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In the recent years, metal-containing polymers have become
very attractive owing to their possible applications as catalysts
for organic synthesis.'! Several examples can be found of
functionalized microporous polystyrenes (PSs) characterized
by very low surface areas, whereby the reactive sites are
accessible to the reactants only upon swelling by the solvent.?
Swelling usually does not occur for gaseous species and this
property usually prevents the use of polymer-based catalysts
for gas-phase synthesis. This restriction can, however, be
overcome by the use of macroporous polymeric matrices, for
which a permanent open texture is obtained by 2040 % levels
of cross-linking.”! The development of easy methods to
immobilize organometallic species into these polymers while
maintaining their porous structure will allow their application
to catalytic reactions also in the absence of a swellable
solvent. An example of this class of systems is the nitrogen-
containing polymers, such as poly(4-vinylpyridine) (P4VP),
which play important roles as basic catalysts® and are used
extensively to generate metal complexes with transition
metals.!

P4VP has been used as a good support for immobilization
of CuCL" in the oxidative carbonylation of methanol to
dimethylcarbonate (DMC),®! the oxidative coupling of 2,6-
dimethylphenol,/"! and the oxidation of tetralin.®! In these
processes, all conducted in the liquid phase, Cu" is reduced to
Cu' and HCI is released. Even though it is usually accepted
that the basic N atoms of the pyridine (Py) rings act as
preferential sites for Cu" grafting and several models have
been proposed,*® there is no direct proof of the structure of
the active species during the redox process. In this work,
CuCl, was molecularly immobilized inside a highly cross-
linked P4VP matrix characterized by permanent porosity
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(Figure S1 in the Supporting Information);®! this system
allowed catalysis also in the gas phase, and has been
investigated in detail by insitu spectroscopy. The grafting
procedure and the redox processes involving the Cu sites were
investigated by means of several complementary in situ
techniques (FTIR, UV/Vis, XANES, and EXAFS spectros-
copy), allowing the determination of the structure of the
system at each step. The determination of the structure
surrounding Cu sites has to be considered a nontrivial result
because of the amorphous nature of the host matrix. Detailed
knowledge of the structural changes upon redox reaction is
necessary for understanding more complex catalytic process-
es.

CuCl, coordination to the N atoms of the Py rings in P4VP
matrices was demonstrated by IR spectroscopy (Figure 1): the
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Figure 1. FTIR spectra of P4VP degassed at room temperature to
remove physisorbed water before (gray) and after (black) CuCl,
grafting. Inset (from black to red): NO adsorption at room temper-
ature on the Cu" sites at increasing coverage (P,..,=10 Torr).

coordination of Cu" to the polymer, in fact, induces signifi-
cant shifts in the bands characteristic of Py vibrations,*'” in a
similar way to that observed upon coordination of strong
electron-accepting molecules.”) In particular, the bands at
1596, 1414, 993, and 818 cm ™! (assigned to the 8a, 19b, 1, and
11 vibrational modes of Py") are most affected by Cu
coordination, experiencing upward shifts of 19, 15, 33, and
10 cm™, respectively. The original PAVP bands are almost
totally absent. This behavior reveals that the C—N and C—C
bonds of the Py rings are strengthened as the Cu" species are
incorporated into the polymer," and that the large majority
of the Py rings are involved in the grafting procedure. Upon
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degassing at room temperature, physisorbed H,O is removed
(Figure S2 in the Supporting Information; note that there are
almost no changes in the FTIR bands of the polymer,
demonstrating that P4VP is functionalized already in the
impregnation stage). Upon removal of H,O, the grafted Cu™
species become accessible to NO probes, giving rise to a band
at 1852 cm™!, which is easily reversible upon degassing at
room temperature (inset in Figure 1). The slightly lower
frequency of the ¥(NO) band with respect to that observed for
Cu'isolated in zeolitic materials and supported on oxides!' is
indicative of higher back donation owing to the basic

N ligands.

