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\Ve have invesligated a local structure of a hard sphere Iluid adsorhcd in a slil-likc pore wilh corrugatcd walls using grand canonical Monle
Cario simulatiolls. The pore walls are rnodelled as an intjnite set of rcgularly sp,l(ed reclilinear groovcs of a fcw hard spherc diarnetcr widc;
the grooves arc of stcpwisc shapc along one of Ihe axes of the pore plane and inlinite in another dircclion. Thc interactions betwecn fluid
p.lfticles and pore walls are assumed lo be of a hard sphere type. \Ve discuss the dcnsily profiles of fluid particlcs in a wide and narrow region
of the pore ami analyze the density distribution in the step region. \Ve have obtained that the maximum tluid density is obscrved in Ihe comer
nf a groove. 11is shO\••..n thallhe pore walls corrugation may yield a periodic variation of a fluid density parallel (o the walls in the center of
(he pore. This crfeet dcpcnds on the width of the pore and on the depth of rhe groo\'cs.

Kl'.nl'lmfs: Pon:s: fluid struclurc; ndsorplion; eomputer simulation

Mediante el método de simulación Monte Cario Gran Canónico. estudiamos propiedades estructurales locales de un fluido de esferas duras
ahsorbido enull poro tipo ranura con paredes corrugadas. Las paredes del poro están separadas por unos cuantos diámetros de esferas Juras
('11 una dirección de los ejes cartesianos. y de forllla de escal6n (con esquinas tipo 'saliente' y tipo 'h04uedad'). En las Olms direcciones las
paredes tienen distancia int1niI3. Entre las especies del Huido se suponen interacciones de (ipo esfera dura. Discutimos los perfiles de densidad
de la" partículas del tluido para las regiones ancha y angosta. Analizamos la distrihución de densidad en la región de transición. Encontramos
que c!máximo de la densidad del fluido se observa en las csqllinas-hoquedad ue la estría. ~1(ls(ramos que las paredes corrugadas del poro
pueden dar lugar a variaciones periódicas a lo largo del eje del poro. determinadas por el ancho del propio poro.

/)('scri¡'lOrcs: Poros; e:'>lructura de t1uiJo; adsorción; simulación por compuladora

PACS: ó1.20.Ja

1. Introduction

The structural and Ihermodynarnic propcrtics of nuids COIl-
Ilned in porc:o; amI in porous media are 01' much intercst for
oasic rescan:h and several applications. Adsorption 01' fluids
in pores uf idcalized geometry, such as slit-Iike, cylindrical
amI spherical. roe examplc. have been lhe suhject 01" much
rl'search. see e.x. Rcfs, 1-10. Integral cquations. a dcnsity
fUlh.:tional approach and compulcr simulations havc complc-
Illelllcd each other in the microsl'0pic descriplion (Jf phenom-
ena occuring undcl" confinelTIent. 111 lhe majority 01" lheorct-
kal studies. Ihe pore \\'alls llave been modclled hy the po-
tellti,JIs which var)' ollly in tile direction normal lo Ihe suh-
slrate surf;¡cc. In sOllle cases the walls ha ve oeen cOllsit!crcd
as almost nat suOstralcs madc nf atoms cxplicitly. thal ¡nter-
act with parliclcs 01' adjaccnt fluid.

Most lrihologically rele\'ant surfaces are rough nn the
nalloscalc ami on highcr scalcs as well. Previously. thcrc were
very fe\\' swdies nf tluids adsoroed in pores with corrugared
walls, see {'.g. Rcfs. 11-13. mostiy by compulcr simlllations.
}-Iuwe\'er, 1I11dCrslanding 01" rhe local mkroscopic slruclure
uf lluids in pores with corrugatcd walls, its lIlanifcslation in

quasilllacroscopic effeels amI in Ihcrmodynamics, is far from
heing complete.

In this rreliminary comrtlunication we prcscnt our (¡rst
!"csults cOllcerning lhe hchavior of a hard sphcre fluid in slit-
like rores with corrllgalcd walls. \Ve ehoose lhe walls to have
a stcpwise shapc. The reason is that in some n<.ltural and syn-
Ihetic rnalcrials olle can lind pores and plana!" surfaces lhat
conlain steps 01" a heighl 01" scveral atomic laycrs [14j. \Ve
have illvcstigatcd Ihe system oy using grand canonical Monte
Cario simulatinns. At prescnt. the application 01' theorclical
methodological tool". that has heell lIscd previously for pores
with ilkali/cd noncorrugated walls, secms diffieult. The sim.
ulation rcsults prcscntcd in Ihis study. besidcs 01' interest 011

their OWll, are Ilecessary as a helpful bcnchrnark for the dc-
velopmenl of rclcvanr theorclical approachcs.

