction of two new models
by replacing its terminal C8 ligands with either cyclopentyl
(cC5) or trimethylsilane (C1) ligands. For simplicity, each of
these models were respectively named SiO2-C8, SiO2-cC5, and
SiO2-C1. A non-graed (i.e. silanol terminated) SiO2 model36 was
also constructed as a reference for the hydrophobically graed
pores. Finally, a 60 Å void zone was created perpendicular to the
reversed silica surfaces for the introduction of a 5 � 5 � 5 CH4

clathrate super cell. A comparison between these different
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Schematic figure displaying (a) the modelling of reversed silica pores using a planar representation, focused on the surface effects
between the clathrate and the pore wall, (b) the four different structural models containing either smaller (sp) or larger pores (lp) and either a low
(ld) or high (hd) density of ligands (sp-ld, sp-hd, lp-ld, and lp-hd) to study the influence of the silica pore sizes and the density of alkyl chains on
the stability of confined clathrate structures, and (c) the three models (SiO2-C1, SiO2-cC5 and SiO2-C8) to study the clathrate stability considering
different surface ligands.
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structural models is displayed in Fig. 1c and S2.† In Table S1†
we report the volumetric methane capacities associated with
each of these models.

Bonded interactions were taken into account by harmonic and
cosine potentials and non-bonded interactions were described by
Lennard-Jones (LJ) and coulombic potentials representing
respectively the dispersive and electrostatic interactions. The
bonded and non-bonded parameters attributed to the SiO2 atoms
were taken from the literature,37 while the corresponding
parameters assigned to the alkyl chains were obtained from the
OPLS-AA model.38 Atomic point charges were obtained from
single point energy calculations using the ChelpG method (see
Fig. S3†) with the PBE functional39,40 and the 6-311g(d,p) basis
set41–43 as implemented in the Gaussian 16 soware.44

Water molecules were described by the 4-site TIP4P/Ice
model, which was designed to represent the experimental
liquid-ice P-T diagram.45 CH4 molecules are represented by the
TRAPPE united atom model.46 The same combination of water
and methane potentials was recently successfully employed for
the study of clathrates' aggregation.8
Molecular simulations

Molecular dynamics calculations were carried out for all the
aforementioned structural models using the LAMMPS so-
ware47 in an isothermal-isobaric (NPT) ensemble using a Nose–
Hoover48,49 thermostat and barostat with respective temperature
and pressure relaxation constants of 0.1 ps and 1 ps. A timestep
of 1 fs was used to solve Newton's equation of motion. Tail
corrections were not used since they were reported8,50 to induce
non-realistic clathrate behaviour. The systems were equili-
brated for 500 ps during which the temperature was slowly
increased from 100 K to 260 K at a pressure of 100 bar. There-
aer, 10 ns runs were carried out at 60 bar and 260 K. Such
This journal is © The Royal Society of Chemistry 2021
temperature and pressure values are consistent with the range
of moderate operating conditions employed in conned
methane clathrates.8,51 We extended this simulation time up to
100 ns for some selected systems and observed no structural
changes, conrming that 10 ns was enough to achieve equili-
bration (see the ESI†). Complementary calculations to test the
stability of the clathrate structures out of their stable conditions
were carried out at 60 bar and 300 K. A spherical cut-off of 12 Å
was used to evaluate the dispersive interactions, whilst the
electrostatic interactions were computed using a particle–
particle particle–mesh (PPPM) solver52 with a 10�5 tolerance.
Results and discussion
Impact of pore size and ligand concentration on the clathrate
interface

