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Abstract Cu(I) and Ag(I) sites in ZSM-5 and their

interaction with adsorbed benzene are studied by DFT

cluster modeling aided with NOCV analysis of charge

transfer processes. The interplay between donation and

back donation from the cation to the ad-molecule, rein-

forced by the framework environment correlates with

benzene activation shown also by the red shift in calculated

and measured IR frequencies. Copper sites have better

activation ability due to its stronger interaction with the

framework, serving as electron reservoir, and better match

between d orbitals and p orbitals of benzene.

Keywords Benzene activation � DFT modeling �
Cu(I) sites

1 Introduction

High activity of copper sites towards NO or alkenes, pro-

moted by its ability to donate electrons to p antibonding

orbitals of the adsorbate is well known [1–3] while the

activity of silver sites is much lower. In this work copper(I)

sites are compared with silver(I) to answer the question

whether benzene could be activated also by the silver and

how the activation is realized. Benzene was selected since

its activation is relevant for catalysis as the source of

phenol produced by one step oxidation of benzene over

zeolite CuZSM-5 [4].

Copper sites in ZSM-5 have already been studied

extensively with respect to their siting and catalytic prop-

erties by theoretical modeling with DFT cluster, embedded

cluster or periodic calculations [5–9]. Our group combined

IR experiment with cluster DFT cluster modeling to shed

some light on charge transfer processes and the origin of

donation/back-donation abilities of the sites and their

influence on the activation of adsorbed molecules [10–12].

Nevertheless, clear distinction between donation and back-

donation processes, straightforward for simplified, fully

symmetric models, was not affordable with the use of

standard population analyses for more realistic cluster

models incorporating part of the framework. Accordingly,

the role of the framework environment could be described

merely at qualitative level as the electron reservoir.

Therefore in this paper we present the results of the new

method based on Natural Orbitals for Chemical Valence

[13, 14] applied to cluster models of Cu(I) and Ag(I) sites in

ZSM-5. NOCV analysis focuses on describing the modifi-

cation of charge density (differential density) imposed by

the interaction between the fragments thought either as the

ad-molecule and the site or the silicalite framework and the

cation with bound adsorbate. Results presented in this work

allow illustrating quantitatively the synergic effect of zeo-

litic framework and the cation in the activation of benzene

adsorbed on copper or silver sites. At the same time the

differences in catalytic properties of Cu(I) and Ag(I) are

discussed. Copper sites have better activation ability than

silver sites due to stronger interaction of Cu(I) with the

framework, serving as electron reservoir, and better match

between copper d orbitals and p orbitals of benzene.

The work was presented during the conference ‘Catalysis for

Society’, Krakow, May 11–15, 2008.

P. Kozyra � J. Załucka � M. Mitoraj � J. Datka

Faculty of Chemistry, Jagiellonian University, ul. Ingardena 3,

30-060 Krakow, Poland

E. Brocławik (&)

Institute of Catalysis and Surface Chemistry, Polish Academy of

Sciences, ul. Niezapominajek 8, 30-239 Krakow, Poland

e-mail: broclawi@chemia.uj.edu.pl

123

Catal Lett (2008) 126:241–246

DOI 10.1007/s10562-008-9620-4



2 Methodology

Density functional theory calculations were carried out by

ADF software [15–19] for the models for the adsorption

system built of M7 clusters [20], representing zeolite

environment for Cu?, Ag? and Na? cations, and benzene

molecule. M7 cluster is a fragment of ZSM-5 framework

and contains 6-membered ring made of two consolidated

5-membered rings, as shown in Fig. 1. M is for ‘‘main

channel’’, 7 is for 7 Si or Al atoms. To saturate peripheral

bonds in the model, silicon atoms from the next coordi-

nation sphere were replaced by hydrogen atoms. Positions

of these hydrogens were frozen to simulate geometrical

constrains imposed by the rest of the framework. Such

clusters were already successfully used by us to elucidate

properties of cationic sites in zeolites in conjunction with

IR experiments [21]. ADF software was selected in this

work to extend the scope of the study by advanced

decomposition of charge transfer processes accompanying

adsorption of benzene on a cationic site, provided by

NOCV analysis included in the developer version of ADF.

We have used the BP gradient potential with Becke

exchange [22] and Perdew correlation [23]. Calculations

were carried out in TZP basis set for transition metal cat-

ions, and DZP for the rest of atoms [24]. To save

computation time inner core orbitals were frozen. Initial

geometry for ADF optimization was taken from the

structure optimized with Gaussian 03 software. Population

analysis was done according to Hirshfeld method [25].

