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We treat the adsorption on homogeneous surfaces of asymmetric rigidiked®r instance heteronuclear
diatomic molecules We show that the— 0 vector spin formalism is well suited to describe such a problem.
We establish an isomorphism between the coupling constants of the magnetic Hamiltonian and the adsorption
parameters of the rigid rods. By solving this Hamiltonian within a mean-field approximation, we obtain
analytical expressions for the densities of the different rod’s configurations, both isotherm and isobar adsorp-
tions curves. The most probable configurations of the moleaquesnal or parallel to the surfagevhich
depends on temperature and energy parameters are summarized in a diagram. We derive that the variation of
Q,, the heat of adsorption at constant volume, with the temperature is a direct signature of the adsorbed
molecules configuration change. We show that this formalism can be generalized to more complicated prob-
lems such as for instance the adsorption of symmetric and asymmetric rigid rods mixtures in the presence or
not of interactions.
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I. INTRODUCTION co-workers$3-15 for describing the polymerization phenom-
enon of liquid sulfur and of living polymers, is particularly

Adsorption with multisite occupanoMSO) is an impor-  suited for treating MSO adsorption. Solved within the mean-
tant topic of surface science because of its key role in a broafleld approximation, this model permits to obtain analytical
range of industrial processes such as adhesion, wettingxpressions, for instance, @f) the probability of the differ-
monolayers, gas and hydrocarbon separation, streams aedt configurations a molecule can adopt when it adsorbs and
pollution control* For instance, the adsorption of rigid rod- (ji) isotherm and isobar adsorption curves. In contrast to
like molecules, including liquid crystals and liquid crystal- other approaches, such formalism may benefit from general
line is essential to applications in displays. Other examplesnethods used in theories of magnetism such as renormaliza-
of multisite adsorption processes are for instar@g, N,,  tion calculations. Besides, we show that it can easily be ex-
CO adsorbed in carbons and zeolite molecular sieves or olitended to treat the adsorption of diatomic molecules mixtures
gomers in activated carboAsDespite the practical impor- and interacting dimers.
tance of MSO adsorption, most theoretical developments
have been limited to monositee., monoatomigadsorption.
In contrast to monoatomic adsorption, treating exactly thell. ADSORPTION OF ASYMMETRIC RIGID MOLECULES
statistics of MSO is a very challenging theoretical problem ON HOMOGENEOUS SURFACES: STATISTICAL
because of the existence of statistical correlations. Indeed in TREATMENT
this case, statistical equivalence between vacancies and oc-T q ibe the ad . f ic riid rad
cupied sites does no longer hold. Thus, an occupied site has 0 describe t. €a _sorptlon of asymmetric rigid rqds
two different possible configurations depending on Whethe?]eteronuclear diatomic molecujesn homogeneous sub-

the diatomic molecule that occupies it, sticks perpendiculals'tratet?l;/ ngrﬂsi "’il |:ttIC§ allpgiroaca.hThgwsuti)tstrarte |rs m?]?eled
or parallel to the surface. Recall that in this latter case, a s @ two-dimensional2D) lattice, whoseM sites represe

least one of its nearest-neighbor sites must be occupied e different adsorptlonasnes. On each ite are associated

the other atom of the same molecule. Therefore, an isolated magnetic vector spii§ whose dimensiom—0 and an
vacancy cannot serve to determine if that site can ever bdsing numbero; whose two possible values are 0 or 1.
come occupied by a molecule parallel to the surface. Al- Under these conditions, let us now consider the following
though an exact solution exists in one dimension both fomagnetic Hamiltonian:

gases and gases mixtures with M3@xtension to higher

dimensions remains still difficult, even in the simplest non- -BH=Q.X 5\ﬂz,l‘fi QX 32,1(1 - o)
interacting dimer adsorption. Moreover, no exact solution to
Langmuir isotherms exists for two or more dimensions. That +KX 32’1‘7‘%2’1(1 oy, @)

is why to analyze adsorption isotherms and heat of adsorp- o

tion of dimers on homogeneous substrates, mean field, quavhere the notation(i,j) recalls the fact that and j are

sichemical or cluster approximations, and numerical Montenearest-neighbor sites and whegtés the Boltzmann’s factor.

Carlo simulations are usually develoged? For now,Q., Q., andK are numerical constants whose physi-
The aim of this paper is to show that tme—0 dilute  cal significance for the adsorption problem will be explained

vector spin formalism, introduced originally by Wheeler andfurther in the text. By definition, the partition function asso-
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ciated with this Hamiltonian iZ=(exp(-8H)),. The nota- &) )
tion () represents the average with no weight over all the

ncomponents of all spins§, (i=1,2,....M and « 1 2
=1,...,.n)and over all the possible values{ef.}. Another J
possible expression of can be obtained by expanding Ci=0 ci=1
exp(-BH) in terms of powers oH and by averaging this 5 6 7‘ 8
expression with no weight over all the components of all @

spinséya and all the possible Ising numbess o 10,/ " i
=B

n!

