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Statistical thermodynamics of adsorbates with nonsymmetrical lateral interactions
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The exact adsorption thermodynamics of particles with nonsymmetrical ad-ad interactions on a one-
dimensional space is presented. The asymmetry is introduced by considering the lateral interactions depending
on the orientation of the adsorbed molecules. The adsorption process is monitored by following the adsorption
isotherm, the thermodynamic factor, the differential heat of adsorption, and the configurational entropy of the
adlayer. A rich variety of different behaviors is found with respect to the standard lattice gas of interacting
monomers. The resulting thermodynamic description may also be applicable to adsorption and transport of
nonspherical molecules in low-dimensional systems such as carbon nanotubes.
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[. INTRODUCTION in grand canonical ensemble. This paper has several objec-
tives: (i) To obtain the exact solution for a generalized lattice
In the scientific literature of the last years, it is possible togas of nonsymmetrical interacting particles adsorbed on a
find many theoretical works concerning physicochemical ofone-dimensional substratéj) to identify and characterize
adsorption[1—6]. Most of these studies are based on generthe most prominent features of this particular procégs;to
alizations of the standard lattice-gas thed®], including  develop a simpler and manageable model, capable to repro-
ad-ad interactions, surface heterogeneity, multilayer adsorpgluce experimental findings where the adsorption involves
tion, etc.[4,6,8—13. However, in all cases, the models pre- nonsymmetrical lateral interactions and low-dimensional
serve a fundamental statistical property, the well-knownsubstrates(iv) to stimulate the development of more com-
symmetry particle vacancy. plex models including nonsymmetrical interactions and non-
Recent molecular simulatiof43—-16 and experimental Spherical adsorbates.
development$17,18 about the adsorption of different gases ~ The organization of the paper is as follows. In Sec. Il we
in low-dimensional systems have shown clear signals of nonpresent the model and a brief description of how the partition
equivalence between particles and vacancies. In fact, adsorfinction and other quantities can be calculated exactly from
tion isotherms for methane, ethane, and others adsorbed &fe transfer matrix method. The predictions of the theoretical
AlPO,—5 and SAPG-5 are clearly unsymmetrical around calculations are presented and discussed in Sec. llI. Finally,
half coverage. These phenomena are also visible in the isof1€ conclusions are drawn in Sec. IV.
teric heat of adsorption.
The main routes to break_ the symmetry particle vacancy II. MODEL AND TRANSEER MATRIX METHOD
are the following:(1) to consider three-particle interactions;
(2) to introduce some sort of local correlation, such as par- The transfer matrix method has widely been used in sur-
ticles that occupy severalcontiguous lattice sitesk(mers; face science. In fact, different surface phenoménach as
(3) to consider pairwise lateral interactions depending on thenultisite-occupancy adsorptidf21,25, thermal desorption
orientation of the adsorbate. [26,27, surface diffusion, adsorption isotherfiz8,29, etc)
Point (1) is widely discussed in Ref19]. Works includ-  have been investigated by using TMM. In the present work,
ing multisite occupancy20-24 (or adsorption ofk merg  the technique has been extended to nonsymmetrical interact-
present two additional difficulties, which differentiate the ing particles.
k-mers statistics from the usual single-particle statistics. Let us assume a one-dimensional homogeneous lattice of
They are the following(i) the occupation of a given lattice M sites with lattice constana (M—) where periodic
site ensures that at least one of its nearest-neighbor sites iwundary conditions apply. Under this condition all lattice
also occupied, andi) an isolated vacancy cannot serve tosites are equivalent hence border effects will not enter our
determine whether or not that site can ever become occupiederivation.
For these reasons, it has been difficult to formulate, in an N monomers are adsorbed on the lattice in such a way
analytical way, the statistid@nd kinetic$ of occupation for that a monomer occupies one lattice site and double-site oc-
correlated particles. cupancy is not allowed as to represent properties in the
In the present work, nonequivalence between particle anchonolayer regime. Each monomeircle in Fig. 1) is a non-
vacancy is included as in poi8), preserving the simplicity symmetrical particle consisting of two different grougsch
of the single-particle statistics. For this purpose, a nonsymelenoted by black or white semicircles in Fig. In this way,
metrical lattice gas of monomers is considered. The system iwe distinguish two kinds of monomerét) [(2)] black-white
exactly solved by using the transfer matrix meth@#M)  [white-black monomers, which are absorbed on the lattice
with the black[white] side at left and the whitgblack] side
at right. For a givenN, there existsN; (N,) black-white
* Author to whom correspondence should be addressed. (white-black particles adsorbed, beirg=N;+ N,.
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FIG. 1. Schematic representation of the different energies in
volved in the adsorption process.

