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Adsorption-Complex Isomerism and Quantum
Chemical Study of Gas-Solid Interactions: A Model
Example*
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Sciences, 121 38 Prague 2, Czechoslovakia

The consequences of isomerism of an adsorption complex for comparison of
quantum chemical data with experimental quantities are analyzed. A general
technique is proposed for evaluating the contributions of the individual
isomeric structures of the adsorption complex, chosen so that the range of
the required information is compatible with the capabilities of contemporary
numerical quantum chemistry in the study of interactions of gases with solid
surfaces. The interaction of O, with graphite, represented by three types of
complexes, is given as an illustration.
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1. Introduction

Recent quantum chemical study of the interaction of gases with solid surfaces,
carried out for various systems in the framework of the cluster approach, has
provided us [1-4] with a great deal of evidence that (at least some) catalytic or
sorption processes occur through not one, but several different complexes of the
adsorbate and the solid adsorbent. Thus it became useful to introduce the concept
of isomerism of the adsorption complex [5]. Phenomenologically, this isomerism
can be classified according to several structural characteristics of the complexes.

* Part XIin the series: Multi-Molecular Clusters and Their Isomerism; Parts IX, X, see Refs. [5, 20].
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Thus, for example, the following kinds of isomerism can be distinguished. First,
(a) isomerism of the adsorption complex based, for one type of rigid cluster, on
interaction with various adsorption sites and/or on different positions of the
adsorbed molecule above the site, where the molecule itself is only slightly
distorted (e.g. Refs. [6-9]). However, especially in chemisorption, theoretical
study of interactions with a single rigid cluster can lead to (b) a larger number
of isomeric adsorption complexes differing markedly in the manner of structural
change of the adsorbed molecule (e.g. [10]). Probably the most frequently
theoretically recognized type of isomerism of adsorption complexes at present
is type (c), where the interaction is modelled in terms of a larger number of
various rigid clusters representing various adsorption sites on the real surface,
even if only one adsorption complex is formed on each cluster (e.g. Refs.[10-12]).
Case (c) would, however, not include adsorption complexes whose differences
in the theoretical description would be based only on a change in the number
of atoms in the model cluster, for purposes of the study of convergence with
the size of the substrate for a specific type of interaction (e.g. [13]). Apparently,
in the general interaction of gases with solids (either in heterogeneous catalysis
or in sorption), all three types of isomerism (a)—(c) can be present simultaneously
in various combinations (cf. [14]). So far, experimental study of these processes
enables differentiation of individual isomeric adsorption complexes only in excep-
tional cases (e.g. [15, 16]). In the light of isomerism of adsorption complexes it
is thus necessary to consider an experimentally determined characteristic of an
interaction process as the result of the contributions of the individual relevant
isomeric structures.

This work will deal with the consequences of isomerism (especially of type (c))
of an adsorption complex for quantum chemical calculations of the thermody-
namic characteristics of the interactions of gases with solids and comparison of
these data with experimental quantities, i.e. with a problem formally similar to
the recently studied question of the thermodynamics of isomeric van der Waals
molecules in the gaseous phase [17-20]. A scheme of the weighting of contribu-
tions of individual structures is proposed (in the framework of the concept of
complete independence of all the isomeric complexes as well as of the adsorption
processes leading to their formation) so that the amount of necessary input
information is not greater than the present capabilities of numerical quantum
chemistry in application within the cluster approach. The behaviour of the
weighting scheme is studied on the model example of adsorption of O, on
graphite.

2. Weighting Scheme

The following assumptions will be made for the studied adsorption process. The
molecules (or atoms) A are adsorbed as wholes (or, more generally, relaxations
connected with adsorption lead to the same stoichiometry with every individual
type of adsorption complex) on a fixed number of definite locations on the solid
phase B. The molecules of the monolayer are considered immobile (perfect
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localization) — there are definite points of attachment on the surface capable of
accommodating just one adsorbed molecule A with a series of vibrational
stationary states in the prescribed force field. Assume that there are altogether
n different types of adsorption complex (A - B);:

A(g)+B(s)=(A-B)(s) (i=12,...,n) (1)
corresponding to the overall interaction process:
A(g)+B(s) = A - B(s). 2)

Establishment of any of partial equilibria (1) is assumed to be independent of
the rest of these processes (especially, formation of a particular adsorption
complex does not influence the numbers of sites available for the other kinds
of adsorption complexes). The quantum states corresponding to any one adsorp-
tion complex are supposed to be independent of the states of the surrounding
sites. The structural changes in the adsorbent upon adsorption are neglected
(i.e. an inert solid phase).