The interaction between the cationic sites of ZSM-5 and

the benzene species have been analyzed using the Natural

Orbitals for Chemical Valence [13, 14] and Ziegler–Rauk

energy decpomposition scheme [26, 27].

The Natural orbitals for Chemical Valence are defined

as the eigenvectors of the chemical valence operator V̂ .

V̂ui ¼ miui i ¼ 1; . . .; n ðnumber of the base functionÞ
ð1Þ

The valence operator is defined as:

V̂ ¼ 1

2
ðP̂� P̂0Þ ð2Þ

where P—charge and bond order matrix for a molecule,

P0—charge and bond order matrix for a promolecule—the

fragments placed in the same geometry as in a parent

molecule but do not interact with each other.

The very useful feature of NOCV is that they decom-

pose the deformation density (differential density, Dq(r))

into diagonal contributions (Eq. 3):

DqðrÞ ¼
Xn

i¼1

miu
2
i ðrÞ ð3Þ

It allows to address directly the Dewar–Chatt–Duncanson

model of bonding [28, 29], i.e. donation and back-donation

charge transfer processes between considered molecular

fragments. The eigenvectors of V̂can be coupled in pairs of

orbitals with eigenvalues of the opposite sign but the same

module value:

V̂u�k ¼ �mku�k V̂uk ¼ mkuk k ¼ 1; . . .; n=2 ð4Þ

The few of such couples contribute to the bond formation

between fragments describing density cumulating between

them, while many orbitals describing electron density of

the fragments do not participate in the bond formation.

Thus these contributions are given as:

qk ¼ mkj j ukj j2� u�kj j2
� �

ð5Þ

Due to the Eq. 3, the absolute eigenvalues of NOCV can be

treated as a direct measure of charge flow between the

chosen molecular fragments. The shape of NOCV helps to

attribute r/p and donation/back-donation character of

bonding.

The Ziegler–Rauk bond energy decomposition analysis

was performed for the description of the bonding between

the cations and benzene ring. In the Ziegler–Rauk bond

decomposition scheme the total bonding energy DEbon

between interacting fragments is divided into three com-

ponents. The first component DEdist, referred to the

distortion term, represents the amount of energy required to

promote the separated fragments from their equilibrium

geometry to the structure they will take up in the combined

molecule. The second term DEsteric corresponds to the

steric interaction between interacting fragments. Finally,

the last term DEorb represents the interactions between the

occupied molecular orbitals on one fragment with the
Fig. 1 Model of M7 cluster
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unoccupied molecular orbitals of the other fragment as well

as mixing of occupied and virtual orbitals within the same

fragment (inner-fragment polarization). Two various

decomposition schemes into the subsystems were probed to

study various channels of charge flow: (i) ad-molecule plus

a cation with cluster environment and (ii) cation with

ad-molecule plus M7 cluster.

3 Results and Discussion

The NOCV analysis is a tool which is able to show the

change in electron density imposed by the interaction

between the fragments of the ‘supermolecule’. The choice

of the way how to divide the system into promolecules is

arbitrary. Having this opportunity one can elucidate the

information about the system and the interaction of its parts

within variety of schemes. Benzene as one promolecule

and the site as the second one is a natural separation for

benzene adsorbed on the cationic site and brings informa-

tion about donation and back-donation processes between

the cation and the ad-molecule but is not a sufficient per-

spective to fully follow the role of a zeolite network. An

alternative scheme for the treatment of the system is nee-

ded to complete the picture, namely with the framework

M7 cluster and Cu–C6H6 fragment as the two subsystems.

3.1 [C6H6]–[Cu?–M7]

Within the former perspective, with an ad-molecule and a

site the two subsystems, we are able to analyze the acti-

vation of benzene by its adsorption and interaction with

Cu? site. The main contributions to differential electron

density characterized the interaction of benzene with Cu?

site (with |v| [ 0.1) are shown in the Fig. 2a–d. The most

significant contribution consists of p-back donation from

d-orbital of copper cation to p-orbitals of carbon atoms in

benzene molecule (Fig. 2a). It should be noticed that in

spite of the fact that the cation is positively charged, the

flow from the cation to the adsorbed molecule takes the

lead. Only the second significant NOCV q2 contribution

describes donation from benzene to Cu? (Fig. 2b). Also the

pictures 2c and 2d represent back donations from d-type

Cu-orbitals to benzene. Certainly, copper cation receives

some electrons from benzene but the back donation esti-

mated from NOCV analysis prevails over donation

(Table 1). As stated previously, the eigenvalues for two

complementary natural orbitals give the information about

quantitative contribution of a respective part of differential

electron density into respective charge flow. On the basis of

such eigenvalues donation (Vd) and back donation (Vbd)

contribution by NOCV have been calculated and are

gathered in Table 1.