In order to describe the system Nf asymmetric mono-
mers adsorbed oM sites at a given temperatufie let us
introduce the occupation variabte which can take the fol-
lowing values:c;=0 if the corresponding site is empty,
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=1 if the site is occupied by a black-white monomer, and
c;=2 if the site is occupied by a white-black monomer. TheThen, the matrixQ can be written as

energies involved in the adsorption process are (ffee Fig.
1): (1) U, interaction energy between a mononibtack-
white or white-black monomerand a lattice site(2) w4,

nearest-neighbor interaction energy between two black-white

monomersj3) W,,, nearest-neighbor interaction energy be-
tween two white-black monomer&}) w,,, nearest-neighbor

interaction energy between a black-white monomer at Iefta

and a white-black monomer at right5) w,;, nearest-

neighbor interaction energy between a white-black monomer

at left and a black-white monomer at right.
Under these considerations, the Hamiltonian of the syste
is given by

M
H= 2 [W1ide 10, 1+ Wazde, 206, 2+ Waze 1, 2

M

FWade 236, H (U= ) 2 (80t 802, (D)

where the symbob represents the Kronecker delta function
and w;; is assumed to be repulsivgositive) or attractive
(negative. Finally, since the lattice is assumed homoge-
neous,U is set equal to zero for simplicity, without any loss
of generality.

The grand partition functio® is

E(pT=2 2 -2 exp—BH), 2
€1 ©C Cm
where 8=1/kgT andkg is the Boltzmann constant.
By defining the transfer matriQ as
Qu,,=(alQl)
= exXp{— B[W1164,18,,1T W20 28,0 W120,4 16,2
+ W216a,28y,l]}
Xexd Bu(0,11 0,2 (a,y=0,12). 3
In addition,

1
¢i=0=[0)=| O, (4)
0
. ci=le|l)e , (5
ci=2&2)e (6)
1 1 1
Q=| M AXp AXppf, (7

N AXp1 AXpp

where\ = exp(Bu) is the fugacity anc;; = exp(—Bw;) is the
bsolute activity associated with the interaction enesgy
(W11,W10,Wpy, Oll’sz)- - ) .
Now, we can write the grand partition function by using

the elements 00:

m

E(M,)\,T)Zg ; CE (c1|Qlcy)

X(c,|Qlcs) - - -(cum|Qlcy). (8

Due to the closure relatioB;|c;){c;| = 1, the last expression
of E can be simplified as

E(M,x,n:cE (c1]Qc)=Tr(Q")=qY +qg¥ +qY,
9

where{q;,q,,q3} is the set of eigenvalues of the X38)
matrix Q. In addition, in the thermodynamical limitM

— ),

INE(M,\,T)

lim M

M — o0

=Inqq, (10

whereq; is the largest eigenvalue 6j.

The grand partition function was obtained through a stan-
dard software to compute the eigenvalues of a matrix.

The main thermodynamic functions can be obtained from
the grand partition functiof7]:

dINZ(M,\,T)
O\

(11)

M, T

Yinay'+a3 +03)=In[1+ (e /o) + (g /a1 +M In .- Then, if
g, is the largest eigenvalue @ and M —<, In(q}'+ay +g})/M
=Inq;.
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model that includes both two-body and three-body lateral

+INE(M,\,T), (120  interactions, whereas a model with only two-body interac-
M.A tions did not show such a step. Recently, this transition has

— been confirmed by experimental results by Maréhal.

AINE(M,\,T) (13) [17,18. The step was attributed to local rearrangement of the
B M,)\’ adsorbed phase: first the fluid phase gives rise to a quasi-1D

structure with four molecules per unit cell, which looks like

whereN, S andE designate the mean number of particles inCH4 dimers chain. At higher coverage, a second structure

the adlayer, the entropy, and the total energy, respectively. With six molecules per unit cell grows up to form a chain of
methane trimer$17,18.

In this context, cases |, Il, and intermediate catds
tained by mixing cases | and)llare far more interesting,

We focus on the case of repulsive lateral interactionssince structural rearrangement which takes place in the ad-
among adsorbed particlesv(>0) since, as we shall see, sorbate and double-stepped isotherms can be obtained. The
different structures appear in the adsorbed phase. application of these cases as a possible model for under-

In order to rationalize our analysis, seven different casestanding the structural transition occurring in QWKIPO,
have been considered, according to the lateral interaction en-5 will be extensively discussed at the end of this section.

