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The use of effective fluid-surface potentials, in which the full position-dependent potential is replaced by a potential that dep~ads
only on the distance from the surface of the solid, is a common practice as a route to reduce the complexity of evaluating a1z arp-
tion of fluids on substrates. Conceptually this is equivalent to replacing the detailed description of the discrete molecular nacu: e of
the solid by a coarse-grained description in which the solid is represented by a continuous (structureless) surface. These efectiv
fluid-surface potentials are essential in the development of theories for surface adsorption, and they provide a meanstorectceth
computational cost associated with molecular simulation of the system. The main purpose of the present contribution is to 2m-
phasise the necessity of using an adequate averaging procedure to obtain effective fluid-surface potentials. A simple unweigchte
average of the configurational energy is commonly employed resulting in effective potentials that are temperature independent.
We describe here a procedure to develop free-energy-averaged effective fluid-surface potentials retaining the important .o nper
ature dependence of the coarse-grained interaction between the particle and the surface. Although the approach is general i
nature, we assess the merits of free-energy-averaged potentials for the adsorption of methane on graphene and graphite, iaki
appropriate comparisons with the description obtained with the traditional temperature-independent potentials. Additional.;’, we
develop effective fluid-surface potentials for crystalline faces of monolayer and multilayer homogeneous and heterogeneous fcc
lattices based on the Lennard-Jones (12-6) pair potential, and compute the corresponding adsorption isotherms of Lennaru-Jone
fluids on these surfaces using Grand Canonical Monte Carlo (GCMC) simulations. The adequacy of two different optio~s .0
obtain effective fluid-surface potentials (a free-energy-based versus a simple unweighted average) is critically comparer' It is
shown here that the higher the heterogeneity of the surface the less adequate simple unweighted averages are to de‘..ribe t
adsorption behaviour in comparison to free-energy averages.

1 Introduction theories has a marked empirical nature. Significant inadequa-

cies can be found revisiting approaches that describe surfacc
The first successful attempts to develop a theory of surfacadsorption and a reflection of this is the general difficulty en-
adsorption date back almost a century, with the contributiongountered in reproducing the experimental temperature depei-
of Polanyi*? and Langmui?. In contrast to the approach of dence of adsorption data, requiring the use of temperature
Langmuir, who explained adsorption based on a chemical fordependent energetic adsorption parameters to describe differ
malism, Polanyi supported the description of adsorption as ant adsorption isotherms (see refs. 8-16 for some recent ea-
physical process, in which the adsorption can be explained iamples). Some of these flaws can be traced to a poor und=r-
terms of an adsorption potential defined as the work done igtanding of the effect of temperature in fluid-surface poten-
bringing a molecule from the gas phase to a point near théals; here we are referring to effective potentials whereby the
adsorbertt. Polanyi's picture of adsorption established an im-interaction of a fluid molecule with an explicit surface is ex-
portant basis for modern theorfes. In spite of its rigorous  pressed using a coarse-grained or homogeneous wall repra-
molecular foundation, the modern application of adsorptionsentation of a solid.

There has been a considerable amount of work published 0~

t Electronic Supplementary Information (ESI) available: See DOI: ; i ; ;
10.1039/b000000K] the subject of the explicit dependence of average interactio::

a Department of Chemical Engineering, Imperial College London, London€Nergies W_ith temperature. The “p(_)tential of the average
SW7 2AZ, UK. force” considered by Onsag¥t along with the work of Rush-
beghCentre for Petroleurrf] gnd Sugaclzfcr&egisztry (BP-CPSC), Departmenprooke!® on temperature dependent effective interactions ae
0 emistry, University of Surrey, Guildford GU2 7XH, UK. ; : ; ; ;

¢ Qatar Carbonates and Carbon Storage Research Centre (QCCSRC), Impélyo_rth a partICUIar mention in this context. The Importance 0],
rial College London, London SW7 2AZ, UK. using an average free-energy as the correct approach to &
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variables that are not of interest, such as angles in the cas®te as the unweighted avera@$), is thereby determined as

of polar interactions, is now well established (see, for exam-{U) = NA zl’:‘inlfu, overNgns configurations. This type of clas-
ple, refs1%-29. Effective potentials of this type can be devel- sical approach of obtaining effective fluid-surface potentials of
oped by ensuring that the partition function of the integrateda given adsorbate molecuilavith a wall has largely ignored
representation is equal to that of the explicit system: the efthe temperature dependence of the resulting average pote -
fective potential determined in this way will be equivalent to tial. In practice the explicit structure of the wall is ignored

a free energy, and as a consequence are often referred to iasthe theoretical development and the sum is replaced by an
free-energy-averaged potentials. integration. The result of integrating an intermolecular inter-
Free-energy averages are frequently employed to descritction which is proportional to an inverse power of the dis-
fluid-fluid interactions. A seminal example is the orientation-tancer as1/t" for the average interaction between a moleculc
independent or angle-averaged free energy of the dipolar irand a macroscopic solid of dimensionalttyesults in an in-
teractions which lead to the well known Keesom interac-teraction potential which varies 46"9. This dependence
tion2%:27 through an expansion and truncation of the expreswas already known to Newtdf in 1686 when he solved the
sion of the free-energy. It is interesting to note that the workproblem of determining the attractive force with which a cor-
of Keesom dates back to 1921, prior to the more rigorouspuscle is attracted by an infinite plane in two dimensions. At
statistical mechanical analysis of RushbrotkeThe use of  the beginning of the 19 century, numerous authdréocused
orientation-independent fluid-fluid potentials is possibly theon deriving expressions for the interactions of a gas molecule
most extended application of free-energy-averaged potential®yith a solid surface from more explicit molecular consider-
as an approach to link the free energy of the explicit systenations, attributed to polar and/or electrostatic effects. Lon-
to that of a system with fewer degrees of freedom. This typedon®® was the first to recognise and incorporate the impor-
of averaging is commonly employed to obtain the referencetance of the attractive dispersion interactions in 1930. Con-
system potential in the so-called Reference Average Mayersidering a dispersion potential between a gas molecule and &r
Function (RAM) perturbation theo®, as well as in other per- atom or molecule in the adsorbent given by a power law of
turbation theorie$29:3% The reader is referred to the excel- the -C/:®, Londorr® assumed that the distances between the
lent reviews given in refs 31-34. In the work of Zwan¥lg  adsorbent atoms were small compared with the distances b
which is recognised as one of the first attempts to develop &veen the gas molecule and the adsorbent atoms, obtaining &
perturbation theory for dense fluitfs the free-energy aver- average particle-surface interaction-¢fnC/er3 by integrating

age is expressed as a high-temperature expansion. The da¢er an infinite surface, witt being the number of adsor-
velopment of a perturbative free energy as a high-temperaturgent molecules per unit volume. For the (12-6) Lennard-Jon ¢
series had previously been shown by Peff in a study  (LJ) intermolecular interaction, the result of integrating over
devoted to the theory of diamagnetism, where much of the single-layer LJ solid is a (10-4) potential, and over a mul-
basis of modern perturbation theory is¥etFurther applica- tilayered solid is a (9-3) potential (an early reference to this
tions of perturbation theory to polar fluids are found, whereintegrated potential is given by Hil in 1948). It was shown
angle-averages about a non-polar reference system are agdiy Steele that the latter potential does not provide an accurat:
employed, wherein the effects of polarisability as well as per-approximation for a multilayered soffd, leading him to de-
manent dipole¥38-4%and higher multipole®4142are in-  velop the now ubiquitous (10-4-3) potenti&P?-53 Both, the
cluded as a perturbation. This body of work contributed to(9-3) and the (10-4-3) potential, are widely used in the mod-
the establishment of the general features of coarse-grained agHing of adsorption for flat surfaces, and analogous potentiais
erages of the free energy and their temperature dependencelinve been developed for spherical, cylindrical and other po.=
the form of a high-temperature series expansion. Free-energyeometries*>8 and to account for polar interactiots In
average potentials are also widely used to describe the effespite of their widespread use, these potentials are temperatu:c
tive interactions in colloidal, polymeric and biomolecular sys- independent, and, as will be shown in our current contribution
temg*3-46 are often not appropriate to describe adsorption at moderat=

