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al properties of methanein a model sili
a gelT.Patsahan, M.Holovko, A.Trokhym
hukAbstra
t. Mole
ular dynami
s (MD) simulations are performed for aLennard-Jones 
uid adsorbed in a model sili
a gel to study the individualparti
le motions. The mean-square displa
ement and velo
ity auto
orre-lation fun
tions of 
uid parti
les are 
al
ulated from the MD simulationsat densities 
orresponded to the gas and liquid phases and for di�erenttemperatures, and used to analyze their self-di�usion 
oeÆ
ients. It isshown that the presen
e of porous media redu
es the mobility of 
uidparti
les and hen
e de
reases the self-di�usion 
oeÆ
ient.
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1 ðÒÅ�ÒÉÎÔ1. Introdu
tionThe knowledge of the properties of the sorbed 
uids in a spe
i�
 poroussolids 
ontinue to be of great interest for basi
 and applied s
ien
e. Ex-tensive appli
ation of porous materials in the petroleum and 
hemi
alpro
ess industries as 
atalysts and adsorbents is a powerful stimulus forstatisti
al-me
hani
al studies. Mu
h theoreti
al work has been done dur-ing the last two de
ades to model and investigate the physi
al adsorptionin porous media. Primarily this has been 
on
erned with highly ideal-ized pore spa
es [geometries℄ like slit, 
ylindri
al and spheri
al pores,some spe
i�
 zeoliti
 stru
tures and e�e
ts of pore shape and size, mi-
ros
opi
 stru
ture of pore surfa
e upon thermodynami
, stru
tural, andkineti
 properties were extensively investigated. Re
ently, the models formore 
omplex porous mi
rostru
tures whi
h 
hara
terize gels and Vy-
or glasses have been developed. These models are aimed to 
ount thein
uen
e of ma
ros
opi
 stru
ture and topology of the pore spa
e upon
uid behavior in porous materials.There are two major properties of porous materials whi
h a�e
t themeasurements of self di�usion. They are related to the extent to whi
hpores are dead ended and tortuous [geometry℄ and to the degree that thedi�using mole
ules are adsorbed on surfa
e sites [
hemistry℄. A relative-ly simple but nontrivial model for simple-like 
uids adsorbed in getero-geneous porous solid have been formulated by Kaminsky and Monson(KM)[7℄. This model prin
ipally di�ers from the previously studied[4,5℄models for the adsorption of a hard-sphere-like 
uids in hard-spherematri
es. The attra
tive 
uid-matrix and 
uid-
uid intera
tions are in-
luded in the KM model. Due to this, the e�e
t of temperature on theproperties of adsorbed 
uid is presented. The 
uid-matrix attra
tion issigni�
antly stronger 
ompared with the 
uid-
uid intera
tion. In ad-dition, this model also is 
hara
terized by a quite large asymmetry ofdiameters of matrix obsta
les and of adsorbate 
uid atoms. To illustratethe utility of the model, an appli
ation to represent the Henry's law
onstant for methane adsorbed in a sili
a gel has been used. However,the authors emphasized that a �t of the Henry's 
onstant provides somesupport but still is far from suÆ
ient for the general 
on
lusion aboutappli
ability of the model.The theoreti
al tools to investigate these systems in
lude the integralequation theory approa
hes[2{4℄ and 
omputer simulation te
hniques[5{9℄. The main attention in the theoreti
al studies has been paid to thestru
ture and thermodynami
al properties. However, little attention hasbeen given to 
uid dynami
s in heterogeneous mi
rostru
tures. The
ICMP{01{17E 2asymmetry of energies and diameters may result in a strong a

umu-lation of the 
uid parti
les in the vi
inity of a matrix obsta
les. Thishas been 
on�rmed already by Monte Carlo (MC) 
omputer simulations[7,8℄. Thus, we 
an expe
t that mobility of 
uid parti
les also 
ould bea�e
ted.In this 
ommuni
ation our main goal is to investigate how the dy-nami
al properties of the LJ-like 
uid are altered under heterogeneousporous solid 
on�nement. With this aim we apply mole
ular dynami
s(MD) simulation te
hnique to study the behavior of guest simple-like
uid in sili
a gel. MD simulations are a versatile tool for a detail de-s
ription of the time evolution of the simulated system, giving a

