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In this work we have implemented the fundamental-measure density functional theory due to Kierlik
and Rosinberg to describe the adsorption of Lennard-Jones molecules in cylindrical pores. The
accuracy of the theory in predicting adsorption isotherms and particle density profiles is checked by
comparison with grand canonical Monte Carlo simulations for a wide range of pore sizes, showing
very good agreement in all cases. In addition, the theory has been applied to the adsorption in slitlike
pores to study the influence of the pore geometry on this property. The results indicate that the
confinement of the cylindrical geometry introduces significant differences in the shape of the
adsorption isotherms and density profiles. These differences are relevant for the characterization of
porous materials. €2003 American Institute of Physic§DOI: 10.1063/1.1522393

I. INTRODUCTION contributions to the free energy. Moreover, the excess free
] ] . energy functional is further split, somewhat arbitrarily, into

The thermodynamic and structural properties of inhomoyq parts: the hard-sphere contribution and the attractive part
geneous classical fluids constitute a fundamental problem fQﬁsuaIIy treated under the mean-field approximation. Within
physics and chemistry. During the last years a great effort hagyis framework, density functional approaches are further

been devoted to the molecular modeling of these propertieg ssified into local and nonlocal theories, depending on how

¥;/|t_g|n _the fr?m%work of tmter{amgl ph(tanczrr]nena, fr;aeztmgd the hard-sphere contribution to the excess free energy density
uids 1n confined geometry, €tc. Lespite the important adsq ,qqejed. In the local approximation, the excess free en-
vances achieved with the combination of modern theorie

. . . . %rgy density at a point is formulated as dependent on the
and computer molecular simulations, inhomogeneous situg- . : i
. . ocal particle density at the same positionAlthough local
tions are not yet completely understood. Even simple spheri;

cal fluids show a complex behavior when confined in WeII_theorles can adequately describe relevant properties in inho-

. . _9 . . . . _
defined geometries. When the pore size is of the order of thg 0geneous situatiors;’this formulation fails when predict

correlation length, the presence of walls causes a dramatlf9 oscillatory density profiles, such as those observed in

change in the behavior of these confined systems Comparec(aanfmed fluids, since short-range correlations are neglécted.

to that exhibited in the bulk phase. In particular, energeticon the other hand, in the nonlocal or weighted density func-

interactions and geometrical confinement modify the characional theories, the excess free energy for the hard-sphere
ter of phase transitions, shift critical points, and new observ€férence system is function of the particle density in the
able metastable states and hysteresis phenomena appé}ﬁ{ghborhood of the pointthrough smoothed densities. The
among other featurés. latter are constructed from appropriate averages of the par-
A very successful and general method for determiningficle density over a given !ocal volgme, thus apcounting for
the thermodynamic and structural properties of inhomogethe short-range correlations. Different recipes of the
neous fluids is undeniably density functional the¢BFT).2  Weighted density can be found in the literatifte’*
This method is based on the formulation of the free energy A new kind of nonlocal free energy density functionals
for an inhomogeneous fluid as a functional of the spatiallyhas been developed in the last two decades. The
varying one-particle density(r). The density functional ap- fundamental-measure theory free energy functidhateaf-
proach provides all relevant thermodynamic functions, suclier referred to as FMJT was originally proposed by
as surface tension, solvation forces, adsorption isotherm&osenfeld in 1989. This procedure is based on the convo-
density profiles, etc. Unfortunately, the exact free energyution decomposition of the excluded volume for a pair of
functional is only known for a few simple models and, con-convex hard spheres in terms of characteristic functions for
sequently, the cornerstone of the theory is to provide suitablthe geometry of the two individual bodies. In the original
approximations for the free energy. formulation?? the excess free energy density of the hard-
It is customary to separate the ideal from the excessphere fluid is obtained from four scalar and two vector
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weighting density-independent functions. Later on, Kierlik drical pores, it is convenient to work under constant chemi-
and Rosinbergf proposed a new fundamental-measure func-cal potentials. Therefore, we will focus our attention on the
tional, defined by only four scalar weighting functions. Al- grand potential of the system, defined from the Helmholtz
though the functional forms of the Rosenfeld and Kierlik andfree energy according to

Rosinberg theories are different, it has been proved that both

appro;ches represent the same fundamental density func- Q[p(r)]EF[p(r)]—f drp(N)[ = dex(r)], )
tional:

Most of the initial studies on confined fluids for slitlike Where the ﬁrst term on the right_hand Side iS the intrinsic
and cylindrical pores were based on the local approximatiofjemholtz free energy functional, and in the second term the
for the repulsive part of the Helmholtz free enefdy>°After  expressionge,(r) takes into account the potential imposed
the work of Nordholm and co-workefs*®and Tarazon& by the wall.
in which the nonlocal approach was introduced, a great num- | the FMT formulation the grand potential hence takes
ber of studies based on this approximate method have begRe form
undertakeri* =3’ In the past decade, following the work of
Rosenfeld and that of Kierlik and Rosinberg, a number of _ 3 _
analyses have been directed to study the adsorption behavior Q[p(r)]_kBTI dr p(NIn(A%p(r)) =1
of spherical fluids and their mixtures, all of them, however,
restricted to slitlike pore¥~*’As far as dimensional cross- +kBTf dr d({n,(r)})
over is concerned, more recently Gonzakzl*® studied
the behavior of a system confined in a spherical cavity with .
an analysis based on the modifications introduced by Rosen- +2 f dff dr’ p(r)p(r") gad|r—r'|)
feld et al*® on the original work of Rosenfeltf. Tarazona®
in turn, developed a FMT functional that is able to correctly
account for dimensional crossover. To our knowledge, none
of the fundam_ental-measur_e approac_h versm_ms_has ever beFﬁnthis expression, the first term stands for the ideal gas con-
used to Qescrlb_e the b_eha_v|or of confined fluids in C.yl'ndm.:altribution to the free energy. The second term is the excess
geometries. This application, however, has a particular imz