(HDo+ -+

13 14 15| 16
(2

Usually, this expression cannot be computed because of it:

very complicated structure. However, whertends to zero =0 o;=1 (c)
(which must only be considered as a mathematical Yriitk

turns out that it becomes much simpler because of the mo®
ment theorengvalid only in this limit) which states tha#

7 2
M:<1>o_ﬂ<H>o+%<H2>o+ """ +

FIG. 1. (@) Shown are the representations of an open circle and

(§ asj B>0: S, Baij close circle monomers. Such monomers are, respectively, related to
U o a prefactoQOS%l(l—ai) and Q.S%pi in the polynomial expansion
and of Z. (b) Shown is the schematic representation of a dimer which is
<$<a>0: P 3) associated to a prefacttbﬁazylaiqél(l—aj), in the polynomial ex-

pansion ofZ. Such nonvanishing dimers link an open circle to a
Briefly, this expansion leads to a sum of polynomial expres<lose adjacent circle(c) Lattice representation of a configuration

sions in power series & anda;. In then— 0 limit, because ~ CONSisting of one “open circle” monomgsite 1), two *close circle”

of the moment theorerfsee Eqs(3)], the only nonvanishing Monomerssites 7.and 1f and a dimer occupying both sites 10 and
contributions toZ correspond to polynomials containing for 14. By using the moment theorem’ .Va"d in the-0 I|n21|t, this
each sitdi), a factorg‘l with k=0 ork=2. In this expansion corresponding configuration is associated to a tepQ.)K.
because the averagés are performed with no weight, terms o

involving more than one sité.e., i #j) like, for instance, ~9i) OF K_32,1<_Ti812,_1(1_‘71) [see Eq.(4)]. Similarly, a prefac-
(S",.S p)o reduce to(S",)o.(SF o (Ref. 16 and can there- tor, 32,10[- indicating that sitéi) is occupied by a close circle,
fore be easily computed by using the moment theorem. Sucfifises either from a tenQ.s 107 or K%%l"isiz,l(l_‘fj)' Now,
calculations have already been treated in details in théf to each term,KS,S;, one associates a continuous line
literature®-18 Following this procedure, it is then straight- between sitegi) and(j), each nonvanishing polynomial ex-

forward to show tha¥ is simply given by pressions contributing t@ can be represented by a diagram,
M made of isolated open and close cirale®nomersand con-
— _ tinuous lines linking an open to a close adjacent circle
Z(M) = 1+Q.5 (1 -0 . ) ) .
M) E[ Q Sz'l( o)l (dimerg (Fig. 1). Note that lines connecting more than two

M sites do not contribute to the partiti%unction since they

B require the presence of at least a t ’T>0 with m>1,

le:[l(l +Q‘§2'10')H [1 +KS’%10'§2'1(1 o)1) - which cancels the polynomial expression associated to such

a configuration. Besides, dimers made of two adjacent sites

@ of same naturéopen or close circlgglo not contribute to the

As first noticed by de Genné8all successive nonvanishing partition function. Recall that the prefactsf,S’,ai(1-0;)

polynomials can be represented by graphs on the lattice. Thessociated to dimers vanishes whenewgro;. Following

exponentk of the prefactoﬁ,‘fl indicates whether the si(&) these considerations, the partition functidncan be ex-

is occupied(k=2) or not (k=0). Now, let us recall that to pressed as

each site one associates an Ising number which can take two

different values(O or 1). Therefore, each lattice site can be ~ Z(N,,N.,N..,M) = >, > > T'(N,,N.,N.., M)Q-QN'KN-,

((B); 0

occupied by two different species that we, respectively, rep- N, N, N,

resent on the graphs by opdm;=0) and closed(o;=1) (5)
circles (see Fig. 1 Thus, the presence of a terlﬁfl(l

-o7) in a nonvanishing polynomial expressions &findi-  where I'(N.,N.,N..,M) represents the number of ways to

cates that the sit@) is occupied by an open circle, since this place on theM sites of the lattice:N. monomers(c), N.
prefactor is different from O only ifr;=0. Because of the monomers(¢), andN.. dimers(s—).

