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The adsorption isotherm for repulsive n-alkanes in a random porous medium has been determined
by computer simulation. The porous medium or matrix is obtained by quenching an equilibrium
configuration of repulsive spheres. Keeping fixed this configuration of the matrix particles,
Grand-Canonical Monte Carlo simulations were used to determine the adsorption isotherm of
repulsive n-butane and n-hexane models in the random porous medium. In addition to that,
canonical Monte Carlo simulations were performed for the equilibrium binary mixture in which the
spherical and n-alkane particles are allowed to move. Chemical potential of the n-alkane molecule
in the binary mixture is computed by using the test particle method. We found that, at the same
chemical potential, the structure of the n-alkane in the binary mixture and in the quenched medium
differs at high densities. However, at the same chemical potential, densities of the n-alkane in the
random porous medium and in the binary mixture are quite similar. A consequence of that is that
adsorption isotherms can be computed if the properties of the binary mixture are known. We have
recently proposed an equation of state for mixtures of hard n-alkane molecules which contains as a
particular case the sphere1n-alkane mixture. The chemical potential of the n-alkane in the mixture
can be computed analytically and we used this result for determining adsorption isotherms.
Excellent agreement with simulation is found. The results of this work suggest that the knowledge
of the properties of the binary mixture can be very useful for obtaining adsorption isotherms in
random porous media. Finally, the effect of attractive forces on the properties of alkanes in binary
mixtures and confined in a random porous medium was also studied. In general, the presence of
attractive forces reduces the similarity between the properties of alkanes in these two systems.
© 1997 American Institute of Physics.@S0021-9606~97!50105-X#
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I. INTRODUCTION

Adsorption of fluids in pores of well defined geomet
~planar wall, slit pore, spherical cavities! have received con
siderable attention during the last decade.1 A number of
simulation and theoretical studies using integral equation
density functional theory have been presented so that a f
good understanding of these systems has been achieved
other interesting problem is the adsorption of fluids in s
tems with micropores in which the matrix is disordered ev
on molecular length scale. For these systems the pores d
present a fixed geometry and the structure of the matrix
sents a certain degree of randomness or disorder. Fo
stance silica gels, which are usually used in adsorption
periments, cannot be modeled by pores of well defin
geometry since the gels present a more or less random s
ture. An important step towards the understanding of
adsorption on these systems was made by Madden
Glandt who consider the fluid-solid system as a binary m
ture with one component quenched. Madden and Gla2

were able to write a set of Ornstein-Zernicke like equatio
for the fluid-quenched matrix problem which are common
denoted as the Madden and Glandt equations~MG!. Given
and Stell3 showed that certain graphs were missing in
original derivation and proposed the correct version of
J. Chem. Phys. 106 (5), 1 February 1997 0021-9606/97/106(5)/1
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Madden and Glandt equations, although they showed tha
exact version reduces to the former one when the Per
Yevick closure is used.

It was soon clear that the determination of adsorpt
isotherms from the structural results obtained from the M
equations would be of great interest. After some unsucc
ful attempts,4,5 Vegaet al.6 proposed a compressibility rout
for determining the chemical potential of the fluid in th
porous material. Vegaet al. thought this route to be approxi
mate but later on Ford and Glandt7 and Rosinberget al.8

independently showed that this route is exact when
Percus-Yevick closure is used in the MG equations. Ford
Glandt and Rosinberget al.obtained the exact expression fo
obtaining the chemical potential of the fluid from the stru
tural information arising from the MG equations.7,8 There-
fore the exact set of equations governing the structure of
fluid in the random medium, and the exact expression
obtain the chemical potential of the fluid from this structu
are now known exactly. For binary mixtures, the OZ equ
tions and the routes to determine the chemical potential fr
the structural information are well known since long ago.
least now we know what to do although not so much ab
how to do it.

In this paper we focus on a different issue. It was fou
1997997/15/$10.00 © 1997 American Institute of Physics
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in Ref. 6 that the chemical potentials of the fluid in the p
rous material and in the binary mixture are quite simi
when the matrix particles are much bigger than the fl
ones. Recently Ford, Thompson and Glandt9 have also found
the same result for the case in which the matrix particles
of the same or smaller size than the fluid particles. These
works show that the chemical potential of the fluid in t
binary mixture and in the porous medium are quite sim
regardless of the size ratio between fluid and matrix partic
Can we understand these results? For the case in which
matrix particles are bigger than the fluid ones the simila
in the chemical potential follows directly from the similarit
in the structure. In Ref. 6 it was found that when mat
particles are bigger than fluid ones then the structure of
fluid in the binary mixture is almost identical to that of th
fluid in the porous medium. This similarity in the structure
a direct consequence of the fact that certain graphs appe
in the density expansion of the structural functions of
mixture do not contribute much when the size ratio betwe
matrix and fluid particles is large. For the case in which
matrix particles are smaller than the fluid ones the origin
the similarity between the chemical potentials is not cle
since in this case the structure of the fluid in the bina
mixture and in the porous medium are probably different.
any case, although further work is still needed to underst
the origin of this similarity, the important result arising fro
Refs. 6, 9 is that the chemical potential of the fluid in
binary mixture and in a porous medium are quite simi
regardless of the size ratio between fluid and matrix partic
The importance of this result should not be overlooked
means that approximate~but reliable! adsorption isotherms
can be obtained if the chemical potential of the fluid in t
binary mixture is known. Much is known about equilibriu
binary mixtures. The point we want to make here is that t
information can be used for obtaining interesting results
an apparently unrelated problem: the determination of
sorption isotherms in random porous media. This idea
recently been used within a mean field treatment.10

In particular, we shall focus in this paper on the adso
tion of n-alkanes particles in a random porous medium
spherical particles. The reason for choosing this system
threefold. First we want to test whether the similarity in t
chemical potential of the fluid in the quenched medium a
in the equilibrium mixture holds also for a fluid composed
nonspherical particles. Second we want to analyze the p
lem of the conformational equilibrium within the pore. Ce
tainly the confinement may induce changes in the popula
of the different conformers of the n-alkane.11 Finally since a
good equation of state~EOS! is now available for mixtures
of hard n-alkane models12–14 ~the spherical1 n-alkane mix-
ture being a particular case! we want to apply it for obtaining
the adsorption isotherm of the n-alkane in the random por
medium. That will illustrate how the determination of a
sorption of complex particles can be faced with quite sim
tools.

The scheme of the paper is as follows. In Section II
discuss the evaluation of the total chemical potential for fl
ible models. In Section III a theoretical equation of state
J. Chem. Phys., Vol. 106,
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mixtures of hard n-alkane models will be presented. Det
concerning the simulations performed in this work will b
given in Section IV. Results will be presented in Section
and in Section VI the conclusions will be discussed.

II. THE CHEMICAL POTENTIAL OF FLEXIBLE MODELS

In this section an expression for the total chemical p
tential of flexible molecules will be derived. Let us assum
that the Rotational Isomeric State approximation~RIS! is
valid, and we regard a fluid composed of flexible molecu
as a multicomponent mixture.15 For instance, fluid n-butane
is regarded as a tri-component mixture of trans,gauche1

andgauche2. For simplicity let us assume that for the flex
ible model in consideration there are only two conforme
~the extension to the case of more conformers is trivial!. The
two possible conformers~components of the mixture! are
denote as A and B. The free energy of the system, A, is gi
by16

A52kT lnS qANAqBNB
NA!NB!

