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Abstract 

Using the charge sensitivity analysis in the atomic resolution the shifts in electron populations of constituent atoms due to 
the intra-reactant polarization (P), inter-reactant charge transfer (CT), and the resulting overall (P + CT) patterns, are 
compared for alternative perpendicular and parallel chemisorption systems including toluene and the two (OlO)-layer, nearly 
stoichiometric V,,O,, cluster. At each level of description a relative role of the diagonal (intra-reactant) and off-diagonal 
(inter-reactant) terms is examined. These isoelectronic (in situ) diagrams are supplemented by the global Fukui function 
diagrams, characterizing the open chemisorption system as a whole, in contact with the external electron reservoir. The in 
situ charge reconstruction patterns are predicted to be strongly localized in the chemisorption region, while the global Fukui 
function diagrams are delocalized throughout the whole cluster. In most cases the total isoelectronic responses are dominated 
by the diagonal contributions of the adsorbate and the off-diagonal component of the surface cluster. The in situ reactivity 
information is used to probe the adsorbate activation patterns and surface reconstruction trends for the eight most important 
(perpendicular and parallel) molecular chemisorption arrangements. The external CT data similarly reflect upon changes in 
the electronic/bond structure induced by the inflow/outflow of electrons to/from the chemisorption system, thus providing 
a qualitative information about the influence of the CT involving the cluster environment upon the chemisorption complex. 

1. Introduction 

The molecular charge sensitivity analysis 
(CSA) in the atoms-in-molecules (AIM) resolu- 
tion [l-5] represents a systematic procedure for 
determining chemically interesting charge re- 
sponses, to be used in diagnosing trends in 
chemical reactivity of very large systems, from 

’ Corresponding author. 

the model AIM hardness matrix (see the Ap- 
pendix): q = a2E/JN dN = du/aN g {Y,~}; 
here E is the system electronic energy, N = (Ni} 
is the row vector of the AIM electron popula- 
tions, u = { pi} stands for the row vector of the 
AIM chemical potentials, u = dE/dN, and {ri,,} 
are the valence-shell electron repulsion integrals 
estimated, e.g., from the familiar Pariser/Ohno 
[6] interpolation formulas of the semi-empirical 
SCF MO theories. The CSA is based upon the 
phenomenological AIM discretization of the 
fundamental Euler (electronegativity equaliza- 
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tion) equations of the density functional theory 
(DFT) [7-91. 

In the theory of chemical reactivity one usu- 
ally views the overall pattern of the electronic 
charge reconstruction in the reactive system, 
M = A-B, relative to that in the separated reac- 
tants, MO = A + B, as resulting from the reac- 
tants mutual polarization (P) and the inter-re- 
actant charge transfer (CT). The polarization 
stage is conventionally treated as creating condi- 
tions for the final CT between reactants. The 
polarized reactants in M(+) = (AfIB’) exhibit 
the intra-reactant electronegativity equalization, 
before the final inter-reactant CT, which equal- 
izes the electronegativity throughout the whole 
M( * ) = (A* IB * > (see the Appendix). The charge 
response diagrams for all these levels of de- 
scription can be quickly generated within the 
CSA in a truly two-reactant approach, which 
takes into account the reactant interaction. These 
in situ responses are isoelectronic in character 
since they preserve the overall number of elec- 
trons in the reactive system: N = NA + NB = 
const. In the heterogeneous catalysis of interest 
also are the open-system (global) characteristics 
of M, describing the effect of the external charge 
transfer, dN # 0, between M and the external 
electron reservoir, e.g., surface support, the 
cluster environment in the crystal, etc. The ab- 
solute AIM charge displacements are the prod- 
ucts of perturbations and the second-order re- 
sponse properties of reactants. The perturbations 
of interest in the theory of chemical reactivity 
are displacements in the external potentials on 
constituent AIM, due to the presence of the 
other reactant, dv, and the amount of inter-re- 
actant CT. 

Jtr= dN, = -dN, > 0, (1) 
where A and B denote the acidic and basic 
reactants in M, respectively. The dv perturba- 
tion can be approximated using the point charge 
approach (we assume that the AIM charge dis- 
tribution of the separated reactants is available); 
the dJ displacement then follows from the 
global electronegativity equalization (see Ap- 

pendix). The P-changes in the AIM electron 
populations, relative to the separated reactant 
values, dN(+‘, are due to dv alone (J = O), 
dN’+) = dN(+)[dv],=,, while the CT displace- 
ments dN( * ), relative to the polarized reactants, 
describe the final stage of the charge reconstruc- 
tion, due to JY alone: dN(* ) = dN( * ‘[ JQ+~~; 
their sum generates the overall (P + CT) shifts 
in the AIM populations: 

dN = dN[dv, Jlr] = dN’+’ + dN’*‘. (2) 

Typical CT reactivity criteria are formulated 
in terms of the Fukui function indices (FFI) [8], 
representing the AIM charge reorganizations per 
unit external or internal CT. Most of the calcu- 
lations reported in the literature are based upon 
the single-reactant approach, neglecting the in- 
fluence of one reactant upon another in the 
actual reactive system; this perspective may be 
inadequate when large reactants are involved 
[2,3,5]. The reactant mutual influence is explic- 
itly taken into account in the recently proposed 
two-reactant treatment of charge responses 
[2,3,5], which takes into account both the diago- 
nal (intra-reactant) and off-diagonal (inter-re- 
actant) P and CT contributions. The isoelec- 
tronic CT responses of the interacting species 
have been shown to represent very sensitive 
reactivity criteria, only weakly dependent upon 
the adopted cluster approximation [2,5]. These 
in situ responses are usually strongly localized 
in the region of chemisorption bond(s) so that 
much smaller surface clusters are needed to 
obtain convergent results. 

Previous CSA [lo-121, SCF MO and DFT 
studies [13-151 of the vanadium toluene 
chemisorption systems have usually adopted a 
very small, strongly nonstoichiometric cluster 
representation of the surface active site, includ- 
ing a few idealized VO, pyramids of the surface 
layer, and the single-reactant approach. As 
shown in the recent study [14] the cluster size 
and stoichiometry have rather strong effect upon 
the global FFI, characterizing the system as a 
whole, thus affecting the reactivity predictions 
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based upon this criterion. Moreover, no attempt 
to include the P-component has been made in 
previous CSA calculations; these polarizational 
charge displacements may also alter in some 
cases predictions of the reactivity trends from 
the CT pattern alone. Such complete CSA anal- 
ysis will be presented in this article for the first 
time. 

It is the main purpose of the present work to 
calculate the P, CT, and overall (P + CT) in situ 
AIM charge response diagrams, as well as the 
corresponding global FF patterns for chemisorp- 
tion systems involving large, two (OlO)-layer, 
nearly-stoichiometric cluster V,, O,, [14] mod- 
elling the vanadium pentoxide surface, and the 
molecularly adsorbed toluene. The CSA calcula- 
tions will be carried out using the consistent 
two-reactant approach taking into account the 
reactant interaction and both the dv and &’ 
perturbations. The crystallographic angles [ 161 
are used with the optimized bond lengths in 
each layer; also the crystallographic value of the 
inter-layer V-O bond length have been as- 
sumed. The eight most important arrangements 
of the molecularly adsorbed toluene are exam- 
ined, five exhibiting perpendicular orientation 
of the benzene ring relative to the surface (ad- 
sorption of the methyl fragment) and three par- 
allel arrangements of the benzene ring on the 
surface. The relative role of the intra-reactant 
(diagonal) d . t - an m er reactant (off-diagonal) re- 
sponses on both reactants is investigated and the 
influence of the supporting layer, moderating 
the charge displacements due to the chemisorp- 
tion on the surface layer, is examined. The 
response criteria are used to predict the activa- 
tion patterns of toluene and the surface relax- 
ation effects for all alternative chemisorption 
structures. It is also the goal of this study to 
identify specific effects due to changes in the 
mutual geometrical arrangement of the toluene 
and the surface cluster, and to compare the 
charge reconstruction patterns at the above three 
levels of describing the isoelectronic processes, 
to see whether the CT-induced charge shifts in 
the reaction region enhance/diminish the direct 

polarizational displacements. The global (exter- 
nal) CT information will be used to predict the 
environmental CT effects upon the chemisorp- 
tion/desorption processes. These findings are 
compared with conclusions drawn from the pre- 
vious CSA and SCF MO results. 

2. Charge response properties 

In this short outline of the charge responses 
which we use in the present analysis to probe 
reactivity trends of the toluene-[V,O,] system, 
we shall often refer to the Appendix, where 
some intermediate quantities are defined and the 
algorithms for calculating them from the canon- 
ical AIM hardness matrix are described. 

