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A low-temperature grafting approach using two CuI molecular precursors ([CuOSi(OtBu)3]4 and [CuOtBu]4)
and a high-temperature exchange reaction using CuCl were utilized with a mesoporous silica support (SBA-
15) to investigate the effects of catalyst preparation on the nature of copper-support interactions and site
speciation. Detailed X-ray absorption near-edge spectroscopy (XANES) and extended X-ray absorption fine-
structure studies (EXAFS) studies were performed to characterize the nature of the Cu sites and the Cu-
support interactions. The freshly prepared materials from the nonaqueous grafting of [CuOSi(OtBu)3]4 (CuOSi/
SBA (x.x), wherex.x refers to the Cu weight %) exhibit CuI site isolation (by EXAFS and XANES). In
contrast, EXAFS and XANES studies of the freshly prepared materials from the nonaqueous grafting of
[CuOtBu]4 (CuOtBu/SBA (x.x)) suggest that the Cu-O-Cu linkages of the molecular precursor remain intact
upon interacting with the support. Isolated CuI sites are observed as the major species in the freshly prepared
material from the high-temperature exchange reaction using CuCl (CuCl/SBA (3.0)) (by XANES and EXAFS).
Treatment of the materials under He at 573 K leads to loss of the organic species from the grafted materials
(by 1H NMR spectroscopy, thermogravimetric analysis, EA, and IR spectroscopy). EXAFS and XANES
studies revealed that CuCl/SBA (3.0) and the CuOSi/SBA (x.x) materials still exhibit up to 95% isolated CuI

sites, whereas the CuOtBu/SBA (x.x) materials only exhibit Cu as Cu0 nanoparticles of ca. 7 Å in diameter.
After calcination under O2 at 573 K, residual chloride from the high-temperature preparation of CuCl/SBA
(3.0) leads to formation of crystalline CuO particles, whereas the CuOSi/SBA (x.x) and CuOtBu/SBA (x.x)
materials exhibit more amorphous CuO character after an identical oxidative treatment.

Introduction

Supported Cu catalysts are known to be active for a variety
of reactions, including methanol synthesis,1 methanol partial
oxidation,2 oxidative carbonylation of methanol,3 and NO
reduction.4 In most cases, such catalysts are produced by
incipient wetness impregnation, ion exchange, or deposition-
precipitation.1-4 The support is then dried, and the deposited
copper precursor is calcined in air or oxygen to produce small
particles of copper oxide. Reduction of the dispersed metal oxide
produces crystallites of Cu with an average diameter of typically
30-110 Å (see for example ref 5). Achieving particle diameters
of less than 10 Å is difficult, because Cu readily agglomerates
at high temperatures during both the calcination and reduction
phases of catalyst preparation.6 Preparation of very highly
dispersed Cu catalysts would be of interest for several reasons.
First, it is known that in the size range of∼2 to 10 Å the
properties of Cu, and in fact all metals, are intermediate between
those of individual metal atoms or cations and bulk metal.7 The
consequences of this for catalysis are illustrated by our recent
studies of dimethyl carbonate (DMC) synthesis via oxidative
carbonylation of methanol, which show that both the turnover
frequency and the selectivity for DMC depend on the dispersion

of Cu. A high turnover frequency and high selectivities to DMC
relative to both methanol and CO are achieved for nearly
atomically dispersed Cu relative to what is obtained with
catalysts containing poorly dispersed Cu.8 A second motivation
for preparing highly dispersed Cu is to use such a material to
produce supported Cu catalysts with a chosen average Cu
particle size by controlled sintering of the dispersed Cu.

A number of investigations have shown that high dispersions
of metal atoms can be achieved using metal-containing molec-
ular precursors introduced onto the support by either chemical
vapor deposition or grafting.9 In the first cases, the precursor is
often a metal salt, which can be sublimed, whereas in the second
case the precursor is an organometallic compound, which is
soluble in a nonaqeuous solvent. In both methods of catalyst
preparation, the precursor reacts with hydroxyl groups present
on the support surface to produce atomically dispersed species.
The initially deposited form of the metal can then be oxidized
or reduced, depending on the ultimate use of the catalyst.
Molecular precursors of the type described have been used
successfully to prepare atomically dispersed Ti,10 Ta,11 Hf,11

Al,11 W,11 Cr,11 Fe,12 Rh,13 and Pd.13 The local environment of
the dispersed metal in such catalysts can be established from
extended X-ray absorption fine-structure (EXAFS) measure-
ments, which can provide information about the nature and
coordination of atoms in the first, second, and sometimes third
shell of atoms surrounding the atom of interest.14

The work presented here addresses the effects of precursor
composition on the dispersion of Cu on mesoporous silica (SBA-
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15).15 Materials were prepared via a low-temperature grafting
of molecular precursors [CuOSi(OtBu)3]4

16 and [CuOtBu]417 and
by a high-temperature reaction of CuCl with the silanol groups
present on the support surface. The local environment of Cu in
each sample was characterized by X-ray absorption near-edge
structure (XANES) and EXAFS spectroscopies, after initial
deposition of Cu and following thermal treatments in He and
O2. Analyses of EXAFS data were carried out using information
obtained from a series of well-defined standards. A preliminary
communication describing the interactions of [CuSi(OtBu)3]4

has been reported.18

Experimental Section

General.All synthetic manipulations were performed under
an inert atmosphere (N2) using standard Schlenk techniques or
a Vacuum Atmospheres drybox, unless noted otherwise. All dry
solvents used were distilled from sodium/benzophenone, potas-
sium/benzophenone, sodium, or calcium hydride as appropriate.
All standards and test samples were handled under an inert
atmosphere (N2) in a drybox, with the exception of CuO, which
was handled in air. Solution1H NMR spectra were recorded at
ambient temperature on a Bruker AMX300 spectrometer at 300
MHz or on a Bruker AMX400 spectrometer at 400 MHz.
Benzene-d6, vacuum transferred from a Na/K alloy, was used
as the solvent for all NMR studies. Infrared spectra were
recorded using a Mattson Infinity Series FTIR spectrometer with
all samples pressed into KBr disks under inert atmosphere in a
drybox. Therogravimetric analysis (TGA) measurements were
performed using a TA Instruments SDT 2960 integrated
thermogravimetric/differential scanning calorimetric analyzer
(TGA/DSC). A Quantachrome Autosorb-One was used for N2

porosimetry measurements. The Brunauer-Emmet-Teller (BET)
method19 was used to determine the surface area, and the
Barrett-Joyner-Halenda (BJH) method20 was used to obtain
the pore-size distribution. Powder X-ray diffraction (PXRD) data
were collected using a Siemens D5000 diffractometer with Cu
KR radiation. The Cu and Cl contents (where appropriate) of
the materials studied were measured by Galbraith Labora-
tories, Knoxville, TN, using ionization coupled plasma methods.
[CuOtBu]417 and [CuOSi(OtBu)3]4

16 were synthesized by lit-
erature methods, and Si(OEt)4, Cu2O, CuO, and CuCl were
purchased from Aldrich and used as received. The mesoporous
silica support, SBA-15, was prepared according to literature
procedures16 and characterized by PXRD and N2 porosimetry
(area, 894 m2 g-1; pore volume, 1.13 cm3 g-1; average pore
diameter, 77 Å). The hydroxyl group concentration of the SBA-
15 was determined to be 1.3(1) OH nm-2, via reaction of the
SBA-15 material with Mg(C6H5CH2)2‚2THF and quantification
of the toluene evolved by1H NMR spectroscopy.21