* exp~2bU~NA ,NB!!dNAdNB

VNA1NB
D ,

~1!

whereNA and NB are the number of A and B molecule
respectively,b51/kT, V is the volume,dNA and dNB de-
note integration over the coordinates of theNA andNB par-
ticles,U is the potential energy of the system andqA is the
ideal gas partition function of molecule A which is given b

qA5~LA
23V!~qA

vqA
rot!exp~2DA* !5 f ~T!V exp~2DA* !,

~2!

whereLA is the de Broglie thermal wavelength of molecu
A, qA

v is the vibrational partition function,qA
rot the rotational

partition function, andDA* is the electronic energy of mol
ecule A in the ground state inkT units. A similar expression
can be written forqB . For simplicity let us assume tha
LA ,qA

v andqA
rot have the same values for molecules A and

so that the product of all these functions is denoted asf (T)
or simply f . Then Eq.~1! can be rewritten after some algeb
as:

A

NkT
52 ln~ f ~T!!1~ ln~r!21!1xADA*1xBDB*

1xA ln~xA!1xB ln~xB!

2
1

N
lnS * exp~2bU !dNAdNB

VNA1NB D , ~3!

where xA is the molar fraction of component A an
r5(NA1NB)/V is the total number density of the system
Then by using the standard thermodynamic relation:

mA

kT
5S ]A/kT

]NA
D
T,V,NB

~4!

one obtains for the chemical potential of component AmA
No. 5, 1 February 1997
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1999P. Padilla and C. Vega: Adsorption isotherm for flexible molecules
mA

kT
5

mA
id

kT
1

mA
conf

kT
5~2 ln~ f !1DA*1 ln~rxA!!

2 ln^exp~2bUA
test~NA ,NB!!&, ~5!

whereUA
test(NA ,NB) is the intermolecular interaction energ

of a test particle of type A when inserted into a fluid wi
NA particles of type A andNB particles of type B. The brack
ets in Eq.~5! denote canonical average. The ideal part
defined by the sum of the first three terms on the right h
side of Eq.~5!, and the configurational part by the last ter
We define the configurational part of a given property as
difference of this property in the real system and in a sys
of non-interacting particles when both are at the same t
perature, density andcomposition. This is different from a
residual property. Residual properties are the difference
tween the thermodynamic properties of the real system
that of an ideal gas at the same temperature and density.
that the composition of the ideal gas may differ from that
the real system so that configurational and residual prope
are not the same. The formulas presented so far are valid
any kind of binary mixture. However, in the case that m
ecules A and B are in chemical equilibrium~interconversion
between molecules or conformers A and B is possible! then
it must also holds that:

mA5mB . ~6!

The mass law arising from Eqs.~5!–~6! can be written
as:

xB
xA

5
xB
0

xA
0 exp~2b~mB

conf2mA
conf!!, ~7!

wherexA
0 is the molar fraction of component B at zero de

sity which is proportional to exp(2DA* ) ~we assume that the
rest of the ideal gas partition function is identical for bo
conformers!. If components A and B are in chemical equ
librium then the Gibbs energy of the system, G, can be w
ten as:

G5NAmA1NBmB5Nm. ~8!

The importance of Eq.~8! is as follows. If one wishes to
compute the chemical potential of the flexible molecule, th
it is sufficient to compute the chemical potential of one
lected conformer, say A~after all, the chemical potential o
all the conformers is the same since they are in chem
equilibrium!.

Before finishing this discussion let us evaluate the
rivative ofA/NkTwith respect to the molar fraction of com
ponent A~i.e xA). Starting from Eq.~3! and taking into ac-
count thatxB512xA one obtains:

S ]A/NkT

]xA
D
T,V,N

5mA /kT2mB /kT. ~9!

What Eq.~9! says is that the derivative of the free ener
with respect to the molar fraction of component A is just t
difference in the chemical potential between component
and B. If the system is in chemical equilibrium then Eq.~6!
must hold, and that means that the derivative in Eq.~9! must
be zero, or in other words that the free energy must b
J. Chem. Phys., Vol. 106,
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minimum with respect to variation in composition at a giv
temperature, volume and total number of particles.

Eqs.~1-9! can easily be extended to the multicompone
case. In the case ofl different conformers, the condition o
chemical equilibrium given by Eq.~6! is replaced byl21
equations~Eq. ~6! with the conformers 1 andl, 2 and
l, . . . , l21 andl). Also Eq. ~9! is now replaced by a sys
tem ofl21 equations, implying on the right hand side, co
formers 1 andl, conformers 2 andl, 3 andl and so on.
Finally the presented formalism can also be extended to
case in which one cannot enumerate the different confo
ers, since they form a continuum depending on a given v
able or set of variables. For instance, we can think t
n-butane is a system where the different configurations~val-
ues of the torsional angle! form a continuum defined by the
variablef18 which can take values from 0 to 2p. In the case
of n-pentane the different configurations form a continuu
defined by the value of the two torsional angles (f18 ,f28).
Let us denote asf the set of torsional angles defining th
configuration of the molecule~we assume bond lengths an
angles are fixed!, so that the integral ofdf is one:

df5
df18df28 . . .dfs8

~2p!s
, ~10!

E
0

1

•••E
0

1

df5
*0
2p •••*0

2pdf18df28 •••dfs8

~2p!s
51, ~11!

wheres is the number of torsional degrees of freedom of t
molecule. Let us now definep(f) as the probability distri-
bution function~normalized to one! of the torsional angles
In particular,p(f)df, is the probability of finding a mol-
ecule with the torsional angles betweenf andf1df. The
function p(f) must satisfy:

E
0

1

•••E
0

1

p~f!df51. ~12!

The functionp(f) is a probability density. For a system wit
a continuous distribution of the torsional angles Eq.~5! must
be rewritten as:

mf

kT
52 ln~ f !1Df*1 ln~rp~f!!2 ln^exp~2bUf

test!&

~13!

and Eq.~8! is replaced by an integration overf of the prod-
uct of N p(f)mf . The continuous version of Eq.~9! for a
system in chemical equilibrium is:

d~A/NkT1t~*p~f!df21!!

dp~f!
50, ~14!

where we now use functional derivation.t is a Lagrange
multiplier which guarantees that the functionp(f) is nor-
malized to one. Eq.~14! is a well known result within den-
sity functional theory.17–19
No. 5, 1 February 1997
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III. THEORETICAL EOS FOR HARD N-ALKANE
MIXTURES

Wertheim20 and Chapmanet al.21 have recently pro-
posed an EOS for chains ofm tangent hard spheres. Th
compressibility factorZ as given by Wertheim’s EOS is:

Z5
p

rkT
5~m!

11y1y22y3

~12y!3
2~m21!

11y2y2/2

~12y!~12y/2!
,

~15!

where the packing fraction,y, is given by the product of the
number density of the chains times the molecular volume
principle, Wertheim EOS is only valid for tangent ha
spheres. We have recently shown12–14 how to extend Wer-
theim EOS for chains with overlapping between contiguo
sites so that hard n-alkane models can be described. In a
tion, an extension to hard n-alkane mixtures has also b
proposed.14 Our extension of Wertheim EOS to multicomp
nent hard bodies mixtures is given by:

Z5
p

rkT
5~2amixture21!

11y1y22y3

~12y!3

2~2amixture22!
11y2y2/2

~12y!~12y/2!
, ~16!

where the non-sphericity parameteramixture, the volume
Vmixture and the packing fraction of the mixturey are given
by:

amixture5( xvav , ~17!

Vmixture5( xvVv , ~18!

y5rVmixture. ~19!

The sums in Eqs.~17! and ~18! run over the different
components of the mixture.Vv , av andxv are the volume,
non-sphericity parameter and molar fraction respectively
componentv and r is the total number density. The non
sphericity parameterav of componentv is defined through
the second virial coefficient of this component~see Refs. 12,
13, 22 for details!:

av5
1

3 SBvv

Vv
21D , ~20!

where Bvv is the second virial coefficient of the hardv
particles. Basically we can say that we are using Werth
EOS with the parameterm of the original theory replaced b
2amixture21. This replacement ensures that the second v
coefficient of the mixture, as obtained from Wertheim EO
is very close to the exact value. Let us now apply the pre
ous equations to the particular case of a hard sph
1 n-alkane mixture. We shall use the RIS approximation
the n-alkane. Let us assume that there aren possible con-
formers. Then the sphere1n-alkane mixture has 11n differ-
ent components~the sphere is the component 1 and the c
formers are the components 2 to 11n). In this work we shall
consider equimolar sphere-n-alkane mixtures. Therefore
J. Chem. Phys., Vol. 106,
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~17! now reads~taking into account that the value of th
non-sphericity parameter of a spherical particle is one!:

amixture5
1

2
1 (

v52

11n

xvav , ~21!

