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a b s t r a c t

Adsorption and activation of formaldehyde molecule by copper and silver sites in ZSM-5 was studied by
combined QM/MM methodology. ETS-NOCV analysis was applied to decompose the deformation density
(the difference between electron densities of composed systems and non-interacting fragments) into
independent density flow channels. The analysis disclosed that the bonding of formaldehyde by the
metal site may be described in terms of lone pair donation from carbonyl oxygen to the metal and �*-
backdonation from metal d orbitals to antibonding orbital of CO. The former one is responsible for the
formation of coordinate bond (“dative covalent”) and the latter one for the activation of carbonyl bond.
TS-NOCV analysis Cu(I) site is more efficient with respect to both processes than Ag(I) one. Zeolitic environment is shown
to weaken the bond between formaldehyde and M(I) with respect to free cations for both metals whereas
it enhances �*-backdonation in the case of copper and diminishes �*-backdonation in the case of silver.
Calculated red-shifts of CO frequencies agree well with the IR-measured ones and correlate with the

n wh
c fram
degree of �*-backdonatio
Ag(I) as the role of zeoliti

. Introduction

Copper containing zeolites have long drawn strong attention
ecause of their activity in the decomposition of NO (as reported
or the first time by Iwamoto, e.g. see Refs. [1,2]). Moreover, Cu+

xchanged ions in zeolites CuZSM-5, CuX, CuY and CuMCM-41
ere found to activate multiple carbon–carbon bonds in alkenes

ethene, propene, butenes [3–6]), ethyne [7,8], and benzene [9,10].
u+ activated also C O bonds in acetone and formaldehyde [11,12].
he activation was evidenced by measured red-shift of multi-
le bond stretching by 80–130 cm−1 for alkenes, 168 cm−1 for
thyne, 16 cm−1 for benzene, 38 cm−1 for acetone and 56 cm−1 for
ormaldehyde.

Ag+ ions in zeolites were also reported [13] to activate multiple
onds in organic molecules, however, the effect was smaller than
hat for Cu+. The analysis of apparent activity of copper and silver
xchanged cations indicated that it depended on as well coinage
etal type as on the type of silicalite framework. To rationalize

hese findings we have already studied the interaction of Cu+ or Ag+

ons in zeolites of MFI structure with ethene, ethyne and benzene

olecules by theoretical modeling with the focus on the charge

ransfer processes accompanying adsorption of small hydrocarbon
olecules with double bonds [14–18].

∗ Corresponding author.
E-mail address: broclawi@chemia.uj.edu.pl (E. Broclawik).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.08.020
ich rationalizes as well very good performance of Cu(I) site compared to
ework in modifying exchanged cation properties.

© 2010 Elsevier B.V. All rights reserved.

Embedded cluster models of Cu(I) and Ag(I) sites in zeolites
hosting adsorbed molecules were also successfully modeled by
DFT calculations, enriched by new theoretical method for the anal-
ysis of charge transfer processes, based on ETS-NOCV scheme,
linking the extended transition state (ETS) approach with the nat-
ural orbitals for chemical valence (NOCV) method [19–23]. Charge
transfer between the fragments, defined either as the ad-molecule
interacting with the site or as the cation with bound adsorbate
interacting with silicalite framework was considered. ETS-NOCV
analysis allowed addressing individual charge transfer channels in
ethene and ethyne molecules interacting with Cu(I) or Ag(I) sites
in MFI or FAU zeolites in terms of symmetry, donation or back-
donation character and energetic importance [18,24]. This gave a
possibility not only to visualize and qualitatively assign the charac-
ter of each contribution (i.e. � or �), but also provided its energetic
share in the bonding. The role of zeolitic framework in promoting
site activity was clarified in a joint analysis of complementary pic-
tures of electron density transfer between framework oxygens and
the cation, accompanying donation from or backdonation to the
molecule. Finally, the differences in catalytic properties of the two
coinage metal sites embedded in various types of zeolitic frame-
works showed clearly that copper was more efficient than silver
concerning as well its intrinsic ability to back-donate electrons as

good match with the framework which rationalized its outstanding
catalytic activity.