2.1. Mutual polarization of reactants 

The perturbing external potential dv (Eq. 
(A.3)), due to the presence of the other reactant 
in M = (AIB), generates differences in the AIM 
chemical potentials u($ ) = ui + dv, of the re- 
actants X = A, B, when the separated reactant 
AIM charges are held ‘frozen’ in M. The first- 
order polarizational charge reconstruction of the 
mutually closed reactants, which equalizes the 
chemical potentials (electronegativities) of all 
AIM in a single reactant, can be calculated from 
the linear response matrix of Eq. (A.7): 

[dNj,+‘, dNg ‘1; 

[‘hk%/% )N,.N,.~,] 

+ [dv,(aN*/dv,)~~.iv,,v,] 

[dv, ,*,*I + [dv, ,‘,*] 

[ dNy ‘(diagonal)] 

+ [ dNk+ ‘(off-diagonal)] , etc. 

(34 

w 

The overall diagonal and off-diagonal compo- 
nents are obtained by combining the respective 
reactant vectors: dN (+ ‘(diagonal) = 
[dNr )(diagonal), dNr ‘(diagonal)], and 
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dN’+)(off-diagonal) = [dNc)(off-diagonal), 
dNr ‘(off-diagonal)]. 

2.2. Fukui function indices and the in situ CT 
populational displacements 

The global FFI (Eq. (A.9)), f = (b’N/dN),, 
where N = { Ni} = (N,, N,) groups atomic elec- 
tron populations of both reactants and iV is the 
global number of electrons, provide the charge 
reorganization pattern due to the inflow of a 
single electron, dN = 1, from a hypothetical 
electron reservoir. They refer to the global equi- 
librium in the whole M = (A’ * )IB( * )> (mutually 
opened reactants, see Appendix) and do not 
provide a link between properties of the sepa- 
rated reactants, their interaction, and the result- 
ing inter-reactant (internal) CT. However, they 
can be used to diagnose the effect of an external 
CT involving the system environment repre- 
sented by the hypothetical reservoir in of the 
combined system: (AIBI ~~J~~LwLP). 

Consider now various FF quantities for the 
M = (AIB) partitioning, which can be used to 
calculate the isoelectronic (in situ) indices cor- 
responding to the single B + A electron transfer 
(Eq. (1)). 

The rigid (diagonal) reactant AIM FFI, f”‘,’ 
= (JN,/aN,),+, where we have indicated 
the assumed ‘frozen’ AIM populations of the 
other reactant, are calculated via separately in- 
verting the diagonal blocks qx3’ of 7. The 
{f”‘*‘} totally neglect the inter-reactant charge 
coupling in M = A-B, represented by the off- 
diagonal blocks of the hardness matrix, qxqy, 
X # Y. All diagonal FFI must be normalized to 

single electron, e.g., Czf,x3x = 
;alv,,aN,), V = 1, where x E X. 

In yet a&her hypothetical system M = 
(ve~evPOi~AIA(BI ~e~e~~i~n), where both 
reactants are mutually closed but allowed to 
separately exchange electrons with their respec- 
tive reservoirs, one defines the corresponding 
(relaxed) diagonal FFI, f x*x = (~Nx/JNX)Ny,Y, 
and the (relaxed) off-diagonal FFI, f y3x = 
(dNx/aNy),x,, (Eq. (A.6)), with the latter 

summing up to zero: Czf,‘*” = ( aNx/~Ny>,x 
= 0. These quantities result from the matrix Eq. 
(A.4), which takes into account the full reactant 
charge coupling. 

The corresponding in situ FFI, f Jy = 
[( JN,/aJtr),,,, (dN,/W,,,] can be calcu- 
lated from the relevant reactant quantities via 
the following chain rule transformations, which 
include the implicit dependences between global 
electron populations of reactants in the isoelec- 
tronic process of Eq. (1) [ 171: 

dN,/W” = (aN,/aN,J( aN,/W) 

+ (~N,/%)(%P~) 

= f&B _ fn,B = -- fN B' (4) 

The charge displacement vector f Jy includes 
both the diagonal and off-diagonal contribu- 
tions: 

fJY = (fA,A, _fn,B) + (_fB,A,fA,B) 

= f “Y(diagonal) + f “Y(off-diagonal), (5) 

which can be examined separately to determine 
their relative role in chemisorption processes. 

The isoelectronic FFI provide only the rela- 
tive pattern of the AIM charge displacements, 
normalized to the single electron transfer. Also 
the signs of these displacements depend upon 
the identity of the acidic (A) and basic (B) 
reactants in M, which cannot be a priori speci- 
fied in a general system of strongly interacting 
subsystems. In the CSA framework both the 
amount of the internal CT and the acidic/basic 
character of reactants can be easily ascertained 
from the levels of equilibrium chemical poten- 
tials j..&+) < Jo&+), and the condensed hardnesses 
of Eq. (A.4): 

fl= -(P$.+)- P$+))/(~A,A+ rl~,~-~rl~,B) 

E -l-G'/&+,'* (6) 

This information allows one to determine the 
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first-order CT induced displacements in the AIM 
electron populations: 

dN’*‘=JCrf”, 

dN(*)(diagonal) = Mf “Y(diagonal), 

d N( * )( off-diagonal) = ~5’” f “(off-diagonal). 

(7) 

The populational shifts of Eqs. (3) and (7) 
determine the overall pattern of Eq. (2) and its 
resolution: 

dN(diagona1) = dN( * )(diagonal) 

+ dN’+ ‘(diagonal), 

dN( off-diagonal) = dN( * I( off-diagonal) 

+ dN(+)(off-diagonal) . 

(8) 

The algorithm for calculating all the above 
response properties from the AIM hardness ten- 
sor of the A-B system has been described 
elsewhere [ l-3,18] and is summarized in the 
Appendix. 

We conclude this short theoretical outline 
with a few remarks upon the CSA estimates of 
the approximate electrostatic ( E,,), polarization 
( EP) and charge transfer ( EC-) interaction ener- 
gies. The relevant expressions are [3] (see Ap- 
pendix): 

a b 

E, = ;dv@*‘*)dv+, 

J%T 2 - ( P&))2/(2rl&?). (9) 

These rough energy estimates can be used to 
quickly generate an approximate energetical hi- 
erarchies (overall and at different reaction 
stages) of the compared chemisorption struc- 
tures. This provides a supplementary guiding 
tool in cases, where independent rigorous re- 
sults on small systems are not available. It 
should be observed, that the electrostatic energy 
can be either positive or negative, while the 
polarizational energy must always lower the 

system energy, as resulting from the sponta- 
neous adjustments of the system charge distribu- 
tion to the displaced external potentials of reac- 
tants. The CT energy has to be negative for 
internally stable polarized reactants before CT, 
%T ’ (+I > 0 and positive for internally unstable 
systems, qCT (+ ) < 0. The sum E 3 E,, + E, + 
ECT defines the total interaction energy in the 
CSA approximation. 

3. Results 

In Fig. 1 we present a perspective view of an 
idealized vanadium pentoxide (OlO)-surface 
(panel a), with the regular VO, square pyrami- 
dal units, and the two views of the representa- 
tive two-layer, nearly stoichiometric cluster 
V,,O,, of the real crystal, which is used in the 
present study: on the top (panel b) and bottom 
(panel c) layers, respectively. The correspond- 
ing elements of these top and bottom ‘surfaces’ 
model alternative active-sites for the toluene 
adsorption [ 131; they are specified in Fig. 2. The 
other layer, not involved directly in the 
chemisorption bond(s), models the surface ‘sup- 
port’ in the crystal. The chemisorption systems 
in Fig. 2(a-e) represent prototype perpendicular 
adsorptions of toluene, via the methyl group, on 
various oxygen sites and the vanadium atom: on 
the terminal, singly-coordinated (vanadyl) oxy- 
gen, Oo), of the top layer surface (panel a), on 
the bridging, doubly-coordinated oxygens, 0c2), 
of the bottom (panel b) and top (panel c) layer 
surfaces, on the triply coordinated oxygen, Oo), 
of the bottom layer surface (panel d), and on the 
vanadium site of the bottom layer surface (panel 
e). For all perpendicular chemisorption struc- 
tures another toluene conformation, involving 
the 90” rotation of the toluene ring with respect 
to the methyl group, around the C-CH, bond, 
has also been examined. However, since practi- 
cally no influence of this internal rotation on the 
predicted responses has been found we report 
results for one rotamer only. 
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Fig. 1. Perspective views of an idealized (010)~surface of the 
vanadium pentoxide, involving the regular VO, square pyramidal 
units (panel a), and of a model representation the ‘real’ crystal 
surface by the nearly-stoichiometric, two-layer surface cluster 
V,,O,s: from the top layer side (panel b) and from the bottom 
layer side (panel c). 