(
v52

11n

xv5
1

2
. ~22!

A similar expression can be written forVmixture. Note that
since we are studying equimolar sphere1n-alkane mixtures
the sum of the molar fractions of the different n-alkane co
formers must be 0.5 as stated in Eq.~22!. Then components
of the n-alkane are in chemical equilibrium and therefore,
haven21 equations as Eq.~6! ~see previous section!. Thus,
the values ofxv in Eqs. ~21! and ~22! are not arbitrary. In
fact they must guarantee that the chemical potential of
different conformers is the same. As it was shown in t
previous section this is equivalent to minimize the free e
ergy of the system with respect to variations of the mo
fraction of the different conformers of the n-alkane. Cons
quently, the values ofxv are obtained by solving the follow
ing set of equations:

S ]A/NkT

]xv
D
T,V,N

50 v52,3, . . . , ~23!

along with the normalization condition given by Eq.~22!.
The free energy, A, is the sum of the ideal,Aid and configu-
rational,Aconf free energies. These are given by:

Aid

NkT
5
1

2
lnS 12D1 (

v52

11n

xv ln~xv /Vv!1 (
v52

v511n

xvDv* ,

~24!

Aconf

NkT
52~amixture21!lnS 2~12y!2

~22y! D
2

~2amixture21!~2y23!

~12y!2
23~2amixture21!.

~25!

In Eq. ~24! Vv is the degeneracy of conformerv. For in-
stance, thetrans-gaucheconformer of n-pentane~tg! has
V tg54 since tg1,tg2,g1t,g2t are equivalent conformers
Dv* is the intramolecular energy of conformerv ~in kT units!
with respect to the all trans conformer~which is taken as the
zero of energies!. The configurational free energy was o
tained from integration of Eq.~16!. Solution of Eqs.~21!–
~25! allow the determination ofxv and hence of the total free
energy for a given density and temperature. The pressu
then obtained from Eq.~16!. Values ofav andVv for the
different conformers of n-alkanes from n-butane up
n-octane have been reported in Ref. 12. The configuratio
chemical potential of conformerh, mh

conf, is obtained from
the thermodynamic relation:

S ]Aconf/kT

]Nh
D
T,V,NvÞNh

5mh
conf/kT ~26!
No. 5, 1 February 1997
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which when Eq.~25! is used yields:

mh
conf/kT5

Aconf

NkT
1

~Z21!

y
rVh1

]Aconf/NkT

]amixture

3S ah~12xh!2 (
v51,vÞh

11n

avxvD . ~27!

Note that although the total chemical potential of all t
conformers must be the same, this is not necessarily true
the configurational part. Eq.~27! can also be used to dete
mine the configurational chemical potential of the spheri
particle.

The procedure presented so far can be considered
discrete version of density functional theory. After all we a
writing the total free energy as a function of the molar fra
tions ~the singlet correlation function! and minimizing the
total free energy with respect to variations in composit
~the functional must be stationary!. This methodology was
already presented in Refs. 12 and 13. We applied it
n-alkane models to obtain the changes in conformatio
equilibrium with density at a given temperature. Neverth
less, for n-alkanes changes in conformational equilibri
with density at a given temperature were found to be sm
and for that reason, good results for the equation of state
configurational properties can be obtained by using the id
gas population of conformers. That avoids the somew
cumbersome procedure of solving Eq.~23! at each tempera
ture and density. In summary, instead of solving Eq.~23! one
can simply use the ideal gas population of conformers, us
it for determining the EOS, configurational free energy a
configurational chemical potential of conformerh by using
Eq. ~16!, Eq. ~25! and Eq.~27! respectively, with the set o
xv
0 instead ofxv . The values ofxv

0 are obtained from:

xv
05

Vv exp~2Dv* !

(v52
11n Vv exp~2Dv* !

v52,3, . . . ,11n. ~28!

For the equimolar sphere-n-alkane mixture, a factor
0.5 must be included on the right hand side of Eq.~28! ~the
sum of the molar fraction of the different conformers of t
n-alkane must be 0.5!. Dv* will be obtained from Eq.~13!
and Eq.~7! of Ref. 13. In our theoretical calculations we w
not consider conformers includingg1g2 or g2g1 sequences
since their probability of occurrence is very small15 ~this is
usually denoted as the pentane effect!.

IV. SIMULATION DETAILS

In the present section the potential models used in
work as well as the details of the simulations will be d
scribed. The united atom model will be used for describ
the n-alkane, so that for instance n-butane is described
four interaction sites located on the position of the carb
atoms. The bond length and bond angle are fixed. The
bond length is set tol51.53 Å, and the C-C-C bond angle t
u5109.5°. We shall use the torsional potential proposed
Ryckaert and Bellemans.23 Two kinds of pair potentials will
be simulated, the full Lennard-Jones potential~LJ!, and the
Weeks Chandler-Andersen~WCA! reference system24 corre-
J. Chem. Phys., Vol. 106,
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sponding to the LJ model. We would like to stress that in
present work we do not want to make any attempt of co
paring our results with experiment, hence, the model cho
for representing alkane chains is not an optimized one.

We shall first describe the LJ model. The expressions
the sphere-sphere interactionumm, sphere-n-alkaneumf and
n-alkane-n-alkaneuf f are given by:

umm
LJ 54emmS S smm

r D 122S smm

r D 6D , ~29!

uf f
LJ5(

i51

i5n

(
j51

j5n

4e f f S S s f f

r i j
D 122S s f f

r i j
D 6D , ~30!

umf
LJ5(

i51

i5n

4emfS S smf

rmi
D 122S smf

rmi
D 6D . ~31!

In this work,smm55.4804 Å,s f f53.923 Å,s fm54.7017 Å
~applying Lorentz-Berthelot mixing rule! and
emm/k5e f f /k5e fm /k572 K. The value of sigma for the
spherical molecules,smm, is chosen so that the spheric
particle has a volume very close to that of the n-buta
chain. Eq.~30! describes the interaction energy between t
different n-alkane molecules. In this equation,r i j is the dis-
tance between interaction sitei in molecule 1 and interaction
site j in molecule 2. The number of carbon atoms in t
n-alkane is denoted asn. In addition to that, we shall also us
an intramolecular LJ interaction between interaction si
separated by at least four C-C bonds. In Eq.~31! rmi denotes
the distance between the sphere and the sitei of the n-alkane.

The WCA system can be easily obtained from the e
pressions of the LJ potential given by Eqs.~29!–~31! by
applying the general expression:

uWCA5uLJ1e r,21/6s, ~32!

uWCA50 r.21/6s ~33!

to themm, fm and f f interactions. For the WCA model th
simulations were performed atT5366.88 K. At this tem-
perature the Barker-Henderson prescription25 applied to the
WCA n-alkane-n-alkane potential yields for the diameter
the equivalent hard spheres (d) d53.7109 Å, so that the
reduced bond length isL*5 l /d50.4123. Virial coefficients
of hard n-alkane models for this elongation have been
cently determined.12 These second virial coefficients will b
used in the application of the theory described in the pre
ous section to the present model.

In summary, in this work two type of pair potential func
tions have been used, a LJ type and WCA type. Additiona
two types of systems will be considered. The first system
an equilibrium equimolar binary mixture sphere1n-alkane
~the molar fraction of the spherical component and of
n-alkane are 0.5!, and the second is a quenched matrix ma
up of spherical molecules in which the n-alkane chains
adsorbed.