The electronic properties of the grafted CuCl, species
before and after degassing at room temperature were inves-
tigated by DR (diffuse reflectance), UV/Vis, and XANES
spectroscopy (Figure 2a). The as-prepared sample (inset)
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Figure 2. a) XANES and UV/Vis (inset) spectra to study the electronic
properties of the grafted Cu" sites. Top spectra: model compounds of
bulk CuCl,-2H,0 (dark gray) and CuCl, in Py (light gray). Bottom
spectra: CuCl,/P4VP sample before (black) and after (blue) dehydra-
tion at room temperature; b,c) k3-weighted, phase uncorrected, FT of
the EXAFS spectra, for both the modulus (b) and imaginary parts (c).
Colors as for part (a). For the lower spectra, the experimental data
(lines) are superimposed on the best fits (scattered squares). Vertical
lines in part (c) show that the high-R signal of the CuCl,/P4VP samples

is the same as that of CuCl, in Py (but less intense).

shows the d-d transition typical of Cu" (d°) in pseudo-
octahedral geometry. This band red shifts slightly upon
removal of H,O owing to the decreased ligand field, as
already well documented in the case of isolated Cu" species
inside zeolitic materials."® The X ANES spectra of the same
samples (Figure 2a) are consistent with the UV/Vis spectra,
showing the dipole-forbidden 1s—3d transition (weak band at
8978 V) and the dipole-allowed 1s—4p transition (shoulder
around 8986 e V)21l The main change upon dehydration
is a small reduction of the white-line (first resonance after the
edge) intensity, confirming a decrease in coordination number
(H,O removal). Both spectra are very similar to that of CuCl,
in Py (both in the edge and white-line region) and differ from
that of bulk CuCl,2H,O (dark gray), which is better
resolved.[' This result indicates that Cu" sites are atomically
dispersed in the P4VP matrix (thus acting as a “solid solvent”)

and excludes the presence of clustered CuCl, species.
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IR, UV/Vis, and XANES spectroscopy demonstrate that
Cu(l, is grafted to the Py rings of the PAVP matrix and that,
upon degassing at room temperature, the Cu" sites present at
least one available coordination vacancy. Molecular models
suggest that intermolecular coordination involving two Py
moieties belonging to two different polymeric chains should
occur in the P4VP matrix.'"! However, obtaining direct
structural information about the structure adopted by a metal
complex inside a noncrystalline polymer is not a simple task,
because X-ray diffraction is completely ineffective. Con-
versely, EXAFS, being selective towards the local environ-
ment of a specific absorbing atom, is well suited to give
information about the local structure of Cu sites inside the
amorphous P4VP matrix. The high quality of the raw EXAFS
data is evident in Figure S4 in the Supporting Information.
The plots of |FT| of the k*-weighted y(k) functions for the
CuCl,/P4VP sample before and after dehydration (Figure 2b)
are dominated by an intense peak centered around 1.7A
attributable to the overlapping contributions of N (from Py),
Cl, and O (from H,0, in the case of the hydrated sample) first-
shell neighboring atoms, followed by smaller contributions up
to 5 A from both single (SS) and multiple scattering (MS)
from the N and C atoms of the Py rings. Although the signal in
this region has lower intensity, the Imm(FT) plot is in phase
perfectly with that of CuCl, in Py (see vertical lines in
Figure 2¢), proving that the molecular CuCl, units in P4VP
are actually linked to the Py rings. EXAFS analysis on the as-
such sample (scattered curves in Figure 2b,c, Table 1 and
Figure S5 in the Supporting Information) confirms the
pseudo-octahedral Cu coordination and reveals the nature,
number, and distance of the ligands: about two O atoms of
coordinated water molecules at 2.05 A, about two N atoms of
linked Py rings at 2.01 A, and two Clions at 228 A.
Dehydration leaves the high-R signals of the Py rings
unchanged, testifying that Cu" is stably linked to two Py
rings, but leads to an increase of the first-shell signal and
displacement of its barycenter towards higher distances. The
intensity increase, unexpected for ligand removal, is actually
due to the disappearance of the destructive interference
between Cu—O and Cu—Cl signals that are in almost complete
antiphase in a large krange.'" Indeed, EXAFS analysis
reveals only four first-shell ligands (two N atoms and two
Cl ions); the two Cl ions are closer to the Cu'' center (2.25 A)
than for the hydrated sample (blue curves in Figure 2b,c,
Table 1, and Supporting Information).