As a rst step in our description of clathrate structures conned
in reversed silica materials, we evaluated the effect of the silica
pore size and the concentration of alkyl ligands on the inter-
facial clathrate organization by carrying out 10 ns force eld
based molecular dynamics (MD) calculations on the four
structural models (sp-hd, sp-ld, lp-hd, and lp-ld) created by
introducing structure I (S-I) CH4 clathrate structures into either
small (�25 Å, sp) or large (�60 Å, lp) pores of octyl-bonded silica
slabs (SiO2-C8) containing either a low (ld) or high (hd) density
of alkyl chains (see Fig. 1b). Silica-based materials are charac-
terized by a diversity of pore sizes, varying between a few to
hundreds of nanometers. We decided to consider systems with
relatively small pore ranges in order to maximize the surface
effects on the conned clathrate phase. Meanwhile, the ld and
hd congurations correspond to average ligand density values
usually reported in low and high density alkyl-graed silicas.35
J. Mater. Chem. A, 2021, 9, 21835–21844 | 21837
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Fig. 2 Density of CH4 (a) and water molecules (b) along the axis orthogonal to the surface of the clathrate structures and the sp-hd (black line),
sp-ld (red line), lp-hd (blue line), and lp-ld (green line) SiO2-C8 structural models. Shaded regions represent an 8 Å-wide interfacial zone on the
clathrate phase next to the hydrophobic silica surfaces. Snapshots of each of these models after 10 ns long MD calculations showing how these
organisations are observed in each model (c). Si, C, H, and O elements and CH4 molecules are respectively shown in yellow, grey, white, red, and
green. For clarity, water molecules are represented only by their oxygen atoms interconnected to each other with a 3.5 Å cut-off distance.
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Fig. 2a and b demonstrate the density of methane and water
molecules in the clathrate phase nanoconned in the four
reversed silica models. Whereas their distribution shows peri-
odic peaks in the bulk clathrate, the organisation of these
molecules is considerably modied near the SiO2-C8 surface,
where they assume a smoother distribution. This can be directly
correlated with the local disruption of the hydrogen bonded
clathrate networks due to the interactions of its individual
components with the SiO2-C8 surface (cf. Fig. 2c). In Fig. 2, it is
also possible to notice that, compared to the water molecules,
methane molecules are more delocalized in the vicinities of the
octyl groups, because of their further penetration into the space
delimited by the octyl chains.

In order to better track the effect of such modications on
the organization of the whole clathrate structure and the
clathrate/wall interface, we compared the distribution of the
orientational tetrahedral order (OTO) parameter (cf. Fig. 3a and
ESI†) of the water molecules in both regions. To this end, we
dened the clathrate/SiO2-C8 interfacial region as an 8 Å wide
21838 | J. Mater. Chem. A, 2021, 9, 21835–21844
zone extending from the water molecules closest to the pore's
walls into the clathrate (see Fig. 3b). As observed in the shaded
areas of Fig. 2a and b, 8 Å corresponds to the furthest distance
where we observed a relevant disruption of the water structure
in all clathrate models. The remainder of the clathrate structure
is dened as the inner clathrate region.

Fig. 3c and d show the extracted OTO distributions for the
whole clathrate phase as well as for the inner and interfacial
regions separately. For the total and inner clathrate regions
(Fig. 3c), the OTO distribution is strongly peaked around 1. This is
expected in an ideal S-I CH4 clathrate structure, as each water
molecule is hydrogen bonded to four other water molecules.
However, also a broader but smaller peak around an OTO value of
0.4 is present, typical ofmore disorganized systems, such as liquid
water. In contrast, at the clathrate–wall interface (Fig. 3d), the
OTO parameter assumes a bimodal distribution, which shows
that some of the water molecules keep the tetrahedral environ-
ment observed in the bulk clathrate structure (i.e. with an OTO ¼
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Representation of the orientational order parameter for water molecules, with q values ranging from 0 for isolated molecules to 1 for
a tetrahedrally hydrogen-bonded network. (b) Representation of a lp-hd structural model, defining the interfacial and the total clathrate regions.
The inner clathrate region is defined as the total clathrate region without the interfacial regions. CH4 molecules were omitted for clarity.
Probability distribution of the orientational tetrahedral order parameter obtained from the water molecules in the inner (inset) and whole
clathrate (c) regions and at the clathrate/SiO2-C8 interface (d).
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1) and some form a liquid-like organization, with an OTO centred
around 0.4.

Furthermore, from Fig. 3d we can observe that a higher
proportion of molecules in the interfacial region assume
a liquid-like conguration when smaller pores and lower alkyl
densities are considered. While these effects are induced by the
interface, they are also reected in the overall organization of
the inner clathrate phase (Fig. 3c), leading to an overall desta-
bilization of the clathrate phase.

