Adsorption isotherm for flexible molecules in random porous media.
Can we regard the system as a binary mixture?
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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 sphera-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 Physid$50021-960807)50105-X

I. INTRODUCTION Madden and Glandt equations, although they showed that the

) o . exact version reduces to the former one when the Percus-
Adsorption of fluids in pores of well defined geometry Yevick closure is used

(planar wall, slit pore, spherical cavitiebave received con- It was soon clear that the determination of adsorption

siderable attention during the last decada. number of isotherms from the structural results obtained from the MG

simulation and theoretical studies using integral equation O(requations would be of great interest. After some Unsuccess-

density functional theory have been presented so that a falrly | attempts®® Vegaet al® proposed a compressibility route

good understanding of these systems has been achieved. An- o . . T
other interesting problem is the adsorption of fluids in sys-Or determining the chemical potential of the fluid in the

tems with micropores in which the matrix is disordered everPOrous material. Vegat al. thought this route t-o be apprgxr
on molecular length scale. For these systems the pores do Bt but later on Ford and G_Iaﬁ(hnd Rosinberget al.
present a fixed geometry and the structure of the matrix préldependently showed that this route is exact when the
sents a certain degree of randomness or disorder. For ifzércus-Yevick closure is used in the MG equations. Ford and
stance silica gels, which are usually used in adsorption ex@landt and Rosinberet al. obtained the exact expression for
periments, cannot be modeled by pores of well definecdPbtaining the chemical potential of the fluid from the struc-
geometry since the gels present a more or less random stru@iral information arising from the MG equatiofi§.There-
ture. An important step towards the understanding of thdore the exact set of equations governing the structure of the
adsorption on these systems was made by Madden arfl¥iid in the random medium, and the exact expression to
Glandt who consider the fluid-solid system as a binary mix-obtain the chemical potential of the fluid from this structure
ture with one component quenched. Madden and Gfand@re now known exactly. For binary mixtures, the OZ equa-
were able to write a set of Ornstein-Zernicke like equationgions and the routes to determine the chemical potential from
for the fluid-quenched matrix problem which are commonlythe structural information are well known since long ago. At
denoted as the Madden and Glandt equatid&). Given  least now we know what to do although not so much about
and Steff showed that certain graphs were missing in thehow to do it.

original derivation and proposed the correct version of the In this paper we focus on a different issue. It was found
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in Ref. 6 that the chemical potentials of the fluid in the po-mixtures of hard n-alkane models will be presented. Details
rous material and in the binary mixture are quite similarconcerning the simulations performed in this work will be
when the matrix particles are much bigger than the fluidgiven in Section IV. Results will be presented in Section V
ones. Recently Ford, Thompson and Gl&rwtve also found and in Section VI the conclusions will be discussed.

the same result for the case in which the matrix particles are

of the same or smaller size than the fluid particles. These two

works show that the chemical potential of the fluid in the, r,\r 1 jEMICAL POTENTIAL OF FLEXIBLE MODELS
binary mixture and in the porous medium are quite similar

regardless of the size ratio between fluid and matrix particles. In this section an expression for the total chemical po-
Can we understand these results? For the case in which thential of flexible molecules will be derived. Let us assume
matrix particles are bigger than the fluid ones the similaritythat the Rotational Isomeric State approximati@S) is

in the chemical potential follows directly from the similarity valid, and we regard a fluid composed of flexible molecules
in the structure. In Ref. 6 it was found that when matrix as a multicomponent mixture.For instance, fluid n-butane
particles are bigger than fluid ones then the structure of thés regarded as a tri-component mixture of tragauche
fluid in the binary mixture is almost identical to that of the andgauche . For simplicity let us assume that for the flex-
fluid in the porous medium. This similarity in the structure isible model in consideration there are only two conformers
a direct consequence of the fact that certain graphs appearirithe extension to the case of more conformers is trivithe

in the density expansion of the structural functions of thetwo possible conformergécomponents of the mixtuyeare
mixture do not contribute much when the size ratio betweerdenote as A and B. The free energy of the system, A, is given
matrix and fluid particles is large. For the case in which theby'®

matrix particles are smaller than the fluid ones the origin of

Na N
the similarity between the chemical potentials is not clear, d,"dg° [ exp(— BU(N4,Ng))dNAdNg
since in this case the structure of the fluid in the binaryb‘__kT In Na! Ng! \NatNg '
mixture and in the porous medium are probably different. In )

any case, although further work is still needed to understand

the origin of this similarity, the important result arising from WhereNa and Ng are the number of A and B molecules
Refs. 6, 9 is that the chemical potential of the fluid in areSPectively,8=1KkT, V is the volume,dN, anddNg de-

binary mixture and in a porous medium are quite similarnNCt€ integration over the coordinates of Mg andNg par-

regardless of the size ratio between fluid and matrix particlediCles U is the potential energy of the system aggis the

The importance of this result should not be overlooked. 11d€2l gas partition function of molecule A which is given by:

means that approximatgut reliable adsorption isotherms _A-3 v rot %) R

can be obtained if the chemical potential of the fluid in the Aa=(Aa™V)(Gadn)exi — D) =TTV expl DA)’(Z)

binary mixture is known. Much is known about equilibrium

binary mixtures. The point we want to make here is that thisvhereA , is the de Broglie thermal wavelength of molecule

information can be used for obtaining interesting results oA, g4 is the vibrational partition functiorg}y" the rotational

an apparently unrelated problem: the determination of adpartition function, andD} is the electronic energy of mol-

sorption isotherms in random porous media. This idea hascule A in the ground state KT units. A similar expression

recently been used within a mean field treatm@nt. can be written forqg. For simplicity let us assume that
In particular, we shall focus in this paper on the adsorp-A 4,q4 andgy* have the same values for molecules A and B,

tion of n-alkanes particles in a random porous medium ofo that the product of all these functions is denoted (a9

spherical particles. The reason for choosing this system isr simplyf. Then Eq.(1) can be rewritten after some algebra

threefold. First we want to test whether the similarity in theas:

chemical potential of the fluid in the quenched medium and

in the equilibrium mixture holds also for a fluid composed of iz —In(f(T))+(In(p) — 1) + X,D* + xD%

nonspherical particles. Second we want to analyze the prob- NKT p AZA T TBTB

lem of the conformational equilibrium within the pore. Cer-

tainly the confinement may induce changes in the population

of the different conformers of the n-alkafeFinally since a 1 ([ exp(—BU)dNAdNg

good equation of statEQS is now available for mixtures N |”( VNATNG : ()]

of hard n-alkane modei&1#(the sphericat n-alkane mix-

ture being a particular capere want to apply it for obtaining where x, is the molar fraction of component A and

the adsorption isotherm of the n-alkane in the random poroug=(Np+ Ng)/V is the total number density of the system.

medium. That will illustrate how the determination of ad- Then by using the standard thermodynamic relation:

sorption of complex particles can be faced with quite simple

tools. MA ( IAKT
The scheme of the paper is as follows. In Section Il we KT INp

discuss the evaluation of the total chemical potential for flex-

ible models. In Section Il a theoretical equation of state forone obtains for the chemical potential of component A

+Xa IN(Xa) +Xg IN(Xg)