In spite of the state of maturity in the application of free- and low temperatures.

energy averages within the field of bulk fluid interactions, toltis our purpose to explain in detail how effective free-energy-
our knowledge its extension to effective potentials for fluid- averaged potentials are obtained through an equality in the
surface interactions is generally overlooked. Effective fluid-corresponding Boltzmann factors. In his work with surfaces
surface potentials are typically obtained through a simplet low temperature, Abrahaffi noted that a (10-4) potential
sum of the pair interactiom;j of the fluid particlei with was a poor effective potential for the (100) structured surfac:..
each wall atomj, i.e., the particle-wall energy) = 3 ; ui He suggested that the probability that a single atom interactiny
is averaged over a number of configurations (see for examwith a given wall is at a given positiofx,y, z) is proportional

ple refs. 26,47,48). This effective potential, which we de-to exp-U(x¥2/ksT), whereU (X,Y, z) is the interaction energy
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at that position, and a “Boltzmann-weighted” effective inter-2 Methodology

actionw(z) based on a structureless integration of the potential

over a surface was proposéd: 2.1 Free energy mapping of explicit and continuum de-

1 scriptions of the fluid-solid interaction

exp(—pw(z) = = | exp[-BU(xy.2]day. (1) R
A Jay Considering a single fluid particle interacting with a solid, an

expression for the effective free-energy-averaged potential carn

be obtained by mapping a coarse-grained continuum-wall reg

resentation of the system to the atomistic discrete descriptior .

his mapping is done by equating the partition function fo.

where a, is the area of the unit cell of the solid surface,
B = 1k T andkg is Boltzmann’s constant. As will be shown
later in our contribution, in the formal procedure of obtain-
ing free-energy-averaged potentials, the integration (or su . . . .
is not restricted to one unit cell of the solid but to the entire oth levels of resolution at a certain fluid-wall or, equivalently;

volume (or area, in the case of a single surface monolaye uid-surface distance. ) ) ) .
within which fluid and solid particles interact. f we assume that the discrete solid consistdvbparticles,

It should be noted that these free-energy averages are differeff}€ canonical partition function of this system consisting of a
to canonical (or confusingly named Boltzmann) averages single fluid particle in the vicinity of the surface of such a solid
as discussed elsewhéf@961 The expression to obtain an S given by

effective potential describing the interaction of a fluid particle

. ) - : . M
with a solid through a canonical average oMeronfigurations — F(TE(T /dr /drM ex ( U(rs Jf)) 3
_ YiLUexp(-pu) (2) WhereFy(T) and /(T) are functions of temperature repre-
zﬁ‘zlexp(—ﬁu) ' senting the kinetic degrees of freedom (corresponding to d >

) _ ‘Broglie-like volumes) of the solid and fluid particles, respec-
This potential does not, however, ensure that the partiyyely, andU is the total intermolecular potential. We can de-

tion function, and thereby the free energy, of the effectivefine 3 new distanceys relative to the position of the fluid par-
coarse-grained system is identical to that of the explicit sysyicle (see Figure 1):

tem. Canonical averages have also been suggested for angle-

averaged potentials to describe the interaction between guest

and host molecules in gas hydzra"i@% although, as com-

:?geonrffs?gsgi%:ttizgé coworkeis?, the approach lacks of a a_n'd integrate out the explicit dependence of the particle’s pu-
. sition so that

Here, we demonstrate that a free-energy-averaged potential is

essential to describe adsorption on the surface of very hetero- u(rM)

geneous solids at low and moderate temperature in an appro- Q= Fs(T)RK(T)V; /drf“_é' exp( — kB_fI-f' ), (5)

priate manner. We will not assume structureless solids, cal-

culating the effective potentials by accounting for the pair in-

teractions of a fluid particle with every particle of the solid

arranged in a given ordered lattice.

Our manuscript is arranged as follows: The procedure em-

ployed to map the explicit with continuum descriptions of the

solid through the appropriate free energy averages is given in YA

the next section. For this a structureless solid is considered !

s = TFs—Ig (4)

whereV; is the volume accessible to the fluid particle. If the
solid wall is at a distanc® from the fluid molecule we can

first, and so the methodology will be based on integrations Fluid |
over the solid. This allows one to establish a link between ="
the effective potentials obtained and those typically used such ¥

as the (9-3) potential. The development of the effective free-
energy surface potentials is then explained in detail for solids
with a given structure. A comparison of the use of these free-
energy-averaged potentials with other effective potentials is
then made to assess their adequacy in describing surface ag. 1 Schematic of the relative positions between an adsorbed fluiu
sorption on different solid lattices based on Grand Canonicamnolecule and a given particle in the solid. The surface of the solid i=
Monte Carlo simulation results. represented at a distanze- D.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-19 |3



Physical Chemistry Chemical Physics Page 4 of 19

The mapping between explicit and coarse-grained potential=

XA follows by equating the free energy, or equivalently, the parti-
Fuidg R, M 5 tion function of both systems [Egs. (6) and (10)]
” z
r
. Solid wall Qce(D) = Q(D), (11)
L z=D

. , . i _whereby we have
Fig. 2 Schematic of the relative positions between an adsorbed fluuyv y
molecule and a continuum solid surface or wall which is represented

at a distance = D. o o )
w(D + + +
exp( ) =Rl [ ot [ ot [ ot
B —00 —00 D
express the partition function Btas follows x exp(—BU (X2, Yis, 22)) - (12)

Q(D) =Rs(T)R(T)™ N : : .
To simplify the expression, the inverse temperature is ex:
/ des/ dy]'?g'/ dz! exp( xfs,yf“ﬁ,z?")) pressed a¥/(ksT) = 3. One can continue by expanding the ex-
ksT ponential (exfx) = 57 ,¥/it) on the right-hand side of Equa-
(6)  tion (12) as follows

where the distance normal to the surface is represented by the

z axis. From the partition function, the Helmholtz free energy w(D) (T +°°d M +°°dy'\" T dz}"'
A (or more strictly a Landau free energy, e.g., see ref. 63) can B =Fs( / s / fs / s

be obtained as [32

A(D) = —ksTInQ(D) ™ x[L=PUe) + 5 U + (U]