nature of the Hamiltonian and because of the moment theo- In what follows, we show that an isomorphism can be
rem, such a prefactor comes from a first-order expansion alrawn between the magnetic partition functidnderived
exp(—=B H). Therefore, it either arises from a ter@g&ﬂ(l previously and the grand-partition functi@ describing the
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energies associated with each molecule configuration are of

the order of the thermal energy, so that the adsorbed mol-
ecules(or rodg can change the configurations depending on
the adsorbed amounts. We first consider the grand-partition
function E of the substrate. LeN.. be the number of ad-
&=0 &=1 sorbed molecules arranged parallel to the substrateNand

and N, the numbers of molecules arranged normal to the
surface associated, respectively, with the two possible con-
figurations due to the molecule asymmetsge Fig. 2 Un-

(@
der these circumstances, can be written as
; ’ E =2 3 2 T(N,N N M)ZNNNghglegll (6)

6=0 ¢=1 Gi=1 0;=0 In Eq.(6), T(N.,N.,N..,M) represents the number of ways to
() accommodate on th# sites of the substrate\,+N.+N..
molecules with, respectively\.. and N.+N, molecules ad-
sorbed parallel and normal to the surfagg.q., andg.. are,
respectively, the individual partition function corresponding
4 to the three configurations a molecule can adopt when it
adsorbs on the surface amdtands for the fugacity of mol-
ecules. This expression is quite similar to that of E5).
1l Indeed, an isomorphism between the magnetic partition
15/ 14 function Z and the grand canonical partition functi@de-
scribing the adsorption of asymmetric rigid rods or hetero-
nuclear diatomic molecules on homogeneous surfaces can be
drawn by considering the following relations:

1

5 6, 7 8

oy S

9
13/ 14
(©

FIG. 2. Schematic representation of the three different main Q.=qz, Q.=q0.z K=g.z (7)

configurations a heteronuclear molecgte asymmetric rigid rof . o
can adopt when it adsorbs on the surfa@.When a molecule NOW, by taking the contributions to the adsorbed molecule’s

sticks normal to the surface, and occupies a@jte factorQ.§,0;  Partition function of the internal degree of freedom, namely,
or Qoazl(l—o-i) is associated to it’ depending on which one of its vibration (Wh|Ch exists Only for diatomic molecules and not
two extremities, namely, « op, sticks to the surface. A factor for rigid rods and rotation modes, the relations given in Eq.
K101 4(1-0y) is associated to a molecule lying parallel to the (7) become
surface(b), and therefore occupying two adjacent sitgsand (j).

Such a factor is different from zero only if; # o;. This condition

ensures that the nonvanishing dimers have two different extremities

Q.= q’o’ibqgmeﬁ(#—so) ,

— ~vibrot —&.
(i.e., the molecules are heteronuchedfor instance, ifo;=1 and Q.=q.q. C
0;=0, the extremity + of the molecule is on sitg and the other o
extremitye is on site(j). (c) Shown is a given lattice configuration K=q’ qffteﬂ(’“‘g'“), (8)

consisting of three different molecules adsorbed perpendicular to

the surfacgtwo of which are adsorbed by the ¢ extremity and the wherep is the molecule S, chemlcall potential, e., ands..o
other one by the extremity and one adsorbed molecule sticking &€ the adsorption energies associated to the three different

parallel to the surface. In the— O limit, the corresponding con- configurations a molecule can E:gtOpt Whﬁg‘ it adsorbs on the

figuration has a prefactdiQ.)?QK and its total energy is@2+s, ~ Surface(see Fig. 2 and whereq™ and g"®, respectively,

‘e stand for the rotational and the vibrational individual parti-
tion function of an adsorbed molecule.

adsorption on a homogeneous surface of asymmetric rigid ||| MEAN-FIELD RESULTS AND DISCUSSION

rods (for instance, heteronuclear diatomic molecilels -

such a problem, the molecules are in exchange chemical Let us denotef(S,o) the mean-field probability function
equilibrium between a large reservogas or liquig and the  describing the distribution of a single site in terms of the

substrate. In general, an adsorbed rigid rod may assume @§ing numbero and the spin vectoS. In the mean-field
infinite number of orientations relative to surface. However,approximation, the Helmholtz free energy per cell site

following classical lattice approachés®°and for simplici-  F/Mof the Hamiltonian given in Eq(l) can be written as
ty’'s sake, we restrict the possible rod orientations to eithefg|jows:
parallel and normal to the surfa¢eig. 2). When an adsorbed

molecule is arranged parallel to the surface, it occupies two BF
adjacent sites whereas when it is adsorbed normal to the M
surface, it occupies only one site. However, because of its
asymmetry, a molecule arranged normal or parallel to thavhere the notation(:) refer to a mean-field thermal
surface exhibits two different configurations. The adsorptioraverage!