4

>T,V,NB
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id conf minimum with respect to variation in composition at a given
M Ha Ha * )
===t 7 = (=In(f)+Dx +In(pXa)) temperature, volume and total number of particles.
KT kT kT : .
Egs.(1-9) can easily be extended to the multicomponent
—In{exp(— BURS(NA,Ng))), (5)  case. In the case of different conformers, the condition of

chemical equilibrium given by Eq#) is replaced byxn —1

teS . . . .
whereU$*(N,,Ng) is the intermolecular interaction energy equations(Eq. (6) with the conformers 1 and, 2 and

of a test particle of type A when inserted into a fluid with :
. i N,...,A—1 and\). Also Eq.(9) is now replaced by a sys-
N, particles of type A and\g particles of type B. The brack- term of A — 1 equat)ions imp(lqyi(n; on the rig%t hand élide )clzon—
ets in Eq.(5) denote canonical average. The ideal part is({frmers 1 ana confc;rmers 2 and. 3 and\ and so é)n
defined by the sum of the first three terms on the right hand. ' . ' )
. . . inally the presented formalism can also be extended to the
side of Eq.(5), and the configurational part by the last term. case )i/n Whi?:h one cannot enumerate the different conform-

We define the configurational part of a given property as the rs, since they form a continuum depending on a given vari-

d|fferen.ce of th'|s propgrty in the real system and in asystenible or set of variables. For instance, we can think that
of non-interacting particles when both are at the same tem-

perature, density andomposition This is different from a h-butane is a system where the different configurativas

residual property. Residual properties are the difference beics of the torsional angléorm a continuum defined by the

tween the thermodynamic properties of the real system an\éarr:ableanln\’vht'ﬁh Si?f? tralﬁﬁ valnuﬁes frrot?1n0 t]f”fn:n the ﬁgﬁe m
that of an ideal gas at the same temperature and density. Nogé -pentane the ditierent configurations form a (,:O , uu
efined by the value of the two torsional angles; (¢5).

that the composition of the ideal gas may differ from that ofIset us denote as the set of torsional angles defining the

the real system so that configurational and residual propertie nfiguration of the moleculéw me bond lenaths and
are not the same. The formulas presented so far are valid f phiguration of the moleculove assume bond lengins a
angles are fixed so that the integral ofi¢ is one:

any kind of binary mixture. However, in the case that mol-
ecules A and B are in chemical equilibriufimterconversion

between molecules or conformers A and B is possitiien dop= dgyde; . . .dos (10)
it must also holds that: (2m)®
= . (6) T T ! ! !
HA=HB N _ 1 1 S ...f% dejdey---dep.
The mass law arising from Eq5)—(6) can be written . . do= 2 =1, (11
as:
Xg Xg conf  conf - wheres is the number of torsional degrees of freedom of the
Xa X3 exp(—Blug "~ ma)), (" molecule. Let us now definp(¢) as the probability distri-

. . bution function(normalized to ongof the torsional angles.
wherexy, is the molar fraction of component B at zero den- ( e g

. A . In particular,p(¢)d ¢, is the probability of finding a mol-
*
sity which IS proportional .tc.’ exp{DA_) (wg assume that the ecule with the torsional angles betweénand ¢+ d¢. The
rest of the ideal gas partition function is identical for both

. X . function must satisfy:
conformers. If components A and B are in chemical equi- P(¢) bt

librium then the Gibbs energy of the system, G, can be writ- 1 1

ten as: fo---fo p(¢)dep=1. (12
G=Naua+Ngug=Nu. 8

The importance of Eq(8) is as follows. If one wishes to The functionp(¢) is a probability density. For a system with

compute the chemical potential of the flexible molecule, thera continuous distribution of the torsional angles Ex).must

it is sufficient to compute the chemical potential of one se-be rewritten as:

lected conformer, say Aafter all, the chemical potential of

all the conformers is the same since they are in chemical g4 N tes

equilibrium). kT~ In(f)+D7%+In(pp()) —In(exp(— U 4 )
Before finishing this discussion let us evaluate the de- (13

rivative of A/INKT with respect to the molar fraction of com-

ponent A(i.e x,). Starting from Eq(3) and taking into ac- and Eq.(8) is replaced by an integration over of the prod-

count thatxg=1—X, one obtains: uct of N p(¢)u,. The continuous version of E¢9) for a
IA/NKT system in chemical equilibrium is:
IXa TN S(AINKT+7(fp(¢)de—1))

What Eq.(9) says is that the derivative of the free energy op( ) - (14

with respect to the molar fraction of component A is just the

difference in the chemical potential between components Avhere we now use functional derivation.is a Lagrange
and B. If the system is in chemical equilibrium then E§).  multiplier which guarantees that the functigr¢) is nor-
must hold, and that means that the derivative in @gmust  malized to one. Eq(14) is a well known result within den-
be zero, or in other words that the free energy must by aity functional theory-’*°
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Ill. THEORETICAL EOS FOR HARD N-ALKANE (17) now reads(taking into account that the value of the
MIXTURES non-sphericity parameter of a spherical particle is)one

Wertheinf® and Chapmaret al?! have recently pro- 1
posed an EOS for chains af tangent hard spheres. The amixture=§+ 22 Xo®gy (21)
compressibility factoZ as given by Wertheim’s EOS is: o

1+v
1+y+y?—y® 1+y—y?2 1

S ot PP o U S, =3 22

pkT (1-y) (1-y)(1-y/2) w=2

(15) A similar expression can be written fof e NOte that
where the packing fractiory, is given by the product of the since we are studying equimolar spherealkane mixtures
number density of the chains times the molecular volume. Ithe sum of the molar fractions of the different n-alkane con-
principle, Wertheim EOS is only valid for tangent hard formers must be 0.5 as stated in E22). The » components
spheres. We have recently shdmt* how to extend Wer-  of the n-alkane are in chemical equilibrium and therefore, we
theim EOS for chains with overlapping between contiguoushgvey— 1 equations as E@6) (see previous sectionThus,
sites so that hard n-alkane models can be described. In ad(:ihe values ofxw in Eqs (2]_) and (22) are not arbitrary_ In
tion, an extension to hard n-alkane mixtures has also beefact they must guarantee that the chemical potential of the
proposed:* Our extension of Wertheim EOS to multicompo- different conformers is the same. As it was shown in the
nent hard bodies mixtures is given by: previous section this is equivalent to minimize the free en-

P 1+y+y2—y3 ergy of the syst.em with respect to variations of the molar
Z:Tl_z(Zamixtu,e— 1)W fraction of the different conformers of the n-alkane. Conse-
P y quently, the values of,, are obtained by solving the follow-
1+y—y?/2 ing set of equations:

(1-y)(1-y/2)’ (16) (aA/NkT

where the non-sphericity parametéfye,» the volume X,
Vmixture @Nd the packing fraction of the mixtuseare given

—(2amixture= 2)

) =0 w=23,..., (23)
T,V,N

along with the normalization condition given by E@®2).