; . ) . free energy of the hard-sphere reference system in a
portance since DFT is currently being used to obtain th‘?/\/eighted density approximatidi.The third term describes

fnoarteeﬁlaﬁg (ijr:s\f\m)ig::%n|fr:?j:]c;dsgrrg:c;?eIigﬁi;’g];r:ﬂsp?gousthe effect of the attractive interactions between particles,
’ Y P o dan, introduced in a mean-field way. The functional depen-

establish th? validity Qf this kin.d of.functionals for predicting dence of¢g, Stresses the fact that we will only consider here
the adsorption behavior in cylindrical pores becomes a mat]"sotropic interactions. The last term represents the contribu-

ter qlfhfundamentall m]:[eLe.St' Ki | he ability of tion of the bulk chemical potential as well as the effect due to
the FI\/IeTn}?elzre]: %%aergy tfdi;{\;gaalls ;cr)ozgggdzeb; ?(iirllilityaﬁ d the walls qf the pore, intrpduced through. the external field
Rosinberg, to describe the the'rmodynamic and structuraﬁsex'(r)' Ais the de Broglie wavelengtiks is Bolzmann's
properties ’of a Lennard-Jonds)) spherical fluid confined in onstant ar_1d' 1S th? apsolute tem.perature.

lindrical In particular. the accuracy of the EMT re- According to Kierlik and Rosinber the excess free-
cylindrical pores. In particuiar, uracy . energy density of the reference system of hard spheres,
sults is tested by comparing them to those obtained from — . . .
grand canonical Monte Carl@CMC) simulations using the KeT®({n,(r)}), is assumed to be a function of the weighted

same molecular model and for a wide range of pore sizedlensities, the latter defined as

~ [ ar p )= et @

from micropores to mesopores. In addition, the effect of the
geometrical confinement on the adsorption properties is stud- na(f):f dr’ o™ (r—r")p(r"), 3
ied comparing the FMT results for cylindrical pores with the
data obtained for slitlike pores of similar width. with =0, 1, 2, and 3. The four weight functiong)(r) are

The rest of the paper is organized as follows: In Sec. IIrelated to the Heaviside step functidd(r), and its deriva-
we briefly review the FMT, we set out the model potentialstives. These weight functions are independent of the density,
and approximations used in this work, we define the poreand their expression can be found in Ref. 23. In particular,
properties, and finally, we give details about the moleculathe hard-sphere excess free energy has the’form

simulations performed. In Sec. Il we present and discuss our —— 1 —
results. Finally, Sec. IV is dedicated to summarize the main gy V= —1 In(1=na) + M 2 M
: . ({na})=—noIn(1—n3) =54 — 5
conclusions that can be drawn from this work. 1-n, T (1-ng)
4
Il. METHODOLOGY In choosing this particular recipe of DFT, we take into

account several facts; the excess free energy contribution of
the reference system of hard spheres is further expressed in
In the formulation of the DFT used along this paper weterms of fundamental geometrical measures of the
essentially follow the work by Kierlik and RosinbefgWith  particles?**and its predictions of the structural and thermo-
the aim at studying the adsorption of LJ particles on cylin-dynamic properties of the fluid are obtained as consequences

A. Density functional theory
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of the theory itself, without further assumptions common toTABLE |. Parameters of the intermolecular potentials.
other theorie$. This DFT for the hard-sphere fluid might be
considered as a generalization of the 8Pt free energy to

nonuniform situations. Another advantage of this DFT recipes(A) 3.75 2.7 3.22
is that the density-independent expression of the weighting’<e(K) 95.2 230 1479
functions avoids the need to calculate them anew for each
point in the pore. Moreover, the extension to mixtures is

straightforward, and specific versions are designed to deal We divide the potential into repulsivéeference and

with the crossover to one and zero-dimensional sysferifs. attractive (perturbativé components, following the conven-

At this point, the_equ_ilibrium properties of_the quid. €an tional Weeks, Chandler, and AndersaCA) perturbation
be obtained by minimizing the grand potential fu”Ct'onal’schemé,S splitting the potential at the minimum, with,,

Eq. (2)3 with respect to the local Qensity, at constant c_h_emicalzzl/sa_ In this approach, the reference system is replaced by
potential, u, and under appropriate boundary conditihs. a system of hard spheres with a temperature-dependent di-

The above requirements result in the Euler—Lagrange eq“%imeterd(T*). We have used the mapping from LJ to hard

tion spheres developed by Verlet and Weisnd Luet al.®° with
ET0) the coefficients »,=0.3837, 7,=1.035, 73;=0.4249, 7,
— =1, fitted by Petersoet al>! to match the bulk phase dia-
INa(T) gram of the LJ fluid.
The excess Helmholtz free energy per particle of the
+J dr p(r) o[ —=1"[) + dexd(r"), (5  reference systen®, is taken from the SP®°3or PY equa-
T _ _ o tion of state for the uniform hard-sphere fIltid®[Eq. (4)],
which is an implicit relationship to be satisfied at every spacgyhere p(r)=p. Moreover, the weighted densities defined in
pointr”, whose functional inversion yields the density pro- gq (3), which coincide with the variables of the SE*E3
file in terms of the chemical potential, the attractive and eX-.gn pe written in terms of fundamental measures char-
ternal potential fields and the geometry of the particles.  acterizing the particle Wo=p, 1= Rp, N,=47R%p, Ny
The inversion of Eq(5) in the case of a fluid adsorbing _ 4 g3,
onto cylindrical walls of diamete, unbounded in the axial
direction, constitutes the main computational effort of this
work. Some details on the numerical procedure employed t&. Solid —fluid interactions

solve the convolutions expressed in E5) are given in the The LJ parameters for the substrate atoms are those used
appendix. It is important to realize that our procedure reqy Gelb and Gubbir§®® following the work from Brodka
spects the geometrical properties of the system, which is egmd zerd£* and they can be found in Table I. These param-
pecially relevant near the axis of the cylinder, where theeters represent bridging oxygen atoms in silica, since previ-
radius of curvature of the “slices” of constant density is of g,s simulations of adsorption on silica gels show that the
the same order of magnitude as the radius of the particlegmission of the silicon atoms is an acceptable approxim-

Parameter  Fluid—fluidRef. 60  Solid—solid(Ref. 64  Solid—fluid

M=kBT|n(A3p(r”))+J dr> o (|r—r"])

themselves. ation%4%°The LJ solid—fluid parameterdable ) follow the
Lorentz—Berthelot mixing rules.
B. Molecular model We have represented each pore as an infinite cylinder