ess toboth stru
tural and dynami
 properties. In this paper we study mole
-ular di�usion in a porous medium traying to distinguish between thegeometri
al and the 
hemi
al 
ontributions. The remainder of the pa-per is organized as follows. The next se
tion des
ribes the potentials ofthe 
uid-
uid and 
uid-matrix intera
tions and the method used for thesimulations. The results and dis
ussion are presented in se
tion 3.2. Modelling and 
omputer simulations2.1. Model des
riptionThe behavior of simple 
uids adsorbed in porous medium has been stud-ied by means of a 
anoni
al mole
ular dynami
s simulations. The bulk
uid is 
hara
terized by the redu
ed number density, � = Nf�3=V , andis modelled by trun
ated and shifted 12-6 Lennard-Jones (LJ) potential,uff (r) = 8<: �LJ(r) � �LJ (Rf ); r < Rf0; r > Rf ; (2.1)�LJ (r) = 4� ���r �12 � ��r �6� ; (2.2)with the parameters: �=k = 148:2K; � = 0:3817nm that 
orrespond tomethane-methane intera
tion. All length s
ales are expressed in units of�. The model for porous adsorbent is redu
ed to an equilibrium 
on�gu-ration of Nm hard spheres [obsta
les℄ of the diameter D. The ratio of thevolume o

upied by hard-
ore obsta
les to the volume, V , of the wholesample is � = (�=6)NmD3=V and de�nes the adsorbent porosity, 1� �.It already has been shown that this is a reasonable �rst approximationto the stru
ture of sili
a gel [6℄.



3 ðÒÅ�ÒÉÎÔThe essen
e of the simulations of pore 
uid is the modelling of the in-tera
tion between 
uid mole
ules [admole
ules℄ and the sili
a spheres. Inthis 
ase it is important how we spe
ify a 
uid-surfa
e intera
tion, i.e. anintera
tion between a 
uid parti
le and the spheri
al surfa
e of a matrixparti
le. The system we simulated was based on the model developedby Kaminsky and Monson (KM) [7℄ for methane adsorbed in a mi
ro-porous sili
a gel. The trun
ated and shifted 
uid-surfa
e intera
tion inthe frame of this model has the form:ufm(r) =8>>>><>>>>: 1; r < 12D�KM (r)� �KM (Rm); 12D < r < Rm0; r > Rm ; (2.3)where [7,8℄�KM (r) = 23��sD3�s � (r6 + 21=20D2r4 + 3=16D4r2 +D6=192)d12(r2 �D2=4)9� d6(r2 �D2=4)3 � : (2.4)For 
onvenien
e of the reader we list the set of parameters of the potentialfun
tions: d = 0:33nm, �s = 44nm�3, �s=k = 339K and D = 7:055�:Besides that we introdu
e a potential of the repulsive (non-attra
tive)intera
tion between the 
uid and matrix parti
lesuREPfm (r) =8<: ufm(r); r < R00; r > R0 ; (2.5)where R0 = 4:1526� was 
hosen in the way ufm(R0) = 0:0 to be equalto zero.The potential fun
tions for the 
uid-
uid and 
uid-surfa
e intera
-tions both have been spheri
ally trun
ated with 
ut-o� radii, Rf andRm, respe
tively. To eliminate the impulsive 
ontribution from the dis-
ontinuity of the potentials at 
ut-o� distan
e to the for
e, both, uff (r)and ufm(r), have been shifted on the magnitude of the intera
tion en-ergy at 
ut-o� distan
e. Parti
ularly, we used Rf = 2:56� for adsorbed
uid, and Rm = 12� for 
uid-surfa
e intera
tions.The properties of 
uid in porous solid environment are determinedby the intera
tion within 
uid parti
les, and intera
tion of 
uid parti
les
ICMP{01{17E 4with the stati
 obsta
les. The nature of latter is spe
i�
, i.e. in
ludes intothe modelling the 
hemi
al nature of the gel and is a dominant fa
torupon 
uid behavior in porous medium. However, often the role of 
uid-obsta
le intera
tion is approximated and redu
ed to the e�e
ts su
h asgeometri
al obstru
tions, hydrodynami
 drag, et
. To shead more lighton the role of 
uid-solid obsta
le intera
tion and reveal the impa
t ofgeometri
al and 
hemi
al e�e
ts on the behavior of pore 
uid, four di�er-ent systems have been simulated. The system A 
orresponds to the pureor bulk 
uid, i.e. Nf 
uid parti
les in a volume V . The system B andC 
onsist of the same 
uid but infused into porous solid with attra
tive[ufm(r) intera
tion potential℄ and repulsive [uREPfm (r) intera
tion poten-tial℄ pore surfa
es, respe
tively. The system D was also bulk 
uid, likein system A, but in the volume, V 0 = V (1 � �), whi
h 
orresponds tothe free volume in porous solid in the systems B and C.2.2. Mole
ular dynami
s simulationsThe 
anoni
al ensemble mole
ular dynami
s (MD) simulations were 
on-du
ted adopting the 
ommonly used [
lassi
al℄ Verlet velo
ity algorithm.The introdu
ed modi�
ation was 
aused by the presen
e in simulationsystem of the two quite distin
t 
omponent, i.e. adsorbed 
uid and ad-sorbent medium. Con
erning the to this, we are dealing with the systemof the large stati
 spheri
al obsta
les and of the mobile 
uid parti
les ofatomi
 size [tra
er℄. Thereby, we should solve the equations of motionex
lusively for the 
uid parti
les, similarly to the 
ase of the bulk simple
uid system, but with the obsta
les taken into a