Let us first discuss the way in which the computer sim
lations of the binary mixture were performed. The equili
rium binary mixture was studied by NVT Monte Carlo~MC!
simulation. During the simulation, conformer population
No. 5, 1 February 1997



th
th
he
of
o
re
in
c-

m
n

.

en
th
cu

to
es
a
e
e

s
t

-
-
e
f

rs
of
en

e
00-
00
CA
000
f the
ace

lly

ion
ps
the
o-

ar-
of
Ca-

er-
ed
eir
em
a-

so
orp-
the
al-
u-
and
ral
ef.
our

ns
is
ade
-
f
nd
-

s

like
m
ins,
m
in

ar-
the
qui-
in

2002 P. Padilla and C. Vega: Adsorption isotherm for flexible molecules
intermolecular structure and the chemical potential of
n-alkane were evaluated. The total chemical potential of
n-alkane in the mixture will be obtained as follows. From t
discussion of Section II, we know that the condition
chemical equilibrium implies that the chemical potential
all the different conformers be the same. The general exp
sion for the chemical potential of a given conformer with
the mixture is given by~according to the discussion of Se
tion II and Eq.~13!!:

mf

kT
52 ln~ fs f f

3 !1Df*1 ln~r f* !1 ln~p~f!!

2 ln^exp~2bUf
test!&, ~34!

where we have defined the reduced number density as:

r f*5
Nf

V
s f f
3 ~35!

andNf is the number of n-alkane molecules in the syste
We shall set the value offs f f

3 to one so that the first term o
the right hand side of Eq.~34! is zero. Eq.~34! is valid for
any conformer. When applied to the all trans conformer~the
conformer with all torsional angles set to zero! one obtains:

m tt•••t

kT
5Dtt•••t* 1 ln~r f* !1 ln~p~ tt•••t !!

2 ln^exp~2bUtt•••t
test !&, ~36!

whereDtt•••t* is the intramolecular energy~in kT units! of the
all trans conformer, andp(tt•••t) is the probability density
of finding the alltrans conformer in the simulated mixture
The intramolecular energyDtt•••t* is given by the summation
of the torsional energy, and the site-site intramolecular
ergy. In the particular case of the all trans conformer
torsional energy is zero, thus, only the site-site intramole
lar energy must be evaluated. Eq.~36! can easily be imple-
mented. During the NVT MC simulation, an alltrans test
particle is randomly inserted in the mixture from time
time. The interaction energy of this test particle with the r
of the particles of the system is computed. In this w
^exp(2bUtt•••t

test )& is computed. Also, during the simulation th
probability of finding an all trans conformer is estimated. W
evaluatedp(tt•••t) as:

p~ tt•••t !5 KNf~ t6D,t6D,..,t6D!

Nf~D/p!n23 L , ~37!

where the numerator in Eq.~37! is the number of molecule
with all the bonds located within6D radians of the perfec
trans state~this with all the torsional angles set to zero!. In
this work we set the value ofD in radians so that it corre
sponds to 5 degrees. The power (n23) appears in the de
nominator of Eq.~37! due to the fact that for an n-alkan
with n interaction sites there are (n23) torsional degrees o
freedom.

Equation~36! can also be applied to other conforme
different from the alltrans.That constitutes a cross-check
the calculations since the chemical potential of the differ
J. Chem. Phys., Vol. 106,
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conformers should be identical~they are in chemical equilib-
rium!. It is interesting to stress that with Eq.~36! we are
computing the total chemical potential.

In the NVT simulations we typically used 80 alkan
chains and 80 spherical particles. We performed 2000
250000 MC steps for equilibration and 1000000-12500
MC steps for obtaining averages in the case of the W
system, and 400000 MC steps for equilibration and 2000
MC steps for obtaining ensemble averages in the case o
LJ model. Each MC step consists of an attempt to displ
the center of mass of a molecule~chain or sphere!, an at-
tempt to rotate a chain, and an attempt to partially or tota
regrow a chain using the configurational bias method.26 The
matrix-carbon and intermolecular carbon-carbon correlat
functions were obtained during the run. Every 400 MC ste
we perform 1000 attempts of inserting a test particle for
computation of the configurational part of the chemical p
tential.

Now let us describe the second kind of simulations c
ried out in this work for an alkane confined in a matrix
quenched spheres. This system will be studied by Grand
nonical MC~GCMC! simulations. First, a MC NVT simula-
tion of a system made up of spherical particles only is p
formed. One of the equilibrium configurations is quench
and, after that, spherical particles will remain fixed in th
positions during the rest of the calculations. The syst
composed of quenched spherical particles will form the m
trix ~random porous medium! in which the n-alkane fluid
will be confined. GCMC simulations are now performed
that the adsorption isotherm can be computed. The ads
tion isotherm gives for a given temperature, densities of
n-alkane molecules in the random medium for different v
ues of the chemical potential. The input data in GCMC sim
lations are temperature, volume and chemical potential,
in our case the configuration of the matrix particles. Gene
details concerning GCMC simulations can be found in R
27. Here we only describe special aspects concerning
system. Smit and Siepmann,28,29 have recently introduced a
quite useful methodology for performing GCMC simulatio
of chain molecules. They introduce a new concept which
denoted as an ideal chain. In our case the ideal chain is m
up of n-alkane particles which~i! do not present intermolecu
lar interactions;~ii ! present intramolecular interactions o
torsional type described in this work by the Ryckaert a
Bellemans torsional potential;~iii ! do not present intramo
lecular site-site interactions.

Note that an ideal chainis notan ideal gas. An ideal ga
satisfies~i! and ~ii ! but not requirement~iii !.

Let us assume that we create an experimental set up
the one shown in Fig. 1. System I is a binary equilibriu
mixture, system II is a gas made up of ideal n-alkane cha
and system III is the n-alkane fluid confined in the rando
porous medium. Note that there is not spherical particles
system II. The three phases are in thermal~but not in me-
chanical! equilibrium. Let us assume that the n-alkane p
ticles are in chemical equilibrium, and therefore present
same chemical potential in the three phases. When the e
librium is established the number density of the n-alkane
No. 5, 1 February 1997
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2003P. Padilla and C. Vega: Adsorption isotherm for flexible molecules
the binary mixture, ideal chain, and the confined fluid a
r f ,mixture* r f ,IC* andr f ,quenched* respectively.

Using the general formalism developed in Section II, t
chemical potential of an ideal chain can be obtained if
chemical potential of the ideal chain in the alltrans confor-
mation ~or in any other conformation! is known. By using
Eq. ~36! and taking into account that for the ideal chain t
last term in Eq.~36! is zero, and the first term is zero for th
all trans conformer one obtains:

m tt•••t
IC

kT
5 ln~r f ,IC* !1 ln~pIC~ tt•••t !!, ~38!

where the superscript IC denotes properties of the id
chain. For an ideal chain,p(tt•••t) is a function of tempera-
ture only and is given by:

pIC~ tt•••t !5S p*2D
D exp~2butor~f18!!df18

D*0
2pexp~2butor~f18!!df18

D n23

, ~39!

whereutor stands for the torsional potential. The limits
integration in the numerator of Eq.~39! arise from the fact
that thetrans conformer has been defined as this within t
interval6D.