Formaldehyde molecule represents other type of organic ligand,
with both the double C O bond and free electron pair at the oxygen

dx.doi.org/10.1016/j.cattod.2010.08.020
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:broclawi@chemia.uj.edu.pl
dx.doi.org/10.1016/j.cattod.2010.08.020
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nd. Thus distinct mechanism and geometry of its interaction with
u+ and Ag+ ions from those for alkenes, ethyne and benzene should
e expected. Hence, encouraged by previous promising results for
thene and ethyne we decided to study in this work the interaction
f formaldehyde with Cu(I) and Ag(I) sites in ZSM-5 with the use of
FT modeling equipped with ETS-NOCV analysis in hope to extract
arameters important for the formaldehyde activation.

. Methodology

.1. Calculations

In the present computation we have used the method coupling
uantum mechanics and molecular mechanics (QM/MM). In this
cheme formaldehyde, coinage metal cation and its nearest neigh-
orhood are treated with quantum chemical accuracy while the
est of the framework is treated with less computationally demand-
ng molecular mechanics with periodic boundary conditions (basic
nit contains two elementary cells). Turbomole package [25] was
pplied at QM level and Gulp code [26] in MM part, both linked via
MPot program [27], a variation of QM/MM method designed for
eolites. Density Functional Theory (DFT) was used as QM method
ith hybrid potential B3LYP [28] for geometry optimization and

requencies, while PBE [29] potential was used for binding ener-
ies (defined as a difference between energy of composed system
n its equilibrium geometry and the sum of energies of two non-
nteracting fragments), since we believe that for binding energy PBE
otential is closer to experiment [24]. Both potentials were applied
ith triple zeta basis set. Calculated frequencies were referred to

xperimental values measured at room temperature. In classical
art of calculations core-shell model potential [30] was used with
he parameterization from papers by Sauer and Sierka for Si, Al, O
nd H atoms [31], Nachtigallová et al. for Cu(I) ion [32], and CVFF
arameters for Ag [33]. The interactions between formaldehyde
olecule and zeolite framework at MM level were represented

y electrostatic interactions, with formaldehyde charges: 0.1 on
atoms, −0.38 on O atom and 0.18 on C atom; dispersion inter-

ctions with zeolite O atoms were described by Lennard–Jones
otential with parameters from Ref. [34]. Formaldehyde binding
nergy (BE) was calculated as the difference between total energies
f bound system and total energies of non-interacting fragments
n their optimal geometries. Energetical and orbital properties of
he systems (ETS interaction energies and NOCV analysis of defor-

ation densities, vide infra) have been obtained from the single
oint calculation for the QM part in ADF v. 2009.01 [35] (PBE poten-
ial). Nalewajski–Mrozek bond orders calculated from two-electron
alence indices based on partitioning of ¼ Tr(�P2) [36] were also
valuated in this step.

Additionally, the geometry optimization for the systems com-
osed of a free cation and a formaldehyde molecule has been done
y Turbomole with the same computation parameters as it was in
he case of QM part described above. These systems, without the
eolite framework, stand for the reference ones; their properties
ave been obtained analogously to the same systems embedded in
eolite framework.

In the following paragraphs a combined charge energy decom-
osition scheme, ETS-NOCV, will be presented. In the pure
iegler–Rauk energy decomposition approach (extended transition
tate, ETS) [19,20]. The total binding energy between the interact-
ng fragments (�Eint) is divided into four chemically meaningful
omponents:
Eint =�Edist +�Eelstat +�EPauli +�Eorb (1)

he first component, referred to as the distortion term�Edist, rep-
esents the amount of energy required to promote the separated
oday 169 (2011) 45–51

fragments from their equilibrium geometry to the structure they
will take up in the combined molecule. The second term, �Eelstat,
corresponds to the classical electrostatic interaction between the
promoted fragments as they are brought to their positions in the
final complex. The third term, �EPauli, accounts for the repulsive
Pauli interaction between occupied orbitals on the two fragments in
the combined complex. Finally, the last term,�Eorb, represents the
stabilizing interactions between the occupied molecular orbitals
on one fragment with the unoccupied molecular orbitals of the
other fragment as well as mixing of occupied and virtual orbitals
within the same fragment (intra-fragment polarization) after the
two fragments have been united.