The aforementioned interfacial water disordering is reected
not only in the global ordering of the hydrogen bonded scaffold
formed by the water molecules but also in their local environ-
ment. As one can see in the radial distribution functions (RDFs)
and the corresponding cumulative distribution functions in
Fig. S6,† the rst solvation shell surrounding the water mole-
cules is much more disorganized in the clathrate/pore wall
interfacial region compared to the bulk clathrate. Conse-
quently, each water molecule at this surface is, on average,
surrounded by fewer neighbouring molecules. Instead of the
typical arrangement of four other molecules surrounding each
molecule observed at the core of the clathrate phase, in the lp-hd
interfacial region about three water molecules surround each
H2O molecule while in the other congurations only about two
H2O molecules form this rst solvation shell.

From these observations, it seems that models displaying
smaller pore sizes and a lower density of alkyl chains covering
the SiO2 substrate perturb the clathrate phase more strongly.
While the effect of pore size is a direct result of the
This journal is © The Royal Society of Chemistry 2021
proportionally larger interfacial region in small-pore structures,
the effect of alkyl densities on the clathrate structure is not
directly clear at this point. Therefore, to understand why lower
alkyl surface concentrations favour the local disruption of the
clathrate structure, we will take a closer look at the alkyl chains'
congurations when present in either high or low density on the
SiO2 surfaces. Two representative snapshots are shown in Fig. 4,
which demonstrate that the octyl chains assume different
congurations according to their relative concentration. At high
density the alkyl chains keep their initial congurations
orthogonal to the SiO2 matrix and extend into the clathrate
phase (cf. Fig. 4a), whereas at lower density they curl and tilt (cf.
Fig. 4b and S7†) due to the high pressure exerted by the adjacent
clathrate phase. In the low-density conguration, this pressure
cannot be withstood in a conguration orthogonal to the
surface due to the lack of mutual support and repulsion of
neighbouring alkyl chains. This change in the alkyl chain
conguration in ld congurations strongly disrupts the clath-
rate in the interfacial region due to (i) the shrinking of the alkyl
zone atop the SiO2 matrix, as shown in Fig. S8,† and (ii) the
formation of void zones where both water and CH4 molecules
can further penetrate (cf. Fig. 4b).

Summarizing this rst part on the inuence of the pore size
and the ligand density, we can conclude that large pores and
high alkyl densities are benecial to stabilize a well-structured
clathrate phase.
J. Mater. Chem. A, 2021, 9, 21835–21844 | 21839
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Fig. 4 Representative snapshots taken from the microscopic models sp-hd (a) and sp-ld (b), displaying the configuration of the octyl chains
when in respectively high or low densities over the SiO2 matrix. The same colour code as in Fig. 2 is used.
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Impact of ligand choice on local clathrate organization

In light of the results obtained in the previous subsection, we
will extend our discussion by evaluating the impact of different
alkyl ligands on the water interfacial organization with high
ligand density and large-pore congurations. In this sense, we
constructed two other structural models, one containing tri-
methylsilane (SiO2-C1) and another one containing cyclopentyl
(SiO2-cC5) as surface ligands. A similar analysis of the atomic-
level interactions in these models were explored using MD
calculations (see Fig. 1c and computational details in the ESI†).
Fig. 5 Density of CH4 (a) and water (b) molecules along the axis ortho
interfacial regions highlighted. Probability distribution of the orientational
line, left Y axis) and their respective cumulative distribution functions (dash
C1, SiO2-cC5, and SiO2-C8 models are respectively represented by black

21840 | J. Mater. Chem. A, 2021, 9, 21835–21844
As observed previously in the lp-hd SiO2-C8 model (henceforth
simply called SiO2-C8), the distribution of the methane and water
molecules in the interfacial regions of the newly constructed
structural models (cf. Fig. 5a and b) show a clear disruption
compared to the bulk of the clathrate phase with the methane
molecules being relatively less ordered in the vicinities of the
organic ligands, consistent with what we reported in the previous
sections. In order to further quantify the degree of interfacial water
organization, we also compared the probability distribution of the
orientational tetrahedral order parameter (Fig. 5c) in the interfacial
gonal to the surface of the clathrate structures with their respective
tetrahedral order parameter (c), and water donor–acceptor RDFs (solid
ed lines, right Y axis) (d) calculated at the clathrate/wall interface. SiO2-
, red and blue lines.