=— n .
° (13)
If on the other hand we consider a coarse-grained system rep-
resented by a continuum wall again normal to #arection ) o . )
(see Figure 2), the partition function of this system is de-ASSUMINg pairwise additive potentials,
scribed by
w(r, ) i
Qce=R(T /dr /dzw exp( T ) (8) Izlu I'fs;) (14)

wherew is the coarse-grained fluid-surface potential of the
particle with the wall. If, as before, distances are expressed
relative to the fluid particleRy), the surface potential will
then only depend on the perpendicular distance to the plane

we have

Rw=2) exp (— Wkg')) =F(T)
w(Z)
Qcc = Ff(T)Vf/dZexp< — ) 9) +oo oo oo M
ke T x {VSM—B /_ ! /_ e /D ! 3 ulrs)
On considering an infinitely thin wall for a fluid-wall distance 2 teo oo oM M':
of Z = D, the only position at whichv(Z) will take a value _Ji/ dx}‘g/ ay / dz! leu(rfsi)ums')
different from zero will beZ = D. The sharp dependence with 2 /oo —o /D i=1/=1 :

Z can be then represented in terms of a delta function, so that
+ﬁ(u3)] : (15)
o w(Z
QD) = RV [ dzexp( - 2)5z-D)
0 kgT
w(D) whereVs is the volume occupied by the solid. The expressio:
= R(MW exp( ~ kgT ) (10) can be further approximated by considering a solid of uniform

4| Journal Name, 2010, [vol] 1-19 This journal is © The Royal Society of Chemistry [year]



Page 5 of 19

Physical Chemistry Chemical Physics

densityps = M/vs, so that one can write

eXD(— Vﬁg)) =Fy(T) {st —BMVM

00

+00 r+00
X deSl desl D dzf51 u ( rfsl )

2
+%MVSM‘1

00 +00 00 5
X|: deSl/ dyfsl D deS]_u

dny]_ D de S1

(rtsy)

dﬁ&

/ dxs, / dyss, s deszu(rfsl)u(rfsz)}
ro) . (15)

or, by rearranging the expression,

exp (— vzé[_;)) = F5(T)VM

{1 Bps / dxss, / dyss, 5 dzfslu(rfsl)
ﬁZ

|:/ dxfsl / desl D dzfsl Uz(rfsl)
M —

desl

dny]_ D dzfsl
/ s, / s, | dzstu<rfsl>u<rf52>}
+ﬁ(u3)}. 17)

and
+o00 —+o00 +o00 2
(u > ps|: de51 dyfsl dzfsl U(rfsl)
M—-1 p+® o
+ deS]_ dnyj_ deSj_
s —0o0 -
+00 +o00 —+o0
X dxss, dyrs, s deSZU(rfsl)U(rfsz)] :

(20)

The logarithm of both sides of Equation (18) can then be
taken and the right-hand side can be expanded(@stm) =
S 1"/ to obtain

WD) = — 5 I [FTNMY] +(U) - & (U2 — U7 + o(U°)
@y

It should be noted at this point that the kinetic term represente 1
by the product ofs(T)VM is solely a function of temperature
for an incompressible substrate and as such does not affect
the position of phase equilibria for a system in thermal equi-
librium; furthermore this temperature-dependent ideal contri-
bution can be neglected altogether if the degrees of freedon:
of the particles in the solid are restricted. Equation (21) car
be interpreted as the high-temperature series expansion of th=
expression for the free-energy-averaged potential, represented
by Equation (12); the latter can be rewritten for the sake c:
comparison as

1 vy 1

w(D) = 5 In[Fs(T)Vs"| — 5 In{exp(—BU)). (22)

Even at moderate temperatures, truncation of the expansion
in Equation (21) at the first term is expected to be a poor ap-
proximation of the entire series. This can be seen in Figure 2,
where the free-energy-averaged (referred to as FEA hereafte-
potential is compared at different levels of truncation of the
expansion. The first term of the series, which represents an vn-
weighted average of the configurational energy (UA1), clearly

For convenience Equation (17) can be given in compact fornprovides a qualitative description of the full FEA potential,
in terms of the average of the configurational energy and theut fails to reproduce the details at short distances, where pre-

square of the energy as

w(D)\ M B2 3
exp( o) = ROM! 1= pwy+ Gt 0w
(18)
where
oo +oo +o0
U) = ps - dxfs, . dyrs, o dzs, U(rss,), (19)

sumably the roughness of the surface potential plays an im-
portant role. The incorporation of the second-order correc:
tion (UA2) over-corrects the interaction (with a divergence to
negative values close to the surface), while truncating afte-
third-order (UA3) improves the description of the potential
minimum, albeit at expenses of increasing the deviation foi
distances close to the surface. This analysis is carried out hv
direct simulation of Lennard-Jones (12-6) fluid particles in th-.
vicinity of a solid of identical Lennard-Jones (12-6) particles
as will be described in the next sections. At high temperaturcc
the higher-order terms in the expansion can be neglected, ar ¢

This journal is © The Royal Society of Chemistry [year]
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4 . Here the angular integration in the plane of the surface has
sl . “e been carried out as the solid is assumed to be homogeneous.
. The result of integrating over the radial direction is given by
0 = 4 +o0 1 R=co
n 1@ A —
u) = £0 / dz
LAFY S Y Y= e, [(A —2)(R+2) A2 ¢
i onea? [ d 1 26
4 | . = eo z—— .
4 AAAA pS /D ()\ — 2)2()\72) ( )
6 r & We refer to this intermediate integration of the inter-
¢ molecular potential as the angular radial avergge A) =

-8

0.7 0.9 11 13 2mea? /(A —2)24-2). Equation (26) for the average potential en-

D* ergy can then be expressed as
+o00
Fig. 3 Effective quid-sm_Jrface potential i_n reduced units (U) = ps dzo(z, ). (27)
(w* =w/&g) as a function of reduced distance to the surface D
(D" =D/oy) at atemperaturg” = kgT/e = 1. An LJ fluid-solid In the case of a solid consisting of a single uniform layer, the

interparticle interaction is considered between an LJ fluid particle
and a solid of identical LJ particlesi = 0ss= 0t and

& = Ess= &) With an exposed (111) surface. The black squares
represent the corresponding effective FEA potential [i.e., +oo

considering the average of the Boltzmann factor; Equation (22) (U =ps 5 dzg(z,A)6(z—D), (28)
without the ideal kinetic contribution of the solid]. The colour o ) .
symbols correspond to different truncations of the high-temperaturewhere the subscript | indicates a single layer, and the subinde>
expansion [Equation (21)] of the free-energy average expression. & iNnps, has been added to indicate that the solid density is nov:
The yellow triangles correspond to the leading-order term (UA1  an area or surface density. This leads to

potential), the orange diamonds correspond to a truncation after the

second-order term (UA2) and the blue circles correspond to a (U) = ps0(D,A), (29)
truncation after third-order term (UA3).

final integration over the normal direction would be equivalent
to the incorporation of a delta function in Equation (27):

or
1 o\ 2

so the fluid-surface potential will be well represented by the Uy = 2npsa5027 () . (30)

first term in the expansiom(~ (U)). We will now focus on (A-2)\D

this first-order term. Note that Equation (19) can be seen as & is then easy to show the expression for a generalised

“sum” of the interactions between the fluid particle with all the Lennard-Jonesi¢-A,) potential, also known as a Mie poten-

particles in the solid body (whemdxss, dyrs, dzs, is the num-  tial®®7% which has the form of a sum of Sutherland terms,

ber of solid particles in a differential volumexg| dyts,dzs,).  one accounting for the repulsive and the other for the attrac-