We have recently introduced the natural orbitals for chemical
valence (NOCV) [21–23,37–40]. They are defined as the eigenvec-
tors,  , that diagonalize deformation density matrix, �P [21–23],

�PCi = viCi (2)

where Ci is a vector containing the coefficients expanding i in the

basis of orthogonalized fragment orbitals �j as i =
∑

j

Cij�j , and vi

is the ith eigenvalue. It was shown that deformation density (��)
can, in the NOCV representation, be expressed as a sum of pairs
of complementary orbitals ( −k, k) corresponding to eigenvalues
equal in absolute value, but opposite in signs [21–23,41]:

��(r) =
N/2∑

k=1

vk[− 2
−k(r) + 2

k (r)] =
N/2∑

k=1

��k(r) (3)

Such “pairing” property is similar to inter-reactant modes defined
within the charge sensitivity analysis by Nalewajski et al. [42].

In the combined ETS-NOCV scheme [43,44], the orbital inter-
action term (�Eorb) of ETS approach (see Eq. (1)), is expressed in
terms of NOCV’s as:

�Eorb =
N/2∑

k=1

vk[−FTS
−k,−k + FTS

k,k] (4)

where FTS
i,i

are diagonal Kohn–Sham matrix elements defined over
NOCV with respect to the transition state (TS) density (the mid
between the density of combined fragments and the final molecule,
hence the word transition state). It follows from Eqs. (3) and (4) that
for each complementary NOCV pair, representing one contribution
to the deformation density��k, one can not only visualize the elec-
tron flow channel, ��k, but also estimate its contribution to the
bond energy, �Eorb

k
[43,44]. Thus, ETS-NOCV provides both qual-

itative and quantitative characteristics of a chemical bond within
one consistent theoretical framework.

2.2. Models

In this work, M7 cluster (cut-off the ZSM-5 framework), the
metal cation M(I) and formaldehyde molecule (FA) are treated
with quantum chemical accuracy and the rest of the framework is
treated by molecular mechanics. M7 cluster is a fragment of ZSM-5
framework containing 6-member ring made of two consolidated
5-member rings. Our model has one Al atom and is electroneu-
tral. To saturate peripheral bonds in the QM part, silicon atoms
from the next coordination sphere are replaced by hydrogen atoms.
Cu(I) or Ag(I) has been placed in the middle of 6-member ring and
the formaldehyde molecule over the cation with the oxygen lone

pair pointing at Cu(I) or Ag(I) center (towards the main channel).
Fig. 1 shows an example of the two elementary cells containing
M7 cluster hosting Cu(I) with adsorbed formaldehyde after opti-
mization. The geometry of Ag(I) system after optimization was



E. Broclawik et al. / Catalysis T

F
f

q
t
a
b
a
f
i
t
t
o
t
g
f
c
l
b
d

a
s
c
c
e
I
t
T
m
[
fl
w
w
z
m

T
S
b

ig. 1. Periodic element containing Cu(I) cationic site in M7 cluster with adsorbed
ormaldehyde, embedded in ZSM-5 framework (fragment treated by QM in bold).

ualitatively the same as that for Cu(I) one. In the final geome-
ry, metal cation (with a formaldehyde molecule bound by oxygen
tom of carbonyl group) is coordinated only to two oxygen atoms
elonging to the same AlO4 tetrahedron (see Fig. 1), while in the
bsence of formaldehyde the cations are stronger bound to the
ramework. The assumed threshold for the Me–Oz bond distance
s 2.5 Å. For the unoccupied cationic site the Cu(I) is coordinated by
hree framework oxygen atoms while Ag(I) cation is coordinated by
wo framework oxygen atoms within assumed M–Oz bond thresh-
ld. Upon formaldehyde adsorption where C O lone pair ligates
he cation, the distances between the cation and framework oxy-
en atoms increase: the cation becomes withdrawn from the zeolite
ramework, decreasing coordination to framework oxygens in the
ase of copper. This indicates that H2CO molecule bound by oxygen
one pair apparently competes with the zeolite as a ligand. Finally,
oth cations remain linked with two framework oxygens with the
istance to other two of about 4–5 Å.