2. A model for a fluid in a slit-Iike (Jore with
corrugated wafls and grand canonical Monte
Cario (Jrocedure

In the presenr work we are considering a hard sphere fluid (/)
\\tith simple interparticlc intcraction.
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FIGURE l. Sketch of the unir ceH used in the GCMC simulalions.

whcre a f is the diamctcr of fluid species and rij denotes dis-
lance octwccn particlcs i and j, in a slil-Iike pore. Thc sys-
tcm is sludico by using GCMC simulation. Without loss 01"
generality, wc choose af as a lenght unir, af = 1. A pore
represenls a Slil 01' a periodieally variahle width. The walls
of (he pore are stcpwisc. In a wider region the pore width is
Hw• in (he narrowcr part its width is Hw - 2~, such th<lt .ó.
is the dcpth of the groove. We choosc z axis lo he normal
lO lhe pore walls, eaeh 01' Ihe eorrugaled walls is parallel lo
")} plane. The widlh 01' lhe groove along y axis is laken lo
he ly. Thc syslem is infinite along x dircction. Por bettcr un-
dcrslanding hy thc rcader, in Fig. 1. wc prcseot the sketch 01'
Ihe zy projcction of thc simulational ccH with sizcs H11-" i"
and Ix along x axis. Thc confining surfaccs are assulIlcd to
be impermeable, hard waJls for fluid speeies, sueh that the
lIistance 01'lhe closcst apprnach 01'fluid particles lo any point
01'lhe pore walls is 0.5.

The t\lonle Carla simulations in lhe GCMC ensemble has
becn pcrforlllcll according lo a standard algorythm 115). Thc
exlernal pararnelers 01' lhe simulalions are the chernical po-
Icnlial, the volull1c amI lcmperalure. However, for a system
01'hard sphcres in question the temperature is irrelevan!. The
pcriodic boundary conditions \VeTeimposed along T and y
axes. To gcnerate an initial configuralion we have inscrted
randomly hard spheres into a pore umlCTthe rcstriclion lhul
they do not ovcrlap Wilh pore walls and with each olher. Each
simulalional step have Cllllsisled 01'attcmpts to displace a par-
licle, as in coml1lon Metropolis MC algorythm in Ihe canon-
ieal ensemhle, lo delete a randomly ehosen partiele and lo
crcate a particle at a randorn posilion in the pore. Auel1lpls
to displace, la create and annihilate particles have been per-
I'ormed wilh equal prohahilily 1/3. The parameler 01'maxi-
mal displaeemem 01'parlieles has heen chosen equallo 0.5a /.
The lotal acceplance can be tuned by choosing differcntly
Ihis parameler. ilowcver, in all our runs the tolal acceptance
01' particles displacemenls, 01' creation and of annihilation,
has remained reasonable, it equals approximately 20%. Usu-
ally, the individual acceptances uf crcation and annihilation

3. Rcsults amI discussion

01'particles comprise 1/5 and less 01' Ihe aeeeplanee 01'dis-
placemenls. The Icngth 01'each 01' the runs was 01' lhe order
01' la. sleps. Eaeh Monle Cario step ineludes eycles over all
the particles of lhe syslern, such lhal one attcrnpts to displace
a randomly ehosen particle, lo create and annihilate il and
then proceeds lo another randomly chosen particle. However,
each 01' lhe particles 01' the system is atlempted lo move, to
create and annihilate, more than once. Stable value for lhe
total acceptance, as well as Ihe equality 01' acccptances for
creation and annihilation, ¡.e., the stability of the value for
average number of parliclcs at a chosen value 01'the chemical
pOlential, serve as critcria to perforrn collecting of stalistical
averages.