FIG. 1. Imaginary set-up in which an equilibrium binary mixture~spherical
1 n-alkane particles! denoted as phase I is in equilibrium with a gas ma
up of ideal chains~see main text for the definition of an ideal chain! denoted
as phase II, and this phase II is in equilibrium with a quenched matrix
spherical particles which is denoted as phase III. Equilibrium betw
phases I, II, and III is thermal but not mechanical. In addition to that
n-alkane molecules in the three phases are in chemical equilibrium.
number densities of spherical particles in phases I and III are the s
However, the number density of n-alkane particles in phases I, II, and III
in general different.
J. Chem. Phys., Vol. 106,
e
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If the phases I and II are in chemical equilibrium wi
respect to the n-alkane molecules, we can equate the ch
cal potential of both systems given by Eqs.~36! and ~38! to
obtain:

m tt•••t

kT
5 ln~r f ,IC* !1 ln~pIC~ tt•••t !! ~40!

which can be rearranged to:

r f ,IC* 5
exp~m tt•••t /kT!

pIC~ tt•••t !
5
exp~m/kT!

pIC~ tt•••t !
, ~41!

where in the last term of Eq.~41! we have dropped the sub
index tt•••t, since all the conformers present the sam
chemical potential at equilibrium which is simply denoted
m/kT. Therefore, for any equilibrium binary mixture fo
which we know the chemical potential from Eq.~36!, one
can obtain the density of the ideal chain in equilibriu
r f ,IC* from Eq.~41!. What we shall do now is a GCMC simu
lation between a bath of ideal chains, with chemical poten
m and densityr f ,IC and the porous medium~where n-alkane
chains will be confined!. We start from Eq.~4! of Smit’s
paper29 which gives the probability of accepting a ne
n-alkane particle in the porous medium. This equation
written as:

P~Nf→Nf11!5
V

Nf11
r f ,IC exp~2b~U~Nf11!

2U~Nf !!!, ~42!

whereNf is the current number of n-alkane molecules~al-
ready confined in the porous medium!. By using the value of
r f ,IC obtained from Eq.~41! one obtains:

P~Nf→Nf11!5
V/s f f

3

~Nf11!pIC~ tt•••t !
exp~b~m2U~Nf

11!1U~Nf !!! ~43!

and a similar formula can be written for the probability
removing an n-alkane particle from the confined fluid. Sin
our confined n-alkane fluid is in equilibrium with an ide
chain gas, the conformations of the particles that we are
ing to insert into the quenched medium must obey the id
chain distribution function of torsional angles. There is n
any problem with that except that the probability of inserti
chains becomes very low at high densities, so that equilib
tion is difficult. To improve that, we shall use configuration
bias as described by Smit.29 The final working expressions
used in our GCMC calculations for the probability of eith
accepting the creation of a particle acc(Nf→Nf11) or ac-
cepting the removal of a particle acc(Nf→Nf21) are:

acc~Nf→Nf11!5minF1, V/s f f
3

~Nf11!pIC~ tt•••t !
exp~bm!WnG ,

~44!

acc~Nf→Nf21!5minF1, Nf

V/s f f
3 pIC~ tt•••t !exp~bm!WoG ,

~45!
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TABLE I. MC results for equimolar sphere1n-alkane WCA mixtures. The temperature is 366.88 K in all t
cases. Densities are reduced by usings f f

3 . Results for the compressibility factorZ are given. Ideal, configura-
tional and total chemical potentials of the alltrans conformer are shown. In parentheses the ideal, configu
tional and total chemical potentials of theg1 conformer for n-butane and of thettg1 conformer for n-hexane
are also presented. In the last column the estimate of the chemical potential of the n-alkane as given
average of the total chemical potentials of the two considered conformers is presented.

n r* Z m tt•••
id /kT m tt•••t

conf /kT m/kT m̄/kT

4 0.082763 1.58 21.32~20.94! 1.15~1.13! 20.17~20.19! 20.18
4 0.206909 3.36 20.43~20.37! 4.23~4.16! 3.80~3.79! 3.795
4 0.331055 7.59 0.01~0.16! 10.77~10.62! 10.78~10.78! 10.78
6 0.068397 1.62 2.47~2.43! 1.39~1.37! 3.86~3.80! 3.83
6 0.170992 3.60 3.35~3.42! 5.22~5.13! 8.57~8.54! 8.555
6 0.273588 8.40 3.80~3.86! 13.68~13.62! 13.68~13.62! 13.65
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whereWn andWo are the Rosenbluth factors of the ne
~incoming! or the old~leaving! n-alkane chain as defined b
Eqs.~14! and Eq.~17! of Ref. 29. In short, we use the sam
procedure described by Smit in Section 2.3 of his pape29

but replacing exp(bmB) by exp(bm)/pIC(tt•••t). For growing
the chains with the configurational bias method~step 2 in
Section 2.3.2 of Smit’s paper!, we generatedq trial torsional
angles according to the Boltzmann distribution of the Ry
aert and Bellemans torsional potential. We use q55 for
n-butane chains and q57 for n-hexane chains. The torsion
angles were generated with the procedure introduced by
marzaet al.30 We performed 250000 MC steps for equilibr
tion and 1250000 MC steps for the collection of ensem
averages for the WCA model, and 400000 MC steps
equilibration and 2000000 MC steps for obtaining avera
for the LJ model. In these simulations a MC step consis
an attempt to displace a chain, an attempt to rotate a ch
an attempt to partially or totally regrow a chain, and an
tempt to insert or delete a chain~see page 160 of Ref. 29 fo
details!. During the simulations, the average density of t
confined fluid, the carbon-matrix and intermolecular carb
carbon correlation functions, and the conformer populat
were evaluated.

In summary, we have performed NVT MC of an equ
librium binary mixture. The chemical potential of the a
transconformer is computed using Eq.~36!. This is also the
chemical potential of the n-alkane in the mixture denoted
m, since all the conformers must present the same chem
potential. Then, the density of the ideal chain in equilibriu
with the mixture is computed from Eq.~41!. Finally, the
ideal chain system is put into contact with the porous m
dium, at the wished chemical potentialm and a GCMC simu-
lation is performed. To improve the efficiency of insertio
we used configurational bias as described in Ref. 29.
kind of questions we want to ask by this long procedure
three. The first is: are densities of the n-alkane in the bin
mixture and in the porous medium similar when both s
tems present the same chemical potential for the n-alka
The second is: are the structures of the n-alkane in the bi
mixture and in the porous medium similar when the chem
potential of the n-alkane is the same in both systems?
third is: is the conformational equilibrium of the n-alkan
J. Chem. Phys., Vol. 106,
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similar in the binary mixture and in the porous medium?
the next section we present the results of this work.

V. RESULTS

In this section we will show the results obtained for t
model systems described in the previous section. We s
start with the results for the WCA systems. In Table I, t
computer simulation results for WCA equimolar equilibriu
mixtures composed of sphere1n-butane and sphere1n-
hexane are presented. For each type of mixture, the t
densities were chosen so that the total volume fractions
respond approximately to 0.10, 0.25 and 0.40. Results for
compressibility factor are shown in the third column. For
given volume fraction the compressibility factor of th
sphere1n-hexane mixture is larger than that of the sphe
1n-butane mixture. This is a consequence of the higher n
sphericity as given by Eq.~21! of the n-hexane mixture. In
Ref. 14 it was shown that the non-sphericity increases w
the length of the chain and that provokes an increase in
compressibility factor for a given volume fraction. The ide
configurational, and total value of the chemical potential
the all trans conformers are also presented in Table I. T
ideal, configurational, and total value of the chemical pot
tial for the g1 ~n-butane! and ttg1 ~n-hexane! conformers
are also included in parentheses. As it can be seen the
chemical potential of the alltransconformer is equal~within
the uncertainty of the simulations! to that of theg1 for
n-butane and to that of thettg1 for n-hexane. That consti
tutes a cross-check of our calculations since the condition
chemical equilibrium implies that the chemical potent
must be the same for all the conformers. The configuratio
chemical potential of thettg1 conformer is slightly lower
than this of the alltrans conformer. In other words the in
sertion of thettg1 conformer into the mixture is easier tha
the insertion of the alltrans conformer. This can be under
stood from the fact that the non-sphericity of thettg1 con-
former is lower12 than this of thettt. In the last column of
Table I our estimate for the chemical potential of t
n-alkane at the studied conditions is given. This estimat
simply the average of the total chemical potential of the
trans conformer and of the conformer with the gauche d
fect.
No. 5, 1 February 1997
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2005P. Padilla and C. Vega: Adsorption isotherm for flexible molecules
We shall now compare the simulation results obtained
this work for the WCA systems to those from the theo
described in Section III of this work. The problem is that t
theory of Section III applies to a system of hard body p
ticles and our simulations correspond to WCA systems.
overcome that, we assign a hard body diameter to the sph
and to the n-alkane sites by using Barker-Hender
prescription,25 and we assume that properties of the WC
system are the same as those of an equivalent hard
system. In Table II, the simulations results presented
Table I are compared to the results obtained from the the
The theoretical results correspond to those obtained f
Eqs. ~16! and ~27!, assuming that conformational chang
with density are small so that the conformational populat
can be evaluated with Eq.~28!. It should be noticed that the
effect of the approximation given by Eq.~28! on the equation
of state and configurational chemical potential of the diff
ent conformers is small and therefore, Eq.~28! can be safely
used if one is simply interested in the determination of
thermodynamic properties of the mixture. As it can be se
in Table II, the agreement between theory and simulatio
remarkably good for the EOS as well as for the configu
tional chemical potential of the alltrans conformers. More-
over, the agreement does not deteriorate significantly w
increasing the length of the n-alkane. Thus, we can conc
that Wertheim EOS gives a good description of the EOS
chemical potential of sphere1n-alkane mixtures. This is im
portant since it means that it may be useful for analyzing
behavior of polymers in spherical solvents.

