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Possible precursor complexes for the aerobic oxidation of benzene to phenol in CuHY zeolites
were studied by QM/MM calculations. Structures limited to just one copper center were
determined, in which both, benzene and dioxygen are adsorbed to and activated by the same
transition metal cation. Frequency analyses reveal that these complexes can be identified by the

frequency shift of the O, stretching mode.

1. Introduction

The oxidation of benzene to phenol is an important industrial
process, which is presently realized by the cumene process.
Unfortunately this three-step reaction requires liquid inorganic
acids and leads to a stoichiometric amount of acetone as a
by-product. Consequently, more economical and ecological
alternatives are sought that give rise to manifold activities in
current research.' > The search for cheap and commonly
available oxidants on one side and a selective process on the
other constitutes a bottleneck, which has not yet been
removed. Phenol production by oxidation of benzene with
molecular oxygen by using different catalysts in the gas- and
liquid-phase has been described by several authors.”> However,
many of these reactions do not fulfil the second requirement—
high selectivity. On the contrary, the oxidation of benzene by
molecular oxygen on copper zeolites is characterized by very
high selectivity. However, in comparison to other catalysts the
yield averages to a few percent only for CuHY, CuHX and
CuHZSM-5 zeolites.>™ Therefore, in order to increase the
yield of phenol one needs to understand the reaction mechanism
at the molecular level. This information would allow for a
modification of the zeolite to favour phenol formation.

The mechanistic investigation of the aerobic oxidation of
benzene to phenol in CuHY zeolites by computational methods
is rather complicated and leads to a number of questions: (1)
Where do the copper ions reside in the zeolite? (2) How many
copper atoms are in direct neighborhood? (3) How relevant are
dinuclear peroxo-complexes? (4) How many silicon atoms
need to be replaced by aluminium atoms? (5) How does the
aluminium distribution influence the reaction barrier? (6)
Where do the protons needed for charge compensation reside?
(7) Which is the most relevant adsorption site within the
zeolite? (8) What is the most relevant electronic state for this
reaction (triplet vs. singlet), when O, is used as an oxidant? (9)
How does the zeolite have to be modified in order to accelerate
the reaction? All these questions cannot be answered in a
single study and thus a number of assumptions and side
conditions must be introduced and the aspects to be studied

Institut fiir Theoretische Chemie, Universitdt Stuttgart,
Pfaffenwaldring 55, 70569 Stuttgart, Germany

need to be restricted. Previous studies of several groups
showed that the most important adsorption sites in CuHY
zeolites are the SII and SIII sites (for details see ref. 6 and 7).
Apparently, the copper ion is bound more tightly at site SII
than at site SIII. As a consequence the copper ion shows
enhanced flexibility at site SIII which results in larger adsorption
energies and thus a stronger activation of the reactive species.
All this indicates that the SIII site is the preferred site for
starting the reaction. Nevertheless, we initially focused on
both, the SII and SIII sites. Again, previous studies showed
that the triplet state appears to be lower in energy than the
corresponding closed shell singlet states for adsorption com-
plexes of O, and CuHY.” This assumption has been supported
by multi-reference configuration interaction calculations as
well as density functional studies.” However, both states are
rather close in energy. For this very reason we focus mainly on
the triplet state but consider the singlet states in certain cases
as well.

The focus of the present study is not so much on the
reaction itself but rather on adsorption complexes which
may serve as a starting point for the reaction. The precursor
complexes studied here are thought of as mimicking the
experimental situation when a Cu-exchanged Y-zeolite is
loaded by dioxygen and subsequently by benzene or vice versa.
This addresses only a subset of the questions raised above but
was found to be an important prerequisite for limiting the
parameters controlling the reaction. In this preliminary study
we restricted ourselves to the investigation of complexes with
just one copper atom. The introduction of a second copper
atom would result in a multitude of new structures and
complicated electronic situations which are beyond the scope
of this study and which are subject to further investigations.
Whenever possible, we compare our calculations with our
previous combined experimental/computational results on
the lone adsorption of dioxygen or benzene to copper in CuHY
zeolites.”®