The effect of charge flows, which are represented by

contributions mentioned above, should be also envisaged to

some extent by population analysis. Values of Hirshfeld

charges summed for benzene, the cation and M7 cluster,

respectively, before and after adsorption, are shown in the

Table 1. Surprisingly, apart from the expected electron

transfer from the cation to benzene, population analysis

suggests that for the system with copper cation zeolite,

framework gains significant share of electrons in spite of its

Fig. 2 Contours of the main contributions to differential deformation density for [C6H6]–[Cu?M7]. Light colour means density depletion, dark

colour means density gain

Table 1 Benzene interacting with bare Me? and Me?M7 sites:

donation (Vd) and back donation (Vbd) contribution by NOCV, fre-

quency red shift (Dv) and charges on interacting fragments

Cu? Ag?

C6H6/Cu? C6H6/Cu?M7 C6H6/Ag? C6H6/Ag?M7

Vd 0.76 0.46 0.48 0.27

Vbd 0.54 0.70 0.00 0.38

Vd ? Vbd 1.30 1.16 0.48 0.65

Dmcalc -27 -22 -16 -11

Dmexp – -16 – -7

DQbenzene ?0.45 ?0.01 ?0.34 ?0.04

DQMe
? -0.55 ?0.05 -0.66 -0.04

DQM7 – -0.06 – 0.00
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generalized anionic ligand character. This shows that charge

flow processes are composed of various events executed by

multiple channels. Accordingly, one could expect that the

difference between donation and back donation would cor-

relate with a charge on benzene molecule. However,

donation and back-donation processes not always can be

interpreted as complete electron transfers from one fragment

to the other one. For example, Figs. 2a and 3b illustrate

depopulating metal d orbitals but the increase of electron

density is localized not only on benzene carbons but also in

the bonding region between the fragments. Therefore the

effective result of donation and back donation cannot be

identified with the change in atomic population.

Although silver cation has the same electron configu-

ration as copper cation, it behaves in a different way when

interacting with benzene. Contrary to copper site, the most

significant contribution of benzene interaction with silver

site is the donation from benzene to the cation (Fig. 3a). In

the case of Ag? p-back donation can be identified within

consecutive NOCV orbitals (Fig. 3b, c) as the second and

third component of differential electron density. Eventu-

ally, back donation and donation are nearly balanced while

population analysis yields positive charge on benzene.

3.2 [Cu?–C6H6]–[M7]

The results presented in the previous paragraph have led to

not fully consistent picture of charge flow processes

between the fragments defined as the separate benzene

molecule (in the geometry distorted by prospective

adsorption) and [Me?–M7] model of the active site (also

distorted by prospective interaction with the ad-molecule).

In particular the electron outflow from the copper towards

already negative framework could not be straightforwardly

understood. This stemmed from the lack of detailed

information on the charge flow between two parts of the

same fragment.

Therefore we have performed NOCV analysis with

alternative decomposition of adsorbed system into the

fragments: sole zeolitic cluster [M7] and the cation inter-

acting with benzene, [Me?–C6H6], in attempt to separate to

some extent the two charge redistribution processes.

Figures 4 and 5 show the most important NOCV contri-

butions (with |vk| [ 0.1) for Cu? and Ag? systems,

respectively. It is evident that natural orbitals with alter-

native fragmentation provide more information about the

framework role in electron density redistribution than the

former (seemingly more natural) decomposition while they

barely describe density deformation imposed by intra-

fragment interaction. The selected important deformation

density contributions clearly do not carry the information

on the donation of electrons from benzene to the cation

which shows that this process takes place already in the

isolated fragment. Indeed, NOCV analysis performed for

benzene interacting with bare cations in stationary geom-

etries of these systems [30] has shown that the donation

from benzene p orbitals populates mainly empty s-like

orbital of the cation (see Fig. 6). Obviously, NOCV orbi-

tals yielding the share in donation effect in the composed

[M7]–[Me?–C6H6] system (Fig. 2b, 3a), are distorted with

respect to fully symmetric Me?–C6H6 system due to dif-

ferent geometrical arrangement in the former case.