If the characteristics of the gaseous phase A and the adsorption complexes
(A - B); are available (especially partition functions g; of complexes (A - B); and
changes in the standard enthalpy AHS ; accompanying processes (1) at absolute
zero temperature), then the calculation (e.g. {21, 22]) of the partial standard
enthalpy and entropy terms AH $; and AS S ; connected with the formation of
the individual adsorption complexes (1) at temperature T can be carried out.
Assume that the experimental study of process (2) is carried out by a technique
in which all n adsorption complexes (A-B); are manifested indiscriminately,
and that it is not possible to differentiate between the contributions of the
individual isomeric structures. Then the values of the equilibrium thermodynamic
characteristics of process (2) obtained by this technique will be the overall values
AH % and AS'$, towhich the individual isomericstructures (1) contribute according
to their weight factors w;. Application of the concept of the general equilibrium
isomeric problem [23, 24] leads (under assumption of sufficiently low coverage
— the Henry’s Law region to be reached) to weighting relationships in the form:

i=1
ASG =Y wi(AST;~RInw,), 4)
i=1

where R denotes the gas constant. The weight factors w; are related to the
parameters of complexes (A * B); by the relationship [5, 17, 24]:

Si; €Xp ('—AH{O)J/R/ T)

5

P =

Y. siqiexp(—AH /R/T)
i=1

where the s; denote steric factors connected with the geometric properties of
the surface.
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3. An Illustrative Example and Discussion

The nondissociative (physical) adsorption of O, on graphite was chosen as an
illustrative example demonstrating the relationships among the quantities
included in the weighting treatment. As proposed in earlier works [9, 13, 25-27],
dealing with the theoretical study of sorption processes on graphite, the substrate
was modelled using simple arrays of carbon atoms arranged in a typical hexagonal
lattice with a C—C bond length equal to 2.46/~3x 107" m [28]. Specifically,
three types of substrate model consisting of 12, 13 and 16 carbon atoms were
used (Fig. 1). The models were chosen primarily to enable study of three critical
adsorption sites (at the centre of a hexagon, at a carbon atom and at the centre
of the C—C bond) conceivable on a real graphite surface. The potential controll-
ing the interactions of the O, molecule (the length of the O—O bond was equal
[29] to 1.207 x 107'° m) with the substrate was considered to be a Buckingham-
type potential [30] with parameters according to Eliel et al. [31]. The stationary
points on these five-dimensional hypersurfaces of the interaction energy were
searched using the technique of automatic optimization of the space arrangement
of two molecules [32] employing analytical first derivatives of the energy, The
starting positions of the oxygen molecule were systematically changed in order
to find all the stationary points on the studied hypersurfaces. From these station-
ary points of the local minimum type were then chosen, which alone have any
importance for our equilibrium problem. A single orientation of the components
of the adsorption complex leading to minimal interaction energy (i.e. type (c)
adsorption complex isomerism) was found for the critical adsorption site of each
studied substrate model (structures A, B and C as depicted in Fig. 1). In the B
case there is a slight shift from the exact position above the central carbon atom;
this fact may be considered as a result of the finity of the model used. These
three structures are used in this work to demonstrate possible relationships
between the partial and overall thermodynamic characteristics in the framework
of the concept of perfectly localized, isomeric adsorption complexes.

