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THE PROBLEM




Que problema? Aqui no hay ningun problema!!




ADSORPTIVE ENERGY SURFACE

probe atom " hcp crystal

ZO

.

* Crystal of atoms A with random impurities B
» Gas-Solid Lennard-Jones interaction
- E(X)Y,Z;) = min, E(X,Y,Z)




What we get is the “adsorptive energy surface”

* The potential energy surface seen by the probe
atom: ¢ (X,Y)




WHAT IS THE ENERGETIC TOPOGRAPHY?

Is the way a given distribution of adsorptive energies are spatially
distributed. For example, in the case of the simulated doped cristal
we have these adsorption energy distribution and spatial correlation:

-15




The energetic topography produces important effects in all
molecular processes on the surface (adsorption, surface
diffusion, aggregation, chemical reactions, etc.). For example,
adsorption isotherms for a surface with the same AED but
different topography are different !!

M [ Keal £ mal ]



CHARACTERIZATION

* Obtain the statistical properties of ¢(X,Y) from
experiments

» Experiments: adsorption isotherms 6(u ,T)

» Classical approach: neglects the “topography?,
only valid for non-interacting adsorbates

9(ﬂ,T)=j9L(ﬂ,T,g) f(¢)de

Correct approach: considers the “topography”

0 (1,T) :jHLw’T’gl""’gM) f(&,....6y) dg..dg,
AN IRRESOLUBLE PROBLEM!!!



WHAT CAN WE DO?

* Develop simple models taking into account both the
AED and the spatial correlation in adsorptive
energies in such a away that these can be described
by few parameters.

‘These models will provide us with an adsorption
isotherm equation, which can be fitted to
experimental data allowing the determinationof those
parameters describing the energetic topography.



Ante la duda siempre es bueno hacer un asado!



CONTINUUM
APPROACH




THE GENERALIZED GAUSSIAN MODEL (GGM)

The Journal of Physical Chemisfry, Vol 78, No. 20, 1875

Effect of the Potential Correlation Function on the
Physical Adsorption on Heterogeneous Substrates

P. Ripa and G. Zgrablich*
Departamanto de Fisica, Universidad de San Luis, San Luis, Argentina (Recaived April 21, 1975)

A model for heterogeneous substrates with a multivariate gaussian distribution for the adsorption potential
is proposed. The evaluation of second and third virial coefficients shows a considerable dependence on the
correlation length, in the range of the other parameters where heterogeneity plays an important role. The
model has as limiting cases the homogeneous and large patches models; but the behavior at finite correla-
tion lengths is by no means intermediate between that corresponding to those extremes.






Bill Steele, the
first reviewer,
discovered by
accident!!!




THE LAST VERSION OF THE GGM

Langmudr 2003, 19, 6737—-6743 G737

Energetic Topography Effects on Mobile Adsorption on
Heterogeneous Surfaces at Low Coverage

M. Nazzarro' and G. Zgrablich*+

Laboratorio de Ciencias de Superficies y Medios Forosos, Universidad Nacional de San Luis,

San Luis, Argentina, and Departamento de (uimica, Universidad Autonoma Metropolitana,
Iztapalapa, F.O. Box 55-534, 09340 Mexico D.F., Mexico

Received February 10, 2003, In Final Form: May 25, 2003

Mobile adsorption on heterogeneous surfaces at low coverage is modeled via a gas—solid virial expansion,
following the ideas of the generalized Gaussian model®!2 to incorporate energetic topography effects.
Adsorbate molecules interact among them via Lennard- Jones interactions. Model predictions are compared
to Monte Carlo simulations of adsorption on heterogeneous solids obtained by doping a pure crystalline
solid with different concentrations of impurities. Energetic topography effects are shown to be important
and they are correctly predicted by the model at low coverage.