S - IINE(M,N\,T)
aT

Ill. RESULTS

ergies involved in the adsorption process: To study the temperature dependence, wewfix1 and
Case . W1=Wq5=Wy=Wy=wW>0. vary kgT. The results for cases I-VII are presented in the
Case Il. wi=w,=Wy,=Ww>0 and w,;=0 (or wy; following.

=Wy;=Wy,=W>0 andw;,=0). For case |, and due to the symmetry of the interactions, it
Case Il wi;=w>0 andw;,=Wy;=Wy,=0 (Or Wy,=Ww is possible to obtain exact closed expressions for the thermo-

>0 andwq,=Ww,;=w;=0). dynamical functions. For this purpose, we can think of a
Case IV. wo=w>0 andw;;=W,=W5,=0 (0r Wy;=W mapping from the exact solution of the well-known lattice

>0 andw;;=W;,=Wy,=0). gas of symmetrical monomefg] to the corresponding sys-
Case V. w;=wy,>0 andw,=w,;=0. tem of nonsymmetrical particles. The only difference is as-
Case VI. w;=w;,=w>0 and w,;=w,,=0 (or w,, sociated with considering the two possible orientations of the

=W,;=w>0 andw;,=w,;=0). nonsymmetrical molecules. Accordingly, the partition

Case VII. W;=W;,=W,;=w>0 and w,,=0 (or w,, functiong in both systems are related through
=Wqo,=Wy=W>0 andwq;=0).

From the theoretical point of view, cases I-VII can be Q(M,N, T)=2"Q(M,N,T), (14
separated in three group8) Cases |, Il, IV, and V corre-
spond to identical nonsymmetrical particles adsorbed on howhereQ (Q3) represents the partition function corresponding
mogeneous surfacéaherew,;=w,,); (ii) cases Ill and VIl  to nonsymmetricalsymmetrical monomers.
represent adsorption of two different symmetrical particles In the canonical ensemble the Helmholtz free energy
on homogeneous surfacésherew;,# Wy, andw,=Wws;), F(M,N,T) relates toQ(M,N,T) through
and (iii ) case VI corresponds to two different nonsymmetri-
cal particles adsorbed on homogeneous surfasbsrew, BF(M,N,T)=—InQ(M,N,T). (15)
F Wy aNdWqo7# Woy).

On the other hand, the experimental realizations of carbon The remaining thermodynamic functions can be obtained
nanotubes and synthetic zeolites as AIPG and SAPO  from the general differential forrfi7]
—5 have greatly stimulated the study of vapors and liquids
confln_ed in Iow-dlme_nS|onaI adsorption pot_entl_als. These dF=—SdT-IdM+ udN, (16)
materials literally provide the route to the realization of one-
dimensional(1D) adsorbents. Among the studied systems
the adsorption of CKin AIPO,—5 has been widely treated
in the literature[13—18. These papers predict a complex
behavior. At low temperatures, Radhakrishnainal. [15] (

‘whereS II, andu designate the entropy, spreading pressure,

and chemical potential, respectively, which, by definition, are
have reported, by using molecular simulations, a phase tran- g— _ i) =— (i) M:(i) _

sition occurring between two different density states, one ANIVINE M/ N/
corresponding to a low densitiygas”) and the other to a 17)
higher density(“liquid” ) phase. The authors propose that

this transition is induced by the interactions with the mol- For symmetrical monomers, the partition functiQfi can
ecules that are in neighboring channels. A different type obe obtained exactly by using the cumulant variation method
transition was found by Boutiet al. [13] and Lachetet al.  [30,31]. Thus,

[14] at intermediate temperaturésuch higher temperature

than the phase transition considered by Radhakrishnam————

etal). The molecular simulations of Ref$13,14 show ZIn this point, we work in the canonical ensemble for simplicity.
stepped isotherms. The step was only observed using Mote the simple relationship betweénhand QS in Eq. (14).
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—InQ%H,T)=Bwy—0In6—(1—0)In(1—6)+ylIny Case l
+ 2( 0_ y) In( 6— y) il KD )‘,v,.wxz«(':n_nurn. T S
+(1-26-y)In(1-26-vy), (18) 0.8 1

whereQ® has been written in terms of the surface coverage 0 0.6 1 ‘o
#=N/M. In addition, . G setetetetebeteteteteh