Fig. 2(f-h) correspond to the alternative par- 
allel adsorption arrangements of the toluene 
benzene ring relative to the bottom layer sur- 
face. The first parallel complex (Fig. 2f) corre- 
sponds to the central position of the benzene 
ring above the vanadium (positive electrostatic 
potential [12]) site, which should stabilize the 

ring r-electrons. The second parallel adsorption 
arrangement (Fig. 2g) places the ring center 
above the central Oc2) atom; this brings the 
hydrogen atoms close to the four Ooj sites on 
the surface, and the ring electrons are located 
close to the two vanadium atoms. However, in 
this test structure hydrogens are also placed 
close to the vanadium atoms, which should give 
rise to a repulsive electrostatic interaction. Fi- 
nally, in the third parallel complex (Fig. 2h) the 
ring is above the ‘cage’ defined by the four 
vanadium atoms connected through the pairs of 
the Oc2) and Ooj bridges. 

The remaining figures report the charge re- 
sponse patterns for the adsorption arrangements 
of Fig. 2. In Figs. 3 and 4 we present the 
resolution of the P (dN’+‘), CT (dN’* ‘1, and 
overall (dN) responses into the corresponding 
diagonal and off-diagonal contributions, for the 
illustrative perpendicular and parallel adsorp- 
tions, respectively. The total responses at the P, 
CT and (P + CT) levels for all structures are 
compared in Figs. 5 and 6. The arrow in the 
total CT diagrams shows the CSA determined 
direction of the interreactant CT. Finally, in 
Figs. 7 and 8 the global FFI are reported. 

In Fig. 5(c, d), Fig. 6((a, b), (c, d), (e, f>>, 
Fig. 7(c, d), and Fig. @(a, b), (c, d), (e, f)), two 
representative adsorbate-substrate distances are 
used, with the first panel in the parentheses 
corresponding to the shorter distance used pre- 
viously [ 131, and the second panel representing 
an earlier stage of the adsorbate approach, with 
the correspotding inter-reactant distance in- 
creased by 1 A relative to the first one. We have 
also carried out the CSA calculations for the 
increased (by 1 A> inter-reactant distance for the 
remaining perpendicular complexes of Fig. 2(a, 
b, d, e), although no charge reconstruction dia- 
grams will be explicitly reported for these ge- 
ometries. However, we shall also discuss some 
qualitative energetical and the CT direction re- 
sults for these early approach structures. 

In order to clearly see the reaction of the 
supporting layer to an adsorption on the surface 
layer, we have artificially separated the two 
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e> 

b) 
P P P F 

h) 

Fig. 2. The fop (a, c) and bottom (b, d-h) layer views of alternative perpendicular (a-e) and parallel (f-h) adsorptions of toluene: on the 
vanadyl oxygen OC, ) (a), on the bridging oxygen 0C2) from the bottom layer side (b) and from the top layer side (c), on the triply coordinated 
oxygen O(,, cd), on the vanadium atom of the bottom layer (e), and the three parallel adsorptions of the toluene benzene ring on the bottom 
layer surface (f-h). 
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b) 

CT 

b 

Fig. 3. The representative resolution of the isoelectronic total (third row) polarizational (P, first column), charge transfer (CT, second 
column), and overall (P + CT, third column), electron population diagrams, into the diagonal (first row) and off-diagonal (second row) 
contributions, for the perpendicular adsorption of toluene on the O(,, oxygen on the top layer (see Fig. lb and Fig. 2~). For reasons of clarity 
both layers have been shifted one relative to the other by an arbitrary mutual translation. The same scale factor has been used in all three 
panels of each column. Throughout the paper the open and black circles correspond to the positive and negative values, respectively, and the 
circle area reflects the magnitude of the populational shift; the arrows in the total CT diagrams show the CSA direction of the inter-reactant 
CT. 
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175 layers of the cluster in Figs. 3-8 by an arbitrary 
relative translation. These results are based upon ture of the large cluster involves the UNDO1 
the charges obtained from the semi-empirical optimized intra-layer bond lengths 1141 and the 
SINDOI 1191 calculations. The geometric struc- crystallographic values of the bond angles and 

the inter-layer V-O bond length. 

CT 
P+CT 

Fig 4. The same as in Fig. 3 for the representative parallel coordination of Fig. 2f. 
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Atomic units are used unless specified other- 
wise. 

4. General discussion 

4.1. Energetical considerations 

It follows from the previously reported 
semi-empirical SCF MO (scaled-INDO [20]) en- 
ergies, for the selected toluene-[V,O,] systems 
involving very small non-stoichiometric surface 
clusters [13], that the parallel adsorption above 
the vanadium site (Fig. 2f) generates much 
stronger chemisorption bond than the remaining 
perpendicular adsorptions considered in this 
analysis (Fig. 2(a-c, e)), which generate compa- 
rable interaction energies. These values, deter- 
mined for the optimum inter-reactant separation, 
when no geometry relaxation is allowed, are 
ordered in the qualitative sequence: 

E(2f) -=c E(2c) < E(2e) < E(2b) < E(2a); 

scaled-INDO . (10) 

This overall energetical hierarchy can be sup- 
plemented by the qualitative CSA predictions 
from Eq. (9). These crude estimates predict at 
the shorter interreactant separation internal 
charge instability (EC- > 0) for all structures in 
Figs. 5 and 6, but that in Fig. 2a. At the larger 
separations (Fig. 5d and Fig. 6(b, d, f)) all 
systems are diagnosed as internally stable (~)cr 
> 0, ECT < 0); the corresponding total energies 
(ES + P + CT) identify the arrangement of Fig. 
2f as the most stable one, with the remaining 
two parallel complexes giving lower magnitudes 
of (comparable) stabilization energies. 

The EEs contributions in the structures of 
Fig. 5(d-f) and Fig. 6(a, e, f) are positive; they 
are stabilizing in all remaining cases; relatively 
large polarization contributions are detected in 
the arrangements of Fig. 5c and f. The qualita- 

tive CSA energetical hierarchies for perpendicu- 
lar complexes in Fig. 5 are: 

Ens(c) < Ens(b) < Ens(a) < E&t’) N E&b’) 

< Ens(e) N E&e’) ly Ens(f)) N E,,(d) 

< Ens(f) ; (11) 

J%s+&) -K EES.df) -c J%+&) 

-==EEs+m <%s+&d <J%s+dd) 

< J%+d4 < J%+de’) < J%s+df’) 

<-%S+Po% (12) 

E(c) -K E(d) +Z E(a) -=K E(e’) < E(f’) <E(e) 

- E(b’) K E(a’) < E(f) < E(b), (13) 

where the prime denotes the larger internuclear 
distance case (not shown in the figure). The 
corresponding sequences for Fig. 6 read: 

Ens(c) < Ens(b) N Ens(d) < Ens(f) < Ens(e) 

< Ens(a); (14) 

J%s+,(4 <J%s+m <J%s+P(c) “J%s+F@) 

< %+d4 < EES+P(f); (15) 

E(b) -K E(d) N E(f) -K E(a) -+z E(e) -K E(c). 
(16) 

Of interest in the theory of chemical reactiv- 
ity also is a qualitative comparison of the ener- 
getical preferences at a comparable separation 
between reactants. At the earlier stage of the 
adsorbate approach one obtains the following 
sequences of total CSA interaction energies 
(given in parentheses) (see Eqs. (13) and (16)): 

(i): for perpendicular structures of Fig. 5: 

d( - 1.145) GZ e’( - 0.386) < f’( - 0.337) 

< b’( -0.237) < a’( -0.196); 
(13a) 

(ii): for parallel structures of Fig. 6: 

b( - 1.235) -K d( - 0.461) - f( - 0.456). 
WQ 
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At the close approach structures the correspond- 
ing orderings are: 

(i): c( -2.572) -K a( - 0.754) << e( - 0.249) 

< f( -0.075) < b( -0.198); 

(13b) 

(ii): a( -0.198) << e(0.325) < c( 1.166). 

(3 

Thus, the structures 5c (2~) and 6b (2f) are 
predicted to constitute the CSA energetically 
most favorable perpendicular and parallel ad- 
sorption arrangements, respectively. This quali- 
tatively agrees with the scaled-INDO calcula- 
tions on much smaller clusters, which we have 
summarized at the beginning of this section. 
Notice, that at an earlier approach, the parallel 
structure of Fig. 6b exhibits lower interaction 
energy than the most stable perpendicular ar- 
rangement of Fig. 5d. 