The explicit integration ofU) has been shown before (for ex- tive contributions:

ample by Israelachvifi® and many others) but is derived here

A A
for completeness. For an isotropic intermolecular potential, it Unie(r) = Ce KU> T (U) T 7 (31)
is convenient to use cylindrical polar coordinates, which trans- r r
forms Equation (19) to where the constant
+00 +00 2 Aa__
U= ps / dz / dRR / dou(VRE+2) (23) A A\
D 0 0 C=s—3 (32)
afrfBpotential, given b P
As an example we take the Sutherl , . . :
P P 9 y ensures that the potential minimum is-a¢, andA, andA; are
Nee a A (24) the repulsive and attractive exponent, respectively. A com:
Us(r) = r)’ prehensive historical overview of the Mie potential is given
. 71 . . . .
where g is the interparticle diameteg is the energy well- |fn Ref.’~. For this potential, Equation (30) has the following
depth and\ is the range of the intermolecular interaction, and orm
use it to perform the integration of Equation (23) so that 1 o\ M2 1 o\ A2
, (U)) = 2mps,Cea? = - (= .
Uy = 2n/+mdz T iRre—2 (25) (Ar=2)\D (a—-2)\D
- AT 0 (RR422)A/2° (33)

6| Journal Name, 2010, [vol] 1-19 This journal is © The Royal Society of Chemistry [year]
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In the case of the ubiquitous Lennard-Jones (12-6) potentialother thark = 0), where those corresponding to thel®term

Equation (33) leads to the well-known (10-4) potential: were neglected and those corresponding tdxh&term were
10 4 integrated from a chosen distance to improve the accuracy cf
(U)) = 2mpe,£02 [2 (U> _ <0> } ' (34)  the full potential. One can interpfsuch an approach as an
S\D D approximate representation of the solid where the first laye:

If however, we consider the wall to be a semi-infinite contin- Of atoms (the surface) is taken as an infinitely thin wall of uni-
uum, we can perform the integration implicit in Equation (26) form surface density. _Th|s leads to a particle-wall potential of
for the Sutherland interaction, and such integration over théhe (10-4) form, as given by Equation (34). The rest of the

normal direction for an homogeneous solid denpifyields solid is integrated starting from a distana@ from the sur-
face, to represent a slab of uniform volumetric density. In thc

Z=00
) = 27Tpsso’\ [ -1 — dz} latter iptegratiqn the af[trac_:tive part of the pairwise pqtential C
A=2(A=-3)(2"3¥ ], p the fluid-solid interaction is assumed to be predominant as ic

co3 o\ A3 indeed the case for moderate to large distances; the repulsive

Zﬂpsm <D> (35)  part of the pair potentials active at short distances is neglectec.

This translates into an additional contribution to the integratec
As before, the development for the Mie interaction is straight-potential that is proportional D + aA)~3. The final expres-

forward, leading to sion is given by8:53
el (8) wamee2(2) () (e
. ' . A;_g 5\D D 3A(D + aA)3(39’)
“Gansle) | 59

In the particular case of a Lennard-Jones intermolecular povherea is an adjustable parametér set toa = 0.61. The

tential one obtains the well-known (9-3) potential productpsA is the area density of the surface. The Steele (1U-
9 3 4-3) potential has been extended to account for polar interac
(U) = 2mpse 0 {2 (0> 21 (0> ] 37) tions by Zhao and Johnsé?] and more recently to describe
45\ D 3\D pore-like geometries by Siderius and G&lb

In all of our expressiong ande represent the size and energy

parameters of the potential of interaction between the fluid and ,
the solid. 2.3 Free-energy averaging procedure

] Following Equation (12), an alternative route to the calcula-
2.2 The (10-4-3) Steele Potential tion of the effective FEA potential(D) is to obtain it directly
The most widely used potential to model adsorption onffom computer simulations of the explicit molecular system as
carbon-based materials is (by far) the (10-4-3) potential ofN €nsemble average:
Steelé®5253  Although it is generally applied only for
graphitic structures, in the original manuscript of St&@le

1 M
form of the potential was also suggested as appropriate to rep- w(D) = _E In <exp<— iZ\Bufsi (Xts; Vs Zsi )> > , (40)
resent the interactions of molecules with other solids involving -

fc lattices with exposed (111) and (100) surfaces. Stéele | 1ore distances are expressed relative to the fluid particle, su
observed that a fluid-surface potential based on sums of (10-4), 2t the minimum possible value af for anyi is D (zs >
potentials for the different basal planes of the solid was a betD, i.e.. D is the distance from the fiuid particle to thé solid
ter approximation than a fully integrated (9-3) potential. Theg 506y Pairwise additivity is assumed, and the degrees ot
expression for asum of integrated (10-4) potentials describing.ooqom of the solid particles in Equation (12) are neglected.
the interaction with solid planesparallel to the surface and |, yractice this is avoided in the simulations keeping the solic
spaced afl intervals is particles fixed in a lattice.

,2 T2/ o \¥ o \* We carry out the calculation of the effective fluid-solid poten-
(U) = 2mpseo ; [5 <D+kA> - <D+ kA> ] (38) tials by performing a simple Brute Force Monte Carlo simu
k= lation in the canonicalNV T) ensemble determining random
Steelé? obtained an approximation to this potential through positions of a single fluid particle relative to the explicit solic
a particular integration of the higher contributions in the sumlattice (corresponding to different valuesdf. The ensemble

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-19 |7
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average is then calculated as a sum 2.4 GCMC Simulation of Adsorption
1 1 Nent M To study the effect that the use of the different averag-
W(D)Z—Em N Z exp( — ZBUfsi (Xts» Yrsi Zsi) | | » ing procedures (and corresponding potentials) has on th:
cnf (=1 i= macroscopic adsorption isotherms we also employ the coarse-

(41)  grained interactions as input for GCMC simulations in the
UVT ensemble. The adsorption isotherms determined arc
whereNcns is the number of unique configurations consideredcompared with the results obtained from a detailed simula-
in the calculation of the FEA potential. tion in which all of the interactions are explicitly considered.
Averages are taken over at least 50 million configurations (i.e.A slit-like pore geometry is used to model the solid. Two solic'
Nent = 5 x 107), except for the less compact structures, forblocks (each of them comprising the number of layers afor:
which the number of configurations is increased to 100 millionmentioned) are considered, the surfaces of which are sepa-
(in the case of the (110) structure) and 5000 million (in therated by a distance (in thedirection) which is slightly larger
case of the (111) plane with defects). The relative positionshan twice the cutoff considered.(= 6.005); for the sepa-
to the surfacel) are discretised using a histogram with bins rations and fluid densities shown the pore geometry and re-
of size 0010y, where oy is the fluid particle diameter. At sulting “confinement” does not have an influence on the ad.
the same time the corresponding UA1 potentld) is also  sorption on a surface. The surface separation used for the a 1-
calculated, for the same positions: sorption in the fcc solids studied i = 13.00%, and that for
the adsorption on graphite and graphend is: 12.070%. All
1 Moot (M of these distances are measured relative to the centers of the
U(D)) = Nenf le i;“fsi (X5 Yisy Z1sy) | - (42)  utermost solid particles. Periodic boundary conditions arc
imposed in the othex(@andy) cartesian directions.