QM cluster (optimized at QMPot level) was subjected to NOCV
nalysis in order to extract the information on the electron den-
ity rearrangement upon the bond formation. In ADF calculation
luster geometry was not reoptimized since we believe that
ombined QM/MM calculations better reproduce the structure
mbedded in zeolite framework than free cluster optimization.
n order to analyze electron density transfer processes we apply
wo types of fragmentation of adsorption system into subsystems.
he natural fragmentation of the system composed of an adsorbed
olecule (FA) and a site (M7–M(I)) is the one denoted here as

FA]//[M(I)–M7]. This decomposition scheme describes the charge
ow between the cationic centre and the molecule. In addition,

e consider the alternative partition, denoted as [FA–M(I)]//[M7],
here a molecule and a cation stand for one subsystem while a

eolite framework for the other. This partition scheme should bring
ore specific information on the charge flow between the cation

able 1
elected geometrical and energetic parameters for formaldehyde interacting with four st
ond orders (M Cu, Ag).

H2CO H2CO–Cu+

RCO (Å) 1.199 1.221
RM–Oform

(Å) * 1.922
∠M–Oform–C * 140.5
BE (kcal/mol) * −46.5
�b.o.C O * −0.23
b.o.M–Oform

* 0.67
oday 169 (2011) 45–51 47

and the zeolite framework. The NOCV method with both partition
schemes was described and used previously in the analysis of ben-
zene, ethene and ethyne [16–18] adsorption on Cu(I) and Ag(I) sites
in ZSM-5 and ethene interacting with CuY [24]. Additionally, the
systems composed of a free cation and a formaldehyde molecule
has been subjected to ETS-NOCV analysis within the [FA]//[M+]
partition scheme for the sake of reference.

3. Results and discussion

3.1. Formaldehyde adsorption and carbonyl stretching
frequencies

DFT calculations performed in this work for adsorption proper-
ties, energetics and carbonyl stretching frequencies indicate that
the formaldehyde molecule becomes coordinated by the oxygen
lone pair to Cu+ or Ag+, as well in the case of free cations as
exchanged cations embedded in MFI framework. Typical geom-
etry is shown in Fig. 1 for FA adsorbed on Cu(I)–ZSM-5, the
structure of FA adsorbed on Ag(I)–ZSM-5 or free cations dif-
fers merely in numerical values of bond distances and bond
angles. Table 1 presents important geometrical parameters, binding
energies and bond orders for the four adsorption systems con-
sidered in this work: H2CO–Cu+, H2CO–Ag+, H2CO–Cu(I)–ZSM-5
and H2CO–Ag(I)–ZSM-5 (with zeolite represented by M7 cluster
embedded in classical force field of MFI framework). Energetic
results show that formaldehyde is much stronger coordinated
by free cations than by cationic sites in MFI, with the copper
always acting as a better site regarding adsorption strength. Frame-
work oxygens act apparently as additional concurring ligands,
their lone pairs successfully competing with carbonyl oxygen for
electron-accepting center. The bonding between metal cation and
carbonyl oxygen becomes weakened by 31.6 kcal/mol for Cu(I) and
by 24 kcal/mol for Ag(I) site with respect to free cations. As a con-
sequence, FA becomes rather weakly bound by zeolitic sites which
complies with general notion that efficient catalytic sites should not
bind prospective substrates very tightly to show good performance.

The same conclusions follow from the inspection of variation
in geometric parameters: as well bond distances as bond orders
changes indicate that stronger bonds are formed between carbonyl
oxygen and bare cations than those with M(I) sites. However, the
most important observation concerns the C O bond weakening
(envisaged by the decrease of bond distance and lowering of bond
order) that does not follow adsorption strength. In the case of cop-
per, the C O bond order decrease is larger for Cu(I) site than for
Cu+ whereas in the case of silver zeolitic site is less efficient for C O
bond activation than free Ag+ cation. This observation shows that
the influence of zeolitic environment is opposite for the two coinage
metal cations: whereas for Cu+ embedding in ZSM-5 improves its
activation ability with respect to formaldehyde carbonyl group,
Ag(I) in ZSM-5 is a worse activator than Ag+ itself.
On the other hand, the red-shift of C O IR frequency is a very
well-known fingerprint of the bond activation. Table 2 lists the red-
shifts of C O stretching frequency for formaldehyde interacting
with bare or embedded Cu+ and Ag+ (calculated with respect to gas

udied systems: bond distances, M–O–C bond angle, binding energy and changes in

H2CO–Ag+ H2CO–Cu(I) H2CO–Ag(I)

1.217 1.216 1.210
2.214 1.884 2.292

139.8 137.0 130.9
−33.7 −14.9 −9.6
−0.16 −0.30 −0.11

0.59 0.44 0.27
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Table 2
Red-shits of carbonyl stretching frequencies for formaldehyde interacting with stud-
ied systems: calculated values for free or embedded cations and measured IR shifts
for M(I)–ZSM-5.