4.2. Relative role of the diagonal and off-diago- 
nal isoelectronic responses 

A reference to Fig. 3 shows that the total 
charge response patterns for the perpendicular 
adsorption of toluene on the bridging 0c2) site of 
the top layer (Fig. 2c) have a common structure 
at all stages of the charge reconstruction. 
Namely, the total patterns (third row) in the 
figure are seen to be dominated by the respec- 
tive diagonal contributions of the adsorbate (first 
row) and the off-diagonal contributions of the 
substrate (second row). The same general rule 
has been observed in the remaining perpendicu- 
lar coordinations. At the larger separation be- 
tween reactants the internal CT is from the 
toluene (B) to cluster (A), due to rather weak 
overall charge coupling between reactants. In 
the overall description level (third column) the 
resultant effect of the P and CT displacements is 
shown; these contributions may enhance each 
other, e.g., in the ring fragment in the vicinity 
of the methyl group or in the two V-Oo, frag- 
ments of the surface in the chemisorption re- 
gion, or they may reduce one another, e.g., on 

the methyl hydrogens and the remaining, pe- 
ripheral part of the benzene ring. The total P 
and CT shifts are seen to act mainly ‘in phase’, 
with the exception of the methyl group, where 
the dominating CT pattern is partly reduced by 
the P-component. A comparison between the 
respective panels in the three columns of the 
figure reveals that the toluene + cluster CT-in- 
duced charge displacements dominate the over- 
all (P + CT) trends. 

There is a strong localization of the in situ 
responses, which exhibit the largest magnitudes 
of the AIM charge displacements in the 
chemisorption region, with only marginal partic- 
ipation of the supporting layer and peripheral 
atoms of the surface layer. As also seen in the 
figure, only the Oo, sites of the second layer are 
more strongly involved in moderating the pri- 
mary charge shifts in the chemisorption region 
of the surface layer. 

Similar conclusions follow from Fig. 4. For 
this parallel arrangement (Fig. 2f, larger dis- 
tance between reactants) the second layer plays 
a quite substantial role in the cluster reconstruc- 
tion, particularly at the CT stage. Again, the 
total patterns of the third row are roughly the 
combinations of the diagonal charge shifts in 
toluene and the off-diagonal charge displace- 
ments in the surface layer of the cluster, at all 
stages of description. A general similarity of the 
respective panels in the CT and (P + CT) 
columns indicates that the toluene + cluster CT 
component is the dominant one in this particular 
chemisorption arrangement. 

4.3. Direction of the inter-reactant charge 
transfer 

It follows from Eq. (6) that the interaction 
between reactants at finite separations may 
change the sign of Jf, relative to the corre- 
sponding separated reactants estimate, since both 
the chemical potential difference (‘force’) and 
the CT hardness (‘stiffness modulus’) in Eq. (6) 
are interaction dependent. There is always a 
strong relaxational influence of the cluster upon 
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the toluene chemical potential, while the oppo- CSA predicted levels of the polarized reactant 
site influence is relatively weak. For example in chemical potentials are: &$ne = -0.0807 and 
the perpendicular structure of Fig. 2f (6b) the ,L&&, = - 0.2532; these values can be com- 

a) 0: CT P+CT 

Fig. 5. The total (isoelectronic) polarizational (P, first column), charge transfer (CT, second column), and overall (p + CT, third colUm& 
electron population diagrams for perpendicular coordinations of Fig. 2. Rows (c, d) display plots for two representative distances of toluene 
from the oc2) adsorption site in the chemisorption arrangement of Fig. 2c. The numbers below the overall diagrams indicate the scale factor 
to be used to multiply the overall diagrams in the figure to bring them to the common scale of the row c. 
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pared with the separate reactant estimates from 
the same canonical {u”, and qx”} input data: 
&l”e”e = - 0.2542 and &uster = - 0.2524 (the 

chemical toluene cluster potential discontinuity 
[3,21] has not been included). 

A reference to Figs. 3-6 shows that indeed 

4 ’ CT P+CT 

Fig. 5 (continued). 



180 
RJ. Nalewajsk J. Korchowiec/Joumal of Molecular Catalysis A: Chemical 112 (]996) ]67-194 

both directions of the CT are predicted. For 
example, in the parallel arrangements of toluene 
(Fig. 6), the. strongly interacting complexes (at 

reversed in comparison with that found in the 

the shorter distance between reactants, panels a 
weakly interacting complexes (at the larger sep- 
aration, panels b, d, and f). 

c, e) exhibit the cluster (B) + toluene (A) CT: In the perpendicular structures (Fig. 2(a-e)) 
at the larger inter reactant separations a com- 

CT 
P+CT 

r 

Fig. 6. The same as in Fig. 5 for the parallel 
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mon toluene -+ cluster CT direction is predicted 
from the CSA calculations. For the close ap- 4.4. Relative role of the P- and CT-components 
preach complexes of Fig. $a-c, e, f>, for which in the overall isoelectronic responses 
the interreactant perturbation becomes stronger, 
this direction is reversed in panels b, e, and f. A reference to Fig. 5 shows that in most 

cases the CSA predicted responses are indeed 

CT P+CT 

Fig. 6 (continued). 
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dominated by the CT-component. However, 
there are important exceptions to this rule at 
some close approach structures. For example, an 
inspection of the three panels of Fig. 5c shows 
that it is the direct polarization, before the CT, 
which determines the gross features of the over- 
all charge reconstruction pattern. It should be 
observed, that at the larger internuclear separa- 
tion for the same chemisorption arrangement 
(Fig. 5d) the CT- component alone generates 
qualitatively correct charge reconstruction dia- 
gram. Additional examples of a dominant role 
of the reactant mutual polarization can be found 
in Fig. 5e and f. 

Similar cases can be found in Fig. 6, al- 
though in most cases, particularly at larger sepa- 
rations, it is the CT component that determines 
the most important features. An example of a 
strong P contribution to the overall pattern is 
found in Fig. 6a, where both components en- 
hance each other on atoms undergoing the 
largest charge displacements. When the distance 
increases (Fig. 6b) both components act with 
opposite phases on most of the cluster sites in 
the chemisorption region. Similarly, in Fig. 5f 
the opposite displacements on the corresponding 
0c3, surface sites in the P diagram, have only a 
minor effect of differentiating the four such 
sites in the chemisorption area; this is a clear 
sign of a strong CT dominance of the overall 
charge reconstruction pattern due to the 
chemisorption. 

5. Mutual polarization of reactants 

In this section we shall examine the charge 
polarization patterns of the left (P> columns in 
Figs. 5 and 6; the bond weakening/strengthen- 
ing implications of these polarizational changes 
will also be summarized. 

The P diagram of Fig. 5a predicts a flow of 
electrons from the methyl group to the benzene 
ring in the toluene and the accompanying (bond 
weakening) V + OoJ polarization of the vanadyl 
adsorption site. These trends are further en- 

hanced at the CT stage, as shown in the middle 
diagram of Fig. 5a, via the polarization induced 
by the predicted toluene + cluster CT. The ring 
carbons are only weakly affected in the P-di- 
agram during the adsorption on the O(i) site, 
with the exception of the substituted ring car- 
bon, which acquires relatively more electrons; 
this should strengthen the hyperconjugation n- 
component between this atom and the methyl 
group. 

It follows from Fig. 5b that the direct polar- 
ization diminishes the electron population of the 
methyl carbon; the electrons are shifted mainly 
to its nearest neighbors. The Oc2) adsorption site 
increases its negative charge at the expense of 
the nearby V and Oc3, sites; this should weaken 
the V-O,,,-V bonds, since it reverses the origi- 
nal net 0c2) + V donation of these coordination 
bonds. Again, the polarizational influence upon 
the ring is predicted to be rather small. It should 
be observed that the next (CT) diagram predicts 
a reversal of the main P trends in the surface 
chemisorption region, as a result of the subse- 
quent cluster + toluene CT. 

A reference to the P diagram of Fig. 5c 
shows that in this case the polarizational influ- 
ence is more extended. Namely, in addition to 
the V + O(,, bond polarization (weakening), due 
to the presence of the o&o-hydrogens of the 
ring, the 0c2) adsorption site is hardened by the 
presence of the softer methyl hydrogens which 
acquire electrons from the methyl carbon and 
the benzene ring. Such a polarization promotes 
the subsequent (C)H, + 0c2) and Oo, + Hortho 
flows accompanying the toluene + cluster CT 
(see the next diagram). 

In Fig. 5d one detects an extra accumulation 
of electrons on the methyl hydrogens and in the 
peripheral part of the toluene, at the expense of 
the (H&-C carbons and the o&o-hydrogens. 
This polarization of toluene weakens the C-H 
bonds in the coordinating methyl group, since it 
partly reverses the H + C polarization in the 
isolated adsorbate. One also observes in the 
same diagram that the Oo, and 0c2, active sites 
on the surface acquire electrons from the coor- 



R.F. Nalewajski, J. Korchowiec/Joumal of Molecular Catalyis A: Chemical 112 (19961 167-194 183 

dinating metal sites (weakening of the V-O,,, 
bonds). This mutual polarization creates favor- 
able conditions for the subsequent transfer od 
electrons from the methyl hydrogens to these 
oxygen sites, detected in the CT diagram of Fig. 
5d. 

A comparison of the P diagrams of structures 
c and d of Fig. 5 shows that the pattern of 
polarizational changes is qualitatively similar, 
with the exception of the 0c2) site, which ex- 
hibits different displacements for the two inter- 
reactant separations. 