Preparation of SBA-15-Supported Cu. The materials
prepared via grafting using molecular precursors ([CuOSi-
(OtBu)3]4 and [CuOtBu]4) are identified in the following manner.
Materials prepared using [CuOSi(OtBu)3]4 and [CuOtBu]4 are
designated as CuOSi/SBA (x.x) and CuOtBu/SBA (x.x), respec-
tively. In each case, (x.x) indicates the weight loading (%) of
Cu after removal of the organic components of the ligands (i.e.,
after loss ofnCH2C(CH3)2 andn/2H2O upon heating to ca. 473
K). Grafting of the molecular precursors was carried out
according to the following representative example. Dry SBA-
15 (1.000 g, 1.93 mmol of OH) was suspended in C6H6 (15
mL) in a Schlenk tube under an inert atmosphere (N2). While
the SBA-15 suspension was being stirred rapidly, a clear yellow
solution of [CuOSi(OtBu)3]4 (0.206 g, 0.158 mmol) in C6H6

(15 mL) was added via cannula transfer at 298 K. The solid

SBA-15 turned to a pale yellow color immediately. The yellow
suspension was stirred at 298 K for 1 h under flowing N2 and
allowed to settle. The clear and colorless C6H6 was transferred,
via cannula filtration, to another Schlenk tube under N2 (set
aside for later use). The light yellow residue was thoroughly
washed (with stirring) using three 10 mL portions of dry C6H6,
with each wash leading to a clear and colorless filtrate
(combined with the previous filtrate sample). A light yellow
gelatinous material remained after the final filtration step (still
slightly wet). The final material was dried under reduced
pressure at 298 K for 30 min, 323 K for 30 min, and 333 K for
2.5 h. The light yellow dry material (CuOSi/SBA (3.5)) was
brought into an inert-atmosphere drybox (N2), isolated (1.086
g), and stored under N2 for future use.

The clear and colorless solvent from the filtrate fractions (still
under N2) was removed under reduced pressure at 298 K. The
colorless solid residue that remained was taken up in C6D6 and
analyzed by1H NMR spectroscopy using Cp2Fe as a standard.
The only reaction product detected was HOSi(OtBu)3 (0.159
mmol; 1 molecule per molecule of [CuOSi(OtBu)3]4). Neither
[CuOSi(OtBu)3]4 nor tBuOH was detected. Monitoring the
progress of similar grafting reactions in situ by1H NMR
spectroscopy (C6D6) also revealed that HOSi(OtBu)3 was the
only organic reaction product given off, with no unreacted
[CuOSi(OtBu)3]4 or tBuOH detected.

Similar procedures to those described above for the genera-
tion of CuOSi/SBA (3.5) were used to form CuOSi/SBA (5.0),
CuOtBu/SBA (3.5), and CuOtBu/SBA (5.0). For the [CuOtBu]4
materials, 1 equiv oftBuOH was evolved per molecule of [Cu-
OtBu]4 reacted with the SBA-15, as expected.

A sample of 3 wt % Cu on SBA-15 was also prepared by
the high-temperature reaction of dry SBA-15 with CuCl. This
sample is designated as CuCl/SBA (3.0). In a drybox (N2), 0.500
g (0.965 mmol “OH”) of SBA-15 was transferred to a quartz
tube (2.5 cm i.d.) fitted with a frit and gastight poly(tetrafluo-
roethylene) (PTFE) valves. A concentric quartz tube (1.9 cm
i.d.) containing 0.058 g (0.59 mmol) of CuCl on a quartz frit
was positioned above the bed of SBA-15. The system was then
sealed under N2, brought to a furnace, heated under flowing N2

(50 cm3 min-1) at a rate of 5 K min-1 to 893 K, and
subsequently held isothermal for 50 h. The final light yellow
material (CuCl/SBA (3.0)) was isolated in a drybox and stored
for future use. The CuCl amount required to obtain a weight
loading of ca. 3% was determined empirically. It was found
that not all of the Cu from the CuCl was incorporated because
of condensation of CuCl below the SBA-15 bed and outside
the heated region of the furnace.

X-ray Absorption Spectroscopy (XAS).EXAFS and XANES
measurements were performed at the Stanford Synchrotron
Radiation Laboratory (SSRL) and the National Synchrotron
Light Source (NSLS). Cu K edge absorption measurements were
performed on beamline 6-2 at SSRL and on beamline X11A at
NSLS. Both beamlines were equipped with a Si(111) double
crystal monochromator; no additional optics were used. The
premonochromator vertical aperture of the beams was set to
0.5 mm for improved resolution,22 defining an energy resolution
of 1.8 eV. The monochromator was detuned 20-30% at 400
eV above the Cu K edge to attenuate the flux from higher-
order Bragg diffractions. Cu metal foil (7µm) was used for
energy calibration and changes in beam alignment.

In addition to the Cu-containing SBA-15 supported materials,
XANES and EXAFS data were collected for five standards
(CuCl, Cu2O, CuO, [CuOtBu]4, and [CuOSi(OtBu)3]4). Each
sample was pressed into a rectangular pellet (0.43 cm× 1.86
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cm, with the thickness dependent upon the amount of sample
used) and loaded into an in situ cell for transmission experi-
ments.23 Sufficient quantity of each sample was used (typically
5-10 mg for standards and 50-80 mg for samples) to give a
calculated optical density (µmFx) of 2.24 The cell was evacuated
to 10-6 Torr, and the sample holder was cooled by liquid
nitrogen during the experiment. Intensities of the beam were
measured over a 900 eV range using a sampling step of 5 eV
in the preedge and 0.3 eV in the XANES region (-30 to 30 eV
relative toEo) with a 1 shold at each step. The EXAFS region
was taken from 30 eV to 12 k in 0.05 k steps and from 12 to
16 k in 0.07 k steps holding for 2 and 3 s, respectively. The
frequency of data points in the EXAFS region was chosen to
satisfy the Nyquist theorem.24a Ionization chambers (N2 filled)
were used to measure the incident and sample transmitted fluxes.
A third detector was used to measure the flux through a (7µm
thick) Cu foil internal standard. Three to five scans were taken
per sample to improve the signal-to-noise ratio.

A portable flow manifold was used to treat each material on
site. Each sample was first treated in He (99.999%) at a flow
rate of 60 cm3 min-1. An Omega CN2250 temperature controller
was used to ramp the temperature at 10 K min-1 to 573 K and
maintain it at this temperature for 2 h in order to facilitate
removal of residual organic species from the CuOtBu/SBA (x.x)
and CuOSi/SBA (x.x) materials. For consistency, CuCl/SBA
(3.0) was treated in the same manner. After characterization by
XAS, each He treated sample was heated in flowing O2 (10%,
balance He, 60 cm3 min-1). The temperature was ramped at 10
K min-1 to 773 K and held at this temperature for 1 h. The
sample cell was then cooled for 20-30 min to 293 K and
evacuated to ca. 10-6 Torr.

X-ray Absorption Near-Edge Structure (XANES) Analy-
ses. XANES analyses were carried out using the WinXAS
(version 2.3) software.25 The energy was calibrated using the
Cu K edge of the Cu foil, which was taken as 8980 eV. Preedge
absorptions due to the background and detector were subtracted
using a linear fit to the data in the range of-200 to-50 eV
relative to the sample edge energy (E0). Each spectrum was
then normalized by a constant determined by the average
absorption in the range of 100-300 eV relative toE0. The edge
energy of each sample and reference was taken at the first
inflection point beyond any preedge peaks. Because of a larger
than optimal premonochromator slit height, the energy resolution
for CuOSi/SBA (5.0) and CuOtBu/SBA (3.5) is greater than 2
eV. Hence, subtle electronic transitions in the edge region could
not be resolved from the main edge feature. Low resolution in
the XANES region does not adversely affect the quality of
EXAFS data, as it is known that EXAFS features oscillate much
more slowly than the energy width.24 Because of the limited
availability of synchrotron beamtime, well-resolved XANES
data were collected only for CuOSi/SBA (3.5), CuOtBu/SBA
(5.0), CuCl/SBA (3.0), and all standards.

EXAFS Analyses. Extraction and fitting of the EXAFS
function,ø(k), was done with the aid of the UWXAFS26 suite
of software programs and its GUI-based equivalent, IFEFFIT.27

An identical approach was taken in the workup of the raw
absorption data. The preedge absorptions were subtracted using
a linear fit to the data in the range of-200 to-50 eV relative
to E0. E0 was defined as the first inflection point on the rising
absorption edge. For all of the Cu-containing samples studied,
this inflection point was on the lower third of the absorption
step. Each spectrum was normalized as described above.