2. Computational details

A combined quantum mechanical (QM) and molecular
mechanical (MM) approach (QM-Potr)”!® has been used.
The QM region contains the adsorbates, the copper center

This journal is © the Owner Societies 2010
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Fig. 1 QM/MM model of C4Hg and O, adsorbed in Cu-exchanged Y
zeolite. Atoms computed at the DFT level are marked by balls.

and the zeolitic framework in the vicinity of the copper ion,
while the MM part comprises the environment including the
rest of all atoms of the periodic cell (see Fig. 1). In the
QM/MM scheme of the QM-Port program dangling bonds
are saturated by hydrogen atoms connected to the terminating
framework oxygen atoms, for the QM part. Periodic boundary
conditions are applied to include long-range electrostatic
effects, for the MM part.

Quantum chemical calculations were performed at the
DFT (density functional theory) level employing the BP86
functional'*!> and using the RI-J (resolution-of-identity)
approximation''™!3 together with valence triple ¢ polarisation
(TZVP) orbital basis sets'® for all O, Si, Al, H atoms. A
relativistic small core ECPIOMDF pseudopotential'” with
accompanying cc-pVTZ-PP basis sets'® replaces the 10 inner-
most core electrons for the Cu atoms. An unrestricted
Kohn—-Sham (UKS) scheme was used for the triplet and
broken-symmetry singlet states. For systems such as van der
Waals (vdW) complexes found at site SII and SIII of Cu-Y
zeolite (see Fig. 2 and 3) where dispersion interactions are
decisive, we employed the DFT + D approach of Grimme and
co-workers,!” with parameters taken from ref. 20. DFT
calculations were performed using the TurBoMOLE*>?® and
MoLpro®* program packages, and MM calculations were
performed with the GuLp program® linked to the QM-Port
program. The force field was parameterized using a polarizable
ion-pair shell-model potential®® with parameters developed by
Sierka.?” The interaction parameters for Cu(1) are: Acumo =
2676.727189 eV and pcuno = 0.24243 A.2® At the MM level
van der Waals interactions between CgHg, dioxygen and the
zeolite framework were modeled by Lennard-Jones 6-12
potentials with parameters taken from ref. 21.

The full unit cell of faujasite zeolite (Y zeolite) contains 192
Si/Al (called T atoms) atoms and 384 O atoms. However a
smaller rhombohedral unit cell containing just 48 Si/Al atoms
and 96 O atoms is taken in our present work. As in our
previous study on the adsorption of O,,” model clusters at two

Fig. 2 Quantum mechanically treated part of van der Waals
complexes formed at site SII: (lhs) direct connection of C¢Hg to Cu,
(rhs) direct connection of O, to Cu.

Fig. 3 Quantum mechanically treated part of van der Waals
complexes formed at site SIII: direct connection of C¢Hg to Cu.

different sites of Y zeolite were represented by 12 Si/Al atoms
and 33 O atoms in case of site SII, and 8 Si/Al atoms and 22 O
atoms in case of site SIII, respectively, treated at the DFT
level. The QM part of the Y zeolite model contains one or two
Al atoms, whereas the embedding part of it is pure silica. In
case of 2 Al clusters, an additional H ion is incorporated in
order to neutralize the charge of the zeolite. Distribution of the
second Al atom follows the Loewenstein rule,? i.e., Al-O-Al
connectivity is excluded. After introduction of the 2nd Al into
the model clusters (which are embedded within the zeolite
framework), site SIII gives 9 isomers depending on the
position of the two Al atoms to each other. The isomers are
individually characterized by specifying the Si atom which are
replaced by the 2nd Al atom and the O atoms to which the
additional proton is connected in Table 1 and 2. The numbering
of the atoms used here and in the following refers to crystallo-
graphic labeling (considering the four different zeolitic—O
positions O1, 02, O3, O4) with an additional letter used for
identifying individual atoms (see Fig. 4). For detailed information
concerning basis set effects see ref. 7, and for our investigations
concerning other adsorbates (ethene and ethyne) based on
finite cluster models see ref. 30 and 31.