ount. The used algo-rithm is not time 
onsuming and is quite eÆ
ient. Care has to be takenwith respe
t of the total momentum whi
h 
ould not be equal zero. Wemonitored the total momentum of the system as a fun
tion of time andour 
on
lusion is that it has the negligible 
u
tuations around zero valueand does not in
uen
e the generated simulation data.All 
uid-matrix simulations reported in the present study have been
arried out for the �xed number of matrix parti
les, [NM = 32℄, whi
hhave been set randomly in the 
ubi
 box with basi
 size, L = V 1=3.This size is determined by the volume fra
tion of matrix parti
les whi
hwas �xed at the value 
orresponded to the KM model, � = 0:386, i.e.the porosity of the matrix, 1� �, was maintained 
onstant throughout.The initial 
on�gurations of the 
uid parti
les were set randomly inea
h simulation run and their number, Nf , has been depended on the
onsidered 
uid density and the range of Nf values was 585� 5385. Forea
h set of the parameters of adsorbed 
uid, i.e. temperature and density,we realized �ve di�erent 
on�gurations of the matrix parti
les. The �nal



5 ðÒÅ�ÒÉÎÔresults, whi
h are reported, have been obtained by the averaging overthese 
on�gurations. Ex
ept 
ases are spe
i�ed additionally the displayedvalues of results in the paper is presented in dimensionless units due tothe 
ommon normalization. To monitor the in
uen
e of the 
on�nementon the 
uid behavior, we also performed the 
anoni
al MD simulationsfor the 
uid parti
les only.3. Results and dis
ussionWe performed MD simulations for two 
uid densities, �f = 0:0384 and0.3534 whi
h 
an be asso
iated with the density of the gas and liquidphases of LJ-like 
uid. To 
hoose the temperature region, we exploit thefa
t that in pra
ti
e the adsorption in sili
a gels usually is performed atsuper
riti
al temperatures with respe
t to the bulk 
uid. To ensure thesingle phase 
onditions, the redu
e temperature, T ? = kT=�, has beenvaried within the range from T ? = 1:2 till T ? = 2:0, whi
h is abovethe bulk gas/liquid 
riti
al temperature [T ?
 � 1:1℄ for the 
urrent 
uidmodel [12℄. Hen
e, su
h temperature range will be the super
riti
al forthe 
uid adsorbed in porous medium as well [13℄.3.1. Radial distribution fun
tionsWe pro
eed with the dis
ussion of the 
uid-
uid, gFF (r), and 
uid-surfa
e, gFM (r), radial distribution fun
tions (RDFs). There were a fewreasons that we perse
uted 
al
ulating RDFs. We already mentionedone of them, i.e. to verify the MD algorithm employed in the presentstudy through the 
omparison obtained MD data against those 
omputedby Vega et al. [8℄ from GCMC simulations. The se
ond reason was toget 
on
lusions about the in
uen
e of the porous environment on the
uid-
uid RDF through the 
omparison with the bulk data at the sametemperature and density 
onditions. The next, we were 
urious aboutthe lo
al ordering of 
uid parti
les inside of porous solid whi
h 
ould beobtained from the 
uid-surfa
e RDF [or 
uid density pro�les℄. Finally, wewere aimed to involve the results on the stru
ture ordering of the atomsof adsorbed 
uid into the interpretation of their dynami
al properties.The main results are summarized on Figs. 1-3. The data are presentedfor two redu
ed temperatures, T � = 1:2 and 2, whi
h 
orrespond to thelow and upper boundaries of the temperature range where dynami
alproperties have been studied and dis
ussed. This makes possible to revealthe e�e
t of the temperature on the stru
tural properties of the gas-likeand liquid-like adsorbates.