Special attention was given to modeling the atomic absorption
background. The AUTOBK28 algorithm was used to select spline

points between ak of 1.5 and 15 Å-1, wherek is the wave
vector.24 As defined by AUTOBK, anRbkg value of 1.0 was
chosen. These parameters minimized the magnitude of unphysi-
cal Fourier peaks below 1 Å present in the Fourier transform
of thek3-weighted scattering function,ø(k) (FT k3ø(k)) (uncor-
rected for total phase shift).

Fourier transforms (FT) were performed on thek3-weighted
ø(k) functions. All figures showing FTk3ø(k) data are plotted
without phase correction. Thek range of the transform varied
between akmin of 2.0-3.0 Å-1 and akmax of 11.5-14.0 Å-1

for all spectra. Thekmin andkmax values were chosen at node
points to help minimize spectral broadening. Values ofkmin

below 2.0 were avoided because multiple scattering often
becomes more important in this energy region.24b,c All spectra
were transformed with a Hanning window function using a
windowsill (dk) of 1 Å-1 centered on the chosen nodal position.
Side lobes or feet associated with the first Fourier peak often
occurred despite the use of the Hanning apodization function
used in the numerical transform. A sine function was used to
achieve more severe apodization so as to confirm that side peaks
were artifacts rather than real Fourier components.29 However,
the sine windowing function was not used in the presentation
or fitting of the data because it minimized side lobes at the
expense of broadening real spectral components.

The EXAFS scattering function,ø(k), is given by eq 1.24b,c

In the equation,Nj is the number of atoms in shellj at a
particular distanceRj. The argument inside the sine function
contains the phase shifts (φj(k)) for the absorber and backscat-
terer. Fj(k) is the effective backscattering amplitude function
for atoms in thejth shell. S0

2 is the many-body amplitude
reduction factor,σ2 is the harmonic Debye-Waller factor, and
λ is the mean-free path of the electron, which is often
incorporated intoS0

2 for the sake of modeling.

S0
2 was extracted by fitting the first peak in FTk3ø(k) for Cu

foil, using the theoretical values ofFj(k) andφj(k) determined
by the FEFF 8.2 code.30 The fit was done in back FTk space
and inR space. A value ofS0

2 ) 0.865 was obtained in both
refinements, and this value was used in all subsequent analyses.

For the sample fittings, theoretical amplitude and phase
functions were calculated for all Cu-O, Cu-Cu, and Cu-Si
coordination environments using scattering paths obtained
from atomic coordinates of the standards reported. Atomic
coordinates for Cu metal, CuO, Cu2O, and CuCl are known,31

as are the crystallographic coordinates for [CuOtBu]4.32 The
atomic coordinates for [CuOSi(OtBu)3]4 are not known; how-
ever, those for [CuOSi(OtBu)2C6H5]4, a close structural rela-
tive,17 are available and were used. Relevant scattering contri-
butions for all standards were considered initially, but final fits
were determined using Cu foil for Cu-Cu interactions, CuO
for Cu-O and Cu-Cu interactions, and [CuOSi(OtBu)3]4 for
Cu-Si interactions, unless otherwise stated. All FEFF paths
were calculated considering self-consistent potentials (Hedin-
Lundqvist),σ2 ) 0, andS0

2 ) 1. The generated spectra were
referenced to the threshold Fermi level with a reported error of
ca. 1 eV using self-consistent calculations.33

All fits of the samples and standards were performed on the
real and imaginary parts of the FTk3ø(k) data. Thek and R
ranges of all the sample fits and the number of independent
points available for least-squares optimization are listed in Table
1. Two to three shells were fit simultaneously allowingσ, Rj,

ø(k) ) ∑
j)1

Shells Nj

kRj
2
S0

2Fj(k)e-2k2σj
2
e-2Rj/λ(k) sin[2kRj - φj(k)] (1)
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andNj to be adjusted for each Fourier component. A single edge
shift correction (∆E0) was refined for each fit, unless reported
otherwise. Multiscattering contributions were attempted only
for the spectra of the He treated samples.

The quality of a particular fit was evaluated by use of the
reduced chi-square method (øν

2).34 Once a best fit was found,
theR-factor was recorded for presentation of the fits. Because
the fits were done in FTR space, theR-factor is defined as
shown in eq 2, wherefi ) ø̃data(Ri) - ø̃model(Ri) andN ) 2(Rmax

- Rmin)/∆R is the total number of evaluations with one real
and one imaginary evaluation at each point. This factor gives a
sum-of-square measure of the fractional misfit.34 The numbers
reported for all uncertainties in the fit variables have been
estimated using a standard technique of error analysis such as
the Levenberg-Marquardt algorithm. More details are available
in ref 34. The significant digit of the uncertainty is shown
adjacent to the fitted value.

Results and Discussion

Both the surface area and the pore volume of freshly prepared
CuOSi/SBA (3.5) (678 m2 g-1 and 0.88 cm3 g1) were reduced
when compared to the values for the SBA-15 support (894 m2

g-1 and 1.13 cm3 g-1), although the mesostructured nature of
the material was maintained. Interestingly, after thermolysis at
673 K under flowing N2, both the surface area and the pore
volume of CuOSi/SBA (3.5) increased (800 m2 g-1 and 1.01
cm3 g-1). Thus, the porosimetry data suggest that detection of
the pore filling by the bulky molecular precursor is possible
and that thermolysis reduces the space occupied by the grafted
species upon evolution of the organic groups. The Cu content
measured after loss of all organics species is presented in Table
2.

Reaction of SBA-15 with excess CuCl at 873 K afforded
CuCl/SBA (3.0) as a light yellow powder. Attempts to obtain
higher loadings of Cu were met with limited success, with
increasingly large amounts of excess CuCl being required for
minimal gains in Cu loading. The Cu and Cl content of CuCl/
SBA (3.0) after treatment under He at 573 K are presented in

Table 2. Both the surface area and pore volume of freshly
prepared CuCl/SBA (3.0) (600 m2 g-1 and 0.8 cm3 g-1) were
lower than the values obtained for SBA-15; however, the 100,
110, and 200 diffraction planes were of similar intensity,
indicating maintenance of the mesoporous structure after the
high-temperature treatment with excess CuCl at 873 K. El-
emental analysis of CuCl/SBA (3.0) shows that it contains
residual Cl (Cl/Cu) 1:4.6).

XANES: Standards and Samples.The XANES spectrum
of each standard is shown in Figure 1. Edge energies and
energies for specific electronic transitions are listed in Table 3.
For Cu metal (3d104s), the first peak on the rising edge at 8982.4
eV is assigned to the 1sf 4p transition. The 4p states of pure
Cu metal are more diffuse because of hybridization with 4s and
3d states.35 A single absorption peak in the range 8983-8985
eV for Cu2O, CuCl, and [CuOSi(OtBu)3]4 is assigned to the
electric dipole-allowed transition characteristic of CuI (3d10)
samples. This absorption feature is not clearly present in the

TABLE 1: k Space andR Space Range for Fitting

material treatment
kmin

(Å-1)
kmax

(Å-1) ∆k
Rmin

(Å)
Rmax

(Å) ∆R Nind
a

CuCl/SBA (3.0) fresh 2.0 12.5 10.5 1.2 1.9 0.7 6.7
2.0 12.5 10.5 1.9 2.9 1.0 8.7

helium 3.0 12.8 9.8 1.1 2.4 1.3 10.1
oxygen 3.0 13.5 10.5 1.3 3.3 2.0 15.4

CuOSi/SBA (3.5) fresh 2.0 12.6 10.6 1.2 3.0 1.8 14.1
helium 3.0 14.0 11.0 1.2 2.5 1.3 11.1