Boundary conditions are imposed both in thandy direc- The only realistic system considered in our current contribu-
tions and a cutoff of. = 60y is used for the range of the tion is methane adsorbed on graphite. This system is widely
interactions (the pair-potential is simply truncated at that dis-modelled using an LJ intermolecular potential and the Steele
tance, chosen to ensure that the value of the potential is afluid-surface potential, and limited comparisons have beer
most zero at that point). The size of the simulation box forpresented in the literature to evaluate the performance of ai-
the fcc solid is taken as 12 times the spacing between théermnative interaction potentiafé The parameters used are
atoms in bottx andy directions and a similar length in the taken directly from SteeR®: oy = 3.81A, & = 1481K,

z direction unless a monolayered solid surface is consideredss= 3-40A, &ss=28.0K, pss=0.114A~% andA = 0.335A.

for which z ~ 70%. In particu|ar, the dimensions for the box The unlike interaction parameters are calculated USing the
when considering an fcc solid with the (111) surface exposed-orentz-Berthelot combining rules, i.egs = (0t + 0ss)/2

are 120 x 12124x 12003 (multilayered solid of 7 layers); andéss = (&r&ss)/% In all the GCMC simulations the solid-
for the box with an fcc solid with the (100) surface exposedsolid interparticle interactions are neglected.

are 120 x 120 x 12003 (multilayered solid of 9 layers), and The GCMC simulations are carried out starting with an empty
for the box with an fcc solid with the (110) surface exposedpore which is filled until equilibrium is attained, using a stan-
are 120 x 16.971x 12008 (multilayered solid of 12 lay- dard procedur# 7472 For each Monte Carlo cycle, both the
ers). In the case of graphite the dimensions of the box ardisplacement of a randomly chosen fluid molecule and a ran-
46.731 x 46.86 x 40.0A3 (solid consisting of 5 layers). The dom creation/destruction of a fluid molecule are attempte!'
numerical values obtained for these potentials are tabulated ifystems are left to equilibrate for at least 2 million cycles (up
the supplementary material. to 5 million are sometimes needed at the conditions of max:
In order to provide a closed-analytical intermolecular potenimum coverage studied) and averages are typically taken fer
tial function the resulting discrete values are also correlate@ver a further 3 million cycles. Block averages are taken ev-
by using the generic Mie forncf. Equation (31)]. The corre- €ry 10000 cycles. These block averages are used to compute
sponding Mie parameters for each of the systems studied agfandard deviations to calculate the uncertainties.

collected in Table 1. When the surface is less compact, such the GCMC simulations the temperature and the actifity

as the solids exposing (100) and (110) structures or with dedirectly related to the chemical potential, are specified. Sim-
fects on the (111) surface layer, the Mie form does not lead tallations are also performed for bulk fluids that would hypo-
a satisfactory representation of the actual discrete potential. Ithetically be in equilibrium with the adsorbed fluid (i.e., these
such cases one can use the numerical values obtained from thee performed at the same temperature and activity) so that tiic
simulations, and use linear interpolation to evaluate the poterdensity of the bulk fluid can be calculated as a simple averagc.
tial. This density is then used to determine the pressure at a giver.

8| Journal Name, 2010, [vol] 1-19 This journal is © The Royal Society of Chemistry [year]
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temperature through the equation of state of Johmsan.’’

for Lennard-Jones fluids. 100

-300

3 Results and discussion w/ (kg K)
-700 |

3.1 Adsorption of Methane on Graphene and Graphite

. . . -1100
We start our analysis by studying the adsorption of methane on

carbon surfaces. The choice of the system is made to assess
S ) . . -1500
both the adequacy of considering the solid as a continuous dis- 1.0 35 40 45 50
tribution of atoms as well as the FEA potentials. The solid is D/A
first taken as graphene; as we mentioned in the previous sec- fective fluid-surt a function of di
tion we employ the specific interaction parameters of SiSele 9 S Effective fluid-surface potentia¥ as a function of distance to
S . . .. the surfac for the adsorption of a methane molecule on graphite.
for methane on graphene in this case. For a solid consisting . ) . .
. . . . he intermolecular potential used for the explicit interactions
a single layer of graphene, the integration of an mtermolecuIaB

. - . etween the fluid-solid particles of this system is the original LJ
potential based on LJ interactions over such a surface leads [, ameterization of Steeld: oy — 3.81A, g5 — 1481K

a (10-4) potential, as discussed earl@r,Equation (34). The 4. — 3.40A andess= 28.0K, with Lorentz-Berthelot combining
corresponding (10-4) potential is compared to the effective porules for the fluid-solid interaction parameters. The symbols

tential obtained after summation of pair potentials between @orrespond to an effective FEA potential (blue squares) at a

fluid particle and every particle that forms the solid [i.e., thetemperaturd = 118K and an effective UA1 potential (red

UAL1 potential,cf. Equation (42)]. This comparison is plotted triangles). The solid curve is the corresponding (10-4-3) potential.

in Figure 4, where it can be seen that both descriptions agre'g_ﬂe dashed curve is the corresponding (9-3) poter_ltial. An amplified
quantitatively. As discussed earlier, these descriptions correZ€W of the potential close to the wall can be seen in the inset.

spond to the use of only the leading-order term in the high-

temperature expansion of the expression for the FEA poten-

tial. In order to assess the effect of temperature, the FEA poatures in Figure 4, chosen to he= 59K (which in the case of
tential [cf. Equation (41)] is depicted at relatively low temper- the interaction potential parameters of methane corresponds o
T*=Tkg/&s = 0.4) andT = 118K (T* ~ 0.8). Temperatures

of T* =~ 0.4 are below the triple point for Lennard-Jones flu-
ids’872 the behaviour of methane on carbon surfaces presents
interesting phenomena at these low temperafidrfés In spite

of this, negligible differences are observed between the free-
energy average potential and the leading-order term even a:
such low temperature. The GCMC simulations (not shown)
also confirm that both the FEA potential and the UA1 po-
tential lead to the same adsorption isotherms of methane o
graphene; the adsorption isotherms obtained using a discre*c
description of the solid are also found to be essentially indis-
-1300 tinguishable from those obtained with the coarse-grained po-

3.0 3.5 4.0 4.5 5.0 :
D/A tentials.

) ) ) ) ) ) Ifinstead one considers a graphitic structure (a multi-layer car-
Fig. 4 Effective fde-surface_ potential as a function of distance to bon), the corresponding coarse-grained integration obtained
the surfaceD for the adsorption of a methane molecule on grapheneleading—order considering it is a homogeneous material will

The intermolecular potential used for the explicit interactions . . .
between the fluid-solid particles of this system is the original LJ lead to a (9-3) potentiakf. Equation (37)]. In Figure 5 we

300

-100

w /| (kg K)
-500

-900

parameterization of Steeld: oy — 3.81A, & — 1481K compare the corresponding (9-3) integrated potential with di-
Oss= 3.40A andess= 280K, with Lorentz-Berthelot combining rect summation of the pair potentials of a methane molecule
rules for the fluid-solid interaction parameters. The symbols with every carbon atom in the solid. The integration over the
correspond to an effective FEA potential at a temperafuse59K parallel layers in the structure of graphite, leading to the (9-3\