ICMP{01{17E 6First of all, in all 
ases available [Figs. 1 and 2℄ we found ex
el-lent agreement between 
anoni
al ensemble MD data and those obtainedfrom grand 
anoni
al ensemble MC simulations of Vega et al. [8℄. Smalldis
repan
ies should be attributed to the details of potential trun
ation.Analyzing the 
uid-pore RDFs for attra
tive pore [Figs. 1 and 2℄, weobserve the layered stru
ture of 
uid parti
les with well-de�ned 
onta
tlayer around sili
a spheres at both densities of adsorbate. At �xed densi-ty, the peaks height of 
uid-pore RDFs in
rease with lowering tempera-ture as expe
ted. However, at �xed temperature, the same peaks heightde
rease with in
reasing density of pore 
uid, i.e. going from gas-liketo liquid-like adsorbate. Opposite trends o

ur in repulsive pore solids[Fig. 3℄ with 
uid-surfa
e intera
tion potential Eq. 2.5, where the valueof 
uid-pore 
onta
t in
reases with in
reasing density, as expe
ted. Nolayering is observed for a gas-like adsorbate for repulsive pore.Using the 
uid-sili
a radial distribution fun
tions one 
an estimateaverage numbers of 
uid parti
les in a 
onta
t layer. To do this, we
al
ulated the running 
oordination number fun
tion,n(r) = 4�� Z r0 gfm(x)x2dx ; (3.6)for the 
uid parti
les adsorbed on the solid obsta
les. We 
an de�nethe �rst 
oordination number, n1, as the value of n(r) at the distan
e r
orresponded to the position of the �rst minima of the 
uid-matrix radialdistribution fun
tion, gfm(r). These data are 
olle
ted in Table 1. One
an see that the number of 
uid parti
les surrounding a matrix parti
lesin
reases with in
reasing of the 
uid density. First 
oordination numberhas a very small dependen
e from temperature for higher density.3.2. Dynami
al propertiesThe main subje
ts of our interest from the point of view of dynami
[di�usion℄ properties were two dynami
 fun
tions. The �rst is the timeevolution of the self-part of mean square displa
ement (MSD), as de�nedby < r2(t) >= 1Nf *Xi jri(t)� ri(0)j2+ ; (3.7)where the ri(t) are the spa
e 
oordinates of the 
enter of mass of 
uidparti
les at time t. The se
ond dynami
 fun
tions whi
h we evaluat-ed during simulation runs was the self-part of the normalized velo
ityauto
orrelation fun
tion (VACF),



7 ðÒÅ�ÒÉÎÔ (t) = Pi hvi(t)vi(0)iPi hvi(0)vi(0)i ; (3.8)with vi(t) being the individual velo
ity of 
uid parti
les at time t. Theaverage < : : : > is within the 
anoni
al ensemble and along the wholetraje
tory of ea
h parti
les, i.e. t0 � t � t0 + tmax [t0 �440 ps℄. Thetraje
tory information 
an be employed to 
ompute the time dependentdi�usivity, D(t). This 
an be evaluated either with the help of Green-Kubo expression, D(t) = 13 Z t0  (t0)dt0 ; (3.9)or by using the Einstein relation,D(t) = 16 � < r2(t) >�t : (3.10)The total length of the traje
tory, tmax, was di�erent for a gas-like andliquid-like 
uids as well as di�erent for a bulk and pore 
uids. Longertraje
tories were needed in order to a
hieve a good statisti
al des
riptionof the MSD [di�usive pro
ess℄ at low density. At the �xed density, �naltraje
tories whi
h 
orrespond to the ma
ros
opi
 self-di�usion 
oeÆ
ientD are shorter when the 
uid is adsorbed in porous medium. Relativelyshorter traje
tories [
omparatively to MSD℄ are needed for re
ordingVACF to ensure their de
ay to a �nal value of zero [within statisti
ala