CuOSi/SBA (5.0) fresh 2.0 12.5 10.5 1.2 2.9 1.7 13.4
helium 2.8 14.2 11.4 1.2 3.5 2.3 18.7
oxygen 2.8 13.3 10.5 1.2 2.9 1.7 13.4

CuOtBu/SBA (3.5) fresh 2.8 12.1 9.3 1.2 2.9 1.7 12.1
helium 2.7 14.2 11.5 1.8 3.6 1.8 15.2

CuOtBu/SBA (5.0) fresh 2.8 12.3 9.5 1.2 2.8 1.6 11.7
helium 2.6 13.0 10.4 1.8 3.5 1.7 13.3
oxygen 2.9 13.4 10.5 1.2 3.3 2.1 16.0

a Number of independent data points (Nind) in fit calculated byNind

) (2∆k∆R/π) + 2,

R )

∑
i)1

N

{[Re(fi)]
2 + [Im(fi)]

2}

∑
i)1

N

{[Re(ø̃data(Ri))]
2 + [Im(ø̃data(Ri))]

2}

(2)

TABLE 2: Materials Analysis

materialsa Cu (wt %) Cl (wt %) Cu/Cl (atom)

CuCl/SBA (3.0) 2.92 0.35 4.6

CuSiO/SBA (5.0) 5.21
CuSiO/SBA (3.5) 3.61

CuOtBu/SBA (5.0) 4.31
CuOtBu/SBA (3.5) 3.35

a Values are for He treated samples at 573 K. The error is
approximately(10%.

Figure 1. Cu K edge XANES spectra of Cu reference materials: (a)
Cu foil, (b) Cu2O, (c) [CuOSi(OtBu)3]4, (d) CuCl, (e) [CuOtBu]4, (f)
CuO, and (g) first derivative absorbance of CuO.
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XANES spectrum of [CuOtBu]4, but the edge energy indicates
that Cu is present as CuI. CuO has two distinguishable features
characteristic of CuII (3d9) compounds. There is a subtle preedge
absorption at 8978 eV corresponding to the 1sf 3d dipole-
forbidden transition, and there is a shoulder at 8986 eV attributed
to the 1sf 4p “shake down” transition.35,36 The absorption at
8978 eV is easier to resolve in the first-derivative absorption
spectrum (Figure 1f). Because of covalent bonding and hybrid-
ization of the p and d orbitals, this absorption is often correlated
to the symmetry of the site.35,36

Normalized XANES spectra of freshly prepared CuOtBu/SBA
(3.5), CuOtBu/SBA (5.0), CuOSi/SBA (3.5), CuOSi/SBA (5.0),
and CuCl/SBA (3.0) are shown in Figure 2. Edge energies and
energies for specific electronic transitions for freshly prepared
and He and O2 treated samples are listed in Table 4. The edge
energies observed for all freshly prepared samples lie in the

range characteristic for CuI species (8980.5-8982.5).35,36cAlso,
the XANES spectra of CuOtBu/SBA (5.0), CuOSi/SBA (3.5),
and CuCl/SBA (3.0) exhibit a peak for the 1sf 4px,y transition
between 8983 and 8984 eV, which is characteristic of CuI.35,36f

CuOtBu/SBA (3.5) and CuOSi/SBA (5.0) do not have noticeable
edge peaks between 8983 and 8984 eV because of the low
resolution with which these particular spectra were collected.22

The XANES spectra of CuOSi/SBA (3.5), CuOSi/SBA (5.0),
CuOtBu/SBA (3.5), CuOtBu/SBA (5.0), and CuCl/SBA (3.0)
after He treatment at 573 K for 1 h are shown in Figure 3. The
edge energies for CuOSi/SBA (3.5), CuOSi/SBA (5.0), and
CuCl/SBA(3.0) lie within the range expected for CuI species,35,36c

whereas those for CuOtBu/SBA (3.5) and CuOtBu/SBA (5.0)
lie in the range characteristic of Cu0 (Table 4). Evidence for
metallic Cu is also suggested by the presence of a broad peak
above 9020 eV in the spectra of these latter samples.7c The
spectra of CuOSi/SBA (3.5) and CuCl/SBA (3.0) exhibit well-
resolved edge features at 8983.5 and 8984.1 eV, respectively,
typical of the 1sf 4px,y transition for CuI. A similar feature is
observed in the spectrum of CuSiO/SBA (5.0) but is not as well
resolved as in the spectrum of CuOSi/SBA (3.5).22

The XANES spectra of CuOSi/SBA (5.0), CuOtBu/SBA (5.0),
and CuCl/SBA (3.0) after O2 treatment at 773 K are shown in
Figure 4. Each of these spectra exhibits an edge energy at ca.
8985 eV and 1sf 3d transition energies that are representative
of fully oxidized CuII species (Table 4).

EXAFS: Standards. Normalized, atomic background-sub-
tractedk3-weighted scattering functions (k3ø(k)) for all standards
are shown in Figure 5a, and the corresponding FTs are shown
in Figure 5b. The signal-to-noise ratios and overall quality of
the spectra are good, as is expected for well-ordered materials
at cryogenic temperatures. Of particular interest are the previ-
ously unknown EXAFS data for [CuOtBu]4 and [CuOSi-
(OtBu)3]4. The central [Cu-O]4 ring of both complexes is es-
sentially identical. Differences in the nature of the ligands bound
to Cu (i.e.,-OSi(OtBu)3 versus-OtBu) are the primary reasons
for the shoulders and splitting observed at ca. 5.0, 9.2, and 12.0
Å-1 in the EXAFS spectrum of [CuOSi(OtBu)3]4 as compared
to that of [CuOtBu]4. The -OSi(OtBu)3 ligand highlights an
important difference between the precursors and provides
realistic Cu-Si scattering paths that can be used to interpret
EXAFS data in the Cu-containing materials discussed here.

The forward FTk3ø(k) for [CuOSi(OtBu)3]4 shows remarkable
agreement with the FEFF generated FTk3ø(k) simulation of

TABLE 3: Edge Energy and Relevant Electronic
Transitions Energies for Standards

standard
formal
valency

E0
a

(eV)
1sf 4pb

(eV)
1sf 4px,y

c

(eV)
1sf 3dd

(eV)

Cu foil 0 8980.0 8995.1
[CuOSi[OtBu]3]4 1 8982.1 8999.0 8984.7
[CuOtBu]4 1 8981.5 8998.9 8984.0e
CuCl 1 8982.8 9000.7 8987.2
Cu2O 1 8980.8 8996.0 8983.5
CuO 2 8984.5 8998.7 8977.8

a Edge energy defined as the first inflection point on the rising
absorption edge.b Energy position at maximum absorption.c Energy
at edge peak associated with CuI. d Weak preedge peak associated with
CuII defined at inflection point of peak.e Energy at shoulder; energy
taken at second inflection point on rising absorption edge.

Figure 2. XANES spectra of freshly prepared materials.