1
SELDS f (SNFS IS, (9)
=0
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The ener er cell site is dnZ d(BF
ay p <NO.> =K =- (B ) (17C)
B - S0+ QUL - 0) + N SoHS(L - .o
M ’ ’ 2 ’ After a few calculations given into Appendix A, it is possible
(100  to obtain the following analytical relations:
with g the lattice coordination number. Furthermore, the N\ Q.
probability functionf must satisfy the normalization condi- M/ 2+ Q.+Q.+\(2+Q.+Q.)2+4gK’
tion that is
1 . . N\ Q.
% f(S,O')dnS: 1. (11) M - 2+Q.+ Q.+ \“”(2 +Q-+Qo)2+4qK,

Owing to Egs.(9)—«11), by minimizing Eq.(9) with respect and
to f, it can be shown that <N > aK

-1 K M/ [2+Q+Q)+(2+Q.+Q)+4qK]
f(Sa)=Eexp{Q.§o+QoSf(1—a)+?qﬁa(sf(l—o)) [(2+Q+Q)+V(2+Q.+ Q)"+ 4qK]

(18)
+ %ﬁ(l —(T)<§a'>], (12) The fraction of occupied site® is therefore given by
N, + N. + 2N..
whereC is a numerical constant given by 0= <—M >
K K
c:{2+Q0+Q,+?q<§10>+?q<§1(1—a)>} (13) 1= ’4 . 19
(2+Q.+Q) +(2+Q.+Q.)*+4gK

If now, by using the moment theorem associated with the  pyior to discussing heteronuclear molecule adsorption re-
special statistics in the vanishimg- 0 limit,'® one computes g its. let us first note that by takir®.=Q.=Q=e"*"*) and

the two quantitiesSio) and(S{(1-0)), it is straightforward k=0 in the mean-field solution of our model leads to the
to derive thatC satisfies the following second-order equationwell-known relation found by Langmuir for monoatomic

which admits two mathematical solutions: adsorptior?2 namely,#=1/(1+Q). Note also that this model
permits to treat adsorption of homonuclear molecules by

2 _ — - .
C C[2 + Qo + Q-] QK =0. (14) Slmply taklng QOZQ.:Q:qUIquOteB(p,—sL) and K
The physical solution which minimizes the magnetic free=q'°q™'e?* =), wheree, and &y, respectively, represent
energy, given in Eq(9), is given by the energy for a molecule sticking normal and parallel to the

’ surface. Following the same mean-field treatment as previ-
_2+Q.+Q.+V(2+Q.+ Q)%+ 49K ously described, the fractions of the adsorbed molecules
C= 2 ' (15 sticking normal(N | ) and paralle(N,) to the surface and the

fraction of occupied sites are, respectively, given by
Using the previous relations, the magnetic free energy per

site can then be written as <m> _ gK (208
, M/ / 2 ’
M 2 \ o
29K <—l> = ; — (20b)
+ : . (18) M/ 1+4Q+3V(1+Q*+aK
(2+Q.+Q.+V(2+Q. +Q.)* + 4gK)?
and
From this expression, the numbers of molecules adsorbed on
the substrate, according to the three different possible con- [ Np+2N,\ 2
figurations, are, respectively, given by 0= M =1- (1+Q)+\(1+Q)2+qK
alnz d(BF) (21)
(NY=Q——=-Q.——, (173 .
Q. Q. Now let us go back to the results obtained for the adsorp-
tion of heteronuclear molecules. Another quantity very im-
_dInzZ d(BF) portant in adsorption experiments 3,, the heat of adsorp-
(N)=Q. =-Q ' (17b tion at constant volume and temperatét&Such a quantity
Q. Q. . > : . -
which provides information regarding the driving forces for
and adsorption is defined accordingly to
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9 Erot molecules adsorbed normal to the surface decreases whereas
= Wad= (22 that of molecules adsorbed parallel increases and reaches a
maximum at a temperatui®. Indeed, the entropy related to
where E;=EgastEag @and Nag=(N.+N.+N..), respectively, this disorder compensates the loss of adsorption energy due
stand for the total energy of the syst¢égas+ adsorbatand to the presence on the substrate of molecules having less
the number of adsorbed molecules. After a few stelgvel- favorable energetic configuratiofsince the total number of
oped into details in the Appendix)Bit is possible to derive adsorbed molecules decreases, some molecules are therefore