3. Results and discussion
3.1 Structural and energetical aspects

Geometry optimizations were performed for sites SII and SIII
with benzene and dioxygen located at positions within the
supercage, which are in the vicinity of the Cu(1) ion. For both
sites we found van der Waals complexes in the triplet state in
which the dioxygen molecule resides on top of the benzene
ring, which itself is bound to the copper ion. For an illustration

6346 | Phys. Chem. Chem. Phys., 2010, 12, 6345-6351

This journal is © the Owner Societies 2010


http://dx.doi.org/10.1039/b921531j

Published on 10 February 2010. Downloaded by Pennsylvania State University on 16/09/2016 14:49:12.

see Fig. 2 and 3. For site SII another local minimum has been
found in which the O, molecule is directly bound to the copper
ion while benzene floats on top of this moiety (see Fig. 2,
right). Obviously it matters if in the experiment the zeolite is
first loaded with benzene and subsequently by dioxygen or
the other way around. Although these complexes keep the
dioxygen in close proximity to benzene, they have of course
little relevance for the reaction of benzene to phenol and will
only be considered briefly in the following.

Other complexes than these were only found for site SIII
where both O, and C¢Hg are connected to the same copper
center and thus we focus exclusively on this site in the
remainder of this paper. Three sets of geometry optimizations
were performed for the different electronic states, i.e., the
triplet, closed shell singlet and broken-symmetry singlet states.
For each electronic state the number and position of aluminium
atoms and of the corresponding charge-conserving protons
were varied. This resulted in a total of 27 structures for each
complex. We found two structurally very similar complexes
whose structures are characterized in Table 1 and 2 and which
are displayed in Fig. 5. These systems are closely related to
complexes of Datka and co-workers,”>* who studied the
simultaneous adsorption of CO or NO and some organic

Fig. 4 Numbering of the atoms of the Cu-exchanged Y zeolite
skeleton in the QM region containing only 1 Al atom. The second
Al atom replaces any of the Si atoms except the neighbouring ones.

Table 1 Relative energies” (E), binding energies (Ebb and E,°) of C¢Hg + O, at site SIII for different electronic states (in kcal mol’l). All data
refer to the complex lower in energy (see Fig. 5, lhs). The results in the first line refer to the case of 1 Al atom in a ring and the others to different
isomers with 2 Al atoms

Triplet BS singlet Singlet
Isomers  2nd Al atom replaces  H atom is connected to ~ E E Ey° E. ES ES  Ew E Eyf
1 Al — — —-37.0 —-34 -31.0 2.5 —15.8 17.7
A Si2 Ola 5.9 —44.6 -5.9 6.1 —38.6 0.2 5.3 —24.9 13.9
B Si2 0O2a 2.2 —35.6 —-2.8 2.5 -29.6 3.2 34 —-14.0 18.7
C Si3 O2a 0.0 —38.5 —4.4 0.0 —-32.7 1.4 0.0 —18.2 16.0
D Si3 Olb 6.8 —36.6 —1.6 7.3 -30.3 4.7 9.2 —13.9 21.1
E Si4 Olb 9.6 —34.4 —0.03 9.7 —28.6 5.8 10.1 —13.6 20.8
F Si4 O3a 28.3 —38.3 —4.2 28.3 -32.5 1.6 289 —-17.3 16.8
G Si4 0O4b 10.9 —36.1 —-0.4 11.2 —-29.9 5.8 12.4 —14.2 21.4
H Si6 Olc 0.6 —36.7 -3.6 0.7 -30.7 2.3 1.1 —15.7 17.3
1 Si6 0O2b 2.0 —38.6 -3.5 2.3 -32.5 2.6 3.6 —16.7 18.4

a

1 of different isomers are defined with respect to the lowest energy isomer. * Binding energy with respect to isolated benzene, dioxygen and
CuHY. ¢ Binding energy of dioxygen with respect to benzene adsorbed to CuHY.