In Table III, the conformational population of th
n-alkane in the mixture as obtained from simulation a

TABLE II. Comparison between theory and MC results for the equimo
sphere1n-alkane WCA mixtures.

n r* ZMC Ztheory m tt•••t
conf,MC/kT m tt•••t

conf,theory/kT

4 0.082763 1.58 1.57 1.15 1.12
4 0.206909 3.36 3.32 4.23 4.11
4 0.331055 7.59 7.76 10.77 10.78
6 0.068397 1.63 1.61 1.39 1.34
6 0.170992 3.60 3.54 5.22 5.04
6 0.273588 8.44 8.53 13.68 13.51

TABLE III. Conformational equilibrium in sphere1n-alkane WCA mix-
tures. The lowest and highest densities presented in Table I for
n-alkane are denoted asr1* andr2* respectively. Results obtained from th
theoretical treatment of Section III are also presented.

r1* r2*
Conformer MC Theory MC Theory

t 0.597~1! 0.595 0.566~1! 0.551
g 0.403~1! 0.405 0.434~1! 0.449
ttt 0.272~4! 0.279 0.247~5! 0.241
ttg 0.364~2! 0.375 0.365~3! 0.378
tgt 0.178~2! 0.187 0.180~3! 0.188
tgg 0.060~7! 0.030 0.064~2! 0.037
gtg 0.120~1! 0.128 0.136~2! 0.154
ggg 0.006~1! 0.001 0.008~5! 0.002
J. Chem. Phys., Vol. 106,
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theory is presented. Since we are now interested in analy
conformational changes with density, when implement
the theory, Eq.~23! was solved at each temperature and d
sity. The main effect of an increase in density is to reduce
population of the alltrans conformer, which is quite elon-
gated, and to increase the population of thegtg conformer
which is by far more spherical. The same behavior w
found13 in a WCA model of pure n-hexane. The theory
again quite efficient in predicting the conformational chang
with density of the mixture. In passing, we should menti
that the conformational equilibrium obtained from MC sim
lations with fixed bond angles is identical to that obtain
from Molecular Dynamics~MD! simulations where bending
is allowed but with a very large value of the bending co
stant. The use of constraints over bond angles in MD sim
lations changes the conformational equilibrium so that a M
simulation and a MD simulation with fixed bond angles yie
different conformational equilibrium~see Ref. 13!.

Once the properties of the binary mixture have been p
sented, let us now present the properties of n-alkane fluid
random porous media, which were obtained from GCM
simulations. As the input value of the chemical potential
the GCMC simulations we used the values ofm̄ presented in
the last column of Table I. Now, the output of the simulati
is the average density of the n-alkane in the random por
medium. These averages are shown in Table IV. We pre
results for two independent configurations of matrix p
ticles. The first thing to be noted is that there are not sign
cant differences between the results obtained with two in
pendent configurations of matrix particles. That guarant
that the use of only one configuration of the matrix partic
yields a good estimate of the result that would be obtained
averaging over all possible configurations of the matrix p
ticles. As the difference between the n-alkane densities
two independent configurations of the matrix is of abo
0.001~see Table IV! the use of only one configuration of th
matrix particles makes the third decimal digit of the n-alka
density uncertain. This error is small, and therefore a co
parison between the quenched media and the binary mix
can be performed on a solid ground. Certainly in more p
cise work one should consider as many configurations of

r

ch

TABLE IV. Average density of the n-alkane particles in the quenched m
dium, r f ,quenched* , as obtained from GCMC simulations at T5366.88 K for
the WCA sphere-n-alkane model. Results for two independent config
tions of the matrix particles are shown. Values ofm̄ used in the GCMC
simulations are those presented in the last column of Table I. The num
density of the spherical particles constituting the matrixrm* are just the half
of those presented in the second column of Table I. In the last column
number density of the n-alkane,r f ,mixture, in an equimolar binary mixture
with the same chemical potential of the n-alkane is presented.

n m̄/kT rm* r f ,quenched* r f ,mixture*

4 20.18 0.0414 0.0411,~0.0415! 0.0414
4 3.795 0.1035 0.1011,~0.1019! 0.1035
4 10.78 0.1655 0.1576,~0.1571! 0.1655
6 3.83 0.0342 0.0341,~0.0341! 0.0342
6 8.555 0.0855 0.0843,~0.0847! 0.0855
6 13.65 0.1368 0.1334,~0.1341! 0.1368
No. 5, 1 February 1997
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matrix particles as possible. In the last column of Table
the number density of an equimolar mixture at the sa
chemical potential is also presented. By comparing the
two columns of Table IV we learn that at the same chem
potential, the number densities of n-alkane particles in
binary mixture and in the porous medium are quite sim
~the number density of spherical particles is the same in b
systems!. For the binary mixture, the density of the n-alka
molecules is slightly larger than in the porous medium
the difference is never larger than 5 percent. The liken
between the densities of the n-alkane in the porous med
and in the mixture, at the same chemical potential, is pr
ably the most important result of this work. It shows th
adsorption isotherms of n-alkane in random porous me
can be obtained from theoretical treatments of binary eq
librium mixtures. The results of Table IV give further ev
dence of the fact that, for certain properties, the confin
alkane in the quenched medium and the binary mixture
not too different. The first indication of that was obtained
Ref. 6 for mixtures of spherical hard particles, further e
dence was obtained in Ref. 9 again for mixtures of spher
hard particles. Now, in this work, we show that this is aga
true for the somewhat more complicated system of
sphere1n-alkane mixture. The message of Table IV is: at t
same number density of the matrix particles and chem
potential of the n-alkane, the number densities of
n-alkane in the mixture and in the porous medium are q
similar. In Table V, the conformational equilibrium of th
n-alkane confined in the porous medium at the lowest che
cal potential~i.e. lowest density of n-alkane molecules! and
at the highest chemical potential considered in this work
presented. As it can be seen, there is a decrease in the p
lation of the alltransconformer and an increase in the pop
lation of the more spherical conformers as thegtg when in-
creasing the density. By comparing the results of Tables
and V we conclude that the conformational equilibrium
the n-alkane in the mixture and in the quenched medium
rather similar.