Fig. 3 Contours of the main

contributions to differential

deformation density for [C6H6]–

[Ag?M7]. Colours as in Fig. 2

Fig. 4 Contours of the main

contributions to differential

deformation density for [C6H6–

Cu?]–[M7]. Colours as in Fig. 2
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The NOCV contributions to the deformation density in a

joint, fully interacting system are shown in Figs. 4 and 5

for [C6H6–Cu?]–[M7] and [C6H6–Ag?]–[M7], respec-

tively. They describe various charge flow processes, as well

the flow between the two subsystems as the release of intra-

fragment deformation density due to geometrical stresses

in separated fragments with geometry distorted from the

optimum. Consecutive effects are more apparently sepa-

rated for Cu? than for Ag? due to stronger interaction of

the former one with zeolite framework [12], nevertheless

qualitative information is analogous. The deformation

density contributions carry the information not only on the

charge flow between two fragments but also on the intra

fragment density release after lifting geometrical strain.

The main contribution (Fig. 4a) illustrates the electron flow

from M7 to Cu? and from Cu? to benzene; however, the

two processes employ different channels. The second

NOCV contribution (Fig. 4b) describes synergic depopu-

lation of bridging oxygens and copper d orbital; benzene

carbons non-bonded to the site regain electron density to

cover its loss upon geometry deformation, not intrinsic for

isolated fragment. The last contour presented in Fig. 4c

illustrates density flow triggered by the loosening of the

bond between bridging oxygen atoms (Ob, gaining elec-

trons) and the copper, together with internal lattice

polarization.

Table 2 shows total interaction energies between the

fragments and its decomposition according to two division

schemes discussed above. The first scheme focuses on

binding between benzene and the site whereas the second

division underlines the binding between the framework and

the cation with adsorbed molecules. The bonding with the

framework (second scheme) is much stronger than the

bonding of benzene (first scheme). Nevertheless, the main

component of benzene bonding is orbital interaction is

while steric contribution (containing electrostatic interac-

tion) prevails in bonding with framework. The latter

component of interaction energy with the framework is

nearly the same in the case of Cu(I) and Ag(I). On the

contrary, for Cu(I) the orbital part of benzene interaction

with the site is much bigger than the one for Ag(I), which

may be responsible for stronger activation of benzene on

Cu(I) ZSM-5, clearly visible also in the red-shift of ben-

zene IR frequencies.

4 Conclusions

The partition of the adsorbed system into separate frame-

work and Me?–C6H6 fragments adds important

information on the role of the framework in the cat-

ion $ benzene charge flow. Therefore joint discussion of

the analyses performed for both partition schemes is nec-

essary to fully understand benzene activation mechanism

on Me? sites in zeolites. Benzene to cation donation is

already well represented in its interaction with bare Me?;

the presence of the framework reinforces the process:

bridging oxygens accept part of excess electron density

Fig. 5 Contours of the main

contributions to differential

deformation density for [C6H6–

Ag?]–[M7]. Colours as in Fig. 2

Fig. 6 Contours of differential density contribution describing

donation from benzene to the cation for Cu?–C6H6 (a), Ag?–C6H6

(b). Colours as in Fig. 2

Table 2 Benzene adsorbed on Me?M7 sites: total bonding energy

(Etot), orbital energy (Eorb), steric energy (Esteric) for two alternative

decomposition schemes into fragments

C6H6Cu?M7 C6H6Ag?M7

C6H6/Me?M7 Etot/kcal mol-1 -32 -15

Eorb/kcal mol-1 -51 -19

Esteric/kcal mol-1 19 4

C6H6Me?/M7 Etot/kcal mol-1 -143 -128

Eorb/kcal mol-1 -61 -49

Esteric/kcal mol-1 -82 -79
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getting back their share from weakened Ob–Me? bonds. On

the other hand, electron-reach basic framework donates

electrons to the cation which in turn reinforces its back-

donation capacity. In summary, activation ability of the

cationic site must be described as the synergic effect of

zeolitic framework and the cation. Therefore both com-

ponents are very important to understand catalytic

properties of the site: the cation should be apt to donate

electrons into the ad-molecule (presence of filled d shell)

and the lattice basic oxygens must interact with the cation

serving both as the electron donor and acceptor. The cation

should be partly neutralized while Pauli repulsion between

its 3d orbitals and nonbonding orbitals on O atoms should

increase 3d orbital energy facilitating charge transfer from

the cation to the ligand [31].
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