Table 2 Relative energies® (E,), binding energies (E,” and Ey°) of C¢Hg + O, at site SIII for different electronic states (in kcal mol™"). All data
refer to the 2nd complex (see Fig. 5, lhs). The results in the first line refer to the case of 1 Al atom in a ring and the others to different isomers with

2 Al atoms

Triplet BS Singlet Singlet
Isomers  2nd Al atom replaces  H atom is connected to ~ Eye Ey’ Ey Eel Ey’ Ey  Euwl Ey’ Ey°
1 Al — — —36.3 2.8 -30.2 34 -20.4 13.2
A Si2 Ola 6.3 —43.4 —4.7 8.1 —-37.2 1.6 5.8 -27.5 11.3
B Si2 0O2a 0.8 —36.2 —-34 2.6 —30.0 2.7 1.1 —19.5 13.3
C Si3 O2a 1.7 —36.1 -1.9 34 -29.9 4.2 1.3 -20.0 14.1
D Si3 Olb 6.7 —35.9 —1.0 8.5 —29.7 5.2 4.5 -21.6 13.3
E Si4 Olb 8.7 —34.6 —0.20 10.4 —28.4 6.0 6.8 —20.1 14.3
F Si4 O3a 16.8 —48.9 —14.8 18.6 —42.8 8.7 28.3 -21.1 13.0
G Si4 0O4b 9.9 —36.3 —-0.6 11.7 -30.1 5.6 12.2 —17.5 18.1
H Si6 Olc 0.0 —36.4 -3.3 0.0 -32.0 1.0 0.0 -20.0 13.1
1 Si6 O2b 2.3 —-37.6 —-2.5 4.0 -314 3.7 4.5 —18.9 16.2

@ E, of different isomers are defined with respect to the lowest energy isomer. * Binding energy with respect to isolated benzene, dioxygen and
CuHY. ¢ Binding energy of dioxygen with respect to benzene adsorbed to CuHY.
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molecules in CuZSM-5 zeolites. These two complexes shown
in Fig. 5 differ by just 0.6 kcal mol ™! (triplet state, one Al atom
in the inner ring) in favor of the first structure (Fig. 5, lhs). All
structures provided in Table 1 and 2 are characterized by an
n>-coordination of benzene and end-on orientation of dioxygen.
As an example, Table 3 shows detailed information of the
geometrical parameters for the triplet clusters containing just
one aluminium atom. For comparison the corresponding
structural parameters of clusters with solely adsorbed dioxygen
or benzene are given as well. This comparison shows that the
clusters containing benzene and dioxygen are closely related to
those containing just one adsorbate. Obviously only slight
distortions (which require a minor reorganization energy) are
needed to allow for the lone adsorption of both molecules. The
most prominent change with respect to a cluster containing
dioxygen as lone adsorbate is the change of a side-on coordination
in favor of an end-on coordination (yielding a reduction of the
O, bond length comparable to that for the end-on adsorption
of lone dioxygen at the SII adsorption site’). This in turn leads
to a five-fold coordination of the Cu(r) ion. The introduction
of a second Al atom leads to model systems closer to the real
situation in Cu-containing faujasites where a Si/Al ratio of
2.2 to 2.4 is observed. Consequently, for the first complex
(Fig. 5, lhs) the most relevant structure of this study appears to
be cluster C, in which the 2nd Al atom replaces Si3 while the
additional proton is connected to O2a (c¢f. Table 1). Cluster H
is still very close in energy (within 1 kcal mol™"), while all other
systems are off by at least 2.0 kcal mol~". These results appear
to be independent of the electronic state: structure C is also the
minimum lowest in energy for the closed shell and broken-
symmetry singlet states. For the second complex the situation
is very similar: Again the proton is located at an O2 or Ol
position, but the preferred position for the 2nd Al atom is now
Si6 instead of Si3. In all cases, the binding energy—computed
as the difference of the cluster with respect to the three isolated
systems with dioxygen being in the triplet state—of the clusters
in the triplet state is significantly larger than for the corres-
ponding closed shell singlet state. The binding energies of the
broken-symmetry singlet states are always fairly close to the
triplet states. We attribute this result to a significant admixture
of triplet contributions to the singlet states. However, these
results confirm our principal restriction to triplet states and
thus our further considerations focus exclusively on triplet
state calculations. This is in line with our recent high-level
benchmark calculations at the coupled-cluster and multi-
reference configuration interaction level.” Recently, Holthausen
and co-workers** investigated the interaction of the copper ion
with substituted benzenes and compared the DFT with
CCSD(T) results showing a fairly good agreement. Moreover,
binding energies of dioxygen with respect to benzene adsorbed
to CuHY are positive for all complexes in the singlet and the
symmetry broken singlet state. Consequently, in these electronic
states the formation of the clusters is very unlikely once the
zeolite has been loaded with benzene prior to the addition of
dioxygen. For the low-lying triplet states of the two complexes,
we observe an energy stabilization of 3-4 kcal mol™' with
respect to benzene adsorbed to CuHY and free dioxygen.
We consider the clusters shown in Fig. 5 potential precursor
complexes for the oxidation of benzene to phenol for several