by: The free energy, A, is the sum of the ideal® and configu-
= S oty 17) rational, A®" free energies. These are given by:
Aid 1 1+v w=1+v
— *
Vo S v 8 M= 5 Nl 5 +w§2 X, IN(X,/Q,,)+ wzz x,D*,
(24)
Y= P Vmixture- (19 Aconf 2(1_y)2
The sums in Eqs(17) and (18) run over the different KT~ 2(@mixture= 1) (2—y)
components of the mixturd/,,, «, andx, are the volume,
non-sphericity parameter and molar fraction respectively of _ (2amiqure—1)(2y—3) —3(2amyure—1)
componentw and p is the total number density. The non- (1-y)? mixture
sphericity parametes,, of componentw is defined through (25)
the second virial coefficient of this compondsée Refs. 12,
13, 22 for details In Eq. (24) Q,, is the degeneracy of conformer. For in-
stance, thetrans-gaucheconformer of n-pentandtg) has
« :E<%_ ) (20) Q=4 sincetg™,tg”,g"t,g"t are equivalent conformers.
¢ 3\ V, ’ D* is the intramolecular energy of conformer(in kT units)

where B is the second virial coefficient of the had with respect to the all trans conform@vhich is taken as the

particles. Basically we can say that we are using Wertheinf€r0 Of energies The configurational free energy was ob-
EOS with the parameten of the original theory replaced by tained from |ntegrat|9n O,f Eq16). Solution of Eqs(21)~
2amiane— 1. This replacement ensures that the second viriaiz‘r’) allow the determination of,, and hence of the total free

coefficient of the mixture, as obtained from Wertheim EQS EN€rgy for a given density and temperature. The pressure is

is very close to the exact value. Let us now apply the previ—then obtained from Eq(16). Values of«,, andV,, for the

ous equations to the particular case of a hard spherdifférent conformers of n-alkanes from n-butane up to
+ n-alkane mixture. We shall use the RIS approximation for-0¢tane have been reported in Rel‘(.m%Z.' The configurational
the n-alkane. Let us assume that there arpossible con- Cchemical potential of conformep, u;,™, is obtained from
formers. Then the spheter-alkane mixture has-t v differ- the thermodynamic relation:

ent component&he sphere is the component 1 and the con- AN KT

formers are the components 2 te-1). In this work we shall TN
consider equimolar sphere-n-alkane mixtures. Therefore Eq.

= uS"KkT (26)
TV.N,#N,

7
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which when Eq(25) is used yields: sponding to the LJ model. We would like to stress that in the
Acn(Z—1) JACTNKT present work we do not want to make any attempt of com-
+

confyl T= + paring our results with experiment, hence, the model chosen
K NKT P , . L
y mixture for representing alkane chains is not an optimized one.
1+ We shall first describe the LJ model. The expressions for
X| a,(1=x,)— E a, X, |- (27 the sphere-sphere interactiag,,, sphere-n-alkana,,; and
o=lo#y n-alkane-n-alkane;; are given by:
Note that although the total chemical potential of all the oo \12 (g |6
. . LJ mm mm
conformers must be the same, this is not necessarily true for u;,=4€mm (T - (T) ) (29
the configurational part. Eq27) can also be used to deter-
mine the configurational chemical potential of the spherical i=nj=n oo 12 6
. LJ ff Otf
particle. uffzz 2 4eff((r) _<r_) ) (30
The procedure presented so far can be considered as a =1j=1 1 1
discrete version of density functional theory. After all we are i=n o2 [ 6
writing the total free energy as a function of the molar frac- ~ y=> 4€mf( (_’“f) - (_m) ) (31
tions (the singlet correlation functionand minimizing the =1 Fmi Fmi

total free energy with respect to variations in composition|y this work, o, = 5.4804 A,o;=3.923 A, o= 4.7017 A
(the functional must be stationaryThis methodology Was  (applying Lorentz-Berthelot  mixing rdde  and
already presented in Re_fs. 12 and 13. We applied _|t toemm/k=eff/k= €im/k=72 K. The value of sigma for the
n-alkane models to obtain the changes in conformationalpherical moleculesg,,y, is chosen so that the spherical
equilibrium with density at a given temperature. Neverthe—partide has a volume very close to that of the n-butane

less, for n-alkanes changes in conformational equilibriunynain, Eq.(30) describes the interaction energy between two
with density at a given temperature were found to be smallgitferent n-alkane molecules. In this equatiop,is the dis-

and for that reason, good results for the equation of state angdnce between interaction sitén molecule 1 and interaction
conflguratlooal properties can be obtalneq by using the 'de"’gitej in molecule 2. The number of carbon atoms in the
gas population of conformers. That avoids the somewhgl_gikane is denoted as In addition to that, we shall also use
cumbersome procedure of solving Eg3) at each tempera-  an intramolecular LJ interaction between interaction sites
ture and density. In summary, instead of solving &3 one  separated by at least four C-C bonds. In B) r,; denotes
can simply use the ideal gas population of conformers, usingse distance between the sphere and the sifahe n-alkane.
it for determining the EOS, configurational free energy and  1he WCA system can be easily obtained from the ex-
configurational chemical potential of oonformerby using pressions of the LJ potential given by Eq29)—(31) by
Eq. (16), Eq. (25 and Eq.(27) respectively, with the set of 5,51ving the general expression:

0 ; 0 ; .
X, instead ofx,,. The values ok are obtained from:

uWh=ut+e r<2'o, (32

o Q, exp —D¥)
w_ztll:éﬂw exp(— D) w=23,...,1+v. (28 uWCA_(g >26, (33)

For the equimolar sphere-n-alkane mixture, a factor of® themm, fm andff interactions. For the WCA model the
0.5 must be included on the right hand side of E28) (the simulations were performed at= 366.83 K. At'thls tem-
sum of the molar fraction of the different conformers of the Perature the Barker-Henderson proscnp%?oapphed_ to the
n-alkane must be 0)5D* will be obtained from Eq(13) WCA n-olkane-n-alkane potential yields for the diameter of
and Eq.(7) of Ref. 13. In our theoretical calculations we will the equivalent hard s_plmeresl)(d=3.7109_ A SO tha_t the
not consider conformers including g~ org~g* sequences reduced bond length is =I/d=Q.4123. V|_r|al coefficients
since their probability of occurrence is very smalithis is ~ ©f hard n-alkane gnodels for this elongation have been re-
usually denoted as the pentane effect cently. determlne.&. These second virial coofﬁmeots will be .
used in the application of the theory described in the previ-
ous section to the present model.

In summary, in this work two type of pair potential func-

In the present section the potential models used in thisions have been used, a LJ type and WCA type. Additionally,
work as well as the details of the simulations will be de-two types of systems will be considered. The first system is
scribed. The united atom model will be used for describingan equilibrium equimolar binary mixture sphere-alkane
the n-alkane, so that for instance n-butane is described bithe molar fraction of the spherical component and of the
four interaction sites located on the position of the carbom-alkane are 0)5and the second is a quenched matrix made
atoms. The bond length and bond angle are fixed. The C-@Qp of spherical molecules in which the n-alkane chains are
bond length is set tb=1.53 A, and the C-C-C bond angle to adsorbed.
0=109.5°. We shall use the torsional potential proposed by Let us first discuss the way in which the computer simu-
Ryckaert and Bellemarfs.Two kinds of pair potentials will lations of the binary mixture were performed. The equilib-
be simulated, the full Lennard-Jones potentlal), and the rium binary mixture was studied by NVT Monte CariIC)
Weeks Chandler-AnderséiVCA) reference systefficorre-  simulation. During the simulation, conformer populations,

X

IV. SIMULATION DETAILS
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intermolecular structure and the chemical potential of theconformers should be identicéhey are in chemical equilib-
n-alkane were evaluated. The total chemical potential of the&ium). It is interesting to stress that with E¢36) we are
n-alkane in the mixture will be obtained as follows. From thecomputing the total chemical potential.