The next P diagram of Fig. 5e refers to the 
toluene coordination on Ooj. Here the toluene 
polarization is practically limited to the methyl 
group; it is seen to shift electrons from the 
methyl carbon towards hydrogens facing the 
vanadium sites. The surface undergoes a com- 
plementary V + 0 charge reconstruction in the 
most perturbed VO, pyramid. The correspond- 
ing CT diagram reveals that these changes are 
further enhanced at the cluster + toluene CT 
stage. 

Finally, the CSA calculations for the toluene 
adsorption on vanadium site (Fig. 5f) also pre- 
dict strongly localized polarizational responses 
at the physisorption stage. The range of these 
changes covers the methyl group (shifting elec- 
trons away from the hydrogen facing the nearby 
Oc2) site), and the two surface pyramids linked 
through the 0c2) bridge (shifting electrons to the 
bridging oxygen, i.e., weakening the V-0(,, 
bonds). One therefore observes a degree of dif- 
ferentiation of both the methyl hydrogens and 
lattice oxygens, which should create favorable 
conditions for the Oc2) -+ methyl + Oc3, coordi- 
nation at the CT-stage of the chemisorption 
process. 

Let us examine now the P diagrams of Fig. 6. 
In the first structure of part a the electrons are 
accumulated at the meta-hydrogens, ortho- 
carbons and the two methyl hydrogens facing a 
pair of the Oc3) sites. The active sites of the 
surface undergo complementary polarizational 
shifts: the Ooj sites below the toluene hydro- 
gens lose electrons, which are shifted towards 

the vanadium atom below the ring center 
(strengthening of these V-0(,, bonds) and the 
0c3) atom below the C-H para-fragment accu- 
mulates electrons at the expense of the nearby 
vanadium sites (weakening of these V-O 
bonds); these charge reconstruction displace- 
ments, creating favorable conditions for a selec- 
tive oxidation in the para-position and on the 
methyl group, are seen to be enhanced at the CT 
stage (see the next diagram in Fig. 6a). 

This direct polarizational pattern changes with 
the increase in the toluene-surface separation 
(Fig. 6b). The main displacements in the ph- 
ysisorbed toluene now involve the increase of 
the electron charge on the meta-carbons and the 
two methyl hydrogens directed towards the Ooj 
surface sites. In the cluster the two VO, pyra- 
mids located below toluene exhibit a strong 
enhancement of the original 0 -+ V coordina- 
tion bonds (bond strengthening) and the two 
vanadyl fragments in the vicinity of the meta- 
hydrogens of the ring accumulate electrons. 
These terminal O(,) oxygens will further receive 
electrons at the CT stage, while most of the 
other surface polarization trends will be re- 
versed in the toluene --+ cluster CT. 

In the close-approach parallel complex of 
Fig. 6c the ring atoms mainly gain electrons 
from the methyl group, but the changes are 
relatively minor in comparison with the surface 
charge shifts. The latter exhibit a strong accu- 
mulation of electrons on the bridging oxygen 
below the methyl group, which should facilitate 
a selective oxidation of the methyl group by this 
lattice oxygen, and a decrease of the electron 
population of the 0c2,3j sites below the opposite 
toluene fragment. We would like to emphasize 
the reverse shifts exhibited by the 0c3) surface 
sites facing the ortho- and meta-hydrogens of 
the toluene ring. 

When the distance between reactants is in- 
creased (see Fig. 6d) a relatively strong ring and 
methyl group polarizations are predicted. In the 
ring they strengthen the C-H and Corrho-C,,_ 
bonds, while weakening the remaining bonds. 
Similarly, in the methyl fragment the C-H bonds 
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are weakened as a result of a partial reversal of appreciable participation of the ring and the 
the original (isolated toluene) bond polarization. second layer atoms is predicted for this internal 
The complementary polarization of the cluster CT process. The predicted surface reconstruc- 
surface layer is more delocalized; the main dis- tion displacements involve a substantial V + 
placements represent a shift of electrons from O(i) polarization (further weakening of this 
the bridging Oc2, sites to the nearby oxygen and bond) and a slight increase in the electron popu- 
vanadium atoms. At this P stage, therefore, no lation of remaining oxygen sites in the 
substantial release of the above bridging oxy- chemisorption region. The effective range of 
gens is predicted, since they become more appreciable charge reorganization created on 
strongly bonded to the coordinating vanadium both reactants by this CT practically does not 
atoms as a result the reactant mutual polariza- extend much beyond the methyl group and the 
tion. coordinating VO, pyramid. 

Finally, let us examine the P plots for the 
parallel complexes of Fig. 6(e, f). A comparison 
of these two diagram reveals that in this case 
the P pattern remains qualitatively unchanged, 
when the inter-reactant separation increases. The 
main polarization trends of toluene involve the 
two C-H bond strengthening in the methyl 
fragment, and an overall accumulation of elec- 
tron in the ring, with the exception of the 
substituted carbon. The surface exhibits larger 
polarizational flows, which shift electrons 
mainly to the 0c2,sj sites below the methyl side 
of the toluene from the Oc2,3j locations below 
the other end of the adsorbate. The electron 
gaining surface oxygens become weakly bonded 
by the coordinating vanadium sites (a partial 
reversal of the original coordination), and thus 
are more accessible for the toluene oxidation. 

6. Internal charge transfer induced displace- 
ments 

The opposite CT charge reorganization is 
observed in the middle panel of Fig. 5b, corre- 
sponding to the perpendicular adsorption on the 
bridging oxygen of the bottom layer surface 
(Fig. 2b). This is due to the reverse, cluster + 
toluene internal CT. The Oc2) adsorption site 
also affects mainly the methyl group in the 
toluene; again, the cluster is seen to respond 
only on the surface, in the vicinity of the ad- 
sorption site. Both the 0c2) adsorption site and 
the nearby O(s, atoms net donate electrons to the 
methyl hydrogens and the vanadium atoms, thus 
becoming more strongly bonded. It should be 
observed, that this charge displacement on Oc2) 
partly reverses that observed at the P stage in 
the same complex. The overall polarizational 
matching of the AIM population shifts in the 
chemisorption region of the CT panel of Fig. 
5b, with the donor atoms of the basic reactant 
(cluster) facing the acceptor atoms of the acidic 
reactant (toluene), indicates a relatively soft 
charge reconstruction. 

In this section we examine in some detail the 
internal CT-induced charge reconstructions 
shown in the middle columns of Figs. 5 and 6. 

Consider first the perpendicular adsorption 
on the vanadyl oxygen of the top layer surface 
(Fig. 2a and Fig. 5a). The phases of popula- 
tional displacements in the region of the surface 
bond are similar to those observed at the P 
stage, with the methyl group hydrogens losing 
electrons and the Ooj atom gaining electrons, as 
expected in the -CH, + Oo, coordination. No 

Next two CT diagrams of Fig. 5(c, d) corre- 
spond to the perpendicular adsorption on the 
bridging oxygen of the top layer surface (Fig. 
2~). A reference to the CT panels of Fig. 5(c, d) 
shows, that the pattern of main charge readjust- 
ments in the methyl group, and in the [VOsl- 
O,,,-[VO,] adsorption region of the surface, 
only slightly changes with the distance between 
reactants. It should be noted that in both cases 
the same toluene + cluster CT-direction is pre- 
dicted. At both distances the same -(C)H, + 
0c2) charge shift (‘forward chemisorption dona- 
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tion’) is detected. At the close approach ar- 
rangement of Fig. 5c one also finds the (VOo,> 

+ Horrho ‘chemisorption back donation’, which 
is reversed at the larger distance between reac- 
tants in Fig. 5d. The other observed difference 
is the C(ring) + C(H,) bond polarization in Fig. 
5d, which weakens this C-C bond by reducing 
its original polarization in the isolated toluene 
and partially reversing the hyperconjugation do- 
nation from methyl to the 7~ bond system of the 
ring. In Fig. 5c both these carbon atoms are 
predicted to gain electrons during the toluene -+ 
cluster CT, so that this C-C bond is not pre- 
dicted to be appreciably affected by the toluene 
--f cluster coordination. 

It should be observed that at the larger sepa- 
ration, reactants the methyl group hydrogens are 
placed closer to the vanadyl oxygens of the 
surface, so that in Fig. 5d they effectively coor- 
dinate to both O(,) and 0c2) sites. A formation of 

partial O(I) + H&o bonds implies an effective 
removal of electrons from the (C-Hjorrho bond 
region, which weakens the covalent bond com- 
ponent and strengthens the ionic bond order. 
This also suggests a relatively facile activation 
mechanism of a possible breaking of the methyl 
C-H bonds and forming the O-H bonds in this 
chemisorption arrangement. In Fig. 5(cl d) the 
layer-bridging oxygens are seen to be involved 
more strongly than in previous perpendicular 
complexes, even at the larger separation be- 
tween reactants. 