We have chosen lhe following seIs of parameters 01'a pore
in OUT sludy. The pare widlh Hw was laken to be 7 and 5,
.6. = 1, [g = 7.5, iy = 15. Two grooves are scparated by Ihe
dislanee (ly - 1.)/2 = 7.5, along)} axis. According lo lhe
choice 01' the pore our simulational parallelepiped was with
the edges Hll1, Ly = 15, Lx; the values for Lx were chosen of
the order 40 .;- 80. sueh that a sufficiently large numher 01'
parlicles lo colleet averages can accomodate in the box. AII
the valucs ror the chemical potential 01' fluid species chosen
in the preselll study have provided a numher of fluid particles
ol'lhe order (2.;- 3)x lO'.

LCl us proceed with the dcscription 01' the results obtained.
\Ve consider first Ihe model in which a pare is wide, hoth
in lhe narrower region and in Ihe groove regioo, Hw = 7,
~ = 1: l. = 15; 19 = 7.5. The densily proliles 01' fiuid par-
lieles, p(z, y) at #Itl = O and 1.5, from GCMC simulations,
are shown in Figs. 2a and 2h. The density profiles 01' Huid
particles in the pore have been ohtained, as usual in simula-
tions, hy calculaling the number of particles in small volume
elernenls, Ihe edge 01' the cuhie volume element was 0.05.
Morcover, we have used the symmetry propcrties 01'the sim-
ulation hox along different direclions, lo improve slalistics
for Ihe dCllsily protlles.

\Ve present lhe dcnsity prollle in a wider region 01' lhe
pore 01'the width /lit' = 7, along lhe normal passing lhrough
lhe centers of opposite grooves, p(z, y = 0.5Ly = 7.5), la-
bel 4 in Fig. 2; in lhe narrow region 01' the pore of the width
Ilw - 2.6. = 5, along lhe normal passing through lhe cen-
lers 01'Opposile sleps, p(z,1I = O) = p(z,)} = 15), lahel
1; ami Ihe densily prolile 01' fluid particles along the norrnal
with respect lo pore walls, howe\'cr c10se to the step edge in-
side the groove, f'(Z, y = '1.35), label 3. Actually, a particle
can be found in contact with a groove wall, i.e., at y = 4.25.
Howevcr, any contact value of the density profile must he oh-
laineo hy cxtrapolation, therefore wc have decided lo show
lhe prolile al y = 4.35. In addition lo lhese lhree proliles, we
have shown in Fig. 2, Ihe ocnsily distrihution of l1uid parti-
eles, p(z, y = 3.55), lahel2 in Fig. 2, ¡.e., in the narrowerpart
01'the slit-like pore in question, hut very c10se to the groove
edge.

(1)
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FIGURE 2. The density prolilcs of particlcs in a slit-likc pore with
s!cpwisc corrugatian uf walls wilh Jlw = 7, ~ == 1, al ¡3JJj = O
(part a) anJ {lJt! = 1.5 (pan b). Thc dcnsity prolllcs. p(z, y = O),
pez, y ~ 3.55), pez, y ~ 4.35), pez, y ~ 7.5), i.e., in lhe cenler or
a narrow part, clase lo the edge in Ihe narrow parto in the comer of
the groovc ::md finaJly in Ihe center of a wide part are shown with
Iabcls 1, 2, 3 and 4, rcspcctivcly.

p(z = Hw - 0.5t>.y ~ O) = pez ~ 0.5t>,y ~ 0.51.) ~
pez ~ flw - 0.5t>,y ~ 0.51.), and coincide wilh lbe value
of lhe bulk pressurc, if a bigbly aeeurale equalion of slale for
bard spberes of Carnaban-Slarling was used [17]. In addilion,
we havc vcritled that the hulk density agrees with the chosen
value ol"{3/1 f in Ihe silllulations and by using Ihe expression
for the chcmical potcnlial for hard sphcres that follows fmm
Ihe Carnahan-Starling equation 01"stale.

Thc dcnsity prolilcs in a wide and narrow region of the
pore wilb labels 1 and 4 are almosl of equal shape, Ibey are
just shifled with respccI lo each olher along z axis. Most
inleresling is that Ihe fluid densily profile c10se lo the edge
(wilb lbe label 3), inside lbe groove, is very differenl from
aforementioned t\','o proliles. First of all, [he contacl value of
Ihe dcnsity profile. l.e., the fluid density in the inner comer
of Ihe edge is very bigh. This densily profile praelieally does
not exhihil oscillations lhat usually charactcrizc laycring 01'a
fluid inside a pare. \Ve ohserve thal Ihe densily clase lo lhe
edge. bUl in lhe narrnwer pan of lbe pore (wilb lbe label 2).
is Illuch lower lhan in Ihe internal narrower part of lhe pore.
Thcrcforc, il hecolllcs evidcnl thal stepwisc grooves generalc
lalcral inhomogeneily 01"adsorhed fluid density. However, in
Ihe eenlral pan of lhe pore lhe fluid inhomogeneily is nol
seen.