discussion of Section Il, we know that the condition of In the NVT simulations we typically used 80 alkane
chemical equilibrium implies that the chemical potential of chains and 80 spherical particles. We performed 200000-
all the different conformers be the same. The general expre250000 MC steps for equilibration and 1000000-1250000
sion for the chemical potential of a given conformer within MC steps for obtaining averages in the case of the WCA
the mixture is given byaccording to the discussion of Sec- system, and 400000 MC steps for equilibration and 2000000

tion Il and Eq.(13)): MC steps for obtaining ensemble averages in the case of the
LJ model. Each MC step consists of an attempt to displace
%: _|n(fg§f)+Dz+|n(p¢)+|n(p(¢)) the center of mass qf a moleculehain or sphglje an at-
tempt to rotate a chain, and an attempt to partially or totally
_|n<exq_ﬂutqesst)>, (34) regrow a chain using the configurational bias metffothe

matrix-carbon and intermolecular carbon-carbon correlation

where we have defined the reduced number density as:  functions were obtained during the run. Every 400 MC steps

we perform 1000 attempts of inserting a test particle for the

* :&03 (35) computation of the configurational part of the chemical po-
Py o tential.

andN; is the number of n-alkane molecules in the system. Now let us describe the second kind of simulations car-

We shall set the value dfa?f to one so that the first term on ried out in this work for an alkane confined in a matrix of
the right hand side of Eq34) is zero. Eq.(34) is valid for quenched spheres. This system will be studied by Grand Ca-

any conformer. When applied to the all trans confontiee nonical MC (GCMC) simulations. First, a MC NVT simula-

conformer with all torsional angles set to zemne obtains: tion of a system made up O_f spherlc_al par_tlcles_ only is per-
formed. One of the equilibrium configurations is quenched

Mttt N . and, after that, spherical particles will remain fixed in their
kT~ Pie-tFIn(pi) +In(p(tt---1)) positions during the rest of the calculations. The system
composed of quenched spherical particles will form the ma-

—In{exp(— BUE)), (36)  trix (random porous mediumin which the n-alkane fluid

will be confined. GCMC simulations are now performed so
that the adsorption isotherm can be computed. The adsorp-
of finding the alltrans conformer in the simulated mixture. tion isotherm gives fpr agien temperqture, den.smes of the
. * : n-alkane molecules in the random medium for different val-
The intramolecular energ®y;...; is given by the summation : : : : .
. L ues of the chemical potential. The input data in GCMC simu-
of the torsional energy, and the site-site intramolecular en;__. . .
or In the particular case of the all trans conformer the!atlons are temperature, volume and chemical potential, and
gy P in our case the configuration of the matrix particles. General

torsional energy is zero, thus, only the sne—s!te Intrf"‘mOlecuaetails concerning GCMC simulations can be found in Ref.
lar energy must be evaluated. E§6) can easily be imple-

mented. During the NVT MC simulation, an afians test 27. Here we only describe special aspects concerning our

oE . . : ) system. Smit and Siepmaih?® have recently introduced a
particle is randomly inserted in the mixture from time to y P y

. . . . . . quite useful methodology for performing GCMC simulations
time. The m_teractlon energy of th_ls test particle with t_he restOf chain molecules. They introduce a new concept which is
of the particles of the system is computed. In this way

. . : ) n n ideal chain. In our he ideal chainis m
(exp(—BUESY)) is computed. Also, during the simulation the denoted as an ideal cha our case the ideal chain is made

o e . : up of n-alkane particles whidf) do not present intermolecu-
probability of finding an all trans conformer is estimated. VVelar interactions;(ii) present intramolecular interactions of
evaluatedp(tt---t) as:

torsional type described in this work by the Ryckaert and
Ni(t=AtEA, . t=A) Bellemans torsional potentia(jii) do not present intramo-
p(tt---t)=< N (A/7)" 2 : (37 lecular site-site interactions.
f Note that an ideal chaiis notan ideal gas. An ideal gas
where the numerator in Eq37) is the number of molecules satisfies(i) and (ii) but not requirementiii ).
with all the bonds located withir- A radians of the perfect Let us assume that we create an experimental set up like
trans state(this with all the torsional angles set to zertn ~ the one shown in Fig. 1. System | is a binary equilibrium
this work we set the value ok in radians so that it corre- mixture, system Il is a gas made up of ideal n-alkane chains,
sponds to 5 degrees. The power—3) appears in the de- and system lll is the n-alkane fluid confined in the random
nominator of Eq.(37) due to the fact that for an n-alkane porous medium. Note that there is not spherical particles in
with n interaction sites there are{ 3) torsional degrees of system Il. The three phases are in therifialt not in me-
freedom. chanical equilibrium. Let us assume that the n-alkane par-
Equation(36) can also be applied to other conformersticles are in chemical equilibrium, and therefore present the
different from the alltrans. That constitutes a cross-check of same chemical potential in the three phases. When the equi-
the calculations since the chemical potential of the differentibrium is established the number density of the n-alkane in

whereD};.. ; is the intramolecular energyn kT units) of the
all trans conformer, andp(tt---t) is the probability density
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Binary mixture

[
74 [Z 74 7 774 V4
\) Ideal chains
Il
r A 22
Porous media
b —

A
/\/§
Il
FIG. 1. Imaginary set-up in which an equilibrium binary mixtdspherical

+ n-alkane particlesdenoted as phase | is in equilibrium with a gas made
up of ideal chaingsee main text for the definition of an ideal chaitenoted

I

as phase Il, and this phase Il is in equilibrium with a quenched matrix of
spherical particles which is denoted as phase lll. Equilibrium between

phases I, Il, and Il is thermal but not mechanical. In addition to that the
n-alkane molecules in the three phases are in chemical equilibrium. Th

isotherm for flexible molecules 2003

If the phases | and Il are in chemical equilibrium with
respect to the n-alkane molecules, we can equate the chemi-
cal potential of both systems given by E¢36) and(38) to
obtain:

Mit---t

W=|n(p;,c)+|n(p'c(tt---t)) (40)
which can be rearranged to:
ex IKT)  exp(u/KT
P?,lc: A ptt -t )_ A u/KT) (41)

pie(tt---t) — p(ttt)

where in the last term of Eq41) we have dropped the sub-
index tt---t, since all the conformers present the same
chemical potential at equilibrium which is simply denoted as
ulKT. Therefore, for any equilibrium binary mixture for
which we know the chemical potential from E(B6), one
can obtain the density of the ideal chain in equilibrium
pf c from Eq.(41). What we shall do now is a GCMC simu-
lation between a bath of ideal chains, with chemical potential
wn and densityp; ¢ and the porous mediurtwhere n-alkane
chains will be confined We start from Eq.4) of Smit's
papef® which gives the probability of accepting a new
n-alkane particle in the porous medium. This equation is
written as:

\Y
P(N¢—N;+1)= mpmc exp(—B(U(N¢+1)

—U(Np))),
whereN; is the current number of n-alkane moleculet-

(42

number densities of spherical particles in phases | and Il are the samd€ady confined in the porous mediurBy using the value of
However, the number density of n-alkane particles in phases |, Il, and Il argp; | obtained from Eq(41) one obtains:

in general different.

the binary mixture, ideal chain, and the confined fluid are

* * * .
P, mixture Pf,IC andpf,quenchedrespecuvely-

B Via3,
P(Nt—N¢+1)= (Nf+1)p'c(tt---t) exp( B(u—U(N;¢

+1)+U(Nyp)) (43

Using the general formalism developed in Section Il, theand a similar formula can be written for the probability of
chemical potential of an ideal chain can be obtained if theemoving an n-alkane particle from the confined fluid. Since

chemical potential of the ideal chain in the &tns confor-
mation (or in any other conformationis known. By using
Eq. (36) and taking into account that for the ideal chain the
last term in Eq(36) is zero, and the first term is zero for the
all trans conformer one obtains:

IC
Mgt

T (38)

=In(pf o) +In(p'“(tt---1)),

our confined n-alkane fluid is in equilibrium with an ideal
chain gas, the conformations of the particles that we are try-
ing to insert into the quenched medium must obey the ideal
chain distribution function of torsional angles. There is not
any problem with that except that the probability of inserting
chains becomes very low at high densities, so that equilibra-
tion is difficult. To improve that, we shall use configurational
bias as described by Snitt.The final working expressions

where the superscript IC denotes properties of the ided#sed in our GCMC calculations for the probability of either

chain. For an ideal chaip(tt---t) is a function of tempera-
ture only and is given by:

7[2 \exXpl — Buiod $1))d 7| "2
AS§Texp(— Bud ¢1))dé;

where u,,, stands for the torsional potential. The limits of
integration in the numerator of E¢39) arise from the fact
that thetrans conformer has been defined as this within the
interval =A.

p'C(tt---t)Z

(39

accepting the creation of a particle abg(~N;+ 1) or ac-
cepting the removal of a particle ad¢(—N;—1) are:

V/(Tfaf W'1
_1'(Nf+1)p'c(tt---t) eXFIBM) ,

(44)

|

(45

acdN;—N;+1)=min

N¢

acdN;—N;—1)= mln_ 1'V/cr?fp'c(tt- texpl B W
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TABLE |. MC results for equimolar sphetien-alkane WCA mixtures. The temperature is 366.88 K in all the
cases. Densities are reduced by usitfg. Results for the compressibility factdrare given. Ideal, configura-

tional and total chemical potentials of the &thns conformer are shown. In parentheses the ideal, configura-
tional and total chemical potentials of tgé conformer for n-butane and of theg™ conformer for n-hexane

are also presented. In the last column the estimate of the chemical potential of the n-alkane as given by the
average of the total chemical potentials of the two considered conformers is presented.

n p* z wi IKT MK wIKT kT
4 0.082763 158 ~1.32-0.94 1.151.13 -0.17-019  -0.8
4 0.206909  3.36 —0.43-0.37 4.234.16 3.803.79 3.795
4 0.331055  7.59 0.00.16 10.7710.62 10.7810.78 10.78
6 0.068397  1.62 2.42.43 1.391.37) 3.863.80 3.83
6 0.170992  3.60 3.33.42 5.225.13 8.578.54 8.555
6 0.273588  8.40 3.98.86 13.6813.62 13.6813.62 13.65

where W" and W° are the Rosenbluth factors of the new similar in the binary mixture and in the porous medium? In
(incoming or the old(leaving n-alkane chain as defined by the next section we present the results of this work.
Egs.(14) and Eq.(17) of Ref. 29. In short, we use the same
procedure described by Smit in Section 2.3 of his paper, V- RESULTS
but replacing expgu®) by exp@Bu)/p'(tt- - -t). For growing In this section we will show the results obtained for the
the chains with the configurational bias meth@tep 2 in  model systems described in the previous section. We shall
Section 2.3.2 of Smit's papgmwe generated trial torsional  start with the results for the WCA systems. In Table |, the
angles according to the Boltzmann distribution of the Ryck-computer simulation results for WCA equimolar equilibrium
aert and Bellemans torsional potential. We usebgfor  mixtures composed of sphera-butane and sphetan-
n-butane chains and=g7 for n-hexane chains. The torsional hexane are presented. For each type of mixture, the three
angles were generated with the procedure introduced by Aldensities were chosen so that the total volume fractions cor-
marzaet al3® We performed 250000 MC steps for equilibra- respond approximately to 0.10, 0.25 and 0.40. Results for the
tion and 1250000 MC steps for the collection of ensemblecompressibility factor are shown in the third column. For a
averages for the WCA model, and 400000 MC steps fomgiven volume fraction the compressibility factor of the
equilibration and 2000000 MC steps for obtaining averagesphere-n-hexane mixture is larger than that of the sphere
for the LJ model. In these simulations a MC step consist oft-n-butane mixture. This is a consequence of the higher non-
an attempt to displace a chain, an attempt to rotate a chaisphericity as given by Eq21) of the n-hexane mixture. In
an attempt to partially or totally regrow a chain, and an at-Ref. 14 it was shown that the non-sphericity increases with
tempt to insert or delete a chaisee page 160 of Ref. 29 for the length of the chain and that provokes an increase in the
detaily. During the simulations, the average density of thecompressibility factor for a given volume fraction. The ideal,
confined fluid, the carbon-matrix and intermolecular carbon-configurational, and total value of the chemical potential for
carbon correlation functions, and the conformer populatiorthe all trans conformers are also presented in Table I. The
were evaluated. ideal, configurational, and total value of the chemical poten-
In summary, we have performed NVT MC of an equi- tial for the g™ (n-butang andttg™ (n-hexang conformers
librium binary mixture. The chemical potential of the all are also included in parentheses. As it can be seen the total
trans conformer is computed using E(6). This is also the chemical potential of the attans conformer is equalwithin
chemical potential of the n-alkane in the mixture denoted ashe uncertainty of the simulationgo that of theg™ for
w, since all the conformers must present the same chemicatbutane and to that of thegg™ for n-hexane. That consti-
potential. Then, the density of the ideal chain in equilibriumtutes a cross-check of our calculations since the condition of
with the mixture is computed from Ed41). Finally, the  chemical equilibrium implies that the chemical potential
ideal chain system is put into contact with the porous meimust be the same for all the conformers. The configurational
dium, at the wished chemical potentjaland a GCMC simu- chemical potential of thétg™ conformer is slightly lower
lation is performed. To improve the efficiency of insertion than this of the alktrans conformer. In other words the in-
we used configurational bias as described in Ref. 29. Theertion of thettg® conformer into the mixture is easier than
kind of questions we want to ask by this long procedure arghe insertion of the altrans conformer. This can be under-
three. The first is: are densities of the n-alkane in the binargtood from the fact that the non-sphericity of ttig™ con-
mixture and in the porous medium similar when both sysformer is lowet? than this of thettt. In the last column of
tems present the same chemical potential for the n-alkanePable | our estimate for the chemical potential of the
The second is: are the structures of the n-alkane in the binany-alkane at the studied conditions is given. This estimate is
mixture and in the porous medium similar when the chemicakimply the average of the total chemical potential of the all
potential of the n-alkane is the same in both systems? Theans conformer and of the conformer with the gauche de-
third is: is the conformational equilibrium of the n-alkane fect.
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TABLE II. Comparison between theory and MC results for the equimolar TABLE IV. Average density of the n-alkane particles in the quenched me-

spherer-n-alkane WCA mixtures. dium, pf quenchea @S Obtained from GCMC simulations at=866.88 K for
the WCA sphere-n-alkane model. Results for two independent configura-
n p* ZMe zteoy pftMGRT  pntieoykT tions of the matrix particles are shown. Valuesofused in the GCMC
simulations are those presented in the last column of Table I. The number
4 0.082763 1.58 1.57 115 112 density of the spherical particles constituting the magfjxare just the half
4 0.206909  3.36 3.32 4.23 411 of those presented in the second column of Table I. In the last column the
4 0.331055  7.59 7.76 10.77 10.78 number density of the n-alkang; mixwre iN @n equimolar binary mixture
6 0.068397  1.63 1.61 1.39 1.34 with the same chemical potential of the n-alkane is presented.
6 0.170992 3.60 3.54 5.22 5.04
6 0273588 844 853 13.68 1351 n wlkT p* P quenche PF micure
4 —0.18 0.0414 0.041(0.0415 0.0414
4 3.795 0.1035 0.101M.1019 0.1035
We shall now compare the simulation results obtained in g 13;3 g'égig g'ég’zg'égﬁ g'égig
this work for the WCA systems to those from the theory ¢ 8555 00855 0.084.0847 0.0855
described in Section Il of this work. The problem is that the & 13.65 0.1368 0.133@.1341) 0.1368