Esto me costdé mis
mejores anos de
juventud!!
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GGM : LAST VERSION

The AES is assumed to be a Gaussian Stochastic
Process, with the multivariate distribution
function {

~123 (o(0) +KT)XH ), (o(r) +KT, )

i, j=1

D (&,..,&,) = [(27[)n det H F/z exp

with the covariance matrix

Hy = (£() +KT, () +KT,) = (kT,)?C(r - 1))

We also assume a gaussian decay for the

correlation
C(r) = exp[—1/2(r/ro)2]

with a “correlation length” r, and a g-g interaction

- 12 o 6
ugg(r)=4kBngK?) _(T) }



EXAMPLE: THE DOPED CRISTAL
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GAS-SOLID VIRIAL EXPANSION

* Adsorption isotherms ==> gas-solid virial
expansion

A blue line represents a factor f exp|H i I(KT)?]
with f, =exp|-U, (r —r)/KT |-1
A red line represents a factor exp[H ij /(kT)Z]




Basta!! Con tantas ecuaciones tengo la cabeza como la de un
elefante!!




BEHAVIOR OF VIRIAL COEFFICIENTS
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* B, and B; depend strongly on the correlation
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« Adsorption
decreases strongly
with increasing
correlation length.

« Experimental data
for low density can
be fitted with 4
parameters
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(orT,), T, ng and
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LATTICE-GAS
APPROACH



THE LATTICE-GAS GGM

Langmuir 1992, 8, 1518-1531

Feature Article

Adsorption and Surface Diffusion on Generalized
Heterogeneous Surfaces

J. L. Riccardo, M. A. Chade, V. D. Pereyra, and G. Zgrablich®

Instituto de Investigaciones en Tecnologia Quimica, Universidad Nacional de
San Luis—CONICET, Casilla de Correos 290, 5700 San Luis, Argentina

Received August 20, 1991. In Final Form: January 9, 1992

A complete study of adsorption, surface diffusion, clustering, and percolation of adsorbed gases on
heterogeneous surfaces is presented insuch a way as tostress the importance of adsorptive energy topography
(i.e. correlation between adsorptive energies of different sites). Theoretical models as well as simulation
techniques are developed in order to describe these phenomena on a wide variety of topographies. The
characterization of surfaces through combined use of adsorption and surface diffusion experiments is

discussed,



Esta tesis me ha
hecho dar un hambre







(b) The second-order approximation (N = 2) is a more
interesting one inasmuch as explicit pair interactions are
taken into account and site correlation effects may be
investigated. In this case we have the pair of coupled
equations

exp[-B(e, + Upfly, + A0 + A - w)]
Y14 expl-8le, + Upby + A8+ A — )]

_exp[-Ble; + Uppby + A8+ A - )]
®7 14 exp[-Ble, + Upb, + A+ A6 - )]

(12)

Local coverage on a pair of sites with energies (¢, €) is
given by

(e, eq,n) = (6, + 6,)/2 (13)
and the overall isotherm is

8= [ [falener) Blereqm) de; de (14)

folenen) = [(2m)° detH1 V% x

1 & } i
e:p[— - Z{E,- - ;]{H‘l}l}.(;} - f}] (15)

i =l
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Figure 3. Adsorption isotherms pmd:lctud by the MRF model
for three correlation lengths; ——, r, = 0;---, 1, = 1;+00, 1, =

2. (@) T =400 K, Te/T = 0.5, T/T = L5, (b) T = 400 K, T T
=1, T/T=15(¢) T =500 K, Te/T = 1, T/T = 0.7; (d)
500 K, Tg/T = 1, T,/T = 1.5.
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Figure 24. Surface diffusion coefficient for a noninteracting
adsorbate, T,IEIT=D: — =0, =L = 2 (8)a
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Figure 25. Same as Figure 24 for an interacting adsorbate, T/
T = 0.5.
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EFFECTIVE STATE APPROXIMATION (ESA)

@ : ap . i “
z surface science

ELSEVIER Applied Surface Science 196 (2002) 138-149
www.elsevier.com/locate/apsusc

Effective states approximation (ESA) for adsorption
on homogeneous and heterogeneous surfaces
J.L. Riccardo™”, G. Zgrablich®, W.A. Steele”

*Departamente de Fisica, Universidad Nacional de San Luis, CONICET Chacalico 917, 5700 San Luis CC 236, Argentina
152 Davey Laboratory, Department of Chemistrv, The Pennsvivania State University, University Park, PA 16802, USA

[-SISA (SIMPOSIO SUDAMERICANO DE ADSORCION)
Campina Grande, Pernambuco, Brasil, Junio 2008