The perpendicular adsorption on the triply 
coordinated oxygen of the bottom layer surface 
(Fig. 2e) generates the CT-diagrams of Fig. 5e, 
in which the surface donates electrons to the 
toluene. It should be observed that, similarly to 
the 5b CT pattern, the oxygen adsorption site 
donates electrons to the nearby vanadium sites 
(bond strengthening) and to the methyl hydro- 
gens. This polarization is qualitatively similar to 
that seen at the P stage (left diagram). The Oc3, 
adsorption site is therefore more tightly bonded 
on the surface; thus, its subsequent participation 
in the toluene oxidation is less probable. Also, a 
formation of the surface bond with the methyl 

hydrogens is seen to have only a minor effect 
upon the C-H bonds in this CT process. The 
net increase in the electron populations of the 
‘bridging’ hydrogens in this perpendicular com- 
plex prevents a weakening of the C-H bonds, 
while providing at the same time an extra ‘coor- 
dination’ bond component Oo) + H responsible 
for the chemisorption bond. 

When toluene is perpendicularly adsorbed on 
the vanadium atom (Fig. 2f and Fig. 5f), the 
methyl hydrogens acquire electrons from the 
0c2) and 0c3, surface sites and the methyl car- 
bon; these CT-induced charge shifts stimulate a 
dissociation of the C-H bonds of the methyl 
group, and a formation of the surface O-H 
group. 

Finally, let us examine the CT-diagrams of 
Fig. 6, corresponding to the parallel adsorption 
arrangements on the bottom layer surface (Fig. 
2(f-h)). The two probing inter-reactant dis- 
tances, representing the close and earlier (more 
distant, by 1 A) stages of the parallel approach 
of the toluene ring to the VO, pyramid bases, 
are considered in parts (a, c, e) and (b, d, f), 
respectively. 

Consider first the chemisorption structures of 
Fig. 2f (Fig. 6(a, b)). A comparison between the 
CT panels of Fig. 6(a, b) indicates, that even at 
the larger distance both toluene and cluster are 
strongly affected. These two diagrams are quali- 
tatively different, though, due to the reverse 
inter-reactant CT they correspond to. At the 
closer approach (Fig. 6a) electrons are removed 
mainly from the two Oo) sites below the ortho- 
and meta-hydrogens of the ring, and shifted to 
or&- and me&-CH fragments of toluene and 
to the vanadium surface sites. This pattern 
therefore implies a strengthening of the V-O 
bonds in the adsorption region of the surface. 
The net inflow of electrons to the ring must 
populate the antibonding 7~ * orbitals, thus fa- 
cilitating the ring destruction. This chemisorp- 
tion exerts practically no influence upon the 
methyl fragment of toluene. 

At the larger distance (Fig. 6b) all ring bonds 
are also predicted to be weakened by an effec- 
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tive removal of electrons from all atoms, includ- 
ing the bonding electrons of the n C-C bonds. 
This can also promote the total degradation of 
the ring structure, and ultimately the nonselec- 
tive, total oxidation of the toluene [13]. The 
major toluene reconstruction trends now also 
include a substantial H + C bond strengthening 
polarization of the methyl substituent; hence the 
methyl part of the adsorbate is not predicted to 
be activated at the CT stage in this parallel 
complex. On the surface one detects a strong 
charge reconstruction in the adsorption region, 
involving various degrees of the V + 0 back 
donation, which weakens the 0 + V coordina- 
tion bonds. Therefore, these O,, 3) lattice oxy- 
gens become accessible for ‘oxidizing the 
toluene. The increase of the positive charge of 
the toluene hydrogen atoms and the accompany- 
ing increase in the negative charge of the sur- 
face oxygen sites should effectively strengthen 
the overall electrostatic (ionic) component of 
the resultant toluene-cluster bond. This is in- 
deed reflected by the total energy of this struc- 
ture in Eq. (16). The second layer reaction to 
the chemisorption in the CT panel of Fig. 6b is 
similar to that observed in the surface layer, but 
much weaker. 

In the second mutual arrangement of the 
‘parallel’ oriented reactants (Fig. 2g and Fig. 
6(c, d)) the CT diagrams predict a strengthening 
of the V-O bonds in the chemisorption region 
in the close-approach case (Fig. 6c) and their 
weakening for the larger inter-reactant separa- 
tion (Fig. 6d). The toluene ring patterns also 
exhibit a general change in the phases of atomic 
displacements, when this distance increases. 
Obviously, this is caused by the reverse direc- 
tions of the inter-reactant CT in both these 
complexes. An inspection of these two CT dia- 
grams also shows that the Corrho-Cmetn and 
(C-H) ortho,meta bonds in the ring are weakened 
in Fig. 6c, due to a removal of electrons and the 
reversal of the initial bond polarization, respec- 
tively. In Fig. 6d the electrons are withdrawn 
from the ring, similarly to the CT pattern in Fig. 
6b; this also implies a general bond weakening. 

Moreover, as in the previous parallel arrange- 
ment, the methyl substituent practically does not 
participate in the interreactant CT in the short- 
separation complex, while its polarization at the 
earlier approach stage strengthens the C-H 
bonds. The above activation trends again sug- 
gest a tendency towards the ring degradation 
and a possible involvement of the lattice oxy- 
gens in the toluene oxidation in the structure of 
Fig. 6d. 

Let us finally examine the two CT diagrams 
of Fig. 6(e, f) corresponding to the third parallel 
arrangement of Fig. 2h. The main features of 
the CT pattern in Fig. 6e are the methyl bond 
weakening reconstruction in toluene, and the 
surface V-O bond strengthening in the surface 
layer of the cluster, in the vicinity of the methyl 
group; both these trends should facilitate a se- 
lective oxidation of the methyl part of toluene 
by the lattice 0c2,3) oxygens. With the increase 
in the substrate-adsorbate separation (Fig. 6f) 
the CT pattern changes: the range of the surface 
reconstruction increases, with the dominant V 
+ 0 bond weakening polarization, the electrons 
are removed from the ring (general bond weak- 
ening) and the CH methyl bonds are strength- 
ened. Therefore, only at the close-approach 
structure the selective oxidation of toluene 
should be expected in this parallel arrangement. 

7. Toluene activation and surface reconstruc- 
tion trends from overall diagrams 

In this section we briefly comment on the 
implications of the (P + CT) diagrams of Figs. 
5 and 6, by identifying the dominant component 
of these overall plots. The CT component domi- 
nates the overall charge reorganization patterns 
in Fig. 5(b, d) and Fig. 6(b, c, d, e, f> while the 
P component dominates in the overall diagrams 
of Fig. 5(c, e, f); in the remaining structures of 
Fig. 5a and Fig. 6a both components are compa- 
rable and generally display the same phases of 
the main AIM displacements. With an increase 
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in separation between reactants the polarization 
component decays faster than the CT one. 
Therefore, one generally observes the CT domi- 
nation at the earlier stage of the adsorbate ap- 
proach to the surface, while the P component 
contributes more strongly at shorter distances. 
Clearly, the toluene activation/surface recon- 
struction implications of the dominant compo- 
nent, described in detail in the preceding two 
sections, remain valid for the overall charge 
reconstruction. 

Consider first the perpendicular adsorption 
systems. The weakly bonded Ocl, lattice oxygen 
in Fig. 5a is expected to form a bond with either 
the methyl hydrogen or carbon, since the C-H 
bond dissociation is promoted in this adsorption 
arrangement. In Fig. 5b, where V-O,,,-V bonds 
are strengthened and the C-H methyl bonds are 
weakened, the dissociation in the coordinating 
methyl group can be expected. The forward 
(H c,rtho + O,,, ) and back (Oc2) -j H3) dona- 
tions are clearly seen in Fig. 5c. This promotes 
the dissociation of the C-H bonds in the methyl 
and ortho-ring positions. The Ocl) lattice oxy- 
gen participation in the selective oxidation is 
also highly probable, due to their being less 
strongly bonded to the vanadium atoms in the 
chemisorption system. These trends partially 
change in Fig. 5d, where the two forward dona- 
tion channels, H.,tho -+ O(,, and Hc3) + Oc2), 
are detected. Therefore, in this particular case 
both these lattice oxygen sites become accessi- 
ble for the toluene oxidation; also, since the 
methyl hydrogens are seen to donate their elec- 
trons mainly to the surface oxygen sites the 
C-H bond breaking at both the ortho-position 
in the ring and in the methyl group may be 
expected in this energetically favorable 
chemisorption complex. In Fig. 5e only the 
methyl substituent is activated (bond weaken- 
ing). Finally, in Fig. 5f the two methyl hydro- 
gens are involved in the 0c3) -+ H back dona- 
tion, while the third hydrogen donates electrons 
to the surface bridging oxygen: H -+ Oc2). Both 
these channels may lead to the C-H bond disso- 
ciation; however, only the 0c2) site is chemi- 

cally more accessible for oxidizing the toluene, 
since the 0c3) atoms are predicted to be more 
strongly bonded to the coordinating vanadium 
sites. 