TABLE 4: Edge Energy and Relevant Electronic
Transitions Energies for Fresh and Pretreated Samples

material
treatment
conditions

E0
a

(eV)
1sf 4pb

(eV)
1sf 4px,y

c

(eV)
1sf 3dd

(eV)

CuCl/SBA (3.0) fresh 8981.9 8996.7 8983.6
CuSiO/SBA (3.5) 8982.1 8998.5 8984.5
CuSiO/SBA (5.0)e 8980.7 8998.4 e
CuOtBu/SBA (3.5)e 8982.3 8997.8 f
CuOtBu/SBA (5.0) 8981.7 8998.2 8983.7

CuCl/SBA (3.0) He 573 K (1 h) 8982.5 8995.9 8984.1
CuSiO/SBA (3.5) 8981.7 8996.2 8983.5
CuSiO/SBA (5.0)e 8980.7 8996.9 e
CuOtBu/SBA (3.5)e 8979.4 8995.9
CuOtBu/SBA (5.0) 8979.5 8995.5

CuCl/SBA (3.0) O2 773 K (1 h) 8984.6 8998.3 8977.0
CuSiO/SBA (5.0) 8985.7 8998.5 8976.7
CuOtBu/SBA (5.0) 8985.6 8998.2 8977.0

a Edge energy defined as the first inflection point on the rising
absorption edge.b Energy position at maximum absorption.c Energy
at edge peak associated with CuI. d Weak preedge peak associated with
CuII defined at inflection point of peak.e Energy resolution estimated
to be greater than 2 eV.
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[CuOSi(OtBu)3]4 (Figure 6a). As noted earlier, the atomic
coordinates of Cu, O, and Si necessary for the simulation of
[CuOSi(OtBu)3]4 were taken from X-ray crystal data of the
related complex [CuOSi(OtBu)2C6H5]4.17 The differences in the
simulation between [CuOSi(OtBu)3]4 and [CuOSi(OtBu)2-
C6H5]4 are expected to be negligible because of the weak
backscattering amplitude of carbon in the two complexes.24d

The FT of the FEFF simulation was done using transform
parameters identical to those used for the experimental data.
All scattering paths less than 4.5 Å in length were included in
the FEFF simulation. On the basis of a path-by-path analysis,
the peaks (nonphase corrected) appearing at 1.45, 2.3, and 3.65
Å in Figure 6a can be assigned to Cu-O, Cu-Cu (adjacent),
and Cu-Cu (across) backscattering, respectively. The shoulder
at 2.8 Å is attributed to Cu-Si backscattering, whereas the peak
at 3.2 Å is associated with small-amplitude Cu-C, Cu-O, and
multiple scattering contributions. Because the theoretical phase
and amplitude functions were calculated using ideal parameters
of σ2 ) 0 Å2 andS0

2 ) 1, a more physically meaningful model
was constructed by trial and error to achieve good agreement
between experiment and theory at 2.3 Å. The resulting model
is shown in Figure 6a for aσ2 ) 0.0035 Å2 andS0

2 ) 0.864
(as determined by fit to Cu foil).

Further confirmation of the selection of appropriate scattering
paths can be obtained from an examination of the imaginary
part of FT k3ø(k), which carries element-specific phase shift
variations.37 To obtain this information, a peak or combination
of peaks must be well isolated. For [CuOSi(OtBu)3]4, the peaks
due to Cu-Cu and Cu-Si scattering paths are separable (Figure
6b). Therefore, these paths were simulated, and their contribution

to ø(k) were added before taking the forward FT of k3ø(k)
(Figure 6b, inset). As observed in Figure 6c, there is remarkable
agreement in the shape, number of peaks, and the phase of the

Figure 3. XANES spectra of materials after treatment at 573 K in He
for 1 h. Figure 4. XANES spectra of materials after treatment at 773 K in O2

for 1 h.

Figure 5. (a) Normalized and background subtracted k3ø(k) spectra
of standards. (b) Forward Fourier transforms of the spectra are nonphase
corrected.
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imaginary part for the Fourier components of the Cu-Cu and
Cu-Si scattering paths. The strong agreement between the
experimental results and those of the simulation provides indirect
evidence for an accurate choice of the Fermi energy reference
(E0).33 A similar analysis performed for [CuOtBu]4 gave
agreement in the shape, number of peaks, and phase of the
imaginary part, supporting the assignments of nearest neighbor
contributions.

The EXAFS fitting results for [CuOSi(OtBu)3]4 and [Cu-
OtBu]4 are reported in Table 5. An initial fit was performed by
simultaneously varying the coordination number (CN), the radius
(R), the Debye-Waller factor (σ2), andE0 for each scattering
path. Coordination numbers found for each coordination shell
of [CuOSi(OtBu)3]4 and [CuOtBu]4 were within 0.2-0.4 of the
expected values. Therefore, a final fit was performed by setting
the CN constant at the known values and then refiningR, σ2,
andE0 (Table 5). This approach defines a lower limit for the
Debye-Waller factors below which fitting results of actual
samples should not be possible.38 The Cu-O bond distance
found for the nearest neighbor O in [CuOSi(OtBu)3]4 is in good
agreement with the Cu-O bond distances determined from
single-crystal X-ray diffraction (XRD) analysis of [CuOSi-

(OtBu)2C6H5]4 (Table 5).17 The Cu-Cu (adjacent) and Cu-Si
distances found for the next-nearest neighbors (2.716(5) and
3.138(1) Å, respectively) fall within the average values for
[CuOSi(OtBu)2C6H5]4 determined from single-crystal XRD data
(Table 5).17 Backscattering from Cu atoms located on the
opposite side of the [Cu-O]4 ring was found to be the average
distance of 3.92(3) Å. This distance is 0.06 Å larger than that
determined for [CuOSi(OtBu)2C6H5]4 by single-crystal XRD,
possibly because of the neglect of multiple scattering and Cu-C
backscattering contributions. The fitted Cu-O and Cu-Cu
distances for [CuOtBu]4 are also in good agreement with the
values determined from single-crystal XRD characterization of
this compound (Table 4).32

EXAFS: As Prepared Samples.The fitting results for the
freshly prepared materials are presented in Table 6. Normalized
and atomic background-subtractedk3ø(k) spectra of freshly
prepared CuCl/SBA (3.0), CuOSi/SBA (3.5), CuOSi/SBA (5.0),
CuOtBu/SBA (3.5), and CuOtBu/SBA (5.0) are shown in Figure
7, parts a-c. The overall signal-to-noise ratio in each spectrum
is very good. There is a small glitch at 6.65 Å-1 in the spectra
of CuOSi/SBA (5.0) and CuCl/SBA (3.0) because of an
imperfection in the Si(111) monochromator. The FTk3ø(k) plots

Figure 6. (a) Comparison of FEFF 8.2 simulation of [CuOSi(O+Bu)3]4 with experimental data assumingσ2 ) 0.035 Å2. Inset shows structure of
[CuOSi(OtBu)3]4. Copper atoms are labeled 1-4. Cu1-Cu2(Cu1-Cu4) are “adjacent” copper scatterers, whereas Cu1-Cu3 are “across” copper
scatterers. (b) Magnitude and imaginary part of the Fourier transformedk3ø(k) of [CuOSi(OtBu)3]4. The inset shows FEFF simulation of combined
Cu-Cu and Cu-Si nearest-neighbor scattering of [CuOSi(OtBu)3]4. Arrows bracket Fourier components of Cu-Cu and Cu-Si scattering in both
the data and the simulation. (c) Overlay of the data and FEFF simulation (σ2 ) 0.0 Å2) of the imaginary part for Cu-Cu and Cu-Si scattering
contributions.

TABLE 5: Fitting Results for [CuOSi(O tBu)3]4 and [CuOtBu]4

XRDh,g

precursor shell CNc R (Å)d σ2 (Å2)e E0 (eV)f R-factorg CN R (Å)

[CuOSi(OtBu)3]4
a Cu-O 2 1.838(4) 0.0021(3) 2 1.842(4),1.828(5)

Cu-Cu 2 2.716(5) 0.0062(3) 0.9(1.0) 0.0098 2 2.675(1), 2.764(1)
Cu-Si 2 3.138(1) 0.0054(1) 2 3.132, 3.139
Cu-Cu 1 3.92(3) 0.0065(8) 12.9(5.1) 0.0376 1 3.861