IMNFAP - - - . -
On a Quasi-Chemical Approximation for Adsorption on '
— €
Heterogeneous Surfaces GP’A
CONICET M. Nazzarro', C. Araujo?, M. Lucenaz?, D. Azevedo?, C. Cavalcante? and G. Zgrablichi.2 CREHRE =5 L2 o

Yinstituto de Fisica Aplicada (INFAP), CONICET-Universidad Nacional de San Luwis, San Luis, Argentina
2Departamento de Engenharia Guimica, Universidade Federal de Ceara, Fortaleza (CE), Brasil
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Tl ___ Zexp(-5w) =
x5 5 rcoblflz, -] o

Faznre I — Heberageneois lulice whens two MM aies ans chsen.

P,=8-¢& : B_=2¢ : F_=1-8-¢

where E={l-{1-2neQ-a1"}n ; n=20-2

The probability of finding & site of adsorption energy £ with a neighborhood a (o cccupied sites out of
nearest-neighbor sites) characiernzed by adsorption ensrgy £, is:

iy
F =

o

[Ble.2%.6)]" [E(e.2%.6)]"

| &
\ X

The conditional probabilities of finding an cccupied (empty) MM site with energy £ given an occupied
site with energy £ is given by:

P (s,6'6 1P (z,¢'
Resf)-=EED L peelgog e

The coverage of the site with energy £ and a neighborhood a is given by:

exp[-8(s + ¥, — ]

_‘é . —
(8. 40) 1+exp[-8(s+ W, — ul]

So, the local isotherm becomes: &, (5,868, u.7)= Z P (g,.,8.T)4,(& u)
i

Therefore the mean surface coverage, represeniing the total adsorplion isctherm is:

(. T) = H.EL(E:E',H,#,T)J@(E,E'} dede’
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THE DUAL SITE-BOND MODEL (DSBM)

PHYSICAL REVIEW B VOLUME 41, NUMBER 10 1 APRIL 1990

Dual site-bond description of heterogeneous surfaces

V. Mayagoitia and F. Rojas
Departamento de Quimica, Universidad Autonoma Metropolitana, Iztapalapa, Apartado Postal 55-534,
Mexico 13, Distrito Federal, Mexico

J. L. Riccardo, V. D. Pereyra, and G. Zgrablich*
Instituto de Investigaciones en Tecnologia Quimica, Universidad Nacional de San Luis-Consejo Nacional
de Investigaciones Cientificas y Technologicas, Casilla de Correos 290, 5700-San Luis, Argentina
(Received 27 February 1989; revised manuscript received 8 September 1989)

A dual description based on “sites” and “bonds” is developed for characterization of the adsorp-
tive energy of a heterogeneous surface, and it is shown how to use the description in order to study
the adsorption and the surface diffusion of gases. The joint site-bond energy distribution is deter-
mined through a correlation function in such a way as to allow for the maximum degree of random-
ness in the network permitted by the “construction principle.” This function contains valuable in-
formation about the topology of the energy surface and strongly affects adsorption isotherms and

surface diffusion coefficients.






Lanogmuoir 1996, {2, 4272— 4280

Simulation of Model Heterogeneous Surfaces in the
Presence of Correlation

Alessandra Adrover, Massimiliano Glona,* and Manuela Glustiniani

Centro [nteruniversitario sui Sistemi Disordinati e sui Frattali nell Ingegrieria Chimica,
c/0 Dipartimento di Ingegneria Chimica, Universita di Roma "La Saplenza’” via
udossiana 18, 00184 Roma, ltaly

Recetved January 16, 1996, In Final Form: May 14, 1996°

We propose a general method to generate correlated energy landscapes for model heterogeneous surfaces.
It is based on the representation of an energy landscape as a superposition of exponentially correlated
aussian processes. This method is the extension of a previous work of Giona and Adrover to reconstruct
binary lattice models of porous structures to a random energy field with values between 0 and =. The

application to dual bond—site models is also developed.