H, reduction was chosen as model reaction to investigate
the structural changes undergone by the Cu" sites during the
more complex oxidative catalytic processes. Upon treatment
of the CuCl,/P4VP sample with H, at 450 K, HCl is released
with the consequent reduction of Cu™ to Cu". This process is
demonstrated by both UV/Vis spectroscopy (inset in Fig-
ure 3a), which shows the gradual disappearance of the Cu® d-
d transition,”! and XANES (Figure 3a), which shows the
appearance of an intense and well defined peak at 8983 eV
attributable to the dipole-allowed 1s—4p transition, which is
considered a fingerprint for Cu'[201161920 The Joss of
ligands around the Cu' sites and the change in their local
geometry is evident by looking at the FT of the k*-weighted
x(k) functions (Figure 3b), which show a progressive decrease
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Table 1: Summary of the parameters optimized by fitting the EXAFS data.?

Angewand,i,fe ,

Ligand  Variable References CuCl,/P4vP
CuCl,-H,0" CuCl, in Pyt Hydrated sample!  Degassed at RTY  Reduced by H,¥  Reoxidized'

O C.N. 2.0+£0.2 - 20+£04 - - 3

RIA] 1.96+0.02 - 2.04£0.03 - - 2.00+0.01

s [Az] 0.004 +0.002 - 0.009+0.003 - - 0.008 +0.001
Py C.N. - 4.0+0.4 2.4 24+04 1.3+0.2 1.7+0.2

RIA] - 2.08£0.01 2.03£0.01 2.04+0.02 1.99+£0.02 2.037+0.01

o’ [AY - 0.007 £0.001 0.011£0.001 0.007 +0.002 0.007 £0.003 0.006+0.001
cl C.N. 2.0£0.2 2.0+£0.1 2.0 2.0 1.3+0.2 1.3

RIA] 2.29+0.01 2.33440.008 2.287+0.004 2.267+£0.009 2.149+0.007 2.298+0.006

o [AY 0.004 +0.001 0.007+0.001 0.008 £0.001 0.005+0.001 0.007 £0.001 0.0044 +0.0005

AE [eV] T£1 241 241 242 0 T£1

no. of variables 6 6 8 6 6 8

R factor 0.017 0.029 0.007 0.046 0.039 0.007

[a] Coordination numbers (C.N.), distances (R), Debye-Waller factors (0%), and energy shift (AE). Non-optimized parameters are recognizable by the
absence of corresponding uncertainty values. All the fits were performed in R space, over the k>-weighted FT of the y (k) functions calculated in the
range Ak=2-13 A", See the Supporting Information for more details. [b] Fit range: AR=1.0-2.4 A; number of independent points: N,y =2AkAR/

7t>9. [c] Fit range: AR=1.1-5.0 A; N,,4>27.
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Figure 3. a) Effect of degassing at room temperature (blue) and
progressive reduction in H, at 450 K (green and orange) of the CuCl,/
P4VP sample, as monitored by XANES (main part) and UV/Vis (inset)
spectroscopy; b) k*-weighted, phase-uncorrected FT of the EXAFS
spectra, for both modulus (main part) and imaginary parts (inset).
c) CO adsorption at room temperature on the Cu' sites at increasing
coverage (P,,.,=50 Torr, black), as monitored by FTIR spectroscopy.

of all high-shell SS and MS paths that kill the high-R signal.
Notwithstanding the low coordination number, at room
temperature the so-obtained Cu' sites are able to form only
monocarbonyl complexes, characterized by the band 7(CO) =
2078 cm™!' (Figure 3¢). The extremely low frequency (A¥=
—65 cm ! vs. A +15 cm™! for [Cu'(CO)] adducts in several
zeolites, 1204142161201 35d AJ between + 5 and —15 cm™' for
CuCl and Cu,O dispersed on oxides!"?**?!) reflects the high
electron donation from Py to Cu', which reduces the electro-
static contribution and increases the m back donation in the
Cu'-CO bond.”? The absence of polycarbonyl adducts and
the easy reversibility of formation of the [Cu'(CO)] species
upon degassing at room temperature suggest that, despite the
apparent low coordination number determined by EXAFS,
the Cu' sites are surrounded by additional weak ligands (not
ordered Py rings) that compete for the accessible coordina-
tion vacancies.