This journal is © The Royal Society of Chemistry 2021
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region. With respect to the OTO distribution observed in the SiO2-
C8model, the SiO2-C1model is considerably less ordered, while the
SiO2-cC5 model displays a similar OTO pattern, showing a higher
degree of organization. This is also conrmed by the RDFs and
their respective cumulative distribution function in Fig. 5d, which
respectively show a less structured second solvation shell and
a smaller number of neighbouring water molecules in the rst
solvation shell in the clathrate/wall interfacial region of the SiO2-C1

model. This is consistent with Raman spectroscopy measurements
which showed a better water organization next to longer alkane
chains at low temperatures.53 Fig. 5c also unveils a similar local
organization of the interfacial water molecules in the SiO2-cC5 and
SiO2-C8 structures.

However, while the SiO2-cC5 and SiO2-C8 models exhibit
some similarity in terms of the water organisation pattern, the
interactions between the alkyl ligands and the interfacial
methane molecules are substantially different. The RDFs
between the interfacial methane molecules and the carbon
atoms of the alkyl chains (Calkyl), shown in Fig. 6a, indicate that
the interactions between these species are considerably weaker
in the SiO2-C8 model than in the SiO2-cC5 model. This is a very
counterintuitive result, as one might imagine that the larger
amount of carbon atoms in the octyl chains would imply
stronger dispersive interactions with the methane molecules of
the clathrate phase. Nevertheless, observing the surface contour
plots of Fig. S9,† we can notice that the surface of the SiO2-cC5

slab is much less rugged than the SiO2-C8 surface. This
Fig. 6 Radial distribution functions representing the CH4–Calkyl interactio
and CH4molecules at the interface of the clathrates in interaction with C1

This journal is © The Royal Society of Chemistry 2021
smoother cyclopentyl distribution would be the origin of the
stronger interactions between this alkyl group and the CH4

molecules. Such superior performance of cyclopentyl groups in
the stabilization of the conned clathrate phase is in line with
recent experimental observations conrming the potential of
cyclopentane as an efficient clathrate promoter molecule.54–56

As a consequence of the dissimilar surface roughness and
alkyl–CH4 interaction patterns observed in SiO2-C8 and SiO2-
cC5, we observed a considerable difference in the CH4 distri-
bution at the clathrate interface. In Fig. 6, one can notice that
the CH4 molecules close to the octyl surface are not as well
organized as when they are in the vicinity of the cyclopentyl
groups, with CH4 having more space to move on the interstices
formed by the linear octyl chains. By measuring the mean
square displacement of the methane molecules at the clathrate
interfaces in contact with the C1, cC5 and C8 ligands (Fig. S10†),
we conrmed this much higher mobility of the methane
molecules close to the octyl surfaces.

From a practical viewpoint, this is an interesting result.
Having a layer of rather mobile methane molecules at the
clathrate–solid interface would imply faster CH4 recovery
kinetics and also give more room to the introduction of other
gases into the clathrate matrix, as recently suggested.57
Comparison with ungraed SiO2

Having analysed the inuence of different alkyl groups graed
onto the surfaces of SiO2 pores on the stability of a clathrate
ns (a) and representative snapshots displaying the organization of water
(b), cC5 (c) and C8 (d) groups. The same colour code as in Fig. 2 is used.
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matrix, we decided to extend our investigation by studying how
a pristine SiO2 surface compares to these hydrophobized silica
models in terms of the stabilization of conned clathrate
matrices.

For this purpose, we analyzed the water organization and
CH4 mobility of the clathrate/pore wall interface in the best
structural model in terms of clathrate stabilization, i.e. the
SiO2-cC5 model, with those obtained in a typical SiO2 slit pore
model (cf. Fig. 7a). As seen in the integration of water donor–
acceptor (Ow–Ow) RDF curves (Fig. 7b), there is a smaller
degree of association among water molecules in the interfacial
clathrate/pore wall region of the pristine SiO2 pore. Besides, as
observed in the OTO plot (Fig. 7c), the clathrate matrix
neighbouring an ungraed SiO2 model displayed a larger
proportion of molecules in a liquid-like organization, with an
OTO value close to 0.4. These results show that the clathrate
scaffold is considerably better preserved next to a hydrophobic
surface compared to the ungraed structure. Such better
preservation of the interfacial clathrate backbone is also re-
ected in a much smaller CH4 mobility predicted in the SiO2-
cC5 model in comparison with the pristine SiO2 model
(Fig. 7d).