0.4 4
A2 12 | w=w,=1
y=0—|=|+ ——0(1—9)A} : (19 0.2 o kT=050
2/ 14 ' A KT=020 ; ¢ kT=013
. . . % kT=007
whereA=[1—exp(—pw)]"* andw is the lateral interaction 0
between two nearest-neighbor symmetrical monomers. Fi- -5 0 5 10 15 20 25 30 35 40

nally, the chemical potential and the entropy per sitefpr
nonsymmetrical monomers are straightforward from Egs. 3
(14-(19), Lo

Bu=pw+In[b—1+26]—In[b+1-26]-In2 (20) 3 0.5

s/

and 0.6

slkg=60In 6+ (1—0)In(1-0)—2alna— (08— a)In(6— a) 0.4 4

— (1= 6-a)In(1— 60— a)+ 0In2, (1) 02l #

. \
Symmetrical
monomers y

wherea is given by 0.0 . — T T T T
0.0 0.2 04 . 0.6 0.8 1.0

0

FIG. 2. Adsorption isothernfa) and configurational entropy per
site vs coveragdb) for case |. The curves were obtained far

In Fig. 2, we show the adsorption isother@ and the =1 and different values dfzT (as shown in the figuje Symbols
configurational entropy per site of the adsorb@tekg units) (solid lineg correspond to results obtained by using TMM
(b) for case I. The symbols correspond to results of TMM(MSMM). In (b), dashed and dotted lines represent the entropy of
and the solid lines to modified symmetrical monomer modepymmetrical monomers fof =< andT=0, respectively.
(MSMM). The agreement between the curves validates the
calculations obtained by using TMM. line) andT=0 (dotted ling. In both cases, the curves present

For high temperatures, the isotherms tend to the Langmuisymmetry with respect t@=1/2. In addition, in the ground
case. AsT decreases, the isotherms develop a neat plateau state,s(0#=1/2,T=0)/kg=0.
#=1/2. Particles avoiding configurations with nearest- The results for case Il are shown in Fig. 3. An interesting
neighbor repulsive order in a structure of alternating adatombehavior for the adsorption isotherta) and the configura-
separated by an empty sitett 1/2. The width of the step is tional entropy per sité€b) occurs as the temperature is dimin-
directly proportional to the energy per particle necessary tashed. In this condition, the isotherentropy develops a
alter such an ordered structure. plateau (minimum) in #=46,,, which depends on the

With respect to the entropy , the overall behavior can beemperaturé. These singularities reflect clearly two adsorp-
summarized as follows. For high temperatures and low covtion regimesyi) in the first regime (6< < 6,,,), the particles
erage,s(6)/kg is an increasing function of), reaches a adsorb on the lattice avoiding 11, 12, and 22 lateral interac-
maximum atf~0.65, and then decreases monotonically totions; and(ii) in the second regimeg(,< §<1), the filling is
In2 for §=1. This value at full coverage is related to the two completed.

20(1—-0)
a=———— and b=

4 ) 1/2
(1+D) 1—K(0—6’)} . (22

possible states;;=1 or 2, for each adsorption site. The position of the minimum in the entropy,,, is a
As the temperature is diminished, the entropy decreasesinction of T. In Fig. 4(a), we show howd,,(T) goes to 2/3
for all coverage and develops a local minimuméat 1/2. in the ground state. On the other hand, the value of the en-

The origin of this minimum is the structure discussed abovéropy in 6,, tends to zero as the temperature is decreased. In
for the adsorption isotherm. In the ground state ahd the ground state and=2/3, the structure of the adlayer is
=1/2, each occupied site has two possible statessfid characterized by an alternating repetition of the sequence
=1/2T=0)/kg=0.5In2.

In order to compare with the case of symmetrical par-
ticles, in Fig. 2b) we included the curves for the entropy of 30n the contrary, this plateatminimum) remains fixed at half
symmetrical monomers in the limit casef=« (dashed coverage for case[see Fig. 2)].
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FIG. 4. (a) Temperature dependence of the position of the mini-
FIG. 3. Adsorption isothernte) and configurational entropy per Mum in the entropy6(T), for case Il.(b) Idem to (@) for the
site vs coveragéb) for case Il. The curves were obtained for ~ configurational entropy per site at full coveragéd=1,T)/kg.