Q,

that released in the reserviirFor higher temperaturgse., for
T>T,), the total number of adsorbed molecules decreases as
Q,= %—e (23) the temperature increases. This phenomenon induces a no-
Y dngg gaz ticeable kink for the total number of adsorbed molecules

versusT which obviously does not exist in monoatomic ad-

rso_rption curves. However, the variation ©f versusT does

Mot exhibit such a kink. For temperatures larger thgn

\fvhen £..>Supe.,&,), most of the adsorbed molecules are

CIying parallel to the surface and their number now decreases

as the temperature increases. In this case, the last molecules
aln g™ glng° gln g® leaving the substrate are those lying parallel to the surface

gas= ~ 78 + 3B + ig | (24 since such molecule’s configuration requires the highest de-

sorption barrier energy. Finally, for a given sgt,,s.} of
and for adsorption with no interaction between adsorbe@nergy parameters, solving our model within a mean-field

where ey,, and e,q, respectively, represent the energy per
molecule in the gas phase and the mean energy per adso
tion site and wheren,y is defined asN,4/M. Following a
classical statistical treatment, it can be shown for a perfe
gas that

molecules other than excluded volume that approximation makes it possible to predict how the configu-
N 2In(q ) rations of adsorbed molecules vary withande.. (Fig. 4).
8= <_°>{80_ —} Figure 5 shows the variation @,, numerically derived
M aT from Egs.(22)—24), versusT. Contrary to monoatomic ad-

<N>[ &ln(ql‘)ibqfot):| sorption process for whicky, varies Iinear_lyi withT _[i.e.,
+{— )| e.—-—MmM Q,(T)=e-3kgT/2], such a curvéFig. 5 exhibits two linear
M Ip branches with the same slopekgb2, separated by an in-
N.. aIn(q¥Pq’ flexion point located af = T,. The shape of this curve can
\Nw /e BT (25  be easily understood if one takes a look at Fig. 3. For low
temperatures, namely, fof<T,, since the predominant
Now, let us focus on both isobar and isotherm adsorptiorpopulation of adsorbed molecules ¢bl.), it results that:
curves found for diatomic adsorption in the mean-field apn,,~(N./M) since. By using Eqs23)~(25) with our mod-
proximation. For simplicity’s sake, we assume the following:e|'s assumptions, it is therefore possible to derive ®at
(i) The reservoir gas behaves as a perfect diatomic gagaries linearly withT in this regime, accordingly, to
(i.e., the molecules do not interact but have rotation and vi-
bration modep Q,(T) = e.— 5kgT/2. (269
adgé)rp'{igimolecules vibration modes are not affected byOn Ithe (l)ther hanl(lj'lfotrTigz’ mo?t of thedadtshorbefd mol-
. : ecules lay parallel to the surface an ereforgy
.("') The adsorbed molecules cannot rotgte., their ro- ~(N../M). A similar calculation to the previous one, leads
tation modes are frozgn
Let us then comment the typical shapes of the isobar ad?ow to
sorption curves, fo_und with these assumptions. In Fig. 3, Q,(T) = e..— SkgT/2. (26b)
shown are several isobar curves found when the values of
ande, are identical, but the value ef. is different. In these Let us notice thatQ,, the amplitude of the continuous jump
curves,0, the fraction of occupied sites and the proportionsbetween the two asymptotic branches, respectively, described
of the three different molecule’s configurations on the sub-by Egs.(268 and(26b) is roughly equal tde..—¢.). Conse-
strate are plotted as a function ©f the temperature, for the quently, these results show thatAfQ, is large enough, both
same gas pressure fixed Be=1C° Pa. In order to do so, for (e..—e.) and T, can be experimentally estimated.
each chosen temperatuiie we calculate the value of the Now, let us focus on a typical isotherm adsorption curves,
corresponding chemical potential using the expression of thealculated using the same mean-field approximation of our
perfect gas for diatomic moleculeg(T,P), and replace itin model. To determine these curvéSig. 6), we proceed by
Egs. (18) and (19). Provided thate..<Sufe.,e.)/2, at T  analogy as for Fig. 3. We fix the value @f and for each
~0, all the sites of the substrate are occupied by moleculeshosen pressureé we calculate the value of the correspond-
sticking normal to the surface and having the most energetithg chemical potentia{using the expression of the perfect
configuration per site. Contrary to monoatomic adsorptiongas for diatomic moleculgsu(T,P) and replace it in Egs.
when the temperature increases, all the sites of the substrai#8) and(19). Figure 6 shows the variations 6f and of the
remain occupied until a temperatufiesT,, is reached. How- proportions of the three possible molecule’s configurations as
ever forT;<T<T,, a close look reveals that the number of a function of pressure in the case whete>Suge.,s.). As
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FIG. 3. Shown are several isobar adsorpti®+ 10° Pg curves found in the mean-field approximation for the same set of adsorption
parameters, namely,=-4, e,=-2, but different values of.. (the unit of energy ikgT,, whereTy=300 K). The different values of.. are:
@ €..=-3,5,(b) £..=-4, (¢) £..=-5, (d) £..=—6, and(e) s..=—7. The molecule’s weight im=4.102% kg and the vibration and rotation
temperatures are, respectively;,=3000 K andT,,;=20 K. The pressure and the coordination number are, respectiRel)’ Pa andq
=6. Below, is the significance of the different symbdislosed circles N./M, (crossesN../M, (closed triangles®, and(open triangles
(N..+N.+N,)/M. Inset: shown is the evolution &./M (open circles
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_FIG. 4. Shown is a diagram giving the most probable configu- FiG. 6. Shown is the isotherm adsorption cur&= 250 K),
ration of adsorbed molecules in thE,z..) plane. The set of energy  t5,nd in the mean-field approximation for the same molecular pa-