ura
y of the simulation data℄. The random mi
rostru
ture of sili
a gelmay leads, in general, to the anisotropy of the di�usion pro
ess. However,we were interested in the total [average℄ features of the parti
le dynami
sonly.The mean square displa
ements as a fun
tion of the observation timefor low and high densities of adsorbed 
uid are given in Figs. 4a and 4b,respe
tively. Ea
h �gure 
ontains two groups of 
urves whi
h 
orrespondto free [bulk℄ 
uid [dashed lines℄ and 
uid infused into porous media [sol-id lines℄ under the same density and temperature 
onditions. As it wasknown from the bulk studies, the parti
les have mu
h bigger displa
e-ment for low 
uid density than for high 
uid density. The displa
ementalso is bigger at higher temperature than at lower temperature. Thepresen
e of the sili
a spheres leads to the slowing down of the di�usionmotion. Fluid parti
les di�use signi�
antly longer distan
es in the bulk
uid in the 
ase of both densities and for all studied temperatures.The time dependen
e of the mean square displa
ement is di�erentat di�erent periods of time. Three time regimes has been distinguished
ICMP{01{17E 8[16,17℄ by analyzing the movement of the tra
er from the time depen-den
e of the 
orrelation fun
tion of the s
attered-light intensity: (i) thedi�usion pro
ess is normal at short times, (ii) be
omes to anomalousat moderate times and (iii) returns to be normal for large delay times.Normal di�usion assumes here that time dependen
e of the 
uid parti-
le dynami
s are subje
t to the law of deterministi
 motion [Newtoniandynami
s℄ on the initial ballisti
 phase and satisfy the Fi
k's se
ond lawand isotropy [Eu
lidean dynami
s℄ on a long time s
ale. In order to ex-tra
t more information from the simulation data, log-log plots of MSDturn out to be very helpful [14,15℄. This is shown in Figs. 4
 and 4d forthe low and high density, respe
tively. Two linear regions [at the initialand �nal stage℄ easily 
an be re
ognized for ea
h set of the data pre-sented on these plots. In general, every linear region on logarithmi
 s
aleindi
ates a distin
t di�usive regime, des
ribed by a power law behaviorD(t) � t� where the power � 
an be determined from the slope of thestraight line �tting the data. Below t? � 1, the straight line has slope� = 2, 
orresponding to Newtonian dynami
s, i.e. < r2(t) >= v2(0)t2.Well above t? � 1, the straight line has slope � = 1 
orresponding to Ein-steinian regime, i.e. < r2(t) >= Dt. In the 
ase of a bulk 
uid these twostraight lines interse
t, de�ning the 
hara
teristi
 distan
e � and time �that separate the two di�usive regimes. Between these two regimes, thedispla
ement pro�le is not linear, representing the transition from deter-ministi
 [quasifree℄ parti
le motion to the Einsteinian di�usion [parti
lemotion is a�e
ted by the 
ollisions with the other parti
les℄. Comparingthe bulk MSD 
urves with the simulation data for the MSD in a gas-likeadsorbate [Fig. 4
℄ we see that, indeed, as it was found experimentallyin studies of probe di�usion through polya
rylamide gels [16℄, the shapeof the MSD pro�le has additional linear region in between two normaldi�usion regimes. The slope of this linear region for low density adsor-bate is about � = 32 indi
ating a perturbation of the parti
le traje
torydue to 
ollision with obsta
les. This behavior only quantitatively dependon the nature of the surfa
e [attra
tive or repulsive℄. For attra
tive sur-fa
e the transition time from ballisti
 behavior to anomalous di�usion isshorter as well as 
rossover from anomalous di�usion to the normal dif-fusion over long distan
es is more delayed. After entering the anomalousdi�usion regime, MSD is permanently larger for repulsive obsta
les.Anomalous di�usion is strongly a�e
ted by the density of the guest
uid [Fig. 4d℄. In parti
ular, the liner region at moderate times pra
-ti
ally does not exist for liquid-like adsorbate, i.e. parti
les are foundto follow normal [Brownian℄ di�usion dire
tly after an initial ballisti
phase. As in the 
ase of low density, time dependen
e of the MSD is the