theory of Section Ill applies to a system of hard body par
ticles and our simulations correspond to WCA systems. To

overcome that, we assign a hard body diameter to the spheres ) ) ) ) )
and to the n-alkane sites by using Barker-HendersofN€Ory is presented. Since we are now interested in analyzing
prescriptior?® and we assume that properties of the WCAconformatlonaI changes with density, when implementing
system are the same as those of an equivalent hard bodk}e theory, Eq(23) was solved at each temperature and den-
system. In Table II, the simulations results presented irSity. Thg main effect of an increase in densﬂy is to'reduce the
Table | are compared to the results obtained from the theoryP©Pulation of the altrans conformer, which is quite elon-
The theoretical results correspond to those obtained frorfated, and to increase the population of gig conformer
Egs. (16) and (27), assuming that conformational ChangesWh'Cgls's by far more spherical. The same behavior was
with density are small so that the conformational populatiofound”™ in a WCA model of pure n-hexane. The theory is
can be evaluated with E28). It should be noticed that the again qwtg efficient |n_pred|ct|ng the_conformanonal changes
effect of the approximation given by E(28) on the equation with density of thg mixture. .In passing, we should mention
of state and configurational chemical potential of the differ-that the conformational equilibrium obtained from MC simu-
ent conformers is small and therefore, E26) can be safely lations with fixed bond angles is identical to that obtained
used if one is simply interested in the determination of the™mM Molecular DynamicsMD) simulations where bending
thermodynamic properties of the mixture. As it can be seers allowed but with a very large value of the bending con-
in Table I, the agreement between theory and simulation i§t6_mt' The use of constraints over bond_ _an_gles in MD simu-
remarkably good for the EOS as well as for the configura-lat'ons changes the conformational equilibrium so that a MC
tional chemical potential of the affans conformers. More-  Simulation and a MD simulation with fixed bond angles yield
over, the agreement does not deteriorate significantly wheflifferent conformational equilibriuntsee Ref. 18
increasing the length of the n-alkane. Thus, we can conclude ©ONce the properties of the binary mixture have been pre-
that Wertheim EOS gives a good description of the EOS angented; et us now present the properties of n-alkane fluids in
chemical potential of spheten-alkane mixtures. This is im- 'andom porous media, which were obtained from GCMC
portant since it means that it may be useful for analyzing theimulations. As the input value of the chemical potential in
behavior of polymers in spherical solvents. the GCMC simulations we used the valueswpresented in
In Table Ill, the conformational population of the the last column of Table I. Now, the output of the simulation
n-alkane in the mixture as obtained from simulation and th€ average density of the n-alkane in the random porous
medium. These averages are shown in Table IV. We present
results for two independent configurations of matrix par-
TABLE Ill. Conformational equilibrium in spheren-alkane WCA mix- ticles. The first thing to be noted is that there are not signifi-
tures. The lowest and highes: densitigs presented in Table | for eachant differences between the results obtained with two inde-
?r;:(')krzg‘za?ﬁei‘:;?ﬁtdfs s:t?o’;mz||r|e§£ee:2/§|;}ezgﬁl:e”§ obtained from the handent configurations of matrix particles. That guarantees
' that the use of only one configuration of the matrix particles

Pt ok yields a good estimate of the result that would be obtained by
Conformer MC Theory MC Theory averaging over all possible configurations of the matrix par-
¢ 0.5971) 0.595 0.5661) 0.551 t|cIe§. As the d|fferenc_e betyveen the n-alkaqe plensmes for
g 0.4031) 0.405 0.4341) 0.449 two independent configurations of the matrix is of about
ttt 0.2724) 0.279 0.2475) 0.241 0.001(see Table IY the use of only one configuration of the
ttg 0.3642) 0.375 0.3683) 0.378 matrix particles makes the third decimal digit of the n-alkane
tgt 0.1782) 0.187 0.18(3) 0.188

density uncertain. This error is small, and therefore a com-
;gtg g:gggg g:ggg gzggg 8:221 parison between the quenched media and the binary mixture
999 0.0061) 0.001 0.0085) 0.002 can be performed on a solid ground. Certainly in more pre-
cise work one should consider as many configurations of the
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TABLE V. Conformational equilibrium in a quenched system made up of 1.2
spheregmatrix) and fluid (n-alkane particlgsinteracting through a WCA
potential as obtained from GCMC simulations. The lowest and highest
chemical potentials presented in the last column of Table | for each n-alkane 1.0 4
are denoted ag 4 /kT and u, /KT respectively.
Conformer p /KT Mo IKT 0.8 -
t 0.5955) 0.5765) Omec
g 0.40%5) 0.4245)
tt 0.2721) 0.2435) 06
ttg 0.3632) 0.3684)
tgt 0.1781) 0.1784)
tgg 0.0611) 0.0652) 047 —— Binary mixture
gtg 0.12@1) 0.13711) — — Porous media
ggg 0.0061) 0.0071)
0.2
00T T 15 2b | 25 | 3o
matrix particles as possible. In the last column of Table IV : : : i ’ '
the number density of an equimolar mixture at the same () r/ o
chemical potential is also presented. By comparing the last 2.0

two columns of Table IV we learn that at the same chemical

potential, the number densities of n-alkane particles in the 187

binary mixture and in the porous medium are quite similar 16 P
(the number density of spherical particles is the same in both [N
systems For the binary mixture, the density of the n-alkane 1.4 -

molecules is slightly larger than in the porous medium but Ome 12 1
the difference is never larger than 5 percent. The likeness

between the densities of the n-alkane in the porous medium 1.0 1

and in the mixture, at the same chemical potential, is prob- 0.8

ably the most important result of this work. It shows that

adsorption isotherms of n-alkane in random porous media 0.6 1 ~— Binary, mixture
can be obtained from theoretical treatments of binary equi- 0.4

librium mixtures. The results of Table IV give further evi-

dence of the fact that, for certain properties, the confined 0.2

alkane in the quenched medium and the binary mixture are 0.0 D

not too different. The first indication of that was obtained in 0.5 1.0 1.5 2.0 25 3.0
Ref. 6 for mixtures of spherical hard particles, further evi- () r/gﬁc

dence was obtained in Ref. 9 again for mixtures of spherical
hard particles. Now, in this work, we show that this is againriG. 2. Sphere-carbon correlation functions for the sphereutane WCA
true for the somewhat more Complicated system of thesystem. Solid lines are results for the binary mixture and dashed line for the
spherern-alkane mixture. The message of Table IV is: at theduenched medium(a) Results for the lowest chemical potential of the