The results presented so far emphasize the similar
between the binary mixture and the quenched medium. D
this similarity extend also to structural properties? To a
lyze this point in Figs. 2–5 we present results for site-s

TABLE V. Conformational equilibrium in a quenched system made up
spheres~matrix! and fluid ~n-alkane particles! interacting through a WCA
potential as obtained from GCMC simulations. The lowest and high
chemical potentials presented in the last column of Table I for each n-al
are denoted asm1 /kT andm2 /kT respectively.

Conformer m1 /kT m2 /kT

t 0.595~5! 0.576~5!
g 0.405~5! 0.424~5!
ttt 0.272~1! 0.243~5!
ttg 0.363~2! 0.368~4!
tgt 0.178~1! 0.178~4!
tgg 0.061~1! 0.065~2!
gtg 0.120~1! 0.137~1!
ggg 0.006~1! 0.007~1!
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correlations functions. We have defined two site-site cor
lation functions, the sphere-carbon,gmc , and the carbon-
carbon,gcc , correlation functions:

gmc~r !5
1

n(i51

i5n

gm,i~r !, ~46!

gcc~r !5
1

n2(i51

i5n

(
j51

j5n

gi , j~r !, ~47!

where the indexesi and j run over the carbon atoms of th
n-alkane andgm,i andgi , j are the site-site correlation func
tions between the spheres and carboni , and between carbon

f

st
ne

FIG. 2. Sphere-carbon correlation functions for the sphere1n-butane WCA
system. Solid lines are results for the binary mixture and dashed line fo
quenched medium.~a! Results for the lowest chemical potential of th
n-butane particles presented in Table I.~b! Results for the highest chemica
potential of the n-butane particles presented in Table I.
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2007P. Padilla and C. Vega: Adsorption isotherm for flexible molecules
i and j respectively. Note that the functiongcc as defined by
Eq. ~47! contains correlations between carbons in differ
molecules only.

In Fig. 2 results for the carbon-sphere correlation fun
tion in the binary mixture and in the porous medium a
presented. Results correspond to the sphere1n-butane mix-
ture. As it can be seen in Fig. 2a at the lowest chem
potential considered~i.e. lowest density of n-alkane pa
ticles! the two correlation functions are quite similar. Th
can be understood from the fact that the structure of an
nitely diluted fluid in a matrix is identical to that of an infi
nitely diluted fluid in the binary mixture. In Fig. 2b, resul
are presented for the highest chemical potential conside
Differences in the structure of the n-alkane in the mixtu
and in the porous medium are clearly visible. In Fig. 3,

FIG. 3. As in Fig. 2 for the carbon-carbon correlation function of the sph
1n-butane WCA system.~a! Results for the lowest chemical potential of th
n-butane particles presented in Table I.~b! Results for the highest chemica
potential of the n-butane particles presented in Table I.
J. Chem. Phys., Vol. 106,
t

-

l

fi-

d.

-

sults for the carbon-carbon correlation functions of t
sphere1n-butane system are presented. It is clear that at
densities the structure of the n-alkane in the mixture and
the porous medium are quite similar. However, at large d
sities differences are significant. In Fig. 4, results for t
sphere-carbon correlation function of the sphere1n-hexane
WCA system are displayed. Again at the lowest chemi
potential, the alkane fluid in the mixture and confined pres
alike structures, but at the highest chemical potential they
quite different. In Fig. 5, results for the carbon-carbon c
relation function in the system sphere1n-hexane are pre
sented. Similar conclusions to those previously described
n-butane can be drawn.

The results of Figs. 2–5 illustrate that the structures

eFIG. 4. Sphere-carbon correlation functions for the sphere1n-hexane WCA
system. Solid lines are results for the binary mixture and dashed line fo
quenched medium.~a! Results for the lowest chemical potential of th
n-hexane particles presented in Table I.~b! Results for the highest chemica
potential of the n-hexane particles presented in Table I.
No. 5, 1 February 1997
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2008 P. Padilla and C. Vega: Adsorption isotherm for flexible molecules
the fluid ~as described by site-site correlation functions! in
the binary mixture and in the porous medium are alike at l
densities and quite different at high densities. From the
sults presented in Tables III and V, we know that the co
formational equilibria of the n-alkane in the mixture and
the porous medium are very similar. Therefore, the diff
ences appearing in Figs. 2–5 are not due to difference
conformational population between these two syste
Rather, the origin of the discrepancy is a different packing
the chains in the two systems. Recently, Chandler31 has pro-
posed a set of integral equations for obtaining the struc
of a polymer confined into a disordered porous material. T
equations proposed by Chandler combine the polymer re
ence interaction site model theory~PRISM! of Schweizer
and Curro32 with the formalism of Madden and Gland

FIG. 5. As in Fig. 4 for the carbon-carbon correlation function of the sph
1n-hexane WCA system.~a! Results for the lowest chemical potential o
the n-hexane particles presented in Table I.~b! Results for the highest
chemical potential of the n-hexane particles presented in Table I.
J. Chem. Phys., Vol. 106,
-
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These equations were recently solved by Glandtet al.9,33,34

for tangent hard spheres in several porous media. It would
interesting if this theory could be implemented for mode
like those presented in this work. Site-site correlation fun
tions obtained from simulation in this work may be obtain
from the authors upon request.35

The results presented so far support the following sta
ment: for sphere1n-alkane systems of a given compositio
the thermodynamic properties and specially the chemical
tential of the n-alkane in the mixture and in the porous m
dium are quite similar~note that this sentence is equivale
to that stated previously concerning the similarity of t
n-alkane densities for a given chemical potential, and nu
ber density of matrix particles!. This is true at low and high
densities. Structural properties of both systems are sim
when the density of both the spheres and the n-alkanes
ticles is low, but they differ significantly when the density
spheres and n-alkane particles is high. Further theore
work is clearly needed in order to understand why at h
densities of matrix and fluid particles, the chemical poten
of the n-alkane is similar in both systems in spite of the f
that the fluid structure is rather different.

All the results presented so far correspond to a WC
sphere1n-alkane system. To see if the conclusions sta
above hold also when attractive forces are included we h
performed simulations of truncated LJ systems. We used
potential given by Eqs.~29!–~31! but truncated~and shifted!
at 2.5s. Matrix-matrix interactions are truncated~and
shifted! at 2.5smm, fluid-matrix interactions are truncate
~and shifted! at 2.5smf , and fluid-fluid interactions are trun
cated~and shifted! at 2.5s f f . The simulations are now per
formed at T5550 K. This is done to avoid the two phase
coexistence region. In Table VI we present the results fr
the NVT MC calculations. For a given volume fraction, th
n-hexane mixture presents a lower compressibility fac
than the mixture with n-butane. This is the opposite of wh
was found for the WCA systems. The chemical potential
the all transconformer is identical~within the uncertainty of
the simulations! with that of the other considered conforme
which again constitutes a cross-check of our calculatio
The results presented in Table VI indicate that, for n-buta
the configurational contribution to the chemical potential
the gaucheconformer is lower than this of thetrans con-
former. However, for n-hexane, the configurational chemi
potential of the alltrans conformer is lower than this of the
ttg1 one. It seems that attractive forces favor the alltrans
conformer. That was already anticipated in Ref. 13.