[CuOtBu]4b Cu-O 2 1.853(2) 0.0024(1) 0.7(6) 0.0031 2 1.813(10), 1.882(9)
Cu-Cu 2 2.716(5) 0.0124(5) 2 2.697(2), 2.723(3)
Cu-Cu 1 3.91(2) 0.0138(5) 8.9(2.2) 0.0078 1 3.826

a Fit: R space, 3.0< k < 13.8; 1.2< R < 3.0 (Ninp ) 14.3) and 3.5< R < 4.1 (Ninp ) 6.1). b Fit: R space, 3.0< k < 13.5; 1.2< R < 2.76
(Ninp ) 12.4) and 3.5< R < 4.05 (Ninp ) 5.6). c Coordination numbers were kept constant at their model values.d Fitted radial distance.e Debye-
Waller factor.f Energy reference shift.g R-factor defined in eq 3.h References 17 and 32.g The positions of Cu, O, and Si in the core of
[CuOSi(OtBu)3]4 are taken to be the same as those for [CuOSiPh(OtBu)2]4 for which the crystal structure is known (ref 17).
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of the materials are shown in Figure 7, parts d-f, together with
representative best fit plots for each material shown as insets.
Each spectrum has a prominent Fourier component centered
between 1.47 and 1.53 Å, attributed to Cu-O backscattering.
The differences in the magnitude of this component are reflected
in the values of the fitted CNs (Table 6). Freshly prepared CuCl/
SBA (3.0) was found to have an average Cu-O CN of 2.5(1),
suggesting that the Cu atoms in this sample are surrounded
by two or three oxygen atoms with equal probability. The

average Cu-O CNs found for freshly prepared CuOSi/SBA
(3.5) and CuOSi/SBA (5.0) are 2.4(2) and 2.9(1), respectively.
In contrast, the average Cu-O CNs found for CuOtBu/SBA
(3.5) and CuOtBu/SBA(5.0) were noticeably higher (3.6(2) and
3.4(2), respectively), suggesting increased Cu-O interaction,
possibly via retention of bridging Cu-OtBu-Cu linkages.

The interpretation of the Fourier components located at∼2.5
Å was aided by examination of the imaginary part of the FT
k3ø(k) plot, as outlined above for the standards. The magni-

TABLE 6: Fitting Results for Fresh Samples

material shell CNa R (Å)b σ2 (Å2)c E0 (eV)d R-factore

CuOtBu/SBA (3.5) Cu-O 3.6(2) 1.928(4) 0.0041(5) -1.4(7) 0.0047
Cu-Cu 2.1(2) 2.87(1) 0.013f

CuOtBu/SBA (5.05) Cu-O 3.4(2) 1.925(4) 0.0055(6) 2.2(8) 0.0056
Cu-Cu 1.8(2) 2.86(1) 0.013f

CuOSi/SBA (3.5) Cu-O 2.4(2) 1.877(8) 0.004(1) 1.5(1.5) 0.0262
Cu-Si 0.7(7) 3.11(4) 0.006(9)

CuOSi/SBA (5.0) Cu-O 2.9(1) 1.895(4) 0.0051(5) 1.9(7) 0.0061
Cu-Si 1.5(5) 3.12(1) 0.009(4)

CuCl/SBA (3.0) Cu-O 2.5(1) 1.904(4) 0.0054(62) 5.2(7) 0.0019
Cu-Cu 0.4(5) 2.64(3) 0.009(8) -0.4(9) 0.0027
Cu-Si 1.0(3) 3.04(2) 0.007(3)

a Coordination number.b Fitted radial distance.c Debye-Waller factor.d Energy reference shift.e R-factor defined in eq 3.f Debye-Waller
factor fixed at minimum value established by fit of [CuOtBu]4 in Table 4.

Figure 7. k3ø(k) for fresh materials. (a) CuOtBu/SBA (3.5) and CuOtBu/SBA (5.0), (b) CuOSi/SBA (3.5) and CuOSi/SBA (5.0), and (c) CuCl/
SBA (3.0). Fourier transformedk3ø(k) and the fitting results for fresh materials: (d) CuOtBu/SBA (3.5) and CuOtBu/SBA (5.0), (e) CuOSi/SBA
(3.5) and CuOSi/SBA (5.0), and (f) CuCl/SBA (3.0). The fits are shown for representative spectra in the insets and are indicated by dots. The fitting
region in r space is indicated by the arrows.
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tude and imaginary parts of the forward FTk3ø(k) plots for
freshly prepared CuOtBu/SBA (3.5) and CuOtBu/SBA (5.0) are
nearly identical. Figure 8a shows the magnitude and imagi-
nary parts of the forward FTk3ø(k) plot for CuOtBu/SBA (5.0).
For comparison, the magnitude and imaginary part of the
simulated Cu-Cu backscattering contribution to the FTk3ø(k)
for [CuOtBu]4 is shown in Figure 8a (inset). The similarity in
the shapes and positions of the maxima and minima for the
observed and simulated imaginary components suggests that the
peak in the FT at 2.5 Å is due to Cu-Cu backscattering. This
interpretation is further supported by a consideration of the
position of the maxima and minima in the imaginary part of
the FT relative to the position of the magnitude of this function,
as presented in Table 7.37a It is apparent that the agreement
between theory and experiment is much closer if the peak at
2.5 Å is attributed primarily to Cu-Cu backscattering rather
than Cu-Si backscattering. However, this does not preclude a
Cu-Si backscattering contribution of very small magnitude (i.e.,
from support Si-O-Cu interactions).

The second peaks in the FTk3ø(k) plots for CuOtBu/SBA
(3.5) and CuOtBu/SBA (5.0), centered at 2.48 Å, were fit
assuming Cu-Cu backscattering. Because it is known that a
strong correlation exists betweenσ2 and CN,38 it was decided
to fix σ2 at the value found during the fit of the FT observed
for [CuOtBu]4, as shown in Table 5. When the experimental
data were fit in this manner, Cu-Cu CN values of 2.1(2) and
1.8(2) were determined for freshly prepared CuOtBu/SBA (3.5)
and CuOtBu/SBA (5.0), respectively (Table 6). The separation
of Cu-Cu nearest neighbors in freshly prepared CuOtBu/SBA
(3.5) (2.87(1) Å) and CuOtBu/SBA (5.0) (2.86(1) Å) is
somewhat longer than that found for [CuOtBu]4 (2.716(5) Å),
suggesting an increase in the Cu-O-Cu bond angles.

The magnitude and imaginary part of the forward FTk3ø(k)
plots for freshly prepared CuOSi/SBA (3.5) and CuOSi/SBA
(5.0) are nearly identical. Figure 8b shows the magnitude and
imaginary part of the forward FTk3ø(k) plot for CuOSi/SBA
(5.0). In this case, the shape and positions of the imaginary part
of the peak appearing between 2.2 and 3.3 Å are similar to those
obtained for Cu-Si backscattering (Figure 8b, inset). As with
the CuOtBu/SBA samples, this interpretation is also supported
by a consideration of the positions of the maxima and minima
positions in the imaginary part of the FT relative to the position
of the magnitude of this function (see Table 7). Therefore, the
dominant next-nearest-neighbor contributions for CuOSi/SBA
(3.5) and CuOSi/SBA (5.0) are due to Cu-Si backscattering.
No evidence for Cu-Cu next-nearest-neighbor interactions was
found. The CNs for Cu-Si backscattering determined from the
FT k3ø(k) plots for CuOSi/SBA (3.5) and CuOSi/SBA (5.0) are
0.7(7) and 1.5(5), respectively (Table 6). The large errors
associated with these coordination numbers may be indicative
of the amorphous nature of the support or a wide variation in
Cu-O-Si(OtBu)3 bond angles. Interestingly, the Cu-Si scat-
tering distances (3.11(4) and 3.12(1) Å) are statistically identical
to the value found by EXAFS for [CuOSi(OtBu)3]4 (3.138(1)
Å) and are similar to related Cu-Si distances in the naturally

Figure 8. Comparison of the shape and number of imaginary peaks of the second shell to the theoretical scattering paths. (a) Magnitude and
imaginary parts of CuOtBu/SBA (5.0) (fresh). Inset is theoretical Cu-Cu scattering modeled using [CuOtBu]4. Similar peak shapes and positions
are annotated with the symbol *. (b) Magnitude and imaginary parts of CuOSi/SBA (5.0) (fresh). Inset is theoretical Cu-Si scattering modeled
using [CuOSi(OtBu)3]4. Similar peak shapes and positions are annotated with the symbol *. (c) Magnitude and imaginary parts of the EXAFS
spectrum for CuCl/SBA (3.0) (fresh).