We have performed FMT density functional calculationsWhere the atoms are single spherical LJ sites. These LJ
as well as GCMC simulations of adsorption in cylindrical spheres are laid out in six concent_rlc layers separated by a
pores of different diameter sizes. We have also calculateffiStanceA. Each layer is arranged in such a way that con-
adsorption properties in slitlike pores using FMT. The mo-Seécutive rows of solid atoms are displaced 0.15 nm in the
lecular parameters used were the same as in the simulation 8fgular and axial directions. The distance between the axes
nitrogen adsorption on model porous glasses of sHcA. that define Fhe successive rows is caliedThe regultlng
Adsorption was assumed to take place on standard condpverall conﬁgqraﬂon of each layer can be described as a
tions for the nitrogen at the normal boiling temperature ofhexagonal lattice. The values of these parameters are fixed
77.4 K. The reason of such a choice is the interest of furthefd=0.277 nmand =0.30nm), so that the total density of
applications of our methodology to the determination of the®XYgen atoms in our model, 44.1 atoms/hrand a material
pore-size distribution in these kinds of materials. In someP0rosity of 30%, are approximately mimicketiThe pore
specific cases, we have calculated the adsorption, desorptioffametert is defined from the center of the particles on
and stable branches, as discussed later. For the rest of tR@POSite sides of the innermost layer. An example of this

cases we have calculated only the adsorption branch. cylinder and the disposition of the atoms can be seen in Fig.
1(a). In the case of slitlike pores, the material is modeled

applying the same principles to a planar geometry, where the
In this work, the nitrogen molecule is modeled as aparameterH represents the distance between two identical

spherical LJ particle, with a “cut-and-shifted potential,” parallel walls. In Fig. {b) a representation of this pore can

#(r). The LJ parameters and o have been taken from be found.

literaturé” (see also Table)l In addition, all the LJ interac- The total potential energy between a fluid molecule

tions were truncated at a cutoff radiug=2.52. probe and the wall is calculated as the sum of the contribu-

1. Fluid-fluid interactions
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FIG. 1. Structure of théa) cylindrical and(b) slitlike pores. FIG. 2. Dependence of the wall potential as a function of the distande)for

cylindrical and(b) slitlike pores of different sizeH=2.4¢, 3.20, 4.80,
and 8.8c, starting from left to right.

tions of all the substrate atoms. However, we have consid-

ered an averaged potential, constructed from the previous

one by integrating with respect to the angular and axial di- ~The mean pore fluid densityp), is defined from the

rections, preserving only the radial functional dependence-€lation

For slitlike pores, the potential is averaged over translations Jdr p(r)

parallel to the walls. (p)y=—F7— (6)
In Fig. 2@ we have shown the radial dependence of the

cylindrical wall potential,¢¢,(r), for several pore size di- where the integral is extended over the volume of the pore

ameters. As it can be seen in the figure, the influence of thand this volume is considered a function ldf The excess

wall on the adsorption is expected to be very important fordensity is defined as the deviation of the average density

pores whose width is comparable with the range of the atwith respect to the bulk values, that is

tractive potential of the wall. In particular, for such narrow Ev_

pores the adsorbed fluid will have properties significantly (p%)=(p) = Pouik- 0

different from those of the bulk fluid. Conversely, for wider

pores one expects the effect of the pore walls to be importan

only at low coverage, and capillary condensation to occur at  Aiming at a quantitative comparison between the FMT

a given critical pressure. In Fig.(t) we present the wall and Monte Carlo simulations, we have chosen to apply the

potential as a function of the distance in the direction persame molecular parameters for both procedures. It is well

pendicular to the parallel wallshe,(z) for slitlike pores of  known that the bulk properties predicted by each methodol-

different width. ogy are different. However, since both theories are molecular

. Monte Carlo simulations
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in nature, we have decided to compare the bare results from y — ! : !
the same molecular model and analyze the differences later 0.6 / |
on. Other authors have compared DFT results with Monte > ; Uof
Carlo simulations based on the same bulk prope?ti€&al- L o
though such a procedure implies the use of different molecu- 04-bs ﬁﬁ-‘% |
lar parameters for each approach. Despite the fact that the [ S B §
latter point of view is legitimate, the different sets of molecu- g Z ¢
lar parameters used in that case represent in fact different v 02 " |
systems, although very close in their properties. “ Ve

In our simulations, adsorption isotherms and density pro- i i
files have been obtained through a GCMC sch&h&The 0.0 o pomed® M Y i
temperatureT, the volumeV, and the chemical potential B T (3 T
inside the pore are thus fixed. To obtain the adsorption iso-

therms, we ran the simulations at values of the activity, de- 200 -160 -120 80 40 00

fined as a) [

L exp(u/kgT) , ® 10 : - :

g

corresponding to bulk chemical potential, equal to those used
in the density functional theory calculations.

Three different types of Monte Carlo trials were used in 61 i
the simulations: creation of a new adsorbate molecule at a
random position inside the pore, removal of a randomly cho- "o 44
sen adsorbate molecule, and move of a randomly chosen
adsorbate particle. The maximum move for a particle trans- 2- -
lation was fixed at 0.2®, and the ratio between trials was
fixed to be a 50% for translation moves and the remaining 04
50% for creation—destruction moves. The length of the simu- . , .
lation box was changed from 6 to 100 nm, depending on the 0.0 05 1.0 L5
pore diameter size, to ensure a sufficient number of particles b) T
mSId.e'. In the aXIQI ?nd a}ngular dlreCtIO.nS’ periodic b.oundar*IG. 3. (a) Adsorption isotherms it = 3.2 o cylindrical and slitlike pores;
conditions and minimal image convention were applied. Thgpen squares, FMT calculations, closed squares, GCMC simulations, both in
LJ potential was cut and shifted with=2.520. To equi-  the cylindrical pore; open circles, FMT calculations in the slitlike pore. The
librate the system, the simulations were run for at |easﬁne§ are a visual ai_d. The inse_ts show_ the hystgres_is FMT results in the
310 moves, Averages were then collected from runs oveIke pere of e rohhand ace i e e pore or e et
at least 20 10° configurations after equilibration. The block  simulationssymbols in the cylindrical pore ag* = —10.065(solid line and
size to compute averages was fixed at 500 000 moves.  open squar¢sand —4.031[dotted line and crosses)].