Langmuor 1999, {5, 5961-5060

Probabilistic Analysis of the Dual Site—Bond Model:
The Self-Consistent Case’

Alessandra Adrover

Dipartimento di Ingegneria Chimica, Universita di Roma La Sapienza, Via Eudossiana 18,
001 84 Roma, Italy

Received September 25, 1998, In Final Formy: December 4, 1998

& probabilistic analysis of the generation of dual site—bond models for the energy landscape of adsorbents
is presented, focusing attention on the self-consistent case. To generate an uncorrelated site—bond energy
landscape with prescribed distribution functions F5(E) and FgiE) consistent with the two basic laws of the
dual site—bond model, the random variables assoriated witﬁ the site and bond energies should possess
thelocal distribution functions F5(E) and Fg(E). which are related to FEIE) and Fg{ E) through a nonlinear
integral equation. In particular, the irverse problem in two dimensions is solved in closed form. The
analytical solution for the Eln'-.rerseif]mblem provides a clear description of the intrinsic correlation in the
energy landscape induced by the fulfillment of the construction principle.



Alex Adrover and Max Giona with friends in Roma




THE SITE-BOND LATTICE REPRESENTATION

o » ‘bond

” =
<

s

 The surface is represented
by a lattice of sites and
bonds.

« Each site can be either
empty or occupied by an
adsorbed particle.

 The lattice-gas approach is

equivalent in magnetism to
the Ising problem in a
randomly inhomogeneous
magnetic field.



Muse of Inspiration for the DSBM




THE DUAL SITE-BOND DISTRIBUTION

* F(Es,Eg) = Fs(Es) Fe(Eg) @ (Es ,Eg)
« Correlation function: <[E(r) E(r+l )]> ~ C(l )
 Correlation length: C(lI) ~exp(-l/l,); 1,=2 0 2/ (1-02 )?



ADSORPTION ISOTHERM

(1, T) = _[HL(Esl’ E52 A T) fz (E31’ Esz) dEsldEs2

fo(Es, Es,) = Fs (Es ) F5 (Es,) [ Fo (Es) (Es , E,) D(Es . Ey) dE,

6 is calculated through a mean-field
approximation, valid outside of phase
transition regions.



MD SIMULATIONS ON TiO,
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Site and Bond distributions arising from Molecular
Dinamics simulations of Ar on TiO,
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THE DSB MODEL TOPOGRAPHY

a)Q=03; b)Q2=0.5;, c)Q2=0.8
Site energies are represented by 4 colors, darker
colors represent more energetic (stronger) sites
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ON ADSORPTION



Molecular Processes on Heterogeneous Solid Surfaces

G. Zgrablich, V. Mayagoitia, F. Rojas, F. Bulnes, A. P. Gonzalez, M.
Nazzarro, V. Pereyra, A. J. Ramirez-Pastor, J. L. Riccardo, and K. Sapag

Langmuir, 1996, 12 (1), 129-128«- DOI: 10.1021/1a94058782 « Publication Date (Web): 10 January 1556

Tha ACS JJ.}rMJJHJ“J 2 Collojeds

JANUARY 10, 1996
VOLUME 12, NUMBER 1

Diffusion Limited Cluster Growth

Este trabajo cost6 muchos asados
on a Homogeneous Surface. Colors
Indicate Arrival Times. para tantos autores !!
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THERMAL PROGRAMMED DESORPTION (TPD) CAN ALSO BE USED
IN THE CHARACTERIZATION OF ENERGETIC TOPOGRAPHY

SURFACE SCIENCE

ELSEVIER Surface Science 501 (2002) 282-292

www.elsevier com/flocate/susc

Characterization of energetic topography of
heterogencous surfaces through the analysis of thermal
desorption spectra

M.V. Gargiulo ®, J.L. Sales *, M. Ciacera b G. Zgrablich ©*

* Departamento de Fisica and TEE { CONICET), Universidad Nacional de San Juan, Av. Liberiador 1100 Oeste,
3400 San Juan, Argeniina
& Departamento de Matemdtica, Universidad Nacional de San Luis, Chacabuco 917, 5700 San Luis, Argenting
¢ Laboratorio de Clencias de Superficies y Medios Porosos, Universidad Nacional de San Luis, Chacalbueo 917, 3700 San Luis, Argentina