=1 and different values dfgT (as shown in the figupe ) ) )
then, the number of different configuratio@egeneracyof

. . h i
(210, corresponding t@;=2,;,,=1, andc;,,=0. Since the ground stategy, can be written as

this structure can be shifted in one or two sites, the degen- gu=AB"+C, (23
eration of this state is three and the entropy per site is zero in
the thermodynamical limit. where A, B>1, andC are constants. Equatiai23) repre-

Another interesting characteristic of the curves in Fig.sents a general expression foy , providings=kgln gy,>0
3(b) is related to the value of the entropy fér=1, which  in the thermodynamical limit. Then,
depends onT. In fact, as is shown in Fig. (), s(6
—1.T)/kg decreases as the temperature is diminished. In the ~ S(6=1,T=0) — lim Ingwm
limit case of T=0, a structure of alternating different par- Kg M

ticles(1212122 . .. ) is formed at full coverage. The degen- .
eration of this structure is two and the entropy per site is zero 1 C
Figure 5 shows the adsorption isothetay and the con- M=
figurational entropy per site versus coverdlgefor case Ill. In addition, in the particular case ®f;;=w>0 andw;,

As the temperature is varied, the adsorption isotherms do nat \y,, —w,,=0, it is easy to demonstratsee the Appendjx
change appreciably. However, the configurational entropy ignhat
more sensitive to the variation of the temperature. The over-
all effect of the temperature is a decreasest{g for all OM=0Om_1TOm_>2- (25
coverage ag decreases. In particular, the value of the en-
tropy at full coverages(f=1)/kg, varies between In Zor From Egs.(23) and(25), the value ofB can be calculated as
T=w) and 0.4812(for T=0). The complete temperature M A bBM-1 M—2
dependence of(6=1)/kg is shown in the inset of the Fig. ABT+C=AB HCTAB +C
5(b). c

The values(6=1,T=0)/kg=0.4812 can be explained as B2=B+1+ _ (26)
follows: let us consider a lattice ol sites at full coverage; ABM~2
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FIG. 5. As Fig. 3 for case IlIl. In the inset, we represent the FIG. 6. As Fig. 5 for case IV.
temperature dependence of the configurational entropy per site at
full coverage. s(6=1T=0)  In2
kiz lim V:O (29)
In the thermodynamical limit, Eq26) is reduced to B M—o0
B2-B—1=0, (27 Case Vin this case, the adsorbate avoids the formation of

11 and 22 pairs. In the ground state, a structure of alternating

where we have suppos&i>1. The solutions of Eq27) are 1 and 2(121212P...) is formed at full coverage. The

B,=(1+/5)/2 andB,=(1—5)/2. We choos®,, due to degeneration of this structure is two and the configurational
B,<1. Finally, from Eq.(24), entropy per site in the thermodynamical limit is zero.

Cases VI and VllIn both cases, the ground state is non-

S(6=1T=0) +5 degenerate and the structure of the adsorbate at full coverage
— =InB;=In ) —=0.4812. (28 is (22222 ...). Consequently, the configurational entropy
kg 2 per site in the thermodynamical limit is zero.

As it was discussed above, in five casisVIl ), the con-
Figures 6—9 show a study as in Fig. 5 for cases IV-VII figurational entropy per site at full coverage tends to zero as
respectively. A qualitative difference appears in Figs. 6—%he temperature is diminished. For these cases, the tempera-
with respect to Fig. 5, namelys(6=1T=0)/kg=0 for ture dependence &f(#=1,T)/kg is shown in Fig. 10. The
cases IV-VII, whiles(#=1,T=0)/kg#0 for case Ill. The approach to the asymptotic valug,6=1,T=0)/kg=0, is
explanation for this behavior is as follows. related to the set of lateral interactions between the adpar-
Case IV.Due tow,;,>0, the adsorbate avoids the forma- ticles. Thus, the case VIl requires valueslgfT~0.2, in
tion of 1-2 pairs. As a consequence, two states are possible atder to reach the ground state. On the other hand, interme-
full coverage in the ground state. In the first, the adatomsliate[low] values ofkgT (=~0.1) [ ~0.05] are required for
belong to the 1-specie and the structure of the adsorbate &ases Il and IMV and VI].
(11111 ...). In the second, the adsorbate is formed for From the analysis of the cases I-VII, two well-
2-particles and the structure of the adsorbate idifferentiate behaviors can be found for the adsorption prop-
(22222 ...). Under these considerations, the configura-erties.
tional entropy per site in the thermodynamical lims(6 (i) For cases | and IlI, the ground state is characterized by
=1T=0)/kg, results in the existence of two adsorption regimes, separated by the
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FIG. 7. As Fig. 5 for case V. FIG. 8. As Fig. 5 for case VI.