��CO (cm−1)

M+ M(I)–M7 Exp.

Cu −78 −81 −56
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Ag −67 −41 −32
� −11 −40 −24

hase molecule within the same approach). The latter ones have
lso been registered by IR experiment performed for Cu+ZSM-5 and
g+ZSM-5 and are listed in the last column [11,12]. Reference val-
es for C O stretching frequency are 1819 cm−1 (calculated) and
745 cm−1 (measured by FTIR experiment). The data presented in
able 2 supply firm evidence for the trends described in the previ-
us paragraph. As well IR experiment as the calculations evidence
ignificant activation of C O bond in formaldehyde adsorbed on
eolitic cationic sites, with much higher efficiency of Cu(I) than
hat of Ag(I). The values of carbonyl stretching frequency shifts con-
rm also positive influence of embedding on Cu(I) and the opposite
ffect for Ag+ where embedding decreases the C O red-shift by
6 cm−1. Even if the match between the calculated and measured
ed-shifts for M(I) sites is not perfect, the role of zeolite framework
ay be clearly extracted from QM modeling.

.2. Charge flow processes

The role of charge transfer in the process of adsorption and
olecule activation by transition metal sites both in homogeneous

nd heterogeneous catalysis has long been recognized and dis-
ussed in numerous scientific works. Our research on NO and CO
olecules as well as on alkenes, alkynes and benzene interact-

ng with Cu(I) and Ag(I) sites in zeolites has already indicated that
*-backdonation is the decisive factor in multiple bond activation

6,10,14–18,24]. In this contribution we are discussing the results
f NOCV analysis in order to pinpoint charge transfer channels
mportant for bonding and activation of formaldehyde.

Fig. 2 presents dominant density transfer channels between the
ormaldehyde molecule and the other fragment, modeled either

+ +
s a free Cu cation or Cu(I)-M7 cluster. In the case of Cu (Fig. 2A)
he three distinct channels bring significant contributions to orbital
nteraction energy and thus to overall binding energy. The first one
with�Eiorb = −18.8 kcal/mol) corresponds to electron pair dona-

ig. 2. Dominant contributions to deformation density together with the corresponding
ed-density outflow, blue-density inflow (contour value 0.001 a.u.). (For interpretation of t
f the article.)
oday 169 (2011) 45–51

tion from the carbonyl oxygen to the cation (dative contribution)
and the bonding region (covalent part of bonding), these transfer
processes will be called LP-donation. It fully conforms to the intu-
itive picture of a coordinate bond (labeled in the literature as “dative
covalent” connection). Due to the fact that during this transfer no
density depletes from C O bonding region, we assume that this
term is not meaningful for C O activation. It should be emphasized
that this donative term differs from the corresponding contribution
in the case of alkenes and alkynes because in the latter cases the
density depletes directly from CC bonding region. The second con-
tribution (with �Eiorb = −8.0 kcal/mol) describes backdonation
of electrons from copper d� orbital to the antibonding �* orbital
of carbonyl. According to our previous findings [18,24] this pro-
cess was found nearly quantitatively responsible for differences in
alkene or alkyne activation on various sites, as it directly leads to
the weakening of carbon–carbon bond. The third contribution cor-
responds to intra-fragment polarization, virtually invariant with
the environment and presumably of minor importance for the acti-
vation process.

In the case of Cu(I) site (Fig. 2B) the three analogous channels
of the charge density transfers follow from differential den-
sity decomposition but their share in orbital interaction energy
becomes strongly modified by the environment. The role of lone
pair donation from carbonyl oxygen is diminished (�Eiorb is low-
ered by 5.5 kcal/mol) whereas the contribution of�*-backdonation
becomes increased by 6.8 kcal/mol. This even reverts the ordering
of dominant channels for charge flow making the �*-backdonation
process the most important one as well for the bonding as for the
activation of formaldehyde by Cu(I) site. This picture fully goes in
line with larger red-shift of C O stretching frequency calculated
for Cu(I)-M7 than that for Cu+. In the case of Ag+ charge transfer
channels (Fig. 3A) bring much lower contributions to the orbital
interaction energy which complies with the lower orbital interac-
tion and binding energy of formaldehyde than that for Cu+. Only
two channels pass the threshold of 1.5 kcal/mol assumed here for
meaningful orbital energy contribution: lone pair donation and�*-
backdonation, with the latter one much less significant than that for
Cu+ (−4.0 kcal/mol versus −8.0 kcal/mol). Even more interestingly,
embedding of Ag+ in ZSM-5 framework diminishes both contribu-
tions, with very strong negative impact on �*-backdonation that
becomes nearly negligible for Ag(I) site. This result fully rational-