. ) . . ) . __n-butane particles presented in Tabléhl. Results for the highest chemical
same _number density of the matrix particles a_n_d chemic otential of the n-butane particles presented in Table |I.
potential of the n-alkane, the number densities of the
n-alkane in the mixture and in the porous medium are quite
similar. In Table V, the conformational equilibrium of the _ _ _ o
n-alkane confined in the porous medium at the lowest chemicorrelations functions. We have defined two site-site corre-
cal potential(i.e. lowest density of n-alkane moleculesnd ~ lation functions, the sphere-carbogy., and the carbon-
at the highest chemical potential considered in this work aréarbon,gcc, correlation functions:
presented. As it can be seen, there is a decrease in the popu-

lation of the alltrans conformer and an increase in the popu- 1)

lation of the more spherical conformers as titg when in- Omd(r) = ﬁzl Im,i(1), (46)
creasing the density. By comparing the results of Tables Il

and V we conclude that the conformational equilibrium of gi=ni=n

the n—aII_<a|je in the mixture and in the quenched medium are JeelF) = _22 E 9i,(r), 47
rather similar. n“’=1j=1

The results presented so far emphasize the similarities
between the binary mixture and the quenched medium. Doeshere the indexes andj run over the carbon atoms of the
this similarity extend also to structural properties? To anan-alkane andy,,; andg; ; are the site-site correlation func-
lyze this point in Figs. 2—5 we present results for site-sitetions between the spheres and carboand between carbons
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1.2 1.2
1.0 H 1.0
0.8 0.8 4
Yee Ome
0.6 0.6 1
0.4 . 0.4 .
—— Binary mixture — — Porous media
— — Porous media —— Binary mixture
0.2 - 0.2 A
0.0 T T T T T T T T T 0.0 T f T T T T T T T
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
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1.4 2.0
1.8 4
1.2
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0.6 ~
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FIG. 3. As in Fig. 2 for the carbon-carbon correlation function of the sphereFIG. 4. Sphere-carbon correlation functions for the spherbexane WCA

+n-butane WCA systenfa) Results for the lowest chemical potential of the system. Solid lines are results for the binary mixture and dashed line for the

n-butane particles presented in Tabl¢bl). Results for the highest chemical quenched medium(a) Results for the lowest chemical potential of the

potential of the n-butane particles presented in Table I. n-hexane particles presented in Tablé). Results for the highest chemical
potential of the n-hexane particles presented in Table I.

i andj respectively. Note that the functiap. as defined by
Eq. (47) contains correlations between carbons in differentsults for the carbon-carbon correlation functions of the
molecules only. sphere-n-butane system are presented. It is clear that at low
In Fig. 2 results for the carbon-sphere correlation func-densities the structure of the n-alkane in the mixture and in
tion in the binary mixture and in the porous medium arethe porous medium are quite similar. However, at large den-
presented. Results correspond to the spharbutane mix- sities differences are significant. In Fig. 4, results for the
ture. As it can be seen in Fig. 2a at the lowest chemicasphere-carbon correlation function of the sphemnehexane
potential consideredi.e. lowest density of n-alkane par- WCA system are displayed. Again at the lowest chemical
ticles) the two correlation functions are quite similar. This potential, the alkane fluid in the mixture and confined present
can be understood from the fact that the structure of an infialike structures, but at the highest chemical potential they are
nitely diluted fluid in a matrix is identical to that of an infi- quite different. In Fig. 5, results for the carbon-carbon cor-
nitely diluted fluid in the binary mixture. In Fig. 2b, results relation function in the system sphera-hexane are pre-
are presented for the highest chemical potential consideredented. Similar conclusions to those previously described for
Differences in the structure of the n-alkane in the mixturen-butane can be drawn.
and in the porous medium are clearly visible. In Fig. 3, re-  The results of Figs. 2-5 illustrate that the structures of
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1o These equations were recently solved by Glagtdal %3334

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

The results presented so far support the following state-
ment: for spheré n-alkane systems of a given compaosition,
the thermodynamic properties and specially the chemical po-
tential of the n-alkane in the mixture and in the porous me-
dium are quite similaknote that this sentence is equivalent
to that stated previously concerning the similarity of the
n-alkane densities for a given chemical potential, and num-
ber density of matrix particlesThis is true at low and high
densities. Structural properties of both systems are similar

0.0 S when the density of both the spheres and the n-alkanes par-
0.5 1.0 1.5 2.0 2.5 3.0 ticles is low, but they differ significantly when the density of
(a) r/Uff spheres and n-alkane patrticles is high. Further theoretical
work is clearly needed in order to understand why at high
densities of matrix and fluid particles, the chemical potential
of the n-alkane is similar in both systems in spite of the fact
that the fluid structure is rather different.

All the results presented so far correspond to a WCA
sphere-n-alkane system. To see if the conclusions stated
above hold also when attractive forces are included we have
performed simulations of truncated LJ systems. We used the
potential given by Eq929)—(31) but truncatedand shifted
at 2.5r. Matrix-matrix interactions are truncatedand
shifted at 2.%,,, fluid-matrix interactions are truncated
i — — Porous media (and shifted at 2.50,¢, and fluid-fluid interactions are trun-

— Binary mixture cated(and shiftedl at 2.5r¢;. The simulations are now per-
0.2 formed at =550 K. This is done to avoid the two phases
coexistence region. In Table VI we present the results from
the NVT MC calculations. For a given volume fraction, the
0.5 10 15 20 25 3.0 n-hexane mixture presents a lower compressibility factor
r/cr than the mixture with n-butane. This is the opposite of what
ff ; .
was found for the WCA systems. The chemical potential of
FIG. 5. As in Fig. 4 for the carbon-carbon correlation function of the spherethe a_”trans. Confo_rmer is identicalwithin th.e uncertainty of
+n-hexane WCA systen(a) Results for the lowest chemical potential of the simulationswith that of the other considered conformers
the n-hexane particles presented in Tablgh). Results for the highest which again constitutes a cross-check of our calculations.
chemical potential of the n-hexane particles presented in Table I. The results presented in Table VI indicate that, for n-butane,
the configurational contribution to the chemical potential of
the gaucheconformer is lower than this of th&ans con-
the fluid (as described by site-site correlation functipis  former. However, for n-hexane, the configurational chemical
the binary mixture and in the porous medium are alike at lowpotential of the altrans conformer is lower than this of the
densities and quite different at high densities. From the rettg* one. It seems that attractive forces favor thetalhs
sults presented in Tables Il and V, we know that the con-conformer. That was already anticipated in Ref. 13.
formational equilibria of the n-alkane in the mixture and in In Table VII, results from our GCMC for the LJ systems
the porous medium are very similar. Therefore, the differ-are presented. The chemical potentials used in the GCMC
ences appearing in Figs. 2-5 are not due to differences isimulations are those of the n-alkane molecule in the binary
conformational population between these two systemsmixtures presented in Table Misee last column of this
Rather, the origin of the discrepancy is a different packing oftable. Again, it is clear that for a given chemical potential,
the chains in the two systems. Recently, Charillleas pro- the density of the n-alkane in the binary mixture and in the
posed a set of integral equations for obtaining the structurguenched medium is similar. Nevertheless, the quantitative
of a polymer confined into a disordered porous material. Theagreement in the value of the densities is now poorer than for
equations proposed by Chandler combine the polymer refethe WCA model and we found that in the binary mixture the
ence interaction site model theof?RISM) of Schweizer density of n-alkane molecules is higher than in the porous
and Currd® with the formalism of Madden and Glandt. medium although the difference is never larger than about 10

0.8
Jee

0.6 4

0.4 i
— — Porous media
—— Binary mixture

0.2

1.0 4

0.8 1
gCC

0.6

0.4 A

(b)
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TABLE VI. As in Table | for spheré-n-alkane LJ equimolar mixtures. The pair interactions are truncated and
shifted as described in the text. The temperatur=s550 K. Results for theg™ andttg® conformers are

shown in parentheses. In the last column the estimate of the chemical potential taken as the average of the
chemical potentials of the two considered conformers is presented.