(green circles) an@ = 118K (blue squares), and an effective UA1  potential, does not even provide a qualitative description. Th's
potential (red triangles). The continuous curve is the correspondingresult is not new as it was already noted by Steetnd lead
(10-4) potential. An amplified view of the potential close to the wall to the development of the (10-4-3) potential. In Figure 5 wc
can be seen in the inset. also plot the FEA potential at a temperatureTof= 118 K.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-19 |9
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Fig. 6 Density of adsorbed met_hane per unit area versus pressure ia'—tig. 7 Schematic comparing the packing in the hexagonal basal
a temperaturé’=1.1.8 .K on grgphlte. The |ntermolgculqr potential planes of graphite (or graphene), as well as the (111), (100) and
used for the explicit interactions between the fluid-fluid and (110) crystallographic planes studied in this work. The particles are

fluid-solid part_icles fo;th‘igg ysteT 3iS8TAe origifall 4"; 1K depicted at the relative positions (top plots) and with the equivalent
parameterization of Steeté: oy = 3. : Eff = o diameters (bottom plots) used in the simulations.
Oss= 3.40A andé&gs= 28.0K, with Lorentz-Berthelot combining

rules for the fluid-solid interaction parameters. The symbols
correspond to the results from GCMC simulations for the discrete

solid (yellow diamonds), for a fluid-wall interaction represented by . o . .
the effective FEA potential (blue squares), for a fluid-wall the size of a methane molecule (38¢is relatively large in

interaction represented by the effective UAL potential (red trianglescOMParison. As a result, the molecule does not feel the het-
and for a fluid-wall interaction represented by the (10-4-3) Steele €rogeneity of the surface which is presumably the main reason
potential (green circles). The dashed line (to the right of the for the similarity between the different averaging scenarios.
diagram) is the corresponding saturation pressure of the bulk fluid at

this temperature. An amplified view of the low-pressure area can b
seen in the inset.

face layers are tightly packedf( Figure 7). Furthermore,

3.2 Effect of surface layer corrugation

The adequacy of the various coarse-graining methodologies

in describing the effects of the geometric surface heteroger ~
As before, we can see that the FEA potential differs onlyity on adsorption is studied in this section for simple mode!
slightly from the leading-order term descriptions of the ex-systems. An LJ adsorbent fluid interacting with an LJ multi-
pansion. One observes the most important deviations close {ayered solid adsorbate of otherwise identical partictas=£
the surface of the solid, a region of relevance to the adsorptions,s = o;s andey = £ss = &) arranged in the form of a closed-
In practice, the various coarse-graining approaches provide gsacked fcc structurepfo® = v/2) is considered. Three dif-
equivalent representation of the adsorption in this case, as coferent possible orientations are selected for the solid, so the:
firmed in the calculation of the adsorption isotherms, shownhe face exposed to the fluid is based on the (111), (100), c*
in Figure 6. The shape of the adsorption isotherm conform$110) lattice plane (see Figure 7). It is apparent (and perhags
to the sigmoid isotherm corresponding to type Il in the BET rather striking) how rough these surfaces are as compared to
classificatio?. At low vapour pressures the density of the the hexagonal base plane of graphitic carbon. Higher devic.
adsorbed fluid raises at a considerable rate, which indicategons between a simple unweighted average of pair-potentiz!
that the adsorbate-adsorbent interaction is dominant with resyms and a free-energy averaged potential are to be expect=d
spect to the forces between the adsorbate molecules. At pregt low temperature for these faces of the fcc structure. We
sures close to the vapour pressure of the bulk fluid, the densitytart with the case in which the solid face is based on a sin-
of adsorbed fluid increases steeply towards the correspondir@e surface monolayer. A comparison between these effec
density of the bulk phase, which is an artifact of the confine+ive potentials can be seen in Figure 8 at a reduced temper-
ment geometry. As seen the different effective potentials als@yre of the Lennard-Jones fluid ®f = 1 for the three differ-
provide a good description of the adsorption when compareént monolayer solids considered. One can see from Figure 2
with the exact result obtained by calculating the solid-fluid po-that in all three cases the adsorption isotherms observed car-
tential explicitly f. Figure 6). responds to Type If2. The fluid adsorbed per unit area in-
In the honeycomb lattices that form the layers of graphitic carcreases with pressure until the vapour pressure of the fluid ac
bons the space between adjacent carbons is onlyAl.AQ the corresponding temperature is reached (which is the sai.
compared to the characteristic diameter,/8,ence the sur-  ration value). At low pressure the amount adsorbed is negli

10| Journal Name, 2010, [vol], 1-19 This journal is © The Royal Society of Chemistry [year]
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gible; it increases suddenly at pressures near saturation, givaolecules over the adsorbate-adsorbent interaction. It is see=
ing an indication of the dominant forces between adsorbat¢éhat a consideration of the FEA potential leads to softer ef-
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Fig. 8 Effective fluid-surface potentials in reduced units

(w* = w/¢&;t) as a function of reduced distance to the surface

(D* =D/og). An LJ fluid-solid interparticle interaction is
considered between an LJ adsorbent fluid particle and a single
monolayer solid adsorbate surface of identical LJ particles

(0% = 0ss= Ot andeg = €ss= &) With (a) (111), (b) (100) and (c)
(110) geometries. The blue squares represent the corresponding
effective FEA potential at a temperaturé = kgT /& = 1 and the
red triangles the corresponding effective UA1 potential.

fective potentials, compared to the simple unweighted energ:*
average, with an attractive range spanning to distances clos r
to the wall. This softening of the potential is strongly depen-
dent on the corrugation of the surface and indicates that th~
averaging technique is taking into account the effect of the
fluid particles exploring the gaps of the surface at low tem-
perature. This effect is not captured when one considers onl s
an unweighted average of the configurational energy (eith_:
based on sums or integration). Although for the sake of cla.
ity this has been omitted from Figure 8, an integration over
the structureless surface (i.e., the (10-4) potential) provides
essentially the same description as the unweighted average cf
the pair-potential sums for all three surface geometries. Com-
paring the deviations between the effective potentials for the
different solid orientations we can see that in general the FE/£
fluid-surface potential deviates more from the (10-4) potentia!
as the surface structure becomes less dense.

The deviation between these effective potentials is further as-
sessed in the description of an adsorption isotherii*at 1

of an LJ adsorbent fluid on an LJ monolayer solid adsor-
bate. These are compared in Figure 9 with the correspondiny
isotherm obtained for a discrete description of the solid. In
the case of a (111) solid monolayer [Figure 9(a)], both FEA
and UA1 potentials provide a good approximation of the ad-
sorption obtained with the discrete description, the deviatior.
falling within (or close to) the standard deviation of the simu-
lation results. The use of an UAL potential appears to result ..
a systematic underprediction of the density of adsorbed fluic
particles at this temperature, which is a direct consequence «f
the shorter attractive range with the wall. The underestima-
tion of the density of adsorbed fluid particles resulting from
the use of the temperature-independent unweighted average s
more pronounced in the case of the (100) and (110) mono-
layer solids [Figure 9(b) and (c)], as would be expected or
the basis of the increased softness of the free-energy averajeu
potential at shorter distances compared to the unweighted po-
tential. The use of a free-energy averaged potential is clearly
a requirement in the case of the (110) surface, the most corrt -
gated of all the surfaces we have studied.

In the case of a solid formed from multiple layers in an fcc
structure, the trends in results obtained are very similar anu
to avoid redundancy we limit the discussion to a comparisor.
of the two effective potentials used to model an fcc solid with
an exposed (110) surface, depicted in Figure 10 at a reducad
temperature off * = 1. The corresponding results for the ad-
sorption isotherms obtained from the GCMC simulations arc
given in Figure 11.

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 Reduced density of adsorbed LJ fluid per unit area

(P = paaf%) versus reduced pressurg (= po3/g;) at reduced
temperaturd * = kgT /& = 1. An LJ adsorbent fluid interacting
with a single monolayer solid adsorbate surface of identical LJ
particles Ox = 0ss= Ois andeg = £ss= &) With (a) (111), (b)
(100) and (c) (110) geometries is considered. The symbols

correspond to the results from GCMC simulations for the discrete (pa

solid description (yellow diamonds), for a fluid-wall interaction

represented by the corresponding effective FEA potential (blue

squares) and for a fluid-wall interaction represented by the

temperature.