TABLE 7: Comparison of Position of Imaginary Peaks of
Fresh Materials to Theoretical Cu-Cu and Cu-Si
Scattering Paths for the Peak at 2.2-3.3 Å (Nonphase
Corrected)

∆Ra

peak
CuOSi/

SBA (5.0)
CuOtBu/
SBA (5.0)

Cu-Cu
scatteringb

Cu-Cu
scatteringc

Cu-Si
scatteringc

1 (positive) 0.25 0.25 0.25
2 (negitive) 0.18 0.03 0.09 0.09 0.18
3 (positive) 0.00 -0.21 -0.09 -0.06 0.00
4 (negitive) -0.18 -0.39 -0.25 -0.21 -0.15
5 (positive) -0.34 -0.31

a Values in table reported as a difference between the position at
maximum value of the magnitude of the Fourier transformed data and
the position at one of either maximum or minimum in the imaginary
parts.b Calculated for the structure of [CuOtBu]4 at Debye-Waller
factors of 0.0 Å2. c Calculated for the structure of [CuOSi[OtBu]3]4 at
Debye-Waller factors of 0.0 Å2.
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occurring Cu silicates shattuckite (Cu5(SiO3)4(OH)2) (3.111 Å),39

dioptase (Cu6[Si6O18]) (3.089 Å),40 and planche´ite (Cu8(Si4O11)2-
(OH)4‚xH2O) (3.138 Å).39

The magnitude and imaginary parts of the forward FTk3ø(k)
plot for freshly prepared CuCl/SBA (3.0) are shown in Figure
8c. The major peak at 2.7 Å matches closely with the position
of the second Fourier component in the nonphase corrected
EXAFS spectra of CuOSi/SBA (3.5) and CuOSi/SBA (5.0) and
is, therefore, assumed to be due to Cu-Si backscattering. The
first (relatively weak) peak at 2.23 Å was determined to be a
real Fourier component by examining the effect of the window
function used. In terms of position, it best matches the Cu-Cu
scattering of Cu foil or Cu-Cl scattering from CuCl (Figure
4). Because the peak was not well isolated, identification by
analysis of the imaginary part was not attempted.

The fitting of the FTk3ø(k) for CuCl/SBA (3.0) was done
over two ranges. The first, 1.2-1.9 Å, being attributed to Cu-O
backscattering and the second, 1.9-2.9 Å, due to Cu-Cu and
Cu-Si backscattering. As noted in Table 6, the best fit for the
second region results in a Cu-Cu distance of 2.64(3) Å. This
distance is larger than the Cu-Cu distance for both Cun clusters
(n ) 2-5) (2.22-2.4 Å)41 and bulk Cu metal (2.54 Å). The
fitted Cu-Cu distance may, therefore, be indicative of Cu atoms
situated not far from each other but not strongly bonded into a
cluster. The low CN for Cu (0.4(5)) also suggests that the Cu
atoms in freshly prepared CuCl/SBA (3.0) are well isolated,
mostly as tSisOsCu. Quantum chemical calculations by
Lopez et al. predict that such species are stable.42

Thermal Treatments in He. As noted earlier, the materials
prepared via grafting of [CuOtBu]4 and [CuOSi(OtBu)3]4 on
SBA-15 were heated in He at 573 K for 1 h to remove the
organic ligands via elimination of CH2C(CH3)2 and H2O. The
loss of organic ligands was confirmed by EA, TGA, IR
spectroscopy, and1H NMR spectroscopy. The FTk3ø(k) spectra
of CuOtBu/SBA (3.5), CuOtBu/SBA (5.0), CuOSi/SBA (3.5),
CuOSi/SBA (5.0), and CuCl/SBA (3.0) are shown in Figure
9. The FT k3ø(k) spectra for both CuOtBu/SBA (3.5) and
CuOtBu/SBA (5.0) (Figure 9a, inset) have spectral characteris-
tics very similar to those seen in the spectrum of Cu foil (Figure
5b). The peaks at 2.23, 3.4, 4.1, and 4.7 Å (nonphase corrected)
are attributable to the first four coordination shells of Cu in Cu
metal. This, coupled with the absence of any significant Fourier
component that can be assigned to Cu-O backscattering,
suggests that all detectable Cu has been reduced to Cu metal.
In contrast, the FTk3ø(k) spectra of CuOSi/SBA (3.5) and
CuOSi/SBA (5.0) after He treatment at 573 K for 1 h (Figure
9b, inset) show a prominent Fourier component at 1.47 Å
assigned to Cu-O backscattering, suggesting that the dominant
sites are still CuI cations associated with O. The spectra of
CuOSi/SBA (3.5) and CuOSi/SBA (5.0) also exhibit peaks at
2.11, 3.34, 4.1, and 4.7 Å, but they are significantly smaller in
magnitude than those observed in the spectra of CuOtBu/SBA
(3.5) and CuOtBu/SBA (5.0), suggesting the presence of only
minor amounts of Cu metal. The FTk3ø(k) spectrum of CuCl/
SBA (3.0) after He treatment at 573 K for 1 h (Figure 9c) is
quite similar to those of CuOSi/SBA (3.5) and CuOSi/SBA
(5.0), suggesting that most sites are CuI cations with associated
O atoms and that only a small fraction of Cu is in a metallic
state. The small peak at 2.63 Å in the FTk3ø(k) plot of CuCl/
SBA (3.0) could not be assigned definitively.

The first two Fourier components characteristic of supported
Cu particles in He treated CuOtBu/SBA (3.5) and CuOtBu/SBA
(5.0) were fitted using three different Cu-Cu scattering
contributions. A single Cu-Cu scattering contribution was used

for the first shell, whereas both a single Cu-Cu scattering
contribution and a relevant multiscattering path (focusing,33a

MS1) were included in the fit of the second shell. The total
number of radial distances used in the fit could be reduced by
two by recognizing that the scattering path lengths,RCuCuj, are
each related to a single cluster lattice parameter, which is known
to vary with cluster sizes and temperatures.43 Therefore, the
isotropic lattice expansion factor,ε, can be introduced as shown
in eq 3. In this equation,RCuCuj|known is the distance separat-
ing the absorbing and backscattering Cu atoms predicted on
the basis of the lattice parameter chosen for the Cu foil FEFF
simulation (3.61 Å at 298 K).RCuCuj|exp is the distance separating
the absorbing and backscattering Cu atoms in the He treated
CuOtBu/SBA (3.5) and CuOtBu/SBA (5.0). Single values ofε
and E0 were optimized to model all paths in the fit, whereas

Figure 9. Fourier transformedk3ø(k) and model comparison results
for materials after treatment in He (573 K for 1 h). (a) Comparison
between a 55-atom copper particle model (cluster shown in inset) and
CuOtBu/SBA (3.5) after He treatment at 573 K. FEFF model calculated
assumingS0

2 ) 0.86 andσ2 ) 0.0072 Å2 for all scattering paths. Inset
is a comparison between CuOtBu/SBA (3.5) and CuOtBu/SBA (5.0).
(b) Comparison between CuOSi/SBA (3.5) after helium treatment at
573 K and a model which represents a linear combination of CuOSi/
SBA (3.5) (fresh) and CuOtBu/SBA (3.5) (He 573 K). Inset is a
comparison between CuOSi/SBA (3.5) and CuOSi/SBA (5.0). (c)
Comparison between CuCl/SBA (3.0) after helium treatment at 573 K
and a model that represents a linear combination of CuCl/SBA (3.0)
(fresh) and CuOtBu/SBA (3.5) (He 573 K).
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CN andσ2 were refined independently for each path, except
MS1. A value of 0.01 Å2 was set forσ2 of MS1 based on prior
knowledge of values found in the fitting of the Cu foil (not
discussed). This procedure is identical to that used for analysis
of EXAFS data for carbon-supported Pt nanoparticles.44

The results for He treated CuOtBu/SBA (3.5) and CuOtBu/
SBA (5.0) of the fitting procedure described above are shown
in Table 8. The ratio of average CNs for the first and second
shell is consistent with that reported for a 55-atom face-centered
cubic (fcc) cluster.41 To test this conclusion, a complete FEFF
simulation was performed to determine the expected average
scattering of a single Cu atom in a 55-atom fcc cuboctahedron.41