/

Fig. 5 Quantum mechanically treated part of possible precursor
complexes (containing 1 Al atom) for the aerobic oxidation of benzene
to phenol formed at site SIII.

reasons: (1) Both adsorbates are activated which is certainly
more favorable than activating just one entity. (2) Oxygen
atom O"’ is in very close neighbourhood to the activated CC
bond of benzene which allows for a direct reaction. (3) All
structures were found to be very flexible and floppy, allowing
for structural reorientations without significant changes in
energy.

3.2 Population analysis

A central question refers to the oxidation state of the copper
ion. Note that we did not impose any constraint to that aspect
except charge neutrality of the entire system in our calculations.
We performed population analyses for all three electronic
states for isomers C and H using the natural orbital scheme
of Reed and Weinhold*® as implemented in TurBoMOLE. In all
cases the copper ion carries a positive charge between 1.12 and
1.11 and thus must be considered a Cu(1) ion. The O’ atoms
are negatively charged by about —0.08. Therefore the O’ atom
interacts directly with the positively charged hydrogen atoms
of benzene. In both clusters the 3d4s occupation of the copper
jon is 3d%6'4s%?°. In order to study the oxidation state of
copper in more detail, we augmented our calculations by the
following scheme: in the calculations for the first complex with
a 2nd Al atom at position Si6 (formally referring to structures
H or I), we removed the proton from the Bronsted site and an
(additional) electron. This situation refers to a doublet state
and is supposed to remove the electron from the copper ion in
order to form Cu(i). After a geometry optimization of this
cluster we performed natural population analysis. The charge
of the copper ion was found to be 1.15 and thus the electron
has been removed from the zeolite skeleton rather than the
copper. The occupation pattern of the copper ion did also
hardly change, i.e., 3d°%4s%%°. According to these tests the
preferred oxidation state for copper in these complexes
appears to be Cu(1) rather than Cu(i), but the spin density
at the copper atom is non-zero (0.2-0.3).

3.3 Vibrational frequencies

In the van der Waals complexes discussed above the dioxygen
molecule is only loosely bound to the benzene moiety and thus
one would not expect significant frequency shifts for these
structures. According to our calculations the O, stretching
mode is red shifted by 39 cm™! from 1556 to 1517 cm™! (after
scaling, ¢f. Tables 4 and 5 for the scaling factors used). This
shift is significantly larger than that computed for the end-on
adsorption of dioxygen to a Brensted center, which is in the
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Table 3 Geometrical parameters (given in A) for the adsorption of benzene and dioxygen at SIII position for the case of 1 Al atom in the
neighboring skeleton of T-atoms. For the numbering of the atoms refer to Fig. 4

Adsorption of

02 and C6H6

b

Parameters Ist Minimum 2nd Minimum® Adsorption of O, only Adsorption of C¢Hg only Bare cluster
o’-0" 1.262 1.259 1.318