The excess pore fluid density in this case is defined as

(N)
(pF)= N Pouk (9)  analysis of the strictly 1f§°°adsorption is out of the scope

_ _ o of this work. The main points to be discussed in this section
where(N) is the mean number of particles inside pore &d will be, on one hand, the comparison of the excess density

[a VN B ]

P, i a]

is the pore volume, defined in the same way as in(By.  and density profiles between FMT and GCMC, to elucidate
the limits of the agreement of both procedures in the analysis
Il RESULTS AND DISCUSSION of the adsorption in cylindrical pores, when the same mo-

lecular model is used. On the other hand, the effect of the

We have calculated density profiles and adsorption isogeometry in the profiles and adsorption isotherms will be
therms for cylindrical pores of different sizes by means ofbriefly discussed by comparing the FMT results for cylindri-
two approaches, FMT and GCMC. In addition, FMT calcu- cal and slitlike pores. This latter point is of relevance in the
lations for slitlike pores of the same width will serve us to calculation of pore-size distributions of real materials from
discuss as well the main differences introduced by the disexperimental data of adsorption isotherms.
similarity in the geometry. The pore diameters studied here  Figure 3a) shows the adsorption isotherm obtained from
are in the range fronid=3.20 to 17.6s, which covers the FMT corresponding to cylindrical and slitlike pores of size
region from microporeswhose diameter is less than 20A), H=3.20, as well as the simulation results for the cylindrical
to larger poregmesopores, with a diameter between 20 andgeometry. As it can be seen, the agreement between pre-
500 A). We have found that our numerical implementation ofdictions from the theory and simulation data is excellent in
the FMT model used here fails to converge for very narrowthe whole range of chemical potentials considef&dm
pores H<3.20, corresponding tad <12 A) which consti- u*=-12.479 to—3.338, although theoretical predictions
tutes the limit of the applicability of our procedure. An slightly underestimate the amount of fluid adsorbed along the
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whole adsorption isotherm. Results corresponding to the ad-
sorption in the slitlike pore are significantly different from
those obtained for the cylindrical geometry. In the former, a
very pronounced jump in the average density is observed at
chemical potentials aroung*=-8.0, followed by a con-
tinuous increase of the density as the chemical potential is
raised. For the cylindrical pore, the jump in the density is
displaced towards lower chemical potentials. At higher
chemical potentials, the continuous increase in the density is
smoother than in the case of planar geometry. The insets in
Fig. 3(@) show the hysteresis existing around the sudden den-
sity jump, indicating that it corresponds in both cases to a
first order phase transitioinside the pore. A higher degree
of confinement in cylindrical pores is responsible for the
appearance of the mentioned transition at chemical potentials
significantly lower than in slitlike pores. As seen in Figh3
only one rather localized annular layer is formed at the wall
inside the pore, in the whole chemical potential range stud-
ied. Thus, once this layer is build, the increase of the chemi-
cal potential only introduces changes in the height of the
density profile, yielding to the observed continuous increase
of the excess adsorption after the transition in both geom-
etries. The nature of such a transition is not completely clear,
since the confinement of the fluid, the curvature of the wall,
as well as the fluid—solid potential interactions influence the
kind of the transition as well as its location in the space of
thermodynamic parameters. However, we attribute this phase
transition to the so-called 0 to 1 layering transition, previ-
ously found by different author$:°®"%We will come back to
this point later on.

The agreement between theoretical FMT predictions and
GCMC simulation results in Figs.(& and 3b) is very good
for all thermodynamic conditions, with special emphasis on
the localization and the height of the density peaks at differ-
ent chemical potentials. It must be noted, however, that the
agreement between both sets of results is better at low
chemical potentialgi.e., pressurgs This effect is a conse-
guence of the lack of accuracy of the FMT approach used in
this work to predict the adsorption behavior for very narrow
pores (which would confine the fluid to an almost one-
dimensional behavigr In Fig. 3a) the differences between
the adsorption isotherms of cylindrical and planar pores can
be ascribed to the geometrical constraints that crucially de-
termine the way in which molecules accommodate inside
confined geometries.

Regarding the adsorption isotherms and density profiles

a)

b)

(©)

<p >

Adsorption in cylindrical pores
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in wider pores, Fig. @) shows the excess adsorbed der]SltyFIG. 4. (a) Adsorption isotherms il = 4.8 ¢ cylindrical and slitlike pores;

versus the chemical potenti@dsorption isotherinof cylin-
drical and slitlike pores of sizél=4.80. The adsorption

the notation is the same as in Fig@B (b) Density profiles from FMT
calculations in the cylindrical pore ap*=-7.651 (solid line), and

isotherm Corresponding to the cyIindricaI pore has also beeg4-°31 (dashed ling (c) Density profiles from FMT calculations in the

obtained from Monte Carlo simulation. As it can be seen, the
theory is able to provide a realistic description of the excess
density versus the chemical potential since an almost quan-

itike pore at six differentu*, from bottom to top:—10.065, —8.858,
~7.651,—4.995,—4.513,—3.338.

titative agreement between FMT and GCMC results is foundHowever, important differences between the adsorption iso-
in all the range of chemical potentials studied. therms can be observed. The excess density in the cylindrical
More in detail, at low chemical potentialg*<—7.0) a  pore is higher than that corresponding to the planar geometry
monolayer is formed in both pores. As the chemical potentialn practically the whole range of chemical potential values
is increased a second layer is adsorbed in both cylindricalexcept at the highest chemical potentiafdso, the increase
and slitlike pores without the appearance of additional layersn density observed when a new layer is formed is more
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0.8 ! ! 1 1 1

pronounced in the case of the slitlike geometry. This is espe-
cially true in the formation of the second adsorbed layer
inside the slitlike pore. To elucidate the reasons for this be-
havior we have also examined the density profiles corre-
sponding to both geometries. Figuréb¥shows the density
profiles, at two different chemical potentials, inside the cy-
lindrical pore. At the lowest chemical potential only a single
annular layer is adsorbed, with the density peak located at :
r*=1.5. This position is consistent with the location of the 0.2 = 8 -
solid—fluid potential minimum for a cylindrical pore & B
=4.80 (see Fig. 2 As the chemical potential is increased, a ”
second adsorbed layer appears close to the center of the cyl-
inder, in agreement with the slight increase of the adsorption . . . : .
isotherm observed in Fig.(d). a) )

The isotherm for the planar geometry case, although ap- )
parently similar, is in fact qualitatively different from that of 8 L L L !
the cylindrical pore. Notice, for instance, that in the slitlike
pore there are particles in the center of the pore at high
chemical potential valugsee Fig. 4c)], whereas molecules 6 r
are strongly excluded from the axial region of the cylinder.