formation of a structure in the adsorbate at intermediate covsented in Fig. 11, can be performed through analyzing the
erage. This structure is reflected as a plateau in the adsorgifferential heat of adsorption versus coveragg,f). In this
tion isotherm or as a minimum in the configurational entropysense, in Fig. 1@ we present the curves afy(6) corre-
per site. sponding to the cases of Fig. 11. As it can be noted, the
(i) For cases IlI-VII, only one adsorption regime appeardifferential heat of adsorption appears as a very sensitive
and the adsorption properties vary smoothly in the entirgquantity to the adsorption process. The behaviogp€ould
range of coverage. be analyzed by focusing our attention on two main features:
A third behavior can be expected by mixing the cases pplateaus and steps. The plateaus indicate the existence of
and II. For this purpose, we started from the case | and thedifferent adsorption regimes and the steps correspond to the
we diminished the value af/,, till the case Il was recovered critical coverage and separate different adsorption regimes.
(w,;=0). In contrast to Figs. 2—10, now we fixed the tem-Based on these elements, in Fig(H2wve presenty(6) for
perature and varied the lateral interactions. The results of thig typical intermediate cas@btained by mixing the cases |
study are shown in Figs. 11 and 12. The curves were oband Il). The plateaus clearly denote the three adsorption re-
tained forkgT=1, wy;=wW,,=Wy,=12.5, and different val- gimes. In the first regime (€@ 0#<1/2), the adatoms do not
ues ofw,, (=12.5,10,7.5,5,2.5,0). interact with each other, and the adsorption desorption of a
In Fig. 11 we present the adsorption isothganand the  monomer involves g4=0; for 1/2< 6<§6,,, the energy cost
configurational entropy per sité). It can be seen that all upon adsorption of a particle can be estimated by considering
curves are contained between the two limit cases: the ondae adsorption of an incoming atom on the structured at
corresponding to case | and the other corresponding to casel/2. The process is shown in Fig. 13. As it can be seen, the
II. The more interesting behaviors appear for intermediatedsorption of one particle creates two pairs 21 on the lattice.
values ofw,, (=5), where three adsorption regimes can beAccordingly, the value of|4 in this regime iggg= —2w,, (in
clearly distinguished from the plateagsinima) in the ad- the particular case of the figurgy=—10). In the ground
sorption isotherm(entropy: (i) for 0<§<1/2, the sites are state, the final configuration &, is a repetition of the se-
filled avoiding nearest-neighbaiNN) occupancy;(ii) for  quence(210). Finally, for ,,< 6<1, the process can be eas-
1/2<6<86,,, the particles absorb untili a sequenceily understood by analyzing the simultaneous adsorption of
(21021020. . .) is formed on the lattice; andii) for 6,, two particles, as it is shown in Fig. 14. The initial state
< #<1, the filling is completed. corresponds to a structure as in Fig(@4In the final state,
A more detailed study, about the adsorption regimes pretwo particles were adsorbed and a pair 12 was changed in
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Case VII
Lof— T T
1a
0.8 1 )
0 o0s-
0.4 4
. 21 = 1 ; w22 = 0
024 Y —o—k,T=1.0
< —a—k,T=05—0—kT=02
0.0 —%—k,7=0.13
04— g —
2.5 0.0 2. 5.0
ulkT
B
T —
,\k{m 1.0
— )
vy 0.8
0.6
0.4 4
0 2_. o 0.0 | |'T.| ,,,,, .I_.
- 0 2 4 6
18 1/kT
0.0 1 I 1 ' 1 1
0.0 0.2 04 0.6 0.8

FIG. 9. As Fig. 5 for case VII.
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) W =w =w, =12.5 1
0.8 4 kT = 1.0 -
9 0.6 1 .
0.4 1 .
J —w, = 0o —0—W21=2.5
0.2 1 —e—w, =50 ; —A—w, =7.5
. —A—w, =10.0; —O—w, =125 |
0.0 T T T ’ T T T

30

S/kB

FIG. 11. Adsorption isothernfa) and configurational entropy

order to form a pair 21. This process involves an energyper site vs coveragép) for monomers adsorbed wikgT=1, wy;
variation of 3vy,+Ww,,. As the differential heat of adsorp- =Wi2=W2,=12.5, and different values af; .
tion measures the variation of energy per particle, the value

of g4 in this regime isqq= — (3wy,+W,;)/2 (in the particu-

lar case of the figuregy=—21.5).