Received 28 June 2001; accepted for publication 2 November 2001

Abstract

Monte Carlo simulations of thermal programmed desorption spectra (TPDS) are obtained and analyzed for general La rama Sa nj ua n i n a

heterogeneous surlaces characterized by a dual-site-bond model, where the adsorptive energy topography 1s described
in terms of a correlation length {;. It 1s shown that the behavior of TPDS 1s such that the ambiguity ansing in the
characterization of the energetic topography through adsorption isotherms, where adsorbate—adsorbate interactions
and topography eflects compete with each other, 1s resolved in such a way that TPDS provide a more powerful
characterization method. © 2002 Published by Elsevier Science B.V.
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PATCHWISE
APPROACH



JOUENAL OF CHEMICAL PHYSICS VOLUME 115, NUMBEE. 3 15 JULY 2001

Scaling behavior in adsorption on bivariate surfaces and the determination
of energetic topography
F. Bulnes, A. J. Ramirez-Pastor, and G. Zgrablich

Laboratorio de Ciencias de Superficies v Medios Porosos, Universidad Nacional de San Luis,
Chacabuco 917, 3700 San Luis, Argentina

(Recerved 3 October 2000; accepted 26 Apnil 2001)

Adsorption of particles with repulsive nearest-neighbor mteractions 1s studied through Monte Carlo
sumulation on bivanate surfaces charactenzed by patches of weak and strong adsorbing sites of size
I Patches can be either arranged in a deterministic chessboard structure or in a random way.
Quantities are identified which scale obeyving power laws as a function of the scale length [

Consequences of this finding are discussed for the determination of the energetic topography of the
|

Temperature dependence of scaling laws in adsorption on
bivariate surfaces

F. Romi.” F. Bulnes,” A. J. Ramirez-Pastor® and G. Zgrablich*?

d00d

4 Laboratorio de Ciencias de Superficies y Medios Poroses, Universidad Nacional de San Luis,
Chacabuco 917, 3700, San Luis, Argentina

b Universidad Auténoma Metropolitana, Iztapalapa, Departamento de Quimica,
P.O. Box 55-534, México D.F., México. E-mail: giorgiozgrablich942{@hotmail com



Temperature dependence of scaling laws in adsorption on
bivariate surfaces

F. Roma.” F. Bulnes.” A. J. Ramirez-Pastor® and G. Igrul:lith“"’

® Laboratorio de Ciencias de Superficies v Medios Porosos, Universidad Nacional de San Luis,
Chacabuco 917, 3700, San Luis, Argentina

b Universidad Auténoma Metropolitana, Iztapalapa, Departamento de Quimica,
P.O. Box 55-534, México D.F., México. E-mail: giorgiozgrablich942{@hotmail com

1264 Langmuir 2007, 23, 1264—1269

Scaling Behavior of Adsorption on Patchwise Bivariate
Surfaces Revisited

F. Bulnes, A J Ramirez-Pastor, and G. Zgrablich*

Departamento de Fisica and Laboratorio de Ciencias de Superficies v Medios Porosos,
Universidad Nacional de San Luis, CONICET, Chacabuco917, 5700 San Luis, Argentina

Received August 23, 2006. In Final Form: October 20, 2006
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Los autores tomando un merecido descanso
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Figure 1. Schematic representation of heterogeneouns bivanate surfaces with chessboard (2), random square patches (b), ordered strips (c).
and random strips (d) topography. The patch size in the figure 15 [ = 4.
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REGIME I

Figure 2. Adsorption 1sotherms (a—0b) and differential heats of adsorption (c—d) for different square patch topographies corresponding to
Regime I (in this case AF = 12, w = 3). Symbols in (c) and (d) are as in (a) and (b), respectively.
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Figure 3. Adsorption 1sotherms (a—b) and differential heats of adsorption {c—d) for different square patch topographies corresponding to
Regime II {in tlus case AE = 12, w = 4). Symbols mn (c) and (d) are as in (a) and (D), respectively.



UNIVERSAL SCALING LAW

= [ 16 — 67| du

Iny =const + @t In{ ~

(0. presents universality properties.
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CONCLUSIONS



Aqui hace falta un
poco de seriedad
académica !!




:> Continuum approach: virial
expansion limited to low adsorbate

density, 4 fitting parameters.

Lattice-Gas approach: mean field

:> approximation valid outside phase
transitions, 5 or 6 fitting parameters.

Patchwise approach: promising, but

:> must be extended to multivariate
surfaces. No fitting parameters ?




AL FIN! YA PODEMOS DEDICARNOS A HACER SOCIALES!