parameters is,=—4 ands,=-2 (given inkgTo units). The continu-  ameters than those of Fig(d. The adsorption energies aee
ous lines separating two different configurations correspond to the _4 . —_5 ande..=—6, where the units of energy kgT, with

limit where these two configurations have the same probability.—,-0=300 K. (Closed circles N./M, (open circles N./M, (crosses

Although when®<0.1, we consider that the molecules are des-y_ (closed triangles®, and (open triangle (N..+N,+N.)/M.
orbed; in this region, we nevertheless indicates what is the most

favorable configuration of the few molecules still adsorbed. thanP,, note that most of the adsorbed molecules are stick-
ing parallel to the surface and their number now decreases as

for monoatomic adsorption, at very high pressures, all théhe pressure decreases.

sites of the ;ubstrate are occupied by adsorbed molecules ,, GENERALIZATION TO NONINTERACTING GAS

(i.e., ®=1), lying normal to the surface. When the pressure MIXTURES

decreases, their number decreases, whereas the number of ) o
molecules adsorbed parallel to the surface increases and Now, let us show that oun— 0 vector spin Hamiltonian

reaches a maximum at a pressie For pressures lower approach can easily be generalized to treat the adsorption of
gas mixtures consisting of single atoms and/or diatafméd-

eroatomic or homoatomjcmolecules. Following the same

o
_§ lﬂ':} & approach previously used, a modification of our Hamiltonian
2 | 3 permits to answer this problem. In order to illustrate this, let
! 3 10, : us consider a mixture made of two diatomic molecules, for
! - 8 “’: 1 example, a homonucle#A,) and a heteronucledBC) one.
— B '§ "’6f g For instance, this can represent a mixture of CO and N
[3_ N tg‘“ \ molecules. To each sit(eé) of the lattice, one still associates
e‘g - gL, o E Wbt . both an— 0 vector spin§ and an Ising numbes;. However
- 2 S 0 0 100 150 200 250 now, the possible values @f. are: 0, 1, or 2, depending on
§ -5 . = Temperature (K) whether the corresponding site is, respectively, occupied by
] . = an atomA, B, or C. As before, we assume that both mol-
& 3 P=10°Pa : ;
D 6 4 ecules can adsorb either perpendicular or parallel to the sur-
§, e, face. When a molecule sticks perpendicular to the surface,
n ) only one of its two constituting atoms is adsorbed and the
Tr molecule occupies only one lattice site. However, when the
same molecule sticks parallel to the surface, its two atoms
gLl SR S S - .. are adsorbed and so this molecule occupies two adjacent
0 S0 o 150 200 250 sites. Let us consider the following Hamiltonian:
Tempemtum {K) -BH= QAE Sz,lfA(Ui) +Qp E Sz,lfB(O'i)
FIG. 5. Adsorption heat at constant temperature and volume,
found in the meaE—field approximation for théO same molecular pa- Qe S‘ZvlfC(U‘) * KAAZ_‘ S‘Z«lfA(U‘)SﬁzylfA(a'i)
rameters than those of Fig(d3, as a function of temperaturé @D
_:105.Pa). Inset: shown is the isobar adsorption. The symbols are +Kge §1fB(gi)q%lfC(gj), (27
identical to that of Fig. &). (0.
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whereQa, Qg, Qc, Kaa andKgc are numerical constants and Qp= qﬂfteﬁ(uAA—sA)' Qg = gy2"tehluec ),
fa fg, andfc are the following polynomial functions: '
fa(0) =(0-1)(0-2)/2, Qc= qv'b r°teﬁ(l-¢3c‘8c),

f = 2 - L
(o) =0(2-0) K vib, roteﬁ(,uAA—sAA) K vib,rotB(ugc- SB(‘)
AA= Oaa. v Kec=0scy

fa(o)=o(oc—-1)/2. (28) (30)
By expandingZ, the partition function, in power series éf,

and using in then—0 limit, the moment theorer?, it is
straightforward to show that

where uaa and upe, respectively, stand for the chemical po-
tentials of the molecules, and BC; and wheres, andeap
(respectively,eg, ec, and egc) represent the different con-
Z(Na,Ng,N¢,Nap, Nge,M) figurations a moleculé\, (or, respectlvely,BC) can adopt

=S S S S S I(Na N Ne NagNac M) when it adsorbs. The notatlcm ot sta_nds for the vibration

A TTB G, TAA TTBC and rotation partition function of the different molecules con-

figurations. The indexes and // indicate that the molecule
XQXAQEBQQCKNAAKS(B:C, (29 is, respectively, adsorbed normal and parallel to the surface.
For a moleculeBC adsorbed normal to the surface, the no-
tationsgge"™" and g2y permit to differentiate between the
two perpendicular configurations such a molecdle., a
molecule adsorbed to the surface byBter C extremity) can
adopt.