3.3 Heterogeneous surfaces

The coarse graining of potentials is of course most usefu}

geneities. Solids of practical interest invariably contain these
types of heterogeneities and the assumption of a perfect crvs-
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Fig. 10Effective fluid-surface potentials in reduced units

(w* =w/&g¢) as a function of reduced distance to the surface

(D* = D/of). An LJ fluid-solid interparticle interaction is

considered between an LJ adsorbent fluid particle and an fcc solid
adsorbate of identical LJ particlesy = gss= 0¢s and

& = Ess= &) €Xposing a (110) surface. The blue squares represen:
the corresponding effective FEA potential at a temperature

T* =kgT /et = 1 and the red triangles the corresponding effective

UAL1 potential.
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Fig. 11Reduced density of adsorbed LJ fluid per unit area

= paaf%) versus reduced pressung (= po3/&;) at reduced

temperaturd * = kgT /& = 1. An LJ adsorbent fluid interacting
with an fcc solid adsorbate of identical LJ particles & 0ss= Ots
andeg = £ss= &) exposing a (110) surface is considered. The

corresponding effective UAL potential (red triangles). The dashed symbols correspond to the results from GCMC simulations for the

line is the corresponding saturation pressure of the bulk fluid at this discrete solid description (yellow diamonds), for a fluid-wall
interaction represented by the corresponding FEA potential (blue

squares) and for a fluid-wall interaction represented by the
corresponding UAL potential (red triangles). The dashed line is the
corresponding saturation pressure of the bulk fluid at this

n the inset.

for surfaces that possess either structural or energetic hetero-

emperature. An amplified view of the low pressure area can be se~n
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in Figure 12. The changes in the shape of the fluid-surface
potential caused by the addition of this apparently small het-
erogeneity are shown in Figure 13, where the potential is com
pared to that of the perfect crystalline solid (without defects).
It can be seen that the introduction of even a small defect con-
centration leads to a marked influence on the effective FEA
potential. This potential now presents a second minimum at
very short range. If the free-energy expansion of the poten
tial is truncated at first order it can be seen that the vacanc/
has a negligible effect on the shape of the potential, indicatir. :
that at high temperature the fluid particles do not sample tl.c
defect on the surface to any discernible degree. The inclusi~”
of further defects produces an increase in the depth of the firs.
minimum while decreasing that of the second.

Fig. 12Representation of the solid with a vacancy on a (111)

surface. The LJ surface particles are represented by the blue Both average free-energy and unweighted-configurational:
coloured spheres; the particles in grey represent identical LJ energy potentials are used to determine adsorption isothermis
particles below the first layer of the solid. and the results are compared to those obtained for the discre:c

solid in Figure 14. At low pressure the adsorption obtained
with the FEA potential agrees fairly well with that obtained
talline structure may be a gross oversimplificaffdnThe ac-  Using the explicit atomic description, while the potential baser!
curacy of the effective potentials is first assessed in the stud9n the leading-order truncation is seen to lead to an underes-
of a solid with a (111) surface containing a single defect withintimation of the amount of fluid adsorbed. At higher pressure
the simulation box. The surface studied thus corresponds to ROsitions closer to the wall are favoured in the case of the sys-
vacancy per 168 particles of the original surface, as showiem with the FEA potential. The latter implicitly takes into ac-
count the energetic bias of a particle being close to the vacancy
compared to being at other positions. The result is a slight
2 \ overestimation of the density of adsorbed fluid at pressures

close to saturation, in comparison to the results obtained wiu.
the explicit description of the solid. This is of course a direc"
0 ‘ ‘ consequence of the way the free-energy average is computed,
\J & taking into account only the Henry’s low-density limit, i.e., the
% interaction of a single fluid particle with the wall. Fluid-fluid
interactions are assumed to be independent of the adsorptior.

while for filled pores or densely packed surface layers clearly
4 o cooperative effects will come into pl&:

Finally we study the case of a solid with chemical periodici-
ties on its surface represented by heterogeneous energetics. i
0.1 05 0.9 13 particular we consider a surface with alternating strips of soli-
D* particles characterised by different interaction energigs:
(i.e., identical to that of the fluid and the rest of the solid par-
ticles) in one stripe and 2 £55in the other stripe; all the other
fluid-solid interactions are otherwise identical, and Lorentz-
considered between an LJ adsorbent fluid particle and an fcc solid Berthelqt combining rules are_ used to obtain _the ﬂwd_SOH,q,
adsorbate of identical LJ particlesi = dss— O and mFeracUon parameters. For this study we examine an fc_c solic
£ — £ss— &) €xposing a (111) surface with a single vacancy. The with a (11.0) ;urface. The arrangement' of the strlpes is rep
solid symbols represent the corresponding effective FEA potential eSented in Figure 15. The coarse-grained potentials for the
(blue squares) at a temperatdie= kg T /gt = 1 and the fluid-solid interaction are plotted in Figure 16. As expected,
corresponding effective UA1 potential (red triangles). For purposes adding these energetic heterogeneities on the surface restits
of comparison the open symbols correspond to the effective FEA in overall potentials with a deeper minimum, compared to th 2
potential (diamonds) at a temperatdie=kgT /& = 1 and the perfectly homogeneous surfaces. We can also see that the -
effective UA1 potential (circles) for the case of a perfect crystalline crease in the depth of the potential is more pronounced in ti.c
solid exposing a (111) surface. case of the FEA potential, compared to the simple UAL.

Fig. 13Effective fluid-surface potentials in reduced units
(w* =w/&g¢) as a function of reduced distance to the surface
(D* = D/of). An LJ fluid-solid interparticle interaction is

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-19 | 13
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The performance of these effective potentials is compared in
the computation of an adsorption isotherm in Figure 17. We
can see that in spite of incorporating a large range of chemical
heterogeneity, the FEA potential provides a good represen-
tation of the adsorption isotherm determined with a explicit

atomistic description, while the use of a simple UA1 potential

leads to a considerable underprediction of the adsorbed fluid
density.
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. 3 i solid (represented in grey to emphasise the surface) are identical to
Pa ! those of the fluid ¢ = 0ss= 0js andex = £ss= &), and identical
27 % ! to the blue spheres, whereas the interaction parameters
; : characterising the yellow spheres akg and 2x &ss (and therefore
1r 8 i Ots = Ossandérs = v/2 X Esg).
0 o g 2 :
0.0004 0.0040 0.0400 4 Conc|usi0ns
p *
®)4.00 o Obtaining realistic effective fluid-surface potentials is an es-
l sential step in the development of theories of adsorption ¢n
g 2 solid substrates. Fluid-surface potentials are commonly de-
g | veloped based on unweighted averages of the sum of thc
Pa 8 i intermolecular potential of a fluid molecule with the atoms
040 1 4 ' that constitute the solid. Assuming that the solid is homoge-
| g g
B neous and the pairwise interactions follow a Lennard-Jone
4 ! (12-6) model, this leads to integrated potentials such as th-
o commonly used (9-3) and (10-4) formulations. As an al-
0.04 A . ternative, we provide a detailed analysis of the use of free
0.0004 0.0040 0.0400 energy-averaged (FEA) potentials to study surface adsorption.
p* The expression to obtain these potentials is developed he:~
and the resulting forms are compared to the potentials based
Fig. 14Reduced density of adsorbed LJ fluid per unit area on unweighted-averages of the configurational energy (UA1)
(04 = pa0f;) versus reduced pressug (= po /&) at reduced The latter are shown to be equivalent to the leading-order term