izes somewhat unexpected worsening of Ag(I) activation ability
towards carbonyl bond in formaldehyde with respect to the free
cation, as observed in modeling and evidenced by much lower C O
IR frequency red-shift registered for Ag(I)–ZSM-5.

energies for [FA]//[Cu+] fragmentation (A) and [FA]//[Cu(I)–M7] fragmentation (B);
he references to color in this figure legend, the reader is referred to the web version
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Fig. 3. Dominant contributions to deformation density together with the corresponding energies for [FA]//[Ag+] fragmentation (A) and [FA]//[Ag(I)–M7] fragmentation (B);
red-density outflow, blue-density inflow (contour value 0.001 a.u.). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of the article.)

Table 3
Binding energy (BE) and Ziegler–Rauk energy decomposition results for
[FA]//[M+:M(I)–M7] fragmentation, together with dominant orbital energy contri-
butions according to ETS-NOCV analysis (all values in kcal/mol).

FA-bound fragment Copper Silver

Cu+ Cu(I)–M7 Ag+ Ag(I)–M7

BE −46.5 −14.9 −33.6 −9.6
�EPauli 49.8 61.4 32.0 28.3
�Eelstat −57.9 −55.0 −39.4 −28.0
�Eorb −39.0 −35.7 −21.4 −12.4
�Ei

orb
LP-donation −18.8 −13.3 −11.4 −6.6

a
t
M
d
i
f
o
p
h
t
b
t
t

T
D

�*-Backdonation −8.0 −14.8 −4.0 −1.9
Polarization −5.3 −4.4 – –

Table 3 collects numerical data for the observations sketched
lready in preceding paragraphs. �Eorb values correspond solely
o orbital interactions in the ligand binding by the metal site.

oreover, the energy component corresponding to the fragment
istortion upon forming bound system (present in BE calculated

ndependently) is not accounted for in ETS-NOCV analysis since
ragment geometries were not optimized separately due to the lack
f embedding in the energy decomposition step. There is no sim-
le relation between ligand binding energy and orbital interaction,
owever, there seems to exist firm consensus that no simple rela-

ion between adsorption energy and substrate activation should
e expected either. Our results of ETS-NOCV analysis indicate
hat carbonyl bond activation correlates well with selected elec-
ronic components of the interaction with transition metal site:

able 4
ominant orbital energy contributions for [FA]//[M(I)–M7] partition (in kcal/mol) and the

�Ei
orb

Role

�*-Backdonation support Ligand binding and activation enhan
LP concurrence Ligand binding decrease
while the overall bonding strength depends as well on carbonyl
lone pair donation (intuitive picture of coordination bond) as on
�*-backdonation (similarly to Chatt–Duncanson �*-complexation
mechanism), the degree of carbonyl bond activation seems to
depend predominantly on the latter factor.

Indeed, Table 3 shows that ligand bonding strength decreases
for Cu(I)–MFI site because of diminished lone pair donation and
increasing in Pauli repulsion term, while its activation ability
increases due to backdonation, clearly enhanced by embedding
in zeolitic environment. In the case of silver, embedding in
zeolitic framework diminishes the importance of as well lone pair
donation as �*-backdonation channels, Pauli repulsion term and
electrostatic contribution, thus as well the bonding strength as
carbonyl bond activation are lowered with respect to the free
cation.

Finally, let us directly address the impact of ZSM-5 framework
on the properties of exchanged cation. Table 4 and Fig. 4 present the
results of NOCV-ETS analysis performed for the second fragmenta-
tion pattern, namely the cation with bound formaldehyde treated
as one fragment and M7 cluster (representing the environment) as
the other one. In the case of copper, the channel describing electron
density flow from framework oxygens via d� orbitals of copper to
the carbonyl antibonding orbital (strongly polarized towards the
carbon) is energetically dominant. This channel clearly illustrates
supporting�*-backdonation by oxygen lone pairs and thus the acti-

vation of C O bond. The second energetically important channel
describes the donation of electron density from framework oxy-
gens towards copper which in turn imposes some reverse flow from
copper to carbonyl oxygen. Hereafter, we label this channel “LP

ir roles for ligand binding and activation.