9 ðÒÅ�ÒÉÎÔsame for both attra
tive and repulsive surfa
es. The explanation for thisbehavior is that at high density of the pore [adsorbed℄ 
uid, the surfa
e
overage of obsta
les is very high for both [repulsive and attra
tive℄ sur-fa
es [see the �rst 
oordination shell numbers℄ and tra
er 
annot "see"the pure obsta
les but only parti
les of the adsorbed layer. Due to this,the di�usion pro
ess in sili
a gel at high density of adsorbed 
uid qual-itatively is similar to the dynami
s of higher density [free volume℄ bulk
uid.A noti
eable di�eren
e in the dynami
al properties of gas-like andliquid-like pore 
uid is eviden
ed by the data 
al
ulated for VACFswhi
h are shown on Fig. 5a. For ea
h density the set of �ve 
urves aredisplayed to illustrate the temperature e�e
t. The two groups of auto-
orrelation fun
tions relax following the qualitatively di�erent patterns,whi
h means that the motions of the individual parti
les are essentiallydi�erent. It is notable that  (t) relaxes mu
h more faster in the 
ase ofhigher density adsorbate and assume the negative values at t? � 1. Theslow relaxation at low density is superimposed by a weak non periodi
os
illating pattern.The normalized VACFs, evaluated for bulk, free volume, and bothattra
tive and repulsive 
uid-surfa
e intera
tions are shown on Fig. 5band 5
 for gas-like and liquid-like adsorbate, respe
tively. One 
an see,that  �(t) of the adsorbed 
uid de
ays faster than that in the bulk 
uid,regardless of time. The deviation is started to be observed from the timest? � 0:2 and appears to be signi�
ant at times grater than the time t?
onroughly required for the mole
ules to have di�used into 
onta
t withsili
a sphere. In the 
ontrast to the bulk 
uid, the well de�ned minima,in the 
ase of matrix 
uid, is seen at short times.We 
al
ulated self-di�usion 
oeÆ
ient of 
uid versus time t� fromour VACF and MSD fun
tions and results are displayed on Fig. 6. One
an see that the self-di�usion 
oeÆ
ient of matrix 
uid has a 
onstantvalue for large time.3.3. Ma
ros
opi
 self-di�usion 
oeÆ
ientBoth of the expressions Eqs. 3.9 and 3.10 
an be used to predi
t thema
ros
opi
 di�usion 
oeÆ
ient, but in both 
ases,  (t) and < r2(t) >have to be known at large times [large 
ompared to the 
hara
teristi
time of 
orrelations between the tagged parti
le and its immediate neigh-bors℄. At these times, whi
h determine the hydrodynami
 region, we 
anexpe
t that < r2 > behaves as a linear fun
tion of t and the self-di�usion
oeÆ
ient 
an be 
al
ulated as the limiting slope of the MSD. In su
h
ontext, an evaluation of the self-di�usion 
oeÆ
ient through the velo
-
ICMP{01{17E 10ity auto
orrelation fun
tions is more rigorous. In the bulk 
ase, bothpro
edures give 
onsistent results with a similar un
ertainty whi
h is ofthe order of 5% [11℄.The results of our 
al
ulations of the ma
ros
opi
 self-di�usion 
o-eÆ
ients by using Eqs. 3.9 and 3.10 are 
olle
ted in Figs. 7, 8 and 9.Two sets of data for ea
h temperature and density 
ase 
orrespond tothe self-di�usion 
oeÆ
ients obtained from MSDs and from VACFs. Wesee, that in all 
ases the agreement between both pro
edures is quitereasonable.The ratio of the di�usion 
oeÆ
ients of the adsorbed 
uid [system B℄and bulk 
uid of e�e
tive density [system D℄ to the 
orresponding quan-tity in bulk region [system A℄, Dads=Dbulk and Deff=Dbulk, respe
tively,show 
learly that Dads 
hanges relative to bulk 
uid and to 
uid withe�e
tive [higher℄ density [Fig. 7℄. This means, that di�usion pro
essesare signi�
antly a�e
ted by sili
a gel and are slower in this porous sol-id. This e�e
t is more pronoun
ed for low adsorbed 
uid density whereDads is one order of magnitude lower than for free bulk di�usion [halfof order of magnitude for high adsorbed 
uid density℄. Examining theseresults, we see that most of the de
rease in Dads is 
aused by the 
on-�nement. The substitution of the adsorbed 
uid by the bulk 
uid withthe e�e
tive [higher℄ density that, indeed, is asso
iated with de
reaseof di�usion, does not 
orrespond and is not equivalent to the e�e
t of
on�nement. Not only the magnitude of the di�usion 
oeÆ
ient [Deffis always higher than Dads at the same density and temperature℄ butdependen
e on temperature and density in both 
ases are qualitative-ly di�erent: ratio Dads=Dbulk in
reases with rise of temperature whileDeff=Dbulk de
reases; ratio Dads=Dbulk for low density is smaller thanfor higher density while Deff=Dbulk has an opposite trend.The e�e
t of temperature on the di�usivity 
an be dis
ussed fromFig. 8. The plot shows that di�usion of gas-like and liquid-like adsor-bates in a sili
a gel is an a
tivated pro
ess, i.e. it follows the Arrheniusequation, D = D0 exp(�Ea=RT ) ; (3.11)where D0 is 
alled the preexponential fa
tor, Ea is the a
tivation energy,R is the gas 
onstant, and T is the temperature. The estimate for a
ti-vation energy is 3.53 kJ/mol for low density parti
les and 1.80 kJ/molfor parti
les in a liquid-like phase.The absolute values of the model predi
tions for self-di�usion 
o-eÆ
ient for methane adsorbed in sili
a gel are shown on Fig. 9. Onthis �gure we also 
an see the dependen
e of the self-di�usion 
oeÆ-
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ient on temperature: with rise of the temperature, di�usion be
omesfaster and is a