Following the mean-field approximation, described into
details in Sec. lll, one shows that the magnetic free energy
F/M per site is now given by

Na Ng Nc NaaNgc

whereI'(Na,Ng,Nc Naa, Ngc, M) represents the number of
ways to adsorb on th& sites of the substraté\s+Naa
moleculesA, and Ng+N¢c+Ngc moleculesBC with, respec-
tively, Naa MoleculesA, and Ngc moleculesBC sticking
parallel to the surfacgi.e., occupying two adjacent sijes
and, respectivelyN, and Ng+Nc moleculesA, andBC ad-
sorbed normal to the surface. Note thgf and N¢ corre-
spond to the number of moleculBE, respectively, adsorbed
on the substrate by theB or C atom.

An isomorphism can therefore be drawn between Z and BF _ - In(C) + M (31)
the grand-partition function describing the adsorption on the M 2c?
homogeneous substrate of tAg/BC gas mixture, by con-
sidering the following relations: with

_3+Qa*+Qs+Qc+V(3+Qa+ Qe+ Qo)+ 4d(Kpn+ Kac)

5 (32
[
From this expression, the numbers of the molecules adsorbed dln Z_ d(BF)
on the substrate with each possible configurations can be (Ngo) =Kpc - — IKq ~Kee ™ — (33
estimated: BC BC
Following the same kind of calculations, previously de-
(N = QA dinz _ _ Aﬁ(ﬁ F) scribed in Sec. Ill, one can derive mathematical expressions
&QA dQp for the thermodynamic properties of such a mixture, as for
instance Q, or isotherm and isobar adsorption curves.
dln Z d(BF
(Ng) = QB =- Bﬂ,
dQp dQp V. CONCLUSION
nz J(B F) We have presented a simple model, based on a dilute
(Ng) = Qc ==Qc——, — 0 vector spin model, to describe the adsorption of asym-
‘9QC 9Qc metric rigid rodlike molecules on homogenous surfaces. We
have shown that this approach is particularly suited to treat
dlnzZ d(BF) multisite adsorption. In a first step, we have treated the case
(Naw) = KAA(yK A 9 Kax of noninteracting dimer adsorption and have shown that can
AA AA easily be extended to the case of noninteracting or interacting
and polyatomic mixtures. As a final comment, it is interesting to
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note that this model can also be extended to the case of J(BF) Q{l qK} aC (A2b)

adsorption mixture with chemical decomposition or interact- (N)=-Q. JQo ME +@ JQ.
ing gas mixtures. Following the approach of Frumkin-Folwer °
and Guggenheirf!, interactions can be included in the By deriving each terms of Eq14) with respect toQ. or Q.,
model, for instance, in the case of ofy/BC gas mixtures, one obtains, respectively, that

by adding the following term to the expression of the Hamil-

tonian[Eq. (27)] % = % = 2C- 2 fQ Y Q) (A3)
%>XAAfA(Ui)fA(UJ') * Xnefa()Ta(a)) + xacfaloi) (o) Using Eq.(14), it is straightforward to show that
+ xacfa(o) fcl(o)) + xgafe(oi) fe(oy) + xccfeloDfclo)), aK - m (A4)
(34) C? C

where the parametensa, xag Xac Xsc Xes and yec rep- Now, by inserting Eqs(As) and (A4) into th_e expre§sions
resent the different interaction energies between two adjaceff*2® and(A2b) one obtains, the two following relations:
adsorbed atom® Moreover, our model can also be extended < N.> Q. Q.

to the adsorption of a gas mixture containing mono or linear — /=== 7

polyatomic moleculegsuch as for instance GPby, respec- M C 2+Q+Q.+V(2+Q.+Q)*+4qK
tively, adding to the Hamiltonian a ten®, or §,S',S; ,, (A5a)
where(j) and (k) are two nearest-neighbor sites of sfig and

We therefore believe that this very versatile formalism will

be used frequently to treat such physical problems and <No>_ Q. _ Q.

others. “c - | 2 :