n ¥ z KT & KT wlkT uIkT
4 0082763  1.116) -1.42-139  -035-041)  -171-176  —1.765
4 0.206909  1.798)  —0.82—0.79 0.61(0.589 ~0.21-020  —0.205
4 0331055  4.2() ~0.371-0.29 3.473.42 3.103.14 3.12
6 0.068397  1.0Q) 1.071.06 ~0.43-0.41) 0.640.69 0.645
6 0170092  1.5Q) 1.992.02 ~0.19-0.19 1.791.86 1.825
6 0273588  3.82) 2.42.4) 2.72.9 5.25.3) 5.25

percent. It should be remembered that for the WCA potentiain the porous mediuins plotted as a function of the pressure
we also found a larger value of the density of n-alkane mol-of the n-alkane molecules in the bulk. Fig. 6 shows the
ecules in the mixture than in the porous medium although thamount of n-alkane adsorbed when the porous medium is
difference in this case was never larger than 5 percenbrought into contact with a pure fluid of n-alkane molecules
Therefore, we conclude that although the similarity betweeribulk) and the system reaches the equilibrium at a given
the binary mixture and the porous medium holds also for theressure. As it can be seen, for a given pressure the adsorp-
LJ system(a system with attractive forceshe differences tion of n-butane is larger than that of n-hexane. This is ex-
are now larger than in the WCA case. pected since the smaller size of the n-butane molecule makes

Before finishing we would like to show how the similar- its adsorption easier. In Fig. 7, the adsorption data of Fig. 6
ity between the binary mixture and the quenched mediunare presented in a different way. Now partition coefficients
can be used for the determination of adsorption isothermof the n-alkane molecules are plotted as a function of the
We shall assume that the chemical potential of the n-alkaneolume fraction of the n-alkanes in the bulk. The partition
in the binary mixture and in the quenched medium are theoefficient is defined as:

same for a given number density of spheres and n-alkane *
particles. In Fig. 6, theoretical adsorption isotherms for K:Mﬁ (48)
WCA n-butane and WCA n-hexane in a matrix of WCA P¥,bulk

spheregthe volume fraction of the spheres is approximately
0.20 are presented. Results correspond t366.88 K and

to the WCA models described in Section IV. The adsorption 0.30

isotherms were obtained from the theory for hard body mix-
tures described in Section Il. We used the BH prescriftion
to map the WCA model into an equivalent model of hard 0.25
bodies. We assumed for this simple calculation that the con-
formational population of the n-alkane in the bulk and in the 0.20
binary mixture is given by the ideal gas distributigee Eq. B
. . < -
(28)). Therefore, for a given temperature, we shall simply ¢ -7
assume that theelative populationof the different conform- g 0.15 -
. . . . . o -
ers is fixed and given by E@28). In Fig. 6, the adsorption of  * 4~ e
the n-alkangi.e. the number density of n-alkane molecules < 010 4 Pl
: e
/
/
TABLE VII. Average density of the n-alkane particles in the quenched 0.05 /
medium, pf quenched @ Obtained from GCMC simulations at=650 K for ’ /
sphere-n-alkane LJ models. Valuesiolised in the GCMC simulations are //
those presented in the last column of Table VI. The number density of the
spherical particles constituting the matyi§, are just the half of those pre- 0.00 o 1 2 3 T L TETE TS
sented in the second column of Table VI. In the last column the number .
density of the n-alkaneyy mixwre, iN an equimolar binary mixture with the p/(kT/O’ffs)
same chemical potential is presented.
n wIkT om P¥ quenched PF mixture FIG. 6. Adsorption isotherms of the WCA models of n-butane and n-hexane
. in a matrix of WCA spheres. The model is that described in Section IV.
4 —1.765 0.0414 0.0407 0.0414 Temperature i§ = 366.88 K. The number density of the matrix particles is
4 —0.205 0.1035 0.0972 0.1035 fixed and corresponds tof,=0.1655. Results were obtained by using the
4 3.12 0.1655 0.1470 0.1655 theory described in Section Il and assuming that population of conformers
6 0.645 0.0342 0.0336 0.0342 is given by the ideal gas distribution. The reduced number density of the
6 1.825 0.0855 0.0788 0.0855 n-alkane molecules in the porous medium is shown as a function of the
6 5.25 0.1368 0.1258 0.1368 pressure of the bulk n-alkane fluid. Solid line corresponds to n-butane and

dashed line to n-hexane.
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0.65 previously found for spherical systefh8This work shows
0.60 - that this also holds for non spherical flexible molecules. Con-
0.55 formational changes with density in the mixture and in the
quenched medium are analogous. There is a decrease in the
0-50 1 population of the altrans conformer, and an increase in the
0.45 7 population of those conformer presentigguche bonds.
0.40 1 Since conformational equilibrium in both systems is similar
K 035 o the differences in the site-site correlation functions found in
0.30 the binary and quenched medium cannot be attributed to
0.25 - changes in conformational population. They are due to the
0.20 different way the n-alkane chains pack in both media. These
’ conclusions hold for n-butane and n-hexane, so that for the
015 7 chains considered here there is not length dependence. We
0.10 also performed simulations in LJ systems. The conclusions
0.05 obtained for WCA systems hold also for the LJ potential
0.00 — although the presence of attractive forces makes the discrep-
000 010 020 030 040 050 0.60 ancies in thermodynamic properties between the mixture and

y the porous medium slightly larger. Further theoretical work
is needed to understand why the strong difference between
he str re of the flui rticle@-alkane in the binar

FIG. 7. Partition coefficient, K(see Eq(48) of the main texk of the WCA t .etSt UCtude .O t:‘l e fluid pa the'(Sn a. a ét :‘l e tbdg yth
n-alkane molecules as a function of the volume fraction of the bulk n-alkand "X ure and in . € porous medium !S no re_ ec e_ In the
fluid. Results and conditions are those presented in Fig. 6. Solid line correchemical potential of the n-alkane which remains quite close
sponds to n-butane and dashed line to n-hexane. for both types of systems.

The EOS for mixtures of hard n-alkanes proposed re-

. . cently by us, can be applied to the description of mixtures of
where pf . is the reduced number density of the n'alkanespherekn—alkane particles. In fact, quite good agreement

molegules in the pulk. As it can be seen the pgrtmon_ C(.)ef.f"with simulation is found for the EOS and chemical potential
cient increases with the density of the bulk fluid. This is in

] in these kinds of systems. That will be quite useful in the
agreement with the results of Ref. 34. The value of K fc.)rfuture for considering the behavior of polymers solved in

y=0 is just the Henry constant of the n-alkane molecule in : . : -
. . . solution of spherical particles. Moreover, our finding con-
the porous medium. As it can be seen in Fig. 7 the Hen b b 9

: . %erning the similarity in the thermodynamic properties of the
constant for n-butane is larger than for n-hexane. This IS hixture and quenched medium allow us to go one step fur-

again due 1o the small_er v_olume of the_ n-butane molecule.ther. We simply assume that the chemical potential of the
The results shown in Figs. 6 and 7 illustrate how adsorp-

tion isoth b ted f the th tical t tn—alkane in the quenched medium is the same as that in the
lon 1sotherms can be computed from the theoretical frea binary mixture. In this way, adsorption isotherms for hard
ment described in Section Il of this work.

models of n-butane and n-hexane in a matrix of hard spheres

have been computed.
VI. CONCLUSIONS
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