At a higher value 01' Ihe chelllical potenlial 01' adsorhed
fluid, [31'1 ~ 1.5, Fig. 2h, we observe very similar lrends. Ev-
idently, lhe conlael values of all lhe profiles are mueb bigher
Iban [or lhe case ¡JI'I ~ O. Tbe fluid densily in Ibe pare be-
comes higher. In lhe central parl ol' the slit small inhomo-
geneitics 01'density hecome to develop. Weak trends [or lay-
ering 01' adsorbed fluid in a narrower parl 01' lhe pore, lhat
correspolld to Ihe distrihulion bclween lwo opposite steps,
can he 6hserved al fJJlf == 1.5. in conlrast lo the case 01'a
lower chelllieal pOlenlial{3I'1 = O. The differenee in Ibe eon-
lacl values of Ihe pro!iles lahelcd by lbe numbers 1 and 4 (in
the narrower and in the wider part 01' the pore, respeclively)
is negligibly small. in lbe case {31'1 ~ O and for {31'1 = 1.5.
The reason is thal buth values of the chemical pOlential are
nol too high. Even for a higher value ol' lhe chcmical polen-
tial. lbat corresponds lo lhe bulk fluid densily PI ~ 0.5, Ibe
conlacl valucs of the dcnsily proliles of hard sphercs in the
pares wilh widths I/w == 7 and ¡¡U' - 2~ == 5 are praclically
equal, scc e.g. Fig. 3 of Ref. 4. Ohscrved lrends of hehavior
ol' Ihe dellsily profilcs are physically correct and undcrstand-
able.

Lel us now procced to the case of a narrowcr pore. In
Hg. 3, we consider Ihe rcsults for a pore which is character-
il.ed hy the width, HUI == 5) and hy lhe dcplh of a groove
t> ~ 1. Tbe olber paramelers of lbe box are as befare:
fy = 1.5.{9 ::; 7.5. Majority 01'trcnds discussed ahoye in lhe
dcscriplion nf fig. 2, rel1lain valid for the case 01'a narrower
rore. Most important is Ihal the fluid densily in lhe central
parl of the sJil hecollles inhomogencous, as scen in hoth parts
(a anu h) 01'Pig. 3. 11is worlh rnenlioning Ihal lhe difference
helwccn lhe densily in a widc parl and in lhe comer, scerns lo
he depcndenl mostly on Ihe value uf Ihe chernical po!ential
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We observe lbal al {3111 ~ O (f'ig. 2a) in lbe case of a
pore wilh Hw == 7 and .ó. == 1, the cffccts 0'- (wo pore
walls in the wider anlÍ in the narrowcr par! do nol averIar
lllutually. In the central part of thc pore the fluid is uniform,
its density is constant up lo f1uclualions, and Ihcrefore the
fluid is almOSI in lIS bulk slale. Due lo lbe presenee of Ibis
hulk state, we have bcen able to check our computational
algorylhm, l.e. lO check, ir lhe conlacl value 01' Ihe den-
sily pro!;le on a wall corresponds lo lbe bulk fluid pressure.
The conlact theorem for a hard sphcre lIuid in conlact with.
a hanl wall [lG], relales lhe bulk nuid pressure wilh the con-
lacl value nf lhe densily profile. {31' ~ pez = O), wbere
l' is lhe hulk pressurc. It appearcd lhal al 1'1'1 ~ O, lhe
conlact values al' lhe profile in lhe charactcrislic poinls 01'
lhc rore along y axis (hUI far from Ihe stcp discontinuily
of Ihe porc \\'alls) are cqual, ¡.e., p(z = O.5~, JI = O) ==
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FIGURE 4. Thc Jcnsily profiles of pnrticles along y axis of the slit
like pore al ils ccnler.:: = 2.5 (Hw = 5. ~ ;:: 1). Thc lower curve
corresponds to Ihe chcmical potenlial /3/t/ = O whereas the uppcr
curve is for B/t! ;:: 1.5.