The type of isotherm presented in Fig.(dlhas been
reported recently for CiHadsorbed in AIPQ-5 [17]. As an
example, experimental isotherms of CHAIPO,—5 at T
=77.35 K andT=96.5 K from Martinet al.[17] are shown
in Fig. 15 (empty symbols The double-stepped isotherms

<" 07]a S ' ' ]
o 0.6 6=1 ]
0.5 - ]
044 it L e Cases Il and IV .
0 3_‘ -.-m---- Cases V and VI ]
] Ph % s Case VII
024 i ]
0.0 AW ’
4 K '-

0‘0 i A ‘.‘:‘:__. ~~~~~~~ .A..._;A_‘..“ - =

T T d T ! ! Y

0 5 10 15 20 25

1/ kT

could be the consequence of a rearrangement of molecules
within the tubules in such a way that, although ad-ad inter-
action energy increasés absolute valugsupon rearrange-
ment, gas-solid interaction energy decreases, giving a net
repulsive effect in the adsorption isotherm as well as in the
isosteric heat of adsorption. Lachet al. [14] propose that

the isosteric heat of adsorption increases from zero coverage
up to = 2/3. This increase is mainly due to attractive inter-
actions between neighboring methane. The attraction be-
tween the admolecules f@&t<2/3 favors very much the ad-
sorption of pairs of methane molecules as small clusters
which look like a CH dimers chain. For8>2/3, even
though the ad-ad interactions increase, the gas-solid interac-
tion energy decreases owing to the stronger repulsion in the
new equilibrium positions.

By following the arguments given in the detailed study of
Figs. 11 and 12, we propose the case of attractiyginter-
actions and repulsive valueswif, wy,, andw,, as a model
to interpret the results of Rdf17]. This analysis is shown in
Fig. 15, where solid symbols correspond to theoretical ad-
sorption isotherms at the same temperatures as the ones in
the experimental results. The energetic paramégirswn in
figure) were adjusted to fit the experimental curv§¥/e

FIG. 10. Temperature dependence of the configurational entropghould keep in mind that the mismatch between the equilib-

per site at full coverages(6=1,T)/kg, for the different cases in-

dicated in the figure.

rium separation of the intermolecular interaction and the lat-
tice constant along the nanochannels plays a fundamental

036124-8



STATISTICAL THERMODYNAMICS OF ADSORBATE . . . PHYSICAL REVIEW E 69, 036124 (2004

Initial state

2 incoming particles ]

® v, ©
9.0, | 9.0, | 2.0, |

1 2 1 2 1

a)

Final state

w12 w21 w12 w21 w12
TN TN NN TN

9200200300300,

2 1 2 1 2 1 2 1 2
b)

FIG. 14. Snapshots of the adsorbatedgt< #<<1 showing the
elementary step necessary to adsorb two parti¢®dnitial state;
(b) final state where a pair 12 has been inveffedming a pair 21),
a 1-particle has been adsorbéorming a pair 21 and a pair 12) and
a 2-particle has been adsorb@drming a pair 21 and a pair 12).

role in the adsorption process and it is responsible for the
asymmetry observed in the experimental isotherms. This ef-
fect, which characterizes the real systems, does not appear in
our simplified model due to the fact that the adsorbate is
assumed in registry with the lattice constant. Then, although
CH, is one of the most symmetric molecules, the fitted
asymmetric lateral interactions represent an effective way of
including the full effect of(i) adsorbate-adsorbate interac-
.. tions; (ii) adsorbate-adsorbent interactions; ar(di)
Initial state adsorbate/surface geomelryhe experimental isotherms are
. ) ) much steeper at low and high coverages than the ones for the
incoming particle

O 1.0fF— T
o o!6 o o

FIG. 12. (a) Differential heat of adsorption vs coverage for the
same cases plotted in Fig. (bl Differential heat of adsorption vs
coverage forkgT=1 and the lateral interactions indicated in the
figure.

a) 0 o6
Final State 04r 1 = 0.90 kcalimol
[ 12 =0.90 kcalimol
w w 0.2 5, = 0.90 kcallmol
/‘il /‘Q X s 0.45 kcallmol |
'O' '?"1)' '(2"‘1)' 'O' 00 -5.0 25 00 25
log(p/p,)
b)

FIG. 15. Comparison between experimental isotherm of
FIG. 13. Snapshots of the adsorbate akl#x 6, showing the ~ CH,/AIPO,—5 from Ref.[17] (open squares[=77.35 K; open
elementary step necessary to adsorb a partigjenitial state;(b) circles, T=96.5 K) and theoretical isotherm from E(L1) (solid
final state where an adsorbed atom has been shifted to the rigsguares, T=77.35 K, wy;=w,=Wx=kcal/mol, and wy;
(forming a pair 21) and a new particle has been adsofmething =kcal/mol, solid circles, T=96.5 K, wy;=w,=W,,=kcal/mol,
a pair 21). andw,,=kcal/mol). p, is a reference pressure.