This effect indicates that capillary condensation is likely to

occur in the planar geometry but not in the cylinder of the .
same dimensionkl =4.80, in the range of chemical poten- <
tials studied here. A detailed analysis of the hysteresis cycle
as well as of the free energy indicates that the jump in the
excess density in the planar geometry corresponds to a first
order phase transition that can be described as capillary
condensation.In the case of cylindrical geometry, the for-
mation of the second layer does not correspond to thermo-
dynamic phase transition but merely to a continuous filling
of the second layer. In fact, it is worth noting that the average
density is proportional to the first derivative of the free en-
ergy[Eq. (2)] with respect to the chemical potential, but the
average density does not present a discontinuity, nor does its
slope diverge.

In the planar pore one can also notice the formation of
the first layer aroundu*=-8, a slightly higher chemical
potential than in théd =3.20- pore. This effect is dominated ]
by the solid—fluid interaction as it can be seen by the fact el
that it appears at the same chemical potential for all slitlike 0.2 i
pores of larger width. However, this transition cannot be con-
sidered as being of first order. In fact, in this case, no hys-
teresis in the average density is observed around this value of
chemical potential, being this quantityelated to the first
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derivative of the free energycontinuous across the transi-
tion, up to the accuracy of our numerical method. The sharp

©
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n

60 40

-20

slope observed, however, .COUld indicate that the berm\/IOIg_IG. 5. (a) Adsorption isotherms it =8.8 o cylindrical and slitlike pores;
could correspond to a continuous second order phase trange notation is the same as in FigaB (b) Density profiles from FMT
tion. In the case of the cylindrical geometry, the transition iscalculations in the cylindrical pore at five differeat, from bottom to top:
observed at lower chemical potential and seems to also dis-10-065, ~5.478, —4.995, —4.513, —3.338. (c) Adsorption isotherms in
play such a continuous character. the cylindrical pore by FMT, adsorption and desorption branches.

In the mesopore range we present results for two pore
sizes,H=28.80 and 17.@, which correspond, respectively, to
the series of Figs.(®-5(c) and §a)—6(d). In Fig. 5@ we  both geometries exhibit the same qualitative behavior. One
show the adsorption isotherms for cylindrical and slitlike observes, on one hand, the crossover from an empty pore to
pores of widthH=38.80. The agreement between the theo-the formation a monolayer at low chemical potentials, as in
retical adsorption isotherm and simulation data correspondhe previous cases. This increase in the adsorbance in planar
ing to this cylindrical pore is better than that obtained forgeometries is located at the same chemical potential of about
narrower pores, as expected. The adsorption isotherms far* =—8.2 in all the studied pores witH>3.20. However,
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FIG. 6. (a) Adsorption isotherms ifl = 17.6¢ cylindrical and slitlike pores; the notation is the same as in Fia, 8xcept that FMT adsorption in cylindrical
pores shown as crosses for clarity. Inset shows the details in the high chemical potential f@gDensity profiles of the cylindrical pore from FMT
calculations(lines) and GCMC simulationgsymbols at u* =—3.959.(c) Adsorption isotherms in the cylindrical pore by FMT, adsorption and desorption
branches(d) Density profiles from FMT in the cylindrical pore at seven differgit, from bottom to top—10.065,—-8.858, —4.272, —3.959, —3.887,
—3.791,-2.898.

the local curvature of the walls in cylindrical geometry shifts simulations are higher than those corresponding to the theory
the transition region towards lower chemical potentials as théor both pore size$see Figs. &) and Ga)]. The choice of
diameter decreases. In both cases, however, the formation tife same molecular model leads in fact to a slightly different
the thin layer at the wall seems to be continuous and, athermodynamic behavior in the bulk fluid properties. Hence,
before, such a behavior cannot be attributed to a first ordehese differences are expected in a region of the isotherm
phase transition. dominated by the bulk fluid. For these two sizes and below
On the other hand, the sudden increase in the excedbe capillary condensation chemical potential, the excess
density as the chemical potential is increased corresponds tiensity predicted for slitlike pores is lower than that corre-
capillary condensation in both, cylindrical as well as planarsponding to cylinders. The difference is less noticeable as the
geometries. It is important to note that capillary condensatiompore diameter increases, due to the loss of confinement. As in
is shifted towards the region of lower chemical potential aghe previous cases, we have also considered the density pro-
the degree of confinement increases, due to both, the chanfie behavior along the adsorption isotherms. Figufb) 5
in the geometry(from planar to cylindricgl and by the shows density profiles corresponding to a cylindrical pore of
change in the pore size>?7 diameterH=8.80 at different chemical potentials. When
Notice that, while in cylindrical geometry the agreementcapillary condensation occurs, an increase of the density in
between calculated and simulated GCMC results at lovthe central part of the pore takes place. However, due to the
chemical potential is excellent above capillary condensationhigher degree of confinement, the fluid still displays a higher
the values of the predicted excess density from Monte Carlorder than in planar geometries under the same conditions.
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0.4- R4 b
) § o f
¢ ¢ o® ° a I
02 fe® _'A‘ therms for the four pore sizes analyzed, corresponding, re-
] 8§ =" & i spectively, to cylindrical and planar geometries. In the cylin-
5 : aanast - drical geometry, the smallest pore sités=3.20,, exhibits a
004 amm&é | behavior completely determined by wall effects, including
the first order 0 to 1 layering transition already mentioned.