In our approach, the key characteristics for construction of the partition functions
of the adsorption complexes are the energies of the individual quantum states
of the intersystem vibrational motions, generated in this work by harmonic
vibrational analysis [33]). Force constants corresponding to the intersystem
degrees of freedom were derived from analytical formulae. The components of
the adsorption complex themselves were treated as (nearly) rigid bodies using
artificially stiff intramolecular potentials (the stretching force constants were set
equal to 10° N/m). In carrying out the vibrational analysis, due consideration
was paid to the redundancy conditions [34] involved in the problem (cf. [35]).
The resultant value of five harmonic intersystem vibrational normal mode
frequencies for the adsorption complexes A, B and C are given in Table 1
together with the energetics of the partial adsorption processes.

Using the data in Table 1, the weight factors (Eq. (5)) were evaluated for
structures A, B and C in a broad temperature interval (Fig. 2). In the framework
of our model, the translational and rotational contributions to g; were eliminated
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Fig. 1. Optimized structures of model adsorption complexes '.‘

(local energy minima) for physical adsorption of O, on graphite
(© - O atoms, @ ~ C atoms); structural characteristics in
107°m Gy

and the vibrational partition function was constructed using the usual harmonic
oscillator approach (e.g. [36]). The electronic partition function of the model
cluster was simply set equal to 1. Although structure C is the most stable of the
three isomeric adsorption complexes considered in the given temperature inter-
val, it is the actual predominant structure only at the lowest temperatures.
Already at a temperature of about 210 K, the weight factors of all three structures
are of the same order, where only about half the adsorption complexes present

Table 1. F;nergetic (kJ/mol) and vibrational (cm™") characteristics of the adsorption complexes A,
B, and C*

A B C
Potential energy AE; —8.77 -9.07 -9.86
AHSY -7.62 ~7.94 -8.72
w,-,f) 11.4; 18.2; 24.4; 10.4; 18.5; 21.7; 12.8; 17.5; 20.4;
67.6;70.7 67.0; 71.5 68.9;71.0

¥ See fig. 1.
®) Enthalpy at absolute zero AH Si=AE+1/2hY, 0,
o Frequencies of harmonic vibrational intersystem normal modes.
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Fig. 2. Temperature dependences of the weight factors w; of the adsorption complexes A, B and C
{see Fig. 1)

under equilibrium conditions are of C type and the rest for the greater part
have structure B. The fact that the weights of the individual isomeric complexes
are of the same order implies that interpretation of the experimental data in
terms of only the most stable structure in the AH § scale (i.e. structure C) could
be a misleading simplification. Instead, each structurally dependent characteristic
of the adsorption process should be evaluated by the weighting treatment as the
result of contributions of the individual adsorption complexes. It should be noted
that suitable relationships between the parameters of the individual complexes
could even result in a change in the relative stability order for the individual
structures at different temperatures (cf. {18, 37]), which would essentially fead
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to very variable changes in the behaviour of the overall characteristics with
changing temperature.

In the framework of the model of perfectly localized particles, an evaluation
was carried out of the standard enthalpy and entropy terms for each of the three
partial adsorption processes (1). The partition function of an adsorption complex
was evaluated as described above and the partition function for the free oxygen
molecule was found within the conventional rigid rotator and harmonic oscillator
approximation (e.g. [361). In the whole studied temperature interval, the order
of the values of the enthalpy (A > B > C) and entropy (A <B < () terms for
the individual isomers is reversed (Fig. 3). This reverse order explains why the
relative stabilities of the individual structures do not interchange at various
temperatures in our particular case. If the enthalpy and entropy factors had the
same sequence in a given series of isomers, it would become possible for the
entropy term to overcompensate the enthalpy term, leading to changes in the
relative stability order of the individual structures (cf. [5]).