elerated at low density relative to high density. Ourestimates, Dads = 0:875 � 10�7m2=s, for the low density adsorbate atT = 296K are in a reasonable agreement with the experimental value0:952 � 10�7m2=s for the e�e
tive pore di�usivity of the methane gas onsili
a gel at T = 310K[1℄.4. Con
lusionsSummarizing, the 
anoni
al ensemble MD simulations are used to studythe mi
rostru
ture and dynami
s of the simple 
uids adsorbed in aporous medium. It follows, that adsorption of the simple 
uid into theporous medium results in the formation of the adlayer stru
ture of the
uid parti
les near the surfa
e of the large matrix parti
les.It 
an be seen 
learly that the behavior is dependent on (i) the pres-en
e of stati
 obsta
les, (ii) the density of adsorbed 
uid and (iii) thetemperature.The presen
e of the matrix parti
les a�e
t the mobility of 
uid par-ti
les. The self-di�usion 
oeÆ
ients are less for matrix 
uid than forbulk 
uid. It is shown, that self-di�usion de
reases not only due to thede
reasing of the spa
e available for adsorption but mainly due to thegeometry of the 
on�nement. At low 
uid density self-di�usion stronglydepends on the temperature. The e�e
t of temperature de
reases whenthe density of adsorbate in
reases.The extent to whi
h dynami
al properties of simple-like 
uids withinthe porous sili
a gel are determined by surfa
e di�usion requires addi-tional studies and will be reported elsewhere.Referen
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Table 1. The number of 
uid parti
les in the 
onta
t layer around sili
asphere attra
tive pore repulsive poreT ? � rmin n1 rmin n11.2 0.0384 4.95 34 5.0 130.3534 4.7 141 4.8 1152.0 0.0299 5.15 23 - -0.3534 4.75 139 - -
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Figure 1. Attra
tive 
uid-matrix intera
tion. Fluid-
uid and 
uid-matrixradial distribution fun
tions, gFF (r) and gFM (r), respe
tively, for low
uid density at the temperatures T � = 2:0 (part a) and 1.2 (part b).Solid lines 
orrespond to the data obtained from MD simulations of thiswork, 
ir
les - from GCMC simulations of Vega et al.[8℄.
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Figure 2. The same as in Fig. 1 but for high 
uid density.
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Figure 3. Comparison of the attra
tive and repulsive 
uid-matrix inter-a
tions. Fluid-
uid and 
uid-matrix radial distribution fun
tions, gFF (r)and gFM (r), at temperature T � = 1:2 for low 
uid density ��F = 0:0384(part a) and high 
uid density, 0.3534 (part b). Results are obtainedfrom MD simulations of this work. Solid lines 
orrespond to the data forattra
tive 
uid-surfa
e intera
tion (KM model), 
ir
les - for repulsive
uid-matrix intera
tion.
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Figure 4. Mean-square displa
ement, < r2(t) >. Part (a): 
omparison ofthe bulk and pore 
uid at di�erent temperatures for low 
uid density,��F = 0:0384; part (b): 
omparison of the bulk and pore 
uid at di�erenttemperatures for high density, ��F = 0:3534; part (
): 
omparison of thebulk 
uid, free volume 
uid and pore 
uid with an attra
tive and re-pulsive 
uid-matrix intera
tion at temperature T � = 1:2 for low density,��F = 0:0384; part (d): the same as in part (
) but for high 
uid density,��F = 0:3534.