— T T T T T Due to the narrowness of this pore, only a single complete
14 12 10 8 6 4 2 .
layer of molecules can be accommodated inside the pore. As
b) W the pore size is increased = 4.80, the formation of the first
- o I ) adsorbed layer is located at higher chemical potential than in
FIG. 7. (a) Adsorption |sc_>therms in cylindrical pores with different diam- theH = 3.2 and. moreover. seems to be thermodynamically
eter: H=3.20 (open diamonds 4.8c (open circles 8.80 (closed ! oo ; ;
square}s and 17.60 (open triang|e)5 from FMT calculations(b) The same of second order. An additional |ayer IS Cont|nUOUS|y adsorbed
notation as in(@) but in slitlike pores. as the chemical potential increases. This effect can be ex-
plained as a liquid—liquid enhanced interaction due to the
proximity of opposite parts of the cylindrical wall that in-
As it can be seen in Fig.(§), the adsorption isotherm in the duces the exclusion of particles in the axial region of the
cylinder exhibits hysteresis, clearly indicating that the dis-pore and its possible liquidlike behavior and, thus, capillary
continuous jump observed in Fig(é must be ascribed to a condensation. A further increase in the pore slies8.80
gas-liquid phase transition inside the pore. and 17.8, leads to multilayer adsorption with capillary
The adsorption behavior of a second wider mesopore ofondensation phase transition at high chemical potential. The
diameterH=17.60 is analyzed in Figs. ®—-6(d). We have formation of the first layer corresponds to a continuous be-
also included the adsorption isotherm corresponding to thbavior and its location is affected by the curvature of the
slitlike pore of the same sidsee Fig. 6a)]. The same quali- wall, being displaced towards lower chemical potentials as
tative analysis as that regarding the previous pore size can libe curvature increases.
performed, although the differences between both geometries In the analysis of the isotherms of pores with planar a
tend to reduce as the pore size increases. In Rig. We  geometry, summarized in Fig(l), we have observed that
compare the density profiles obtained from FMT and simu+the pore of widthtH=3.2¢, also exhibis a 0 to 1first order
lation for the poreH=17.60 closely underneath capillary layering transition, as in the case of cylindrical geometry.
condensationu* =—3.959. For this value of the chemical However, the formation of the first layer at larger pore
potential, only three layers are distinguishable. The hysterwidths is located around the same chemical potential, inde-
esis cycle is shown separately in Figc)gfor more details. pendently of the pore width, and corresponds to a continuum
Finally, Fig. 6d) shows a set of different theoretical density filling with no discontinuity in the first derivative of free
profiles for a sequence of chemical potential values. As caenergy, but with a large value of the second derivative that
be seen, capillary condensation can be detected when tleuld correspond to a divergence. On the other hand, the
density profiles change from a gaslike to a liquidlike behav-capillary condensation is shifted by the confinement towards
ior, giving rise to a finite value of the local density in the lower chemical potentials and it approaches the bulk liquid—
central region of the pore. vapor phase transition chemical potential as the pore width
Figures Ta) and 7b) summarize the adsorption iso- increases.
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As an example of the effect of the strong geometricalisotherm aroungi* =—8, in pores of planar geometry, could
constraint over the adsorption properties of cylindrical poresbe reminiscent of a prewetting phenomenon existing for one
we present the density profiles for different pore widths. Inwall in an infinite systent:’ The detailed analysis of the free
particular, Fig. 8 shows the density profiles corresponding t@nergy around this particular chemical potential, tdr
two cylindrical pores wittH=4.00 and 4.8s. In the widest =17.60 [see Fig. &c)] seems to indicate that this behavior
pore, geometrical constraints forbid the formation of a layercannot be attributed to a first order phase transition. The
over the axis of the cylinder, while in the narrowest pore, thissecond derivative of the free energgee Fig. @)] shows a
layer is strongly favored, showing a peak much higher tharsharp peak that could suggest that the formation of the thin
the one close to the wall. In slitlike pores, although not rep-dense layer inside the pore corresponds to a second order
resented here, the height of the observed peaks shows a pqghase transition. However, the numerical accuracy of our
gressive decrease as the molecules approach the center of #realysis does not permit us to distinguish whether the peak is
pore. a true divergence, corresponding to a second order phase

Having described the phenomena observed for various
pore sizes, it is worth to separately analyze the behavior of

the free energyEq. (2)]. We have identified three distinct 0045 f—————————

features in the adsorption isotherms, namely, the first order O 0.040- -

to 1 layering transition for the narrower pores, capillary con- 0035 o i
R 4

densation, and a sudden increase of the adsorbance due to the
formation of dense thin layers at the solid surface. First, as
seen in Fig. &), the isotherm for the pore sizd=3.2¢0

show a weak discontinuity in both cases, indicating the first
order nature of the transitio5nFigure ga) shows the behav-

ior of the free energy in the vicinity of this transition for the
planar pore, where the discontinuity of the first derivative
can be observed, as well as the metastable lines of the free
energy. Second, capillary condensation has been described as
a shift of the bulk liqguid—vapor phase transition, induced by
the confinemer®>?’ In Fig. 9b) we present the free energy

of the isotherm corresponding to the cylindrical pore width
H=17.60 that shows a jump of its first derivative at the o _ o _
ocaion of the_capilary condensation transiton, which IS 18 Adapien suer 40 A(G 1o oyt o oo
serves to place the physical isotherm between the two met@z). open circles, GEMC simulationéRef. 47; dotted line, experimental
stable branches. Third, the sudden jump in the adsorptiofiata on nonporous siliciRef. 74.

1.0
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transition, or it is finite, in which case we would identify a Our results indicate that a layering behavior takes place
mere crossover between two regimes. Even more, the possit the smallest cylindrical pore considerddl=3.20, while
bility of a very weak first order transition cannot completely the adsorption in a planar pore of the same size needs a much
be discarded, in view of the thermodynamic behavior assohigher chemical potential to achieve a significant adsorption.
ciated to the formation of the first layer in the smaller poresAs the pore size increases, the influence of the geometry
analyzed. To be conclusive about the true nature of the trarbecomes less important, although a certain shift in the capil-
sition and the effect of the wall curvature in its location, anlary condensation transition can still be observed. Addition-
exhaustive analysis beyond the scope of this work should bally, for wider pores, such ad=8.80 and 17.8r, we ob-
undertaken. Nevertheless, everything seems to indicate th&in multilayer adsorption with capillary condensation at
the behavior related to the formation of the thin layer at thehigh chemical potentials, with the same qualitative behavior
wall, in the cases analyzed in this paper, could correspondsbserved for both geometries. When the diameter size
to phenomenology expected at the vicinity of a critical point,reaches the limit where the curvature effects are not of fur-
perhaps related to the critical end point of a prewetting linether relevance, the cylindrical pores reduce to the same quan-
in an semi-infinite system. titative behavior as the slitlike pores.