It hardly seems possible that any experimental technique could yield the values
of the partial thermodynamic characteristics AH%.; and AS$... Consequently, in
order to compare the theoretical and experimental data for processes with
theoretically recognized adsorption complex isomerism, it is necessary to aban-
don the theoretical partial terms in favour of theoretical overall values using the
weighting treatment. The changes connected with this step in our particular case
are depicted in Fig. 3. There are differences between the partial and overall

AHT (k}/mol)
A5 (J/K mol)

10 /
K
T i T T [ T
100 300 500 100 300 500
TK) T(K)
Fig. 3. Temperature dependences of the partial (- ---) standard enthalpy and entropy terms for

adsorption processes leading to complexes A, B and C (see Fig. 1) and the corresponding overall
(—) values AH$ and AS$; standard states — ideal gas at 101 325 Pa and the state of a surface
concentration of 10%° molecules/m?
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values in the whole given temperature interval. For the enthalpy term, the
difference between the partial value corresponding to structure C and the overall
value is small at low temperatures, but increases with increasing temperature.
This difference is, however, significant for the entropy in the whole interval, and
is larger than 5J/K/mol from temperatures of about 110 K. Except for the
lowest temperatures, the TAS $ term is affected by the phenomenon of isomerism
of the adsorption complex to a degree one order larger than for the AH S term.
When the qualitative characteristics of the dependences in Fig. 3 are considered,
not only from the point of view of particular comparison between the theoretical
and experimental data for the physical adsorption of oxygen molecules on
graphite alone, but as a model study of the conditions for a general interaction
process (either physical or chemical) between the gaseous and solid phase leading
to isomeric adsorption complexes, it is evident that, at least for some of these
processes, this isomerism leads to important results for comparison of the theory
and experiment for all three thermodynamic terms AH ?, ASS and AGS.

Although it is not of prime importance for this work, it should be noted that
there are several essentially practicable improvements of the model used for
adsorption of oxygen molecules on graphite. In addition to an improvement in
the quality of the potential function alone, these are especially an increase in
the number of carbon atoms within the plane substrate models (cf. [38]), as well
as inclusion of further carbon layers, which could eventually lead to discovery
of further types of local minima (or, in principle, to removing some of the
structures A, B, C), and also transition from the partition function of the
harmonic oscillator to the nonharmonic case. The latter correction with retention
of the concept of localized adsorption complexes enables realistic consideration
of the behaviour of the energy hypersurface in the wider vicinity of the local
minima. It should also be noted that consideration of the differences in the
vibrational motions of various structures, which is essentially included in the
weighting treatment, is a characteristic which is lacking in the otherwise sophisti-
cated techniques including all the points on the energy hypersurface (e.g.
[28, 39]). Nevertheless, in spite of these and further approximations involved,
there is quite reasonable agreement between the values given here and the
experimental data available on the sorption of O, on graphitized carbon black
[40].

4. Conclusions

This work was carried out in order to examine the possible results of isomerism
of an adsorption complex for comparison of theoretical and experimental data.
A weighting scheme leading from partial to overall values was proposed, requiring
as input data information which is (or soon will be) capable of being generated
by numerical quantum chemistry in the study of the processes of heterogeneous
catalysis and sorption in the framework of the cluster concept (i.e. only the
depths of the local minima on the interaction energy hypersurface and the
harmonic frequencies of vibrational motions in the local minima). The selected
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model example demonstrated that isomerism of the adsorption complex may
markedly affect comparison of the theoretical and experimental values such as
AH$ and especially the AS £ term: the overall entropy term may lie well above
the largest of the partial terms. Factors favouring an increase in the differences
between the overall terms and the partial values belonging to the energetically
most stable complex are especially: the number of isomeric adsorption complexes,
an increase of similarity or even interchanges in their relative stabilities, as well
as the temperature raise. The results of the model study indicated that the
conventional quantum chemical approach to isomerism in the study of gas-solid
interactions (i.e. concentrating only on the energetically most stable structure)
can sometimes lead to serious errors.

References

1. Baetzold, R. C.: Advan. Catal. 25§, 1 (1976)
2. Dunken, H. H,, Lygin, V. 1.: Quantenchemie der Adsorption an Festkorperoberflachen, Leipzig:
VEB Deutscher Verlag fur Grundstoffindustrie, 1978

3., Zhidomirov, G. M., Bagaturjanc, A.’A., Abronin, I. A.: Applied Quantum Chemistry. Moscow:
Khimija, 1979, (in Russian)

. Simonetta, M., Gavezzotti, A.: Advan. Quantum Chem. 12, 103 (1980)