ICMP{01{17E 18
0 5 10 15 20

0.0

0.2

0.4

0.6

0.8

1.0

0.1 1 10

0.1

1
a)

pore fluid

f
 = 0.0384

time, t*

f
 = 0.3534

ve
loc

ity
 au

toc
orr

ela
tio

n f
un

cti
on

, 
(t)

10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

1.0

b)

free volume

bulk

repulsive surface

f = 0.0384

time, t*

attractive surface

ve
loc

ity
 au

toc
orr

ela
tio

n f
un

cti
on

, 
(t)

0 5 10 15

0.0

0.2

0.4

0.6

0.8

1.0

repulsive surface

c)

bulk fluid

attractive surface

free volume

time, t*

f
 = 0.3534

ve
loc

ity
 au

toc
orr

ela
tio

n f
un

cti
on

, 
(t)

0.1 1 10 100

0.0

0.2

0.4

0.6

0.8

1.0

d)
free volume

bulk

repulsive surface

f = 0.0384

time, t*

attractive surfaceve
loc

ity
 au

toc
orr

ela
tio

n f
un

cti
on

, 
(t)

0.1 1 10

0.0

0.2

0.4

0.6

0.8

1.0

bulk fluid at f = 0.8

repulsive surface

e)

bulk fluid

attractive surface

free volume

time, t*

f
 = 0.3534

ve
loc

ity
 au

toc
orr

ela
tio

n f
un

cti
on

, 
(t)

Figure 5. Fluid parti
les normalized velo
ity auto
orrelation fun
tions (t). Part (a): 
omparison of pore 
uids for low and high densities atdi�erent temperatures; part (b): 
omparison of the bulk 
uid, free vol-ume 
uid and pore 
uid with an attra
tive and repulsive 
uid-matrixintera
tion at temperature T � = 1:2 for low density, ��F = 0:0384; part(
): the same as in part (
) but for high 
uid density, ��F = 0:3534. part(d): the same as in part (b) but in log s
ale. part (e): the same as in part(
) but in log s
ale.



19 ðÒÅ�ÒÉÎÔ

0 50 100 150
0.0

0.2

0.4

0.6 a)

repulsive surface 

free volume

attractive surface 

bulk fluid

F
 = 0.0384 

   T* = 1.2

time, t*

se
lf-

di
ffu

si
on

 c
oe

ffi
ci

en
t, 

D
(t)

0 5 10 15 20
0.00

0.02

0.04

0.06
b)

repulsive surface 

free volume

attractive surface 

bulk fluid

f
 = 0.3534 

   T* = 1.2

time, t*

se
lf-d

iffu
sio

n c
oe

ffic
ien

t, D
(t)

1 10 100 1000
0.01

0.1

1
c)

repulsive surface 

free volume

attractive surface 

bulk fluid

f = 0.0384 
   T* = 1.2

time, t*

se
lf-d

iffu
sio

n c
oe

ffic
ien

t, D
(t)

1 10 100

0.01

0.1

d)

repulsive surface 

free volume

attractive surface 

bulk fluid
f
 = 0.3534 

   T* = 1.2

time, t*

se
lf-d

iffu
sio

n c
oe

ffic
ien

t, D
(t)

Figure 6. Self-di�usion 
oeÆ
ient of 
uid versus time, D�(t). Solid lines
orrespond to the results obtained from MSD, while dashed lines 
orre-spond to the results evaluated from ACF. Part (a): 
omparison of thebulk 
uid, free volume 
uid and pore 
uid with an attra
tive and re-pulsive 
uid-matrix intera
tion at temperature T � = 1:2 for low density,��F = 0:0384; part (b): the same as in part (a) but for high 
uid density,��F = 0:3534. part (
): the same as in part (a) but in log s
ale. part (d):the same as in part (b) but in log s
ale.
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uid in an e�e
tive volume [Deff=Dbulk℄ ver-sus temperature T �, for a low and high 
uid densities, ��F = 0:0384 and0.3534, respe
tively. The meaning of solid and dashed lines are the sameas in Fig.6.
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Figure 9. Self-di�usion 
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ient of adsorbed the methane parti
les inthe model sili
a gel versus temperature T in real units for a low and highdensity 
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