This further preservation of the clathrate structure next to
hydrophobic ligands is explained by the similarity of the
hydrogen bond network around hydrophobic and amphiphilic
groups (usually referred to as hydrophobic hydration) and the
Fig. 7 Comparison between the interfacial clathrate/pore wall organi
a cropped snapshot (a), in terms of water donor–acceptor RDFs (solid lin
(b) as well as the probability distribution of the orientational tetrahedr
displacement (MSD) of CH4 molecules calculated at the clathrate/pore w

21842 | J. Mater. Chem. A, 2021, 9, 21835–21844
structure of hydrate groups, as conrmed both experimentally
and computationally.58–61

Nevertheless, we observed that the interfacial water mole-
cules next to the pristine SiO2 pore showed a higher degree of
organization than the one observed in the SiO2-C1 model (cf.
Fig. 5c), which suggests that the clathrate-promoting effect of
the hydrophobic hydration is very dependent on the alkyl chain
length. Besides, the relative preservation of the clathrate scaf-
fold next to the SiO2 surface shows that there is a relative
interfacial compatibility of typical SiO2 surfaces and clathrates,
as observed elsewhere.25,62
Qualitative implications on clathrate metastability

In the previous sections, we detailed the effects of different
hydrophobic surfaces on the organization of the water mole-
cules belonging to interfacial layers of conned clathrates
under moderate operating conditions. We related this aspect to
the inherent stability of the whole conned clathrate phase.
Here, we will reinforce this link between stability and water
surface organization by evaluating the preservation of clathrate
phases in metastable states under unfavourable external
conditions.

Bulk clathrates are known for their unexpected stability
under conditions out of their structural equilibrium, the so-
called “self-preservation” phenomenon.63,64 Similar to what is
zation of the SiO2-cC5 and ungrafted SiO2 models, represented by
es, left y axis) and their respective integration (dashed lines, right y axis)
al order parameter associated with them (c) and the mean squared
all interface (d).

This journal is © The Royal Society of Chemistry 2021
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observed for the clathrate nucleation, connement effects have
shown to further potentialize this phenomenon.65

We decided to emulate such metastable clathrate congu-
rations by carrying out 10 ns long MD calculations at 60 bar and
300 K using the different models listed in the previous sections.
This allowed for a qualitative observation of the importance of
pore size as well as the density and type of ligands for the
preservation of clathrates out of their thermodynamic
equilibrium.

Fig. S11† clearly shows a complete melting of the clathrate
structure in smaller reversed silica pores regardless of the
concentration of graed ligands. Meanwhile, in larger pores,
the clathrate bulk is observed to partially retain its congura-
tion. Comparing the ld and hd congurations of the SiO2-C8

model, we can clearly notice in the former a larger disruption of
the clathrate network, with a consequent higher concentration
of CH4 molecules at the surface of the C8-graed silica slab.
This is observed on a much larger scale when methyl groups are
used as graing ligands, with the formation of methane
bubbles next to the clathrate edges and the preservation of
solely a thin clathrate layer at the center of the pore for the SiO2-
C1 model. In contrast, in the SiO2-cC5 model, the clathrate
structure is completely preserved despite the unfavourable
external temperature and pressure conditions.

From these observations, we notice a coincidence of the
metastable clathrate stability here and the patterns of water
interfacial organization discussed in the previous sections.
This, along with our discussions on water organization and
interfacial interactions between methane molecules and the
ligands, suggests an unequivocal link between pore size/surface
ligands and the clathrate stability.

Conclusions

In this work, we constructed molecular models to study the
association of clathrate surfaces in reversed phase silica pores.
By evaluating the water tetrahedral ordering and RDFs in the
vicinities of the pore walls, we observed that pores containing
larger pores and a higher density of hydrophobic ligands have
a clearer clathrate stabilizing role. Moreover, we ascertained
that different hydrophobic linkers may substantially alter the
vicinal water microstructure and the CH4 organization. There-
fore, ligands with a certain degree of rigidity and displaying
a moderate chain length appeared to be more suitable for
stabilizing clathrate surfaces. These results provide substantial
insights for the experimental conception of new materials
allowing the stabilization of clathrates at higher rates and
milder temperatures.
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J. L. Jordá, A. Bansode, A. Urakawa, I. Peral, M. Mart́ınez-
Escandell, K. Kaneko and F. Rodŕıguez-Reinoso, Nat.
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