FA–Cu(I)//M7 FA–Ag(I)//M7

ce −18.0 –
−12.0 −12.4
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Fig. 4. Dominant contributions to deformation density together with the cor-
responding energies for [FA–Cu(I)]//[M7] partition (A) and for [FA–Ag(I)]//[M7]
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artition (B); red-density outflow, blue-density inflow (contour value 0.001 a.u.).
For interpretation of the references to color in this figure legend, the reader is
eferred to the web version of the article.)

oncurrence” and ascribe the weakening of formaldehyde binding
nergy by M(I) site to this density flow, diminishing dative inter-
ction. Interestingly, only this channel is present (of comparable
nergetic importance) in the case of silver site whereas the channel
upporting backdonation is missing (below assumed threshold).
herefore, as well formaldehyde coordination as carbonyl bond
ctivation are less efficient for Ag(I) site in zeolite than for free Ag+

ation.

. Conclusions

In this work adsorption and activation of formaldehyde
olecule by copper and silver sites in ZSM-5 was studied by com-

ined QM/MM methodology, enriched by the results of ETS-NOCV
nalysis decomposing the deformation density into independent
ensity flow channels. The analysis confirmed intuitive view that
he bonding of formaldehyde by the cationic site has distinct
haracter from previously studied hydrocarbons bound via dou-
le bond according to the well known�-complexation mechanism.
ormaldehyde becomes ligated through the carbonyl oxygen as
ell to free Cu+ or Ag+ cations as to cationic M(I) sites in MFI. Bond-

ng mechanism may be described in terms of two density transfer
rocesses: lone pair donation from electron free pair on carbonyl
xygen to the metal and �*-backdonation from metal d� orbitals
o antibonding orbital of CO. The former one is responsible for the
ormation of coordination bond in compliance with the intuitive
icture while the latter one brings about the activation of carbonyl
ond.

Cu(I) site is effectively more efficient than Ag(I) regarding the
wo types of electronic interaction due to both better intrinsic prop-

rties as an electron donor and more efficient cooperation with
he framework. Moreover, embedding the cation in MFI framework
ields various, partly opposite consequences for Cu+ or Ag+. Zeolitic
nvironment is shown to weaken the bond between formaldehyde

[

[

[

oday 169 (2011) 45–51

and M(I) with respect to free cations for both metals but, quite
interestingly, �*-backdonation becomes enhanced in the case of
copper while in the case of silver�*-backdonation becomes dimin-
ished. Therefore it seems clear that the net charge density flow is
composed of various independent electronic processes and thus
cannot fully disclose underlying mechanisms and physical pro-
cesses accompanying adsorption. In the case of realistic models
of active sites it is the ETS-NOCV analysis that helps to separate
independent electronic contributions and to rationalize differences
in activation properties of M(I) sites relating them to electronic
interaction with zeolitic environment.

Calculated red-shifts of C O stretching frequencies in formalde-
hyde adsorbed on Cu(I) and Ag(I) sites agree well with
the IR-measured ones and correlate with the degree of �*-
backdonation which rationalizes as well very good performance
of Cu(I) site compared to Ag(I) as the role of zeolitic framework in
modifying exchanged cation properties.

Acknowledgements

This study was sponsored by the Ministry of Science and Edu-
cation Grant No. N204 1518 36; the work was performed within
cooperation partly supported by the IDECAT Network of Excellence.

References

[1] M. Iwamoto, H. Furokawa, Y. Mine, F. Lemura, S. Mikuriya, S. Kagawa, J. Chem.
Soc., Chem. Commun. (1986) 1272.

[2] M. Iwamoto, S. Yakoo, K. Sakai, S. Kagawa, Chem. Soc. Faraday Trans. 77 (1981)
1629.

[3] J. Datka, E. Kukulska-Zajac, J. Phys. Chem. B 108 (2004) 17760.
[4] G. Hübner, G. Rauhut, H. Stoll, E. Roduner, Phys. Chem. Chem. Phys. 4 (2002)

3112.
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