0""-Cl1 3.303 3.364

o'"-C2 3.627 3.321

O''-H* 2.618 3.688

Cu-0O’ 1.978 1.962 1.971

Cu-0" 2.882 2.855 1.940

Cu-O4a 2.207 2.226 2.019 2.165 2.035
Cu-Ol1d 2.053 2.052 1.968 2.016 1.982
Cu-Al 2.909 2911 2.799 2.862 2.737
Cu-Cl1 2.208 3.586 2.071

Cu-C2 2.137 3.617 2.024

Cu-C3 2.821 3.013 2.695

Cu-C4 3412 2.189 3.261

Cu-C5 3.472 2.154 3.320

Cu-C6 2.951 2.950 2.810

@ Nearest H atom of benzene ring. * Fig. 5, Ihs. ¢ Fig. 5, rhs.

range of 0-8 cm~'.” Note that the O, stretching mode is
extremely sensitive with respect to environmental effects:
considering the adsorption of dioxygen to the copper ion at
the SIII site, the frequency shift of the O, stretching mode
(with respect to free dioxygen in the gas-phase and without a
simultaneous benzene adsorption) is about 380 cm™ .7

With respect to the precursor complexes shown in Fig. 5 our
frequency calculations result in O, stretching modes between
1330 and 1359 cm™! (after scaling)—in dependence on the
aluminium distribution patterns (¢f. Tables 4 and 5). This
corresponds to frequency shifts between 226 and 197 cm ™! in
contrast to 380 cm~' as observed for the lone adsorption of
dioxygen. However, the frequency shift of 380 cm ™! was found
for a side-on adsorption at the SIII site. End-on adsorption of
dioxygen to copper at site SII results in frequency shifts
(in dependence on the Al distribution) between 258 and
321 ecm~!. Consequently, the reduced frequency shift from
380 cm ™' to values between 226 and 197 cm™' for site SIII

does not only result from a reorientation (side-on to end-on)
of the O, molecule, but also from the benzene adsorption. This
reveals that the interaction of dioxygen with the copper ion is
markedly weaker than in the case of pure O, adsorption.
Consequently, the benzene molecule has to interact directly
with the copper ion as well as with the dioxygen molecule
which leads to the observed lowering of the frequency shift. In
complexes with two copper ions (which are not studied here),
in which the dioxygen molecule is adsorbed to one copper ion
and the benzene to the other, the O, frequency shift should be
stronger than that computed here and thus IR spectroscopy
should be able to distinguish between these different situations.
However, this of course holds true only in case that the lifetime
of the computed complexes is long enough and that the IR
signals are markedly different from other intermediates or
reaction products of the benzene oxidation. In general, one
has to expect spectra arising from a multitude of different
complexes. In situ IR experiments are currently performed to

Table 4 Simultaneous adsorption of C¢Hg and O, at site SIII of CuHY zeolite. Comparison of calculated harmonic frequencies v and frequency
shifts Av (in cm™") of benzene and O, in gas-phase and adsorbed state. Geometries and analytic force constants are calculated at BP86/TZVP level;
within the RI-J approximation. Scaling factors are 1.012 and 1.02 for C¢Hg and O, respectively. All data refer to the complex lower in energy (see

Fig. 5, lhs)

CeHs O,

v13 (C—C ring stretch) —Av3? Voo (0-0 stretch) —Avo o’
Gas-phase 1489 1556
Cu(SII)HY/1Al 1473/1471 16/18 1335 221
Cu(SIIDHY2Al
A 1473/1469 16/20 1345 211
B 1473/1470 16/19 1341 215
C 1476/1473 13/16 1329 227
D 1473/1467 16/22 1359 197
E 1474/1471 15/18 1330 226
F 1474/1472 15/17 1334 222
G 1472/1468 17/21 1350 206
H 1472/1469 17/20 1337 219
I 1472/1471 17/18 1343 213

“ Av is the frequency shift of benzene from the gas-phase to the adsorbed state. © Av,_, is the frequency shift of O, from the gas-phase to the

adsorbed state.
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Table 5 Simultaneous adsorption of C¢Hg and O, at site SIIT of CuHY zeolite for second type of co-adsorption complexes. Comparison of
calculated harmonic frequencies » and frequency shifts Av (in cm ') of benzene and O, in gas-phase and adsorbed state. Geometries and analytic
force constants are calculated at BP86/TZVP level; within the RI-J approximation. Scaling factors are 1.012 and 1.02 for C¢Hg and O,

respectively. All data refer to the 2nd complex (see Fig. 5, right)