. Slanina, Z.: Zh. Fiz. Khim., in press

. Anderson, A. B., Hoffmann, R.: J. Chem. Phys. 61, 4545 (1974)

. Bauschlicher, Jr. C. W., Bender, C. F., Schaefer, H. F. III, Chem. Phys. 15, 227 (1976)

. Anderson, A. B.: J. Am. Chem. Soc. 99, 696 (1977)

. Beran, S., Dubsky, J., Slanina, Z.: Surf. Sci. 79, 39 (1979)

. Slanina, Z., Beran, S., Knizek, P. in: Heterogeneous catalysis, p. 69, Part 2, eds. Shopov, D.,
Andreev, A., Palazov, A., Petrov, L. Sofia: Publishing House of the Bulgarian Academy of
Sciences, 1979

11. Muetterties, E. L., Stein, J.: Chem. Rev. 79, 479 (1979)

12. Tantardini, G. F., Simonetta, M.: Surf. Sci. 105, 517 (1981)

13. Hayns, M. R.: Theor. Chim. Acta (Berl.) 39, 61 (1975)

14. Gavezzotti, A., Simonetta, M.: Chem. Phys. Letters 48, 434 (1977)

15. Demuth, J. E., Christmann, K., Sanda, P. N.: Chem. Phys. Letters 76, 201 (1980)

16. Fisher, G. B.: Chem. Phys. Letters 79, 452 (1981)

17. Slanina, Z.: Int. J. Quantum Chem. 16, 79 (1979)

18. Slanina, Z.: Advan. Mol. Relax. Interact. Process 19, 117 (1981)

19. Slanina, Z.: Theoretical aspects of the phenomenon of chemical isomerism. Prague: Academia,

1981, (in Czech)
20. Slanina, Z.: Chem. Phys. Letters 82, 33 (1981)
21. Kiselev, A. V.: Quart. Rev., Chem. Soc. 15, 99 (1961)
22. Steele, W. A.: Advan. Colloid Interface Sci. 1, 3 (1967)
23. Slanina, Z.: Collection Czech. Chem. Commun. 40, 1997 (1975)
24. Slanina, Z.: Advan. Quantum Chem, 13, 89 (1981)
25. Bennett, A. J., McCarroll, B., Messmer, R. P.: Surf. Sci. 24, 191 (1971)
26. Bennett, A. J., McCarroll, B., Messmer, R. P.: Phys. Rev. B3, 1397 (1971)
27. Dubsky, J., Beran, S.: Surf. Sci. 79, 53 (1979)
28. Severin, E. S., Tildesley, D. J.: Mol. Phys. 41, 1401 (1980)
29. Shimanouchi, T. in: Physical Chemistry. An Advanced Treatise, p. 240. Vol. IV, ed. D.
Henderson. New York: Academic Press 1970

30. Buckingham, R. A., Corner, J.: Proc. Roy. Soc. A189, 118 (1947)

31. Eliel, E. L., Allinger, N. L., Angyal, S. J., Morrison, G. A.: Conformational Analysis. New
York: Interscience, 1965

(e B o le < e N B

—



598 Z. Slanina

32. Slanina, Z.: Collection Czech. Chem, Commun. 39, 3187 (1974)

33, Wilson, E. B., Decius, J. C., Cross, P. C.: Molecular Vibrations. New York: McGraw-Hill, 1955
34. Crawford, Jr., B., Overend, I.: J. Mol. Spectrosc. 12, 307 (1964)

35. Slanina, Z.: Collection Czech. Chem. Commun. 45, 3417 (1980)

36. Janz, G. J.: Thermodynamic properties of organic compounds. New York: Academic Press, 1967
37. Slanina, Z.: Advan. Mol. Relax, Interact. Process. 14, 133 (1979)

38. Sprague, J. T., Allinger, N. L.: J. Comput. Chem. 1, 257 (1980)

39. Soto, J. L., Myers, A. L.: Mol. Phys. 42, 971 (1981)

40. Kiselev, A. V., Khudyakov, V. L., Yashin, Ya. I.: Zh. Fiz. Khim. 47, 2125 (1973)

Received September 14, 1981