Let us similarly summarize the main reactiv- 
ity trends implied by the (P + CT) column in 
Fig. 6. In the first panel of Fig. 6a the surface 
reconstruction ‘releases’ the Oo, oxygens, thus 
facilitating their use in oxidizing the paru- 
carbon of the ring; the latter is also seen to 
weaken its bonds with the neighboring meta- 
carbons, due to its diminished electron popula- 
tion. The other two Oc3) sites, coordinated by 
the vanadium atom below the ring center, are 
seen to be more strongly bonded in the 
chemisorption system. When the distance be- 
tween the adsorbate and substrate increases (Fig. 
6b) all oxygen sites of the surface chemisorp- 
tion region are more loosely bonded by the 
metal sites, the methyl C-H bonds are strength- 
ened, while the ring electron population is di- 
minished throughout most of its constituent 
atoms, particularly on the metu-hydrogens in 
the vicinity of the O(,, sites. These changes 
imply an increased tendency towards ring oxida- 
tion, particularly in the metu-position. 

The next parallel arrangement (Fig. 6(c, d)) 
in the close approach complex generates some 
tendency towards the bond breaking on the 
methyl substituent (the forward H -+ Oc2) dona- 
tion); one also detects in Fig. 6c the back 
donation from the four 0c3, sites, all more tightly 
held by the vanadium atom, to the ortho- and 
metu-hydrogens in the ring. For the increased 
separation between reactants a stronger partici- 
pation of the CT charge reorganization compo- 
nent and the reverse CT direction produce to- 
gether a pattern in which the electrons are par- 
tially withdrawn from all constituent atoms in 
the ring, the methyl bonds are strengthened, and 
all nearby Oc2,3j surface sites are more accessi- 
ble (less tightly bonded to the vanadium atoms). 
This relative ‘availability’ of the lattice oxygens 
and a general tendency towards weakening of 
all bonds in the ring create favorable conditions 
for a nonselective ring oxidation (destruction). 
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Similar conclusions follow from the final pair 
of overall diagrams (Fig. 6(e, f)) for the third 
parallel arrangement. Namely, at the shorter 
separation the ring activation is more selective, 
due to the stronger P component, and the sur- 

face bridging oxygen sites coordinate more elec- 
trons to neighboring vanadium atoms and the 
methyl hydrogens; at the larger distance the CT 
component and the reverse CT direction create a 
delocalized pattern of bond weakenings in the 

b) 

Fig. 7. The global (open system) FFI for the perpendicular chemisorption arrangements of Fig. 5. 
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ring, a strong lattice oxygens ‘release’, and a 
strengthening of the CH bonds in toluene. 
Hence, a selective oxidation at the paru-carbon 
in the ring and on the methyl substituent is 
likely in the overall charge reorganization of 

Fig. 6e, while the nonselective ring oxidation 
(degradation) i s 
of Fig. 6f. 

more probable in the complex 

The energetical considerations (Eqs. (16a) and 
( I6b)) indicate that the larger separations gener- 

Fig. 8. The same as in Fig. 7 for the parallel chemisorption structures of Fig. 6. 
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ate larger stabilization energies; at this distance 
the overall pattern of charge displacements in 
benzene ring is practically nonselective. This 
strongly suggests that the parallel structures in- 
deed promote the nonselective, total oxidation 
c131. 

These general conclusions about the selective 
character of the toluene activation in the perpen- 
dicular complexes and the nonselective ring de- 
struction in the parallel chemisorption arrange- 
ments qualitatively agree with the previously 
reported conjectures from the semiempirical cal- 
culations on selected toluene-[V,O,] model sys- 
tems involving very small non-stoichiometric 
clusters [ 131. 

8. External charge transfer induced displace- 
ments 

The global FFI for the chemisorption struc- 
tures of Figs. 5 and 6 are shown in Figs. 7 and 
8, respectively. They represent how an inflow of 
a single electron (a test, normalized chemical 
reduction of the system as a whole), from the 
external reservoir, redistributes itself in the sys- 
tem under consideration, when no constraints on 
the internal flows are imposed. These diagrams 
can therefore be used to probe the effect of an 
environmental CT upon the chemisorption, by 
comparing them with the respective isoelec- 
tronic CT patterns of Figs. 5 and 6. In systems, 
where the pattern of the in situ AIM displace- 
ments in the chemisorption region matches that 
observed in the global FFI diagrams, the overall 
system reduction (dN > 0) promotes the 
chemisorption (strengthens the adsorbate-sub- 
strate CT); similarly, in systems, where both 
these patterns exhibit opposite phases, the over- 
all system oxidation (dN < 0) is required to 
promote the internal CT, i.e., the charge reorga- 
nization due to the N[dv] perturbation. In other 
words, a qualitative similarity between the iso- 
electronic and global CT patterns in the 
chemisorption region indicates that the system 
chemical oxidation hinders the inter-reactant CT 

and facilitates the associative (molecular) des- 
orption of the adsorbate; the same chemisorp- 
tion hampering influence of the overall chemi- 
cal reduction is therefore predicted for the 
chemisorption systems, in which the respective 
CT/FFI patterns in the chemisorption region 
have opposite phases. 

Such an overall similarity of the global FFI 
diagrams in the adsorption region to their iso- 
electronic analogs is detected in Fig. 7(a, b, 
d-f) and Fig. g(a-f>. In these systems dN > 0 
promotes chemisorption (strengthens the 
chemisorption bond) and dN < 0 hinders the 
chemisorption (weakens the chemisorption 
bonds, promotes desorption). In Fig. 7c the 
trends exhibited by the main AIM displace- 
ments in the CH,-O,,, region are opposite in 
the closed and open system cases, so that the 
above dN influences will be reversed in this 
particular complex. 

Another general conclusion following from a 
comparison between the global and isoelec- 
tronic CT diagrams is that the latter are rela- 
tively localized and selective, probing mainly 
the region of a strong interreactant charge cou- 
pling. In the global FFI plots the inflowing 
charge generates AIM displacements throughout 
the system; the only exception to this delocal- 
ization feature of the global FFI diagrams is 
detected in Fig. 8c, where the chemisorption 
region exhibits increased amplitudes of the AIM 
charge shifts. Therefore, as already stressed 
elsewhere [2,3,5], the two reactant, in situ CT 
diagrams constitute much more subtle and selec- 
tive diagnostic tools for probing dN reactivity 
trends, than the corresponding global FFI data 
of the reactive system as a whole. 

9. Concluding remarks 

The present calculations demonstrate that the 
inclusion of the external potential perturbation 
and all adsorbate-substrate charge couplings is 
necessary for an adequate probing of chemical 
reactivity trends in large systems, within a truly 
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two-reactant approach. The CSA in the AIM 
resolution provides a simple and efficient 
scheme for generating charge responses of inter- 
acting species, including both dN’+ ‘[dv],.= 0 (P) 
and dN *[ ~lr]~~~+~~ (CT) components of the 
overall shifts in the AIM populations, dN[dv, 
J] (P + CT), due to the presence of the other 
reactant. This feature is particularly important 
for the heterogeneous catalysis since both the 
adsorbate activation and surface reconstruction 
trends can be quickly explored using these re- 
sponses, before and after the interreactant CT. 
These three types of populational (charge) dis- 
placements in reactive systems have been 
demonstrated to constitute much more selective 
reactivity criteria than the global FFI of the 
chemisorption system as a whole. However, the 
latter allow one to additionally diagnose the 
effect of the external CT upon the adsorbate- 
substrate bond(s). 

A remarkable localization of the isoelectronic 
charge responses in the catalytic systems, lim- 
ited mainly to the chemisorption region, a pos- 
teriori validates the cluster approximation used 
in our analysis, since the responses in the miss- 
ing crystal remainder can be safely extrapolated 
as marginal. In all cases the role of the support- 
ing layer has been found to be relatively unim- 
portant due to a relatively weak interlayer cherge 
coupling; only in the parallel adsorption ar- 
rangements, for short inter-reactant separations, 
it was predicted to be relatively more pro- 
nounced due to a stronger mutual perturbations 
of the adsorbate and substrate. 