CeHg )

vy3 (C—C ring stretch) —Avyy° vo_o (0O-0 stretch) —Avo of
Gas-phase 1489 1556
Cu(SIIHHY/1Al 1475/1471 14/18 1346 210
Cu(SIIDHY2Al
A 1477/1472 12/17 1346 210
B 1477/1473 12/16 1345 211
C 1477/1473 12/16 1341 215
D 1475/1474 14/15 1348 208
E 1474/1473 15/16 1342 214
F 1476/1473 13/16 1348 208
G 1475/1472 14/17 1348 208
H 1475/1475 14/14 1330 226
1 1481/1474 8/15 1345 211

@ Av is the frequency shift of benzene from the gas-phase to the adsorbed state. * Av,_, is the frequency shift of O, from the gas-phase to the

adsorbed state.

identify a new band in the region discussed above or band
shifts once benzene is added.*

Besides the discussion of the O, stretching modes, we will
consider the v;; band of benzene (¢f. Tables 4 and 5). This
degenerate mode is significantly less sensitive than the O,
stretching mode and leads to pairs of transitions due to the
symmetry breaking of the benzene molecule upon adsorption.
Similar to the O, stretching mode, the frequency shift of the
v13 mode in comparison to the shift in the lone adsorption of
benzene is markedly smaller.® The same holds true for splitting
of the mode, which reduces from about 8 to 3 cm™~'. Again this
indicates a weaker interaction of the benzene molecule with
the copper ion in comparison to the lone adsorption of
benzene at site SIII. As a result one would expect a subtle
blue shift in the experimental IR spectra once oxygen is added
to a benzene loaded CuHY zeolite.

The frequency analysis performed above indicates that
in situ IR experiments are capable of providing valuable
information about possible precursor complexes relevant for
the oxidation of benzene to phenol in Y-zeolites. In particular
the O-O stretching mode—to be expected in the region around
1340 cm™'—acts as a sensitive indicator. Once an experimental
band has been found in this region one may conclude that (a)
site SIII is the most relevant adsorption site and (b) that the
complexes discussed here may indeed be involved in the
catalytic cycle forming phenol.

4. Summary and conclusions

Possible precursor complexes for the CuHY catalyzed aerobic
oxidation of benzene to phenol were determined by QM/MM
calculations at the DFT level. These complexes involve just
one copper center and lead to a simultaneous adsorption to
the same copper atom and activation of both molecules,
dioxygen and benzene at site III of the Cu-Y zeolite. Most
likely, these complexes are relevant precursor complexes for
the oxidation of benzene to phenol. Pulido et al. have
been recently investigating the direct NO decomposition on

Cu/zeolites, and reported that Cu(i) coordinated inside a
flexible (non-bridged) six-membered ring (such as the P6/TI
site) shows lower or no activity.®” This agrees quite nicely with
our results, i.e., precursor complexes have been characterized
solely at site III (bridged-4-ring) rather than at site II (6-ring).
The complexes are characterized by a distinct O, stretching
mode, which is red shifted with respect to dioxygen in the gas
phase but blue shifted with respect to the lone adsorption
of dioxygen in CuHY zeolites. Moreover, van der Waals
complexes were found, in which the benzene and the dioxygen
molecules reside on top of each other. These complexes result
in a rather modest red shift of the dioxygen stretching mode.
As the reaction mechanism of the aerobic oxidation of benzene
to phenol in CuHY zeolites is still unknown, these determined
complexes constitute an interesting starting point for alternative
reaction channels in contrast to reactions involving two copper
ions. However, in order to pinpoint the importance of the
clusters of this study for the aerobic oxidation of benzene to
phenol the whole reaction path needs to be investigated. Work
in that direction is currently in progress.
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