To date, most available experiments on adsorption of di- M C 2+Q+Q+1(2+Q.+ Q)%+ 4K
atomic molecules on solid surfaces always involve complex (A5b)
phenomena such as multilayer adsorption or heterogeneoysyne inserts the expressigAl) in Eq. (170), it is possible
substrates, which are difficult to analyze only within the g show that
framework of our model. Nevertheless, we strongly believe
that the analytical formulae derived abojfgs. (18) and (N >:_K3(B F) _ ME{£<1+%> _i}
(19)], will be of primary interest to experimentalists to un- ~ IK Cl oK c2) 2c|’
derstand and quantify the orientation of rigid rod molecules (A6)
on homogeneous surfaces such as liquid-liquid or gas-liquid
interfaces. Indeed a very active field of research is the adBy deriving the two terms of Eq14) with respect tK, one
sorption of colloidal solid spheres on liquid-liquid surfacesobtains that
as for instance the formation of colloidosont€sd! of pick-
ering emulsion® or the adhesion of virus on c&ll*®and by 9C _ q )
no doubt these experiments will be extended to the adsorp- IK 2C-(2+Q.+Q)
tion of rigid rods.

(AT)

If the expressiongA4) and (A7) are introduced into Eq.
(AB), it is straightforward to derive that

N.. \ _gK _ gK
Fruitful discussions with T. Bickel, J. Rouch are acknowl- M > TocT [(2+Q.+Q)+V(2+Q.+Q.),+4qK]
edged. This work was supported by the Conseil Régional (A8)

d’Aquitaine (CTP Grant No. 980209202
From the previous expressions, it is straightforward to derive
that @, the fraction of occupied is given by:
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APPENDIX A
As seen in Eq(16), the magnetic free energy per site can @ =1 _2 =1- 4 = .
be written as c (2+Q.+Q.) +V(2+Q.+Q.)"+4gK
A9)
F K (
'BV =-In(C) + % (A1)
APPENDIX B

Using Egs.(178 and (17b), it is then straightforward to The total energy of the system is the sum of the energy of

show that the gas and that of the adsorbed molecules
d(BF X K|aoC -
(N)=- Q.—;'B ) = M%|:l + %] (9— (A2a) Etot = Egast Eag- (B1)
Q. Q. Considering now that at the temperatdrethe system com-
and posed ofN molecules consists dfly,s molecules in the gas
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phase andN,4=N-Ng,s molecules adsorbed, the total energy d In(g g K In(g™®qr®)
can be written as ad= N — | +N Ee—

B B
Eiot= Ngasegas+ Ead(NagsM) = (N - Nad)egaz+ Ead(Nag M), 5 |n(q”'b r?t)
B2 +N —_— (B7a)
(B2) Y
where gy, represents the energy per molecule in the gagind, therefore, to
phase.
ConsequentlyQ,, the heat of adsorption at constant vol- N, aln(g™®g®) | N, aln(q”'b ot
ume and temperature is simply given by the following rela- ~ €ad™ VI Y + M Y.
tion: _
N.. alIn(qPg"
dE,; dey + V{S - —(: 9-) . (B7b)
Qv:____egaz (B3) B

dNy d
ad Ol Following classical treatment, the total energy of the gas can

With €;q=Eag/M andngg=Nag/ M. be derived from the expression Bf,sits partition function,
First of all, the total energy of the molecules adsorbed camccordingly to

be computed from the expression of the grand partition func-
tion describing adsorption on the surface, namely, _ a|n(Zgas)

gaz— ~ Y (88)
E =2 2 2 T(N, N, N.., M)ehuNN+N-) _
Now, if one recalls that for a perfect gas
X(qvlb rot —ﬁs)N (qvlb rot —Bs )N (qvlb rot —ﬁs )N
1 .
(B4) Zgas= NI (g5 "qP™P) Noas, (B9)
gas
In order to do so, let us recall that . ,
where,q"@"s, g, andg'®, respectively, stand for the trans-
_ JdInE lational, the rotational, and the vibrational partition function
Eag = #Nag == JB (BSa) of an individual molecule, the relatiaiB8) leads straightfor-
wardly to
and | ( transqrot vib)
E _dlIn(q q
IInE Cgar= o = : (B10)
Nag= kT (B5b) Ngas B

For heteronuclear diatomic molecules, this relation gives
Therefore, by replacing E¢gB5b) in Eq. (B53), one obtains

i ane KgT, Tyi
the following relation: egar= kBT+ BzvleOtr(zL-;P) (B11)
_ dInE dln E
Baa=~ 98 tu kT ap (B6) it T, the characteristic temperature vibration of the mol-

ecule, whereas for asymmetric rigid rods, it is only:
Now by taking forZ, the expression given in E¢B4), and

inserting into Eq(B6) leads to €gar= 2KaT. (B12)
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