Finally, it is interesting to compare FMT results to those ~ The formation of a thin adsorbed layer at intermediate
obtained using other formulations of DFT. Figure 10 showsand large pore sizes seems to correspond to a thermodynamic
the adsorption isotherm obtained through our DFT formula-second order phase transition, for the range of parameters

tion, with a cylindrical potential that takes the foffn used and the thermodynamic conditions studied. However,
63l r [\1-10 thfe results. found seem to indicate some relationship .betwerjzn

e, R)= szsssftfgf ——2—— this behavior and the prewetting transition observed in semi-
32| o R infinite geometries, especially in the neighborhood of the

9 9 r\2 r r\1-4 critical end point of the prewetting line. The effect of the
XF| — >~ 5;1;(1— ﬁ) }—3 U—( 2— ﬁ” confinement is very important in this crossover behavior. In
sf fact, the local curvature of the solid wall is the only respon-
3 3 r, sible for the shift observed in cylindrical geometries in our
XFl =3~ 5;1;( 1-7 ) ; (12 study, although a deeper analysis is required to shed some

_ ) light on this particular point.
whereF[a, 8, . x] are the hypergeometric functiofisand From the comparison of FMT calculations versus

ps is the density of oxygen atoms in the pore wall. H&Re, NLDFT results, we conclude that the FMT is an excellent
is the radius of the pore of diamete=90A (25.180) and  tqg] for the study of the behavior of fluids in confined cylin-
osi and egr are the LJ solid—fluid interaction parameters. grical geometries. However, a systematic comparison be-
We have used here the same parameters as in the work Ryeen results obtained by two DFT versions in cylindrical

. . 47 . . -
Ravikovitch et al." who, in Fig. 5 of their Paper, show  nores would be necessary, and constitutes an interesting sub-
experimental, GCMC and nonlocal DRNLDFT)™ adsorp-  ject for future work.

tion isotherm results. As seen in Fig. 10, it is remarkable that
the behavior predicted by our calculations quantitatively
agrees with the experimental and simulation results showACKNOWLEDGMENTS
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molecular model. This work is of relevance in the context of
the use of DFT calculations for the determination of pore-  The inversion of Eq(5) in cylindrical pores requires the
size distributions from experimentally obtained adsorptioncalculation of a series of convolutions, generically expressed
isotherms. as
A comparison of FMT for cylindrical pores with GCMC
simulations has shown a very good agreement for the range f dr ([r—r"f(r), (A1)
of pore sizes studied, confirming the ability of the theory in
the description of nearly one-dimensional confined systemswhere ¢(|r|) is an arbitrary isotropic kernel, ant(r) a
The exact limit of its validity for very narrow pores lies given function of the position which, for symmetry require-
beyond the scope of this work. ments, depends only on the distance to the axis of the cylin-

Downloaded 23 Dec 2002 to 155.198.17.120. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 2, 8 January 2003 Adsorption in cylindrical pores 841

z 12B. C. Freasier and S. Nordholm, J. Chem. P$8.4431(1983.
: 13B. C. Freasier and S. Nordholm, Mol. Phy, 33 (1986.
1p. Tarazona, Mol. Phy&2, 81 (1984).
% rSin@ Sing 15p, Tarazona, Phys. Rev. 34, 2672(1985; 32, 3148E) (1985.
5 W, A. Curtin and N. W. Ashcroft, Phys. Rev. 22, 2909(1985.
T. F. Meister and D. M. Kroll, Phys. Rev. 81, 4055(1985.
18], K. Percus, J. Stat. Phy28, 67 (1982.
193, K. Percus, J. Chem. Phyzs, 1316(1981).
203, K. Percus, J. Stat. Phys2, 1157(1988.
21A. Robledo and C. Varea, J. Stat. Phgs, 513 (1981).
22y, Rosenfeld, Phys. Rev. Le#$3, 980 (1989.
ZE. Kierlik and M. L. Rosinberg, Phys. Rev. 42, 3382(1990.
243, Phan, E. Kierlik, M. L. Rosinberg, B. Bildstein, and G. Kahl, Phys.
Rev. E48, 618(1993.
FIG. 11. Projection of the cylindrical pore on a plane orthogonal to cylinder - R. Evans and P. Tarazona, Phys. Rev. L&21.557 (1984).
axis following Eq.(A2). ZG(R. E;ans and U. Marini Bettolo Marconi, Chem. Phys. Léit4 415
1985.
2’R. Evans and U. Marini Bettolo Marconi, Phys. Rev3? 3817(1985.
. . 28, K. Peterson, J. P. R. B. Walton, and K. E. Gubbins, Int. J. Thermophys.
derr, . Identically and also due to symmetry requirements, 6, 585 (1985.
the result of each of these convolutions is a function of the®r. Evans, U. Marini Bettolo Marconi, and P. Tarazona, J. Chem. Fdys.

distance to the axis of the cylinde, . 5, 2376(1986.

; R. Evans, U. Marini Bettolo Marconi, and P. Tarazona, J. Chem. Soc.,

. To take advantage of the isotropy of the kernel, we hav.e Faraday Trans. 82, 1763(1986.
introduced a local coordinate system around the space pOIﬁ]tB_ K. Peterson, J. P. R. B. Walton, and K. E. Gubbins, J. Chem. Soc.,
r”. Thez axis is perpendicular to the cylinder’s axis pointing Faraday Trans. 82, 1789(1986.
outward in the radial direction, thg axis is parallel to the 32p, Ta_;)azona, U. Marini Bettolo Marconi, and R. Evans, Mol. PB@s573

: & Ay N : : (1987.
Cylmde:rs axis, anq thex aXI.S IS corre_spondmgly oriented 33R. Evans and U. Marini Bettolo Marconi, J. Chem. Phg§, 7138
(see Fig. 11 Adopting spherical coordinates with respect to (1987).

this local reference system, the distamgeof a given space 3*B. K. Peterson, K. E. Gubbins, G. S. Heffelfinger, U. Marini Bettolo

point can be obtained according to the transformation Marconi, and F. van Swol, J. Chem. Ph@i8, 6487(1988.
35B. K. Peterson, G. S. Heffelfinger, K. E. Gubbins, and F. van Swol, J.
ro(r, 6, @; r7)=+/(r +r cos@)?+r?sir? gsirf ¢, Chem. Phys93, 679(1990.