036124-9



F. ROMA AND A. J. RAMIREZ-PASTOR

theoretical model. However, a fair agreement for the slope
and broadness of the plateau is observed.

Finally, it is worth noticing that although the model con-
sidered here is highly idealized, the main reason of the com-
parison in Fig. 15 is to highlight that the physical nature of
the plateau both in experiments and the model could be the
same.

IV. CONCLUSIONS

The exact forms of the thermodynamic functions for in-
teracting nonsymmetrical adsorbates in a one-dimensional
space were presented. The study was restricted to the case of
repulsive lateral interactions among adsorbed particiéth
the exception of Fig. 15, where attractive,; interactions
were included in the fitting of experimental datdf pure
attractive lateral interactions were considered, a sharp jump,
which is very similar to a condensation transition, would be
observed in the isotherms at low temperatures. However, it is
well known that no phase transition develops in a one-
dimensional lattice gas of interacting partic[&3.

A rich variety of behaviors has been obtained for different
values of the lateral interactions. In the particular case of

PHYSICAL REVIEW E59, 036124 (2004

i=1 i=2 i=3 i=4 i=5
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@@/? OO

/|
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b)

W11=W1,=Wy=W,,, the results of TMM were compared
with the closed exact solution corresponding to the well- FIG. 16. Diagrams showing the number of different configura-
known problem of the one-dimensional interacting latticetions of the ground stategy, for M=5, wyi;=w>0, wi;=Wp
gas. The comparison allowed us to corroborate the accuracyWz2="0 (case Il), andé=1 (full coverage. Part(a) [(b)] presents
and validity of the calculations obtained by using TMM.  the configurations with a[2]-particle adsorbed on the site=1
With respect to the temperature dependence of the adsorff1=1 (2]
tion isotherm and the configurational entropy per site versus
coverage, the more interesting behaviors were found at low

temperatures. In the limit oT=0 (ground statg different Let us discuss a procedure for calculating the number of

structures were observed in the adsorbate. The effect of the%ﬁﬁerent configurationddegeneracyof the adsorbate &t
structures on the adsorption process was widely discussed._ g gndg=1 gu , for case Ill. As an example, the available

Experimental results for methane adsorbed in AIPG  qnfigurations for a lattice of sizkl =5, with open bound-
were used to test the applicability of the exact isotherm, Eqary conditions, are shown in Fig. 16. Due g,>0, the

(12). This analysis demonstrated that the theoretical calculazdsorbate avoids the formation of 11 pairs. In gart[(b)]

tion_s.mgy have interesting potentia_l applic.ation i.n ad:sorptio.qNe present the configurations with &% particle adsorbed
equilibrium for adsorbates in quasi-one-dimensional materig ., 1ha sitei = 1 (c,=1 [2]). For each sequence, the lattice

als (carbon nanotubes, ARG 5, SAPG-5, etc)_. sitei=5 can be occupied by a 1- or 2-particle. Then,
The present study shows that the adsorption thermody-

namics of nonsymmetrical particles has many different fea-
tures compared to the standard lattice gas of monomers. This
encourages the study of the critical behavior and the thermql-vhereg and gy, , represent the total number of configu

. . . . . M,l M' =
dynamic functions for attractive and repulsive nonsymmetri- ..o =i cy=1 andcy=2, respectively. In this case,
cal adatoms in 2D. In this sense, future efforts will be di-

. . : . 05=13, g5,=5, andgs ,=8.
rected to(a) include attractive lateral interactions between In addition, each configuration for a lattice of siké

the adparticles(b) perform new analytical expressions for =4 with c,= 1 generates one configuration for a lattice with

the thermodynamic functions in higher dimensions, &ér)d M=5 (with cc=2). On the other hand, each configuration

;:ignmspare the theoretical results with Monte Carlo 3|mula-for a lattice of sizeVi=4 with c,— 2 generates two configu-

rations for a lattice withM =5 (with cs=1 or 2). By gen-
eralizing this argument, it is possible to write

APPENDIX

IM=09m 1t Im, 2, (A1)
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Equations(A.1)—(A.3) lead to OM-12=0Om_2- (A5)

9= O w2 O - 1.7 Gmi-1- (Ad) Finally, from Eqgs.(A4) and(A5), we obtain
By using Eq.(A.3) in terms ofM—1 andM—2, we can

write OM=0Om-2t0Om-1- (A6)
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