In Table VII, results from our GCMC for the LJ system
are presented. The chemical potentials used in the GC
simulations are those of the n-alkane molecule in the bin
mixtures presented in Table VI~see last column of this
table!. Again, it is clear that for a given chemical potentia
the density of the n-alkane in the binary mixture and in t
quenched medium is similar. Nevertheless, the quantita
agreement in the value of the densities is now poorer than
the WCA model and we found that in the binary mixture t
density of n-alkane molecules is higher than in the poro
medium although the difference is never larger than abou

e
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TABLE VI. As in Table I for sphere1n-alkane LJ equimolar mixtures. The pair interactions are truncated
shifted as described in the text. The temperature isT5550 K. Results for theg1 and ttg1 conformers are
shown in parentheses. In the last column the estimate of the chemical potential taken as the averag
chemical potentials of the two considered conformers is presented.

n r* Z m tt•••
id /kT m tt•••t

conf /kT m/kT m̄/kT

4 0.082763 1.110~5! 21.42~21.35! 20.35~20.41! 21.77~21.76! 21.765
4 0.206909 1.796~8! 20.82~20.78! 0.61~0.58! 20.21~20.20! 20.205
4 0.331055 4.20~1! 20.37~20.28! 3.47~3.42! 3.10~3.14! 3.12
6 0.068397 1.00~1! 1.07~1.06! 20.43~20.41! 0.64~0.65! 0.645
6 0.170992 1.53~1! 1.98~2.02! 20.19~20.16! 1.79~1.86! 1.825
6 0.273588 3.87~2! 2.4~2.4! 2.7~2.9! 5.2~5.3! 5.25
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percent. It should be remembered that for the WCA poten
we also found a larger value of the density of n-alkane m
ecules in the mixture than in the porous medium although
difference in this case was never larger than 5 perc
Therefore, we conclude that although the similarity betwe
the binary mixture and the porous medium holds also for
LJ system~a system with attractive forces! the differences
are now larger than in the WCA case.

Before finishing we would like to show how the simila
ity between the binary mixture and the quenched med
can be used for the determination of adsorption isother
We shall assume that the chemical potential of the n-alk
in the binary mixture and in the quenched medium are
same for a given number density of spheres and n-alk
particles. In Fig. 6, theoretical adsorption isotherms
WCA n-butane and WCA n-hexane in a matrix of WC
spheres~the volume fraction of the spheres is approximat
0.20! are presented. Results correspond to T5366.88 K and
to the WCA models described in Section IV. The adsorpt
isotherms were obtained from the theory for hard body m
tures described in Section II. We used the BH prescriptio25

to map the WCA model into an equivalent model of ha
bodies. We assumed for this simple calculation that the c
formational population of the n-alkane in the bulk and in t
binary mixture is given by the ideal gas distribution~see Eq.
~28!!. Therefore, for a given temperature, we shall simp
assume that therelative populationof the different conform-
ers is fixed and given by Eq.~28!. In Fig. 6, the adsorption o
the n-alkane~i.e. the number density of n-alkane molecul

TABLE VII. Average density of the n-alkane particles in the quench
medium,r f ,quenched* as obtained from GCMC simulations at T5550 K for
sphere-n-alkane LJ models. Values ofm̄ used in the GCMC simulations ar
those presented in the last column of Table VI. The number density of
spherical particles constituting the matrixrm* are just the half of those pre
sented in the second column of Table VI. In the last column the num
density of the n-alkane,r f ,mixture, in an equimolar binary mixture with the
same chemical potential is presented.

n m̄/kT rm* r f ,quenched* r f ,mixture*

4 21.765 0.0414 0.0407 0.0414
4 20.205 0.1035 0.0972 0.1035
4 3.12 0.1655 0.1470 0.1655
6 0.645 0.0342 0.0336 0.0342
6 1.825 0.0855 0.0788 0.0855
6 5.25 0.1368 0.1258 0.1368
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in the porous medium! is plotted as a function of the pressu
of the n-alkane molecules in the bulk. Fig. 6 shows t
amount of n-alkane adsorbed when the porous medium
brought into contact with a pure fluid of n-alkane molecu
~bulk! and the system reaches the equilibrium at a giv
pressure. As it can be seen, for a given pressure the ads
tion of n-butane is larger than that of n-hexane. This is
pected since the smaller size of the n-butane molecule m
its adsorption easier. In Fig. 7, the adsorption data of Fig
are presented in a different way. Now partition coefficien
of the n-alkane molecules are plotted as a function of
volume fraction of the n-alkanes in the bulk. The partitio
coefficient is defined as:

K5
r f ,quenched*

r f ,bulk*
, ~48!

e

r

FIG. 6. Adsorption isotherms of the WCA models of n-butane and n-hex
in a matrix of WCA spheres. The model is that described in Section
Temperature isT5366.88 K. The number density of the matrix particles
fixed and corresponds torm*50.1655. Results were obtained by using th
theory described in Section III and assuming that population of conform
is given by the ideal gas distribution. The reduced number density of
n-alkane molecules in the porous medium is shown as a function of
pressure of the bulk n-alkane fluid. Solid line corresponds to n-butane
dashed line to n-hexane.
No. 5, 1 February 1997
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2010 P. Padilla and C. Vega: Adsorption isotherm for flexible molecules
wherer f ,bulk* is the reduced number density of the n-alka
molecules in the bulk. As it can be seen the partition coe
cient increases with the density of the bulk fluid. This is
agreement with the results of Ref. 34. The value of K
y50 is just the Henry constant of the n-alkane molecule
the porous medium. As it can be seen in Fig. 7 the He
constant for n-butane is larger than for n-hexane. This
again due to the smaller volume of the n-butane molecu

The results shown in Figs. 6 and 7 illustrate how adso
tion isotherms can be computed from the theoretical tre
ment described in Section III of this work.

VI. CONCLUSIONS

In this work we have performed computer simulations
WCA models of sphere1n-alkane. We considered tw
n-alkane models, one describing n-butane and the other
scribing n-hexane. In particular, NVT simulations were p
formed for the equilibrium equimolar mixtures of spher
and n-alkanes. By using the Widom test particle method,
chemical potential of the n-alkane in the mixture was co
puted. Then, by using this value of the chemical poten
GCMC simulations were performed in a medium where
spheres are quenched and the average density of the n-a
was obtained.

We found that structural properties of the fluid~site-site
correlation functions! differ significantly in the mixture and
in the porous medium. However, it is found that for a giv
chemical potential of the n-alkane the density of the n-alk
in the mixture and in the porous medium are practically
same. This can be stated in a slightly different way. One
say that for a given fixed density and composition, t
chemical potential of the n-alkane in the mixture and in
quenched medium do not differ much. Similar results w

FIG. 7. Partition coefficient, K,~see Eq.~48! of the main text! of the WCA
n-alkane molecules as a function of the volume fraction of the bulk n-alk
fluid. Results and conditions are those presented in Fig. 6. Solid line co
sponds to n-butane and dashed line to n-hexane.
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previously found for spherical systems.6,9 This work shows
that this also holds for non spherical flexible molecules. C
formational changes with density in the mixture and in t
quenched medium are analogous. There is a decrease i
population of the alltransconformer, and an increase in th
population of those conformer presentinggauche bonds.
Since conformational equilibrium in both systems is simi
the differences in the site-site correlation functions found
the binary and quenched medium cannot be attributed
changes in conformational population. They are due to
different way the n-alkane chains pack in both media. Th
conclusions hold for n-butane and n-hexane, so that for
chains considered here there is not length dependence
also performed simulations in LJ systems. The conclusi
obtained for WCA systems hold also for the LJ potent
although the presence of attractive forces makes the disc
ancies in thermodynamic properties between the mixture
the porous medium slightly larger. Further theoretical wo
is needed to understand why the strong difference betw
the structure of the fluid particles~n-alkane! in the binary
mixture and in the porous medium is not reflected in t
chemical potential of the n-alkane which remains quite clo
for both types of systems.

The EOS for mixtures of hard n-alkanes proposed
cently by us, can be applied to the description of mixtures
sphere1n-alkane particles. In fact, quite good agreeme
with simulation is found for the EOS and chemical potent
in these kinds of systems. That will be quite useful in t
future for considering the behavior of polymers solved
solution of spherical particles. Moreover, our finding co
cerning the similarity in the thermodynamic properties of t
mixture and quenched medium allow us to go one step
ther. We simply assume that the chemical potential of
n-alkane in the quenched medium is the same as that in
binary mixture. In this way, adsorption isotherms for ha
models of n-butane and n-hexane in a matrix of hard sph
have been computed.
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