(A2) %6p. B. Balbuena and K. E. Gubbins, Langmgijr1801(1993.
S7C. Lastoskie, K. E. Gubbins, and N. Quirke, Langm@jir2693(1993.

which permits the evaluation of the functié(r ). The con- st. Kierlik and M. L. Rosinberg, Phys. Rev. 44, 5025 (1991).
volutions are then calculated by repeated one—dimensiona?igjfl'g‘éa""- L. Rosinberg, J. E. Finn, and P. A. Monson, Mol. PHys,
integration, takm_g advantage of.Gausaan quadratures 10 1o " ieriik. M. L. Rosinberg, Y. Fan, and P. A. Monson, J. Chem. Phys.
crease the velocity of the numerical evaluation. We have not 101, 10947(1994.
introduced here a reduction of the multidimensional integra#'s. Jiang, K. E. Gubbins, and P. B. Balbuena, J. Phys. Cla&m2404
tion by an appropriatéalthough cumbersome for nonplanar ,,(1994- o _ N _

. - o . S. Phan, E. Kierlik, M. L. Rosinberg, A. Yethiraj, and R. Dickman, J.
geometriescoordinate change, as it is the case in the adsorp- <, Phys102, 2141(1999
tion on a flat wal?® However, there is not a significant in- 4g. Kieriik, Y. Fan, P. A. Monson, and M. L. Rosinberg, J. Chem. Phys.
crease in the computational time, since the problem is stilLlOZ 3712(1995. _ _
onedimensional, due to the fact that the density profile is g.S- L. Sowers and K. E. Gubbins, Langma, 4758 (1995. _
function which depends only on the distance to the axis of M. Sliwinska-Bartkowiak, S. L. Sowers, and K. E. Gubbins, Langmgjr

_ ' 1182(1997.

the cylinder,r, . As a result, the comparison between the4p gryk, w. Cyrankiewicz, M. Borowko, and S. Sokotowski, Mol. Phys.
density profiles in slitike and cylindrical pores shows sig- 4793, 111(1998. '
nificant differences near the axial region due, precisely, to P- |- Ravikovitch, A. Vishnyakov, and A. V. Neimark, Phys. Rev6E,

011602(2009).
these curvature effects. (200D

48, Gonzdez, J. A. White, F. L. Rorma, and R. Evans, J. Chem. Ph{€9,
3637(1998.
L. D. Gelb, K. E. Gubbins, R. Radhakrishnan, and M. Sliwinska- *°Y. Rosenfeld, M. Schmidt, H. wen, and P. Tarazona, Phys. ReV5§&
Bartkowiak, Rep. Prog. Phy$2, 1573(1999. 4245(1997).
2R. Evans, inFundamentals of Inhomogeneous Flyiddited by D.  °°P. Tarazona, Phys. Rev. Le84, 694 (2000.
Hendersor(Dekker, New York, 1998 Chap. 3, p. 85. 513, J. Gregg and K. S. W. Sing, Adsorption, Surface Area and Porosity, 2nd
3D. E. Sullivan and M. M. Telo da Gama, Fluid Interfacial Phenomena ed. (Academic, London, 1982Chap. 3, p. 132.
edited by C. A. Croxtor{Wiley, New York, 1986, Chap. 2, p. 45. 52H. Reiss, H. L. Frisch, and J. L. Lebowitz, J. Chem. PI3s.369(1959.
4S. Dietrich, in Phase Transitions and Critical Phenomenedited by  °°E. Helfand, H. L. Frisch, and J. L. Lebowitz, J. Chem. P84, 1037
C. Domb and J. L. Lebowit¢Academic, New York, 1988 Vol. 12, Chap. (1961.
1, p. 1. %R. Evans, Adv. Phys28, 143(1979.
5R. Evans, J. Phys.: Condens. Mat£er8989(1990). 5. D. Gelb and K. E. Gubbins, Langmui4, 2097 (1998.
6p. Tarazona and R. Evans, Mol. Phy8, 799 (1983. %6, D. Gelb and K. E. Gubbins, Langmulr5, 305 (1999.
’P. Tarazona, M. M. Telo da Gama, and R. Evans, Mol. PH@s.283 5’M. W. Maddox, J. P. Olivier, and K. E. Gubbins, Langmuig, 1737
(1983. (1997.
8p. Tarazona and R. Evans, Mol. Phy¢g, 1033(1982. %8J. D. Weeks, D. Chandler, and H. C. Andersen, J. Chem. Piy&237
9R. Evans and A. O. Parry, J. Phys.: Condens. Mdtt&t207 (1989. (1972.
103, Nordholm, M. Johnson, and B. C. Freasier, Aust. J. CHg8n2139  5°L. Verlet and J. J. Weis, Phys. Rev.5A939(1972.
(1980. 80B. Q. Lu, R. Evans, and M. M. Telo da Gama, Mol. Ph§5, 1319(1985.
M. Johnson and S. Nordholm, J. Chem. PH§&,. 1953 (1981). 61M. S. Wertheim, Phys. Rev. Lett0, 321 (1963.

Downloaded 23 Dec 2002 to 155.198.17.120. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



842 J. Chem. Phys., Vol. 118, No. 2, 8 January 2003 Figueroa-Gerstenmaier et al.

52E. Thiele, J. Chem. Phy8&9, 474 (1963. 0C. Lastoskie, K. E. Gubbins, and N. Quirke, J. Phys. Ch8.4786
63J. L. Lebowitz, Phys. Re\l33 A895 (1964. (1993.
%4A. Brodka and T. W. Zerda, J. Chem. Ph@§, 3710(1991. ™). S. Rowlinson and B. WidonMolecular Theory of Capillarity(Claren-
5. M. D. MacElroy, Langmui®, 2682(1993. don, Oxford, 1984
66 ey . . ) ,
P. I. Ravikovitch, A. Vishnyakov, R. Russo, and A. V. Neimark, Langmuir 72G. J. Tjatjopoulos, D. L. Feke, and J. A. Mann, Jr., J. Phys. Ctagn.
16, 2311(2000. 4006(1988

M. P. Allen and D. J. TildesleyComputer Simulation of LiquidClaren- i
don, Oxford, 198Y, Chap. 4, p. 110. W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery,

8D, Frenkel and B. Smitnderstanding Molecular Simulation: from Algo- ~ Numerical Recipes in Fortrgn2nd ed.(Cambridge University Press,

rithms to ApplicationgAcademic, San Diego, 1996Chap. 3, p. 19. Cambridge, 1992 Chap. 6, p. 263.
%p, C. Ball and R. Evans, J. Chem. Phg$, 4412(1988. 74J. H. Deboer, B. G. Linsen, and T. J. Osinga, J. Caa643(1965.

Downloaded 23 Dec 2002 to 155.198.17.120. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