As a general rule, all the isoelectronic charge 
responses approximately represent the combined 
effect of the diagonal (direct) contribution of the 
adsorbate and the off-diagonal (induced) contri- 
bution of the substrate. The perpendicular ad- 
sorption diagrams consistently predict various 
degrees of the methyl bonds activation; only for 
one perpendicular complex a relatively strong 
influence upon the toluene ring is found. The 
parallel adsorption cases generate different pat- 
terns of the ring activation. It is found to be 
more specific (selective) for the close-approach 

structures, while the adsorption arrangements 
corresponding to larger inter-reactant separa- 
tions facilitate a non-selective ring degradation. 
The charge displacement patterns predicted from 
the CSA calculations also reveal a strong sur- 
face reconstruction, often involving a ‘disen- 
gagement’ of the lattice oxygens, thus making 
them more accessible for oxidizing the adsor- 
bate. These findings are in a qualitative agree- 
ment with the previous conclusions based upon 
the semi-empirical SCF MO calculations [13] 
for very small one layer clusters, 

The present analysis also complements the 
recent probing of different reactivity trends in 
these systems using the minimum energy coor- 
dinates [ 1 ,121. The latter examine how the local 
(AIM) test oxidations/reductions propagate 
themselves through the reactive system, under 
condition of the minimum energy. As such they 
adequately reflect the influence of the local 
(environmental), hypothetical manipulations on 
the reactive system and/or the effect of the 
reaction on one site upon the reactivity of an- 
other site in the system under consideration, 
e.g., the substituent effect. 

A related two-reactant CSA study of the al- 
lyl-[MOO,] chemisorption complexes will be 
published elsewhere [22]. 
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Appendix A. Charge response quantities ex- 
pressed in terms of the AIM hardness matrix 

The main purpose of this Appendix is to 
survey the expressions and/or algorithms for 
calculating all the charge response and related 
quantities discussed in this paper, from the 
canonical AIM chemical potentials and the 
hardness matrix grouping the second partial 
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derivatives with respect to AIM electron popula- 
tion variables: 

77 = ( ~*EI~N do>” = (d~/d~), 

it can be realistically approximated via the cor- 
responding valence-shell electron repulsion inte- 
grals {-yi,j} [ 11; here N = (N1, N2, . . . , N,) and 
u=&, rw,, *a*, p,) denote sets of the elec- 
tron populations and chemical potentials (nega- 
tive electronegativities, from the finite-dif- 
ferences) of the constituent AIM, respectively. 
The derivatives are calculated for the constant 
external potential due to the nuclei, u(r) = 
- 2,/l 7 - zii, in their fixed positions (R i = gi] 
(Born-Oppenheimer approximation), and Zi 
stands for the nuclear atomic number. In this 
summary we shall follow the recent develop- 
ments in the AIM-resolved CSA [2,3,5]. These 
canonical input quantities of the CSA in the 
AIM discretization consider the system energy 
as function of the AIM electron population and 
external potential variables, v = (v,, v2, . . . , 
u,): E = EAIM(N, v). 

We consider a partitioning of the system 
M = (AIB), consisting of two reactants A and 
B, e.g., the substrate and adsorbate in 
chemisorption systems. The system is therefore 
divided into mutually closed (but interacting) 
reactants. Let us denote the overall number of 
electrons in both subsystems by NA = CtN, 
and Na = ZEN,, where a and b denote con- 
stituent atoms of respective reactants, and NA + 
Na = N is the global number of electrons in M. 
In such a reactant resolution the nonequilibrium 
system energy becomes the function of the sep- 
arate AIM population vectors of both subsys- 
tems E = E(*IB)(NA, N,, v); this energy func- 
tion ‘depends only on global population vari- 
ables in each reactant, E = EitlB)( NAY NB, v>, 
at the equilibrium state M(+) = (A +lB+) in both 
mutually closed reactants. The constituent AIM 
of each subsystem are assumed to be in the 
equilibrium after the reactant mutual polariza- 

tion, thus exhibiting the intra-reactant chemical 
potential/electronegativity equalization: E.Lj:)lx 
= u?, X = A, B. 

The relevant electronegativity equalization 
equations (EEE), which relate the intra-frag- 
ment charge rearrangements 8 N, = Nr ) - N$, 
X = A, B, leading to the equilibrium charge 
distributions Nx , (+) from the initial (separated 
reactant) AIM electron populations Ni, can be 
written in the following matrix form: 

[ /(ii?, &? aNA, 6N,] 

0 0 1, 0, ’ 

0 0 0, 1, 
’ lk ot, +.A +B 

= [ dNA,dNB, -uk+‘, -$)I; (A4 

here the set (77 ‘9’ = (&,/JN,),} represents 
the reactant resolved blocks in q, UT) = pil, 
+ dv, is the vector of the non-equalized AIM 
chemical potentials of the non-polarized 
(‘frozen’ AIM electron populations), closed re- 
actants in the presence of each other, before the 
inter-reactant CT, and the vector dv, groups 
electrostatic potentials (per electron charge) of 
the other reactant at positions of the constituent 
AIM in X: dv = [v,(A), v,(B)]. In the present 
work the point-charge approximation to dv has 
been adopted: 

dv, = vB(A) = - 5 qb,l & - si,l, 
b 

dv, = v*(B) = - 2 &/Isa - $, 
a 

(A-3) 

where the net AIM charges { qi = Zi - NJ. 
Eq. (A.2), which can be written in short as: 

9?(A IB)%(A IB) =P(A IB), determines general- 
ized perturbations (‘forces’), 9a(AlB), from the 
generalized ‘responses’ 9(A IB) (negative dis- 
placements from the corresponding equilibrium 
values), with the latter being of the main inter- 
est in the theory of chemical reactivity. One 
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solves this equation for the response properties 
by inverting the generalized hardness matrix 
‘%?(A IB), S%‘(A IB) = 9(A IB)Z- ‘(A IB) = 
9(A IB)P(A IB): 

[ -pLkf), -pL(B+), SN,, SN,] 

= dNA, dN,, -u(,+), -u(B+)] [ 

-TA,A -7~~3 
f.Y.4 f&B 

- %,A - 778,~ 
fB,A f J3.B 

(fA,A)+ (f”,A)+ _pA.A _pAJ 

(fA,B)+ (fB.B)+ -p”,A _pB,B 

(A4 
The respective blocks in the generalized soft- 
ness matrix P(A IB) in Eq. (A.4) are defined by 
the following derivatives: 

(i) condensed chemical potentials and hard- 
nesses: 

$$)= [~~gl~)pni(],, 

X=A,B; (ASa) 

rlx,u = 1 a’,$,“‘“,/aNx aN,] “, 

= ( $&‘/dNx)V = (+j:‘/aN,), , 

X=A,B; (ASb) 

(ii) Fukui function indices (diagonal, X = Y, 
and off-diagonal, X # Y): 

f’s’= [ d2E~qA'B)/avyaNX]N,,Vx 

= P,/~Nxhy,v 
= (+x/~v,),y,~y,vX~ X=&B; 

(A.6) 
(iii) reactant resolved blocks of the linear 

response matrix (diagonal, X = Y, and off-diag- 
onal, X # Y): 

= (~NY/~VX)NX.NY,VY" X=A,B} 

E @Ala) (A? 
The first two components of Eq. (A.4) deter- 

mine the chemical potentials of the mutually 

closed, polarized reactants in contact with their 
separate particle reservoirs responsible for the 
allowed dNx # 0 (X = A, B) degrees-of-free- 
dom, while the remaining two sets of matrix 
equations determine the corresponding changes 
in the AIM electron populations. Clearly, when 
one considers the polarization of the externally 
and mutually closed reactants one puts dNx = 0 
(X = A, B) in the generalized perturbation vec- 
tor 9. 

When determining the global (g) equilibrium 
properties of M, one assumes that the mutually 
opened reactants have reached the global equi- 
librium state: M * = (A” IB * ); in this resolution 
E = E&N, v>. The global analogs of Eqs. (A.21 
and (A.41 are: 

(-p”, SN) ; t, =S?(AIB)Z(AIB) 
( 1 

= (dN, -u(+)) 

=P(AIB), (A-8) 

(-PM, 6N) =S’(AIB) = (dN, -u(‘)) 

=9(AIB)P(AIB). (A.9 

In these two equations pM = (JE,/aN), is the 
system global chemical potential, u(‘) = ( ~11, 
+ dv,, pil, + dv,) stands for the AIM chemi- 
cal potentials of nonpolarized reactants, shifted 
by dv from the separated reactant values: u” = 
(/@A, pilB>, where ,ui = [aE,(N,, 
~~)/div~)+ etc., 7jM = (d2~gp~2), = 
(dp"/dN), = S-' denotes the global hardness 
of M, the inverse of its global softness S, and 
the global Fukui function indices represent the 
mixed derivatives of the system energy: 

f = (d2Eg/dNthj = ( ap”/ih), 

= (UNION),. (A.10) 

The global chemical potentials of isolated 
reactants are obtained from separate global CSA 
calculations on each reactant, using the diagonal 
blocks {nx3”) as the system hardness matrices. 
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The separate reactant Fukui functions of Eq. 
(A.lO), f x = ( dNx/diVx)vx, provide the weigh- 
ing factors in the chain-rule formula expressing 
the reactant global chemical potentials in terms 
of the canonical AIM chemical potentials u” = 
(aEx/aNx)vx = { p:>: 

X 

&= ~f;/..(, X=A,B. 
x 

(A.11) 
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