Notwithstanding the great electronic and structural

of the first-shell signal, accompanied by a shift
toward lower distances, and the disappearance of
the higher-R contributions due to MS involving
the Py rings. EXAFS analysis (Table 1 and the
Supporting Information) demonstrates that, on
average, the Cu' sites are linked to only one Py
ring (at 1.99 A) and one Clion (at 2.15 A); the
lower coordination number of the Cu' species is
responsible for the contraction of the first-shell
distances. By losing a Py ligand, the Cu sites are
no longer forced to stay in the plane of the
remaining Py ring and acquire more degrees of
freedom, resulting in heterogeneity of the angle
between the N—Cu bond and the plane of the Py
ring (see the two model structures in the orange
box in Scheme 1). This situation implies a spread
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changes that occur upon H, reduction, the Cu sites preserve
their atomic dispersion, and no clustering or further Cu'—Cu®

degas H, at 450K Air
< T T’ ‘% e k?
2H,0 HCI

4

Scheme 1. Representation of the Cu environment for the stages of grafting,
dehydration, reduction, and reoxidation described in the text. Cu dark red, Cl green,
N blue, O red, C dark gray, H white. In the orange box only two of the many
possible structures differing in N-Cu-Cl angle, which are indistinguishable by EXAFS,
are represented.
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reduction processes are observed, as testified by the absence
of both a Cu” signal in the XANES spectra and Cu—Cu
contributions in the EXAFS spectrum (within the sensitivity
of the techniques, which is 5-10%). The reversibility of the
process upon exposure of the reduced CuCl,/P4VP sample to
air (Figure S3 in the Supporting Information) gives the final
picture. Both UV/Vis and XANES spectra (Figure S3a)
testify to the occurrence of the reverse Cu'—Cu'" oxidation
reaction, as already demonstrated in the case of Cu' in zeolitic
frameworks.>1**%! Moreover, EXAFS spectra(Figure S3b,c)
show the reappearance of the high-R contributions of MS
from the Py rings, demonstrating that Cu" sites find again the
Py ligand “lost” upon reduction. From a fit of the EXAFS
data, it is inferred that the Cu" cations regain a pseudo-
octahedral coordination geometry involving two N atoms
from the Py ligands, one Clion, and three O atoms (either
from physisorbed water molecules or from an oxidryl group,
see latter part of Scheme 1). All the ligands are at almost the
same distances as in the initial sample, demonstrating once
again that the reduction process does not affect the nuclearity
of the Cu sites.

In conclusion, the use of several complementary techni-
ques allowed the study of the electronic and structural
changes undergone by Cu sites grafted inside an amorphous
nanoporous P4VP matrix during all steps of a simple redox
process (as shown in Scheme 1). Even though H, reduction
and O,/H,O reoxidation is a simple redox process, it well
represents the more complex processes that occur during
liquid-phase catalysis. Preliminary results obtained on a more
complex redox reaction, involving ethylene in the gas phase as
a reactant, are reported in the Supporting Information
(Figure S6). From the complete knowledge of the structure
of the Cu sites in all steps of the process, it emerges that the
flexibility of the entire polymeric structure is the key factor in
the reversibility of the redox process. In the absence of a
swellable solvent, the accessibility of the active sites by a
reactant in the gas phase is not straightforward, and a highly
cross-linked polymeric matrix is necessary for a reagent to
reach the Cu sites in the gas phase.

Experimental Section

CuCl,/P4VP samples were prepared by impregnating commercial
poly(4-vinylpyridine), 25% cross-linked with divinylbenzene
(Aldrich), with an aqueous solution of CuCl,, resulting into a Cu
content of 7wt%. H, reduction was performed under static con-
ditions by dosing 100 Torr of H, at 450 K for 15 min, and then
degassing at the same temperature; the procedure was repeated three
times. FTIR spectra were collected on a Bruker IFS28 instrument at a
2 cm™! resolution on self-supported pellets inside an IR cell that
allows measurements under vacuum or in the presence of a desired
pressure of gas. UV/Vis spectra were collected from powdered
samples in a cell equipped with optical quartz windows on a Perkin—
Elmer Lambda 19 spectrophotometer equipped with a reflectance
sphere. X-ray absorption experiments on the Cu K-edge were
performed in transmission mode at the BM29 beamline at the
European Synchrotron Radiation Facility (ESRF), Grenoble

www.angewandte.de
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(France). The XAS experimental setup and EXAFS data analysis
are fully discussed in the Supporting Information.
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