temperaturd * = kgT /& = 1. An LJ adsorbent fluid interacting
with an fcc solid adsorbate of identical LJ particleg & 0ss= Ot
andeg = £ss= &) exposing a (111) surface with a vacancy is

in the high-temperature expansion represented by the FEA pc-
tential. An examination of the FEA potential makes clear that
considered. The difference between figures (a) and (b) is the the effective coarse-grained fluid-surface potentials should b2

logarithmic scale in densities. The symbols correspond to the resu”gemperatur_e dependent, while this temperature erendenge ~
from GCMC simulations for a discrete solid description (yellow neglected if the (10-4), (9-3) or (10-4-3) potentials or their
diamonds), for a fluid-wall interaction represented by the equivalents are used. Both types of averages (weighted ar.a
corresponding FEA potential (blue squares) and for a fluid-wall unweighted) converge to the same interaction at high tempe -
interaction represented by the corresponding UA1 potential (red  atures, where the intricate details of the surface are smearcu
triangles). The dashed line is the corresponding saturation pressureput.

of the bulk fluid at this temperature. We have evaluated the use of both UA1 and FEA potentialc
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for various types of fluid-solid interactions and we have used @ > i
them to describe adsorption isotherms by undertaking GCMC 8
simulations. In particular we have studied the interaction and 4 |
adsorption of methane on graphene and graphite, as well as the
corresponding behaviour of the prototypical LJ fluid adsorbent 30 l
on different faces of fcc LJ solids adsorbates. The FEA poten- P, i
tials are found to provide a more accurate representation of 2 %4
the fluid-solid interaction. FEA potentials can also be used to 8.
take into account the fact that fluid particles are prone to ex- Lr 5 4
plore the gaps of the surface at temperatures where the kinetic o . |
energy is not dominant, which is reflected by softer effective 0 . '
g ) : 0.0004 0.0040 0.0400
potentials as compared to the corresponding UA1 potential. %
The less compact and corrugated the surface is, the less accu- r .
rate unweighted averages are found to be compared with the !
FEA potentials. 2.00 | 5 ® :
We conclude that the use of an UA1 or an analytical integra- a
tion such as the (10-4) potential should be restricted to high B |
temperatures. This also applies to the (10-4-3) potential for fcc * )
solids. For very compacted (or less corrugated) surfaces such ~ 920 | " !
as that of graphene (or graphite), the use of a (10-4) [or a (10- :
4 |
4 |
0.02 '
0.0004 0.0040 0.0400
2+ P
0 Fig. 17 Reduced density of adsorbed LJ fluid per unit area
w* (o3 = paaf%) versus reduced pressung (= po3/&x) at reduced
2L temperaturd * = kgT /& = 1. An LJ adsorbent fluid interacting
with an fcc solid adsorbate exposing a (110) surface with energetic
heterogeneities in alternating stripes is considered; one of the stripes
4T is characterised by particles identical to those of the fluid and the
main body of the solidds = 0ss= 0t and&g = £ss= &), whereas
-6 the other stripe is characterised by the interaction paramesers
0.4 0.6 0.8 1 1.2 and 2x &gs (and thereforesis = ossandss = v/2 x £s9). The

D* difference between figures (a) and (b) is the logarithmic scale in
densities. The symbols correspond to the results from GCMC

Fig. 16 Effective fluid-surface potentials in reduced units

(w* = w/¢&;t) as a function of reduced distance to the surface

(D* =D/og). An LJ fluid-solid interparticle interaction is
considered between an LJ adsorbent fluid particle and an fcc solid
adsorbate exposing a (110) surface with energetic heterogeneities
comprising alternating stripes of solid patrticles of different
interaction energy; one of the stripes is characterised by particles
identical to those of the fluid and the main body of the solid

(0% = 0ss= Ot andeg = €ss= &), Whereas the other stripe is

simulations for a discrete solid description (yellow diamonds), for a
fluid-wall represented by the corresponding effective FEA potentia!
(blue squares) and for a fluid-wall represented by the correspondir g
UAL1 potential (red triangles). The dashed line is the corresponding
saturation pressure of the bulk fluid at this temperature.

4-3)] potential will lead to negligible deviations, and therefore

characterised by the interaction parametagsand 2x &ss (and
thereforeois = gssandeis = v/2 x &s9). The solid symbols represent
the corresponding effective FEA potential (blue squares) at a
temperaturd * = kgT /& = 1 and the corresponding UA1 potential
(red triangles). For purposes of comparison the open symbols
correspond to the effective FEA potential (diamonds) at a
temperaturd * = kgT /& = 1 and the effective UAL potential
(circles) for the case of a perfect crystalline solid exposing a (110)
surface.

it is a good approximation even at the lowest temperatures.
Presumably the excellent agreement rendered by the (10-<-
3) potential for graphitic substrates even at low temperature
may be the reason why FEA potentials are not in wider use.
However, the wider the lattice spacings in comparison to the
molecular diameter of the fluid, the more significant the de-
viations of a type (10-4-3) potential are expected to be from
a fully atomistic description. In all cases using a FEA po
tential to simplify the fluid-solid by a fluid-wall interaction

This journal is © The Royal Society of Chemistry [year]
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has shown to be a reliable approach for the representation of
the adsorption behaviour of explicit atomistic systems, and a3
generalisation of conventional methods. For solids with de- 4
fects there will be a point at which the representation of the
solid by a continuum wall will not be a good approximation.
When the solid contains vacancies, FEA potentials may leads
to an over weighting of those positions therefore leading to an7
overestimation of the fluid-solid interaction. Solids contain- 8
ing chemical periodicities embodied through energetic hetero-
geneities are however better represented, even for highly het-
erogeneous systems, where FEA potentials provide an excelg
lent agreement with the adsorption isotherm determined from
the explicit atomistic potentials. At high temperatures the fluid11
particles do not feel the latter types of heterogeneities on the
surface to the same extent, and as a consequence simple U
potentials lead to undepredictions of adsorption apart from a3
high temperature.

In conclusion, we have shown that the use of free-energy al4
erages is a promising approach to the accurate coarse grai?—
ing of detailed atomistic potentials. Incorporating average
free-energy potentials, and thereby considering their approrg
priate temperature dependence, should aid in improving the
theoretical basis of surface adsorption theories. Temperaturé?
independent average potentials such as the (10-4-3) poteh®
tial are also commonly employed in classical density func-
tional theories (DFTSYP of surface adsorption and confined 21
system&47:88 As a consequence the DFT calculations will 5,
suffer from the same deficiencies (as discussed for the simips
lation studies) because unweighted average surface potentigd$
of this type do not generally provide a good representation of5
the effective substrate-fluid interactions apart from in the high-
temperature limit. The use of free-energy average interactions
such as the FEA potentials described in our current manuscript;
would therefore also be highly desirable in any DFT descrip-28
tion of adsorption. In future work we intend to extend recent
work on the coarse-graining of molecular fluids with the Mie
potentiaP’~9'to include a consideration of surface adsorption, ,q
making use of group-contribution versions of the thédrp 39
aid in the prediction of the fluid-solid interaction. 31
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