FIGURE 3. The same as in Fig. 2 bu( for the pore with Hw = 5.
~ = 1. al {JI'! = O (par! a) and {JI'! = 1.5 (par! h). The nomen.
c1alurc of labels is likc in Fig. 2.

(ef. Figs. 2 and 3), ralher lhen Ihe pore widlh for hoth seIS 01'
paramctcrs in qucstion. Thc contact valucs of the protHcs I
and'" in Fig. 3 are equal up lo statistical inaccuracy in clase
agrcclllcnt with the rcsults prcscnted in Fig. 3 of Ref. .:1-for
pores 01' the width 5 and 3. Por higher valucs of the chcmi-
cal pOlcntial and narrowcr pores, the conlacl valucs would he
ccrtainly diffcrcnt.

Thc final issuc which we would likc lo discuss is the fol-
lowing. Dne may cxpcct (hal with ¡ncrcasing chcmical poten-
(ial of fluid spccics, ¡.e., with ¡ncrcasing fluid dcnsily, lrends
for laycring of adsorhed fluid would inerease. Slronger laycr-
ing Ihcn can yield strongcr inhornogeneity in thc central pan
01'the slit.likc pore. In ordcr 10 investigate the lateral ordcring
01'!luid particles in thc pore we have ealculated the density
prolile along y axis in the center 01' the pore wilh Hw = 5,
L>= 1, ¡.e., al z = 2.5, allwo valoes oflhe chemical pOlen.
tial. {l/t! = O and I3Jl/ = 1.5, Fig. 4. Al a higher valuc 01'the
chemical potcntial. the fluid density in the pore is higher
than at (lJI! = O. The effect 01'corrugation due to the step-
wise discontinuilies is more pronounced at a higher adsorhed

dcnsity; we ohserve developing laleral Iaycring 01' adsorhed
fluid in Ihe narrowcr pan 01' the pore, as well as in Ihe wider
part 01' Ihe pore close 10 the stcps, wilh incrcasing chcmical
potenlial. Howe\'cr. a more extensivc simulational sludy is
nccessary 10 relalc the allgmenting density in the corners 01'
Ihe grooves 01'caeh 01"lhe pore walls with lateral ordering of
adsorhed fluid.

To conclude, (his work considcrs an imponant prohlem
01'Ihe slructure 01"Iluids in slit-likc pores \vith stepwise cor-
rugated walls. Al (his initial stagc nI' investigation 01' pores
with rough walls \Ve llave rcstricled oursclvcs lo Ihe mollel
witll solcly replllsi\.c interparticle interaclid'ns. The model has
oecn sludied by lIsing GC!\lC simulations. The developmcnt
ofthcore(ical approaches ror slit-Iikc porcs \vith different COT-

rugalion 01' walls is difficlIlt al pn:scnt, and anyway woulJ
require compute!" silllulalion dala. In this study we have ob-
ser\'cd Ihc clTecl 01"augmenting densily in the corner of a
groove for difTeren! pore widths. Anolher intcresling obser-
vation conccrns lhe d('\'clopment 01"the inhomegeneily of ad~
sorhed !luid densit)' in the central parl 01"lhe pore. These
Irends havc heen cOllsidered dependent on the !luid chemical
polential. Evell simple mude! in question, would require fllT-
thcr sludies involving larger sel of vallles for the geomctry of
eorrugalion. In general, the intluence of pore walls roughness
al a molecular seale and energetic hcterogencity on adsorp-
tion, slructure ami (he phase diagram 01'Iluids in pores is the
inlriguing issue whicl1 \ve hope lo address in OUT fUlurc work.
At present compute!" silllulations are the only reliable tools to
study these syslellls nI"hasic ami praclical importanee. Ncv-
crtheless, \l/C lIope thar the resulls obtained would stimulate
lhe de\.elopmen( nf dcnsity functional approaches for pores
of this and other s)"mmelrics restricted oy corrugatcd walls.

This projcct has heen supportcd in parls by DGAPA of
lhc UNAM lInder Ihe grant IN t IISY7. hy the National Coun-
eil for Sciencc and Tedlllology (CONACyT) undcr grant No.
25301E.
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