The simulation was carried out assumingS0
2 ) 0.86 andσ2 )

0.0072 Å2 (the Debye-Waller factor used to fit the first shell
of metallic Cu (Table 8)). The resulting fit to the FTk3ø(k)
plot of CuOtBu/SBA (3.5) is shown in Figure 9a. Close
agreement between experiment and the model is seen for the
first coordination shell. Although the positions of peaks for the
simulated FT coincide with those observed experimentally, the
intensities of the simulated peaks are somewhat larger. This is
probably due to the use of a single value of the Debye-Waller
factor for all shells. The close agreement between simulation
and experiment seen for both CuOtBu/SBA (3.5) and CuOtBu/
SBA (5.0) indicates that upon He pretreatment the Cu atoms in
freshly prepared grafted materials are reduced and sinter to form
crystalline Cu particles with an average diameter of ca. 7 Å.
Transmission electron microscopy (TEM) was used in an
attempt to observe the particle size distribution; however, reliable
size distributions could not be obtained because of severe beam
damage, as evidenced by rapid formation of large Cu particles.

A similar methodology to that described above was used to
analyze the Cu metal species observed in He treated (573 K)
CuOSi/SBA (3.5) and CuOSi/SBA (5.0). The CNs obtained for
the first two Cu-Cu shells were not consistent with those
expected for metal nanoparticles. Consequently, a linear com-
bination of the experimental data for He treated (573 K)
CuOtBu/SBA(3.5) with freshly prepared CuOSi/SBA (3.5) or
CuOSi/SBA (5.0)was used as a model fork3ø(k) and FTk3ø(k)
plots of He-treated (573 K) CuOSi/SBA (3.5) or CuOSi/SBA
(5.0). The rationale for this model is that He-treated CuOSi/
SBA (3.5) and CuOSi/SBA (5.0) contain a mixture of isolated
CuI species and Cu nanoparticles. The fit of the model to the
data for CuOSi/SBA (3.5) is shown in Figure 9b. On the basis

of this approach, the fraction of Cu present as isolated CuI

centers was determined to be 88.0% for CuOSi/SBA (3.5) and
78.5% for CuOSi/SBA (5.0) (Table 9).

The Cu-O CNs for He-treated (573 K) CuOSi/SBA (3.5)
(1.9(3)) and CuOSi/SBA (5.0) (1.7(1)) decreased by about 1
relative to the values for these materials determined prior to
pretreatment. The decrease in the Cu-O CN is likely due to a
loss of O atoms occurring during the decomposition of the
organic ligands, as well as a decrease in the fraction of
atomically dispersed Cu because of reduction and sintering to
form Cu crystallites.

EXAFS fitting results for He-treated (573 K) CuCl/SBA (3.0)
show only a small loss in Cu-O CN compared to the freshly
prepared material, with no appreciable change in the average
Cu-O bond distance, suggesting little change in the Cu species
upon He treatment of these samples. The Cu-Cu coordination
remained the same (within error); however, the fitted average
Cu-Cu bond distance (2.58(1) Å) is in much closer agreement
to that expected in Cu metal (2.55 Å). A linear combination of
the experimental data for He-treated (573 K) CuOtBu/SBA (3.5)
with freshly prepared CuCl/SBA (3.0) was used as a model for
k3ø(k) and FTk3ø(k) plots of He-treated (573 K) CuCl/SBA
(3.0). Figure 9c shows that the experimental data are well-
represented by a model in which 89% of the Cu is present as
isolated CuI species (Table 9).

The preceding discussion shows that the state of Cu after He
pretreatment at 573 K is a strong function of the copper
precursor used. Grafting of [CuOtBu]4 results in the agglomera-
tion of all the Cu into ca. 7 Å diameter crystallites of metallic
Cu. However, grafting of either [CuOSi(OtBu)3]4 or CuCl
produces materials in which 80-90% of the Cu is atomically
dispersed.

TABLE 8: Fitting Results for Samples after Helium Treatment at 573 K for 1 h

material shell CNa R (Å)b σ2 (Å2)c E0 (eV)d R-factore

CuOtBu/SBA (3.5) Cu-Cu 7.8(3) 2.52(2) 0.0062(9)
Cu-Cu 4.7(2.6) 3.57(2) 0.012(4) 3.0(5) 0.0025
MS1g 22(16) 3.79(2) 0.01f

CuOtBu/SBA (5.0) Cu-Cu 7.6(3) 2.52(1) 0.0072(3)
Cu-Cu 4.2(2.9) 3.58(1) 0.013(5) 1.5(6) 0.0021
MS1g 18(14) 3.80(1) 0.01f

CuOSi/SBA (3.5) Cu-O 1.9(3) 1.85(1) 0.003(1) 0.3(2.4) 0.0261
Cu-Cu 0.7(6) 2.55(2) 0.007(5)

CuOSi/SBA (5.0) Cu-O 1.7(1) 1.851(6) 0.0029(7)
Cu-Cu 1.2(3) 2.54(1) 0.007(1) 1.4(1.3) 0.0249
Cu-Cu 0.9(9) 3.59(1) 0.009(7)

CuCl/SBA (3.0) Cu-O 2.38(2) 1.902(9) 0.006(1) 6.7(1.4) 0.0101
Cu-Cu 0.5(3) 2.58(1) 0.004(3)

a Coordination number.b Fitted radial distance assuming isotropic lattice expansionR. c Debye-Waller factor.d Energy reference shift.e R-
factor defined in eqn. 3.f Fixed value.g This is the first significant multiscattering path. The radial distance determined for MS1 is half the total
path length scattering distance.

RCuCuj
|exp ) (ε + 1)RCuCuj

|known (3)

TABLE 9: Linear Combination Fitting Results

material xfresh
a xmetal

b
% Cu available
for catalysisc

CuOtBu/SBA (3.5) 0.000 1.000 58.1
CuOtBu/SBA (5.0) 0.000 1.000 58.1
CuOSi/SBA (3.5) 0.880 0.120 94.9
CuOSi/SBA (5.0) 0.785 0.215 91.0
CuCl/SBA (3.0) 0.893 0.107 95.5

a Fraction of each respective fresh samples.b Fraction of experimental
CuOtBu/SBA(5.0) after He treatment assuming 55 atom cluster (fcc
cluster with corners removed).c Accounts for metal fraction in fit by
counting only the fraction of surface atoms in a 55 atom fcc cluster
with corners removed.

Local Structure of Cu Dispersed on Silica J. Phys. Chem. B, Vol. 108, No. 48, 200418431



Oxygen Treatment at 773 K. The nonphase corrected
FT k3ø(k) spectra of CuCl/SBA (3.0), CuOSi/SBA (5.0), and
CuOtBu/SBA (5.0) taken after O2 treatment at 773 K for 1 h
are shown in Figure 10. The appearance of the Fourier transform
for CuCl/SBA (3.0) agrees closely with that of CuO (Figure
5b), which suggests that upon oxidation at 773 K all of the Cu
in CuCl/SBA (3.0) is converted into particles of ordered CuO.
This is further supported by comparing the FTk3ø(k) spectra
of CuCl/SBA (3.0) to a FEFF model of CuO. The model is
shown in Figure 10c and consists of the following scattering
paths: Cu-O (equatorial, CN) 4, R ) 1.95-1.96 Å), (Cu-
Cu)1 (CN ) 4, R ) 2.90 Å), (Cu-Cu)2 (CN ) 4, R ) 3.08 Å),
(Cu-Cu)3 (CN ) 2, R ) 3.17 Å), (Cu-Cu)4 (CN ) 2, R )
3.42 Å), (Cu-Cu)5 (CN ) 2, R ) 3.75 Å), (Cu-Cu)6 (CN )
4, R ) 4.67 Å), (Cu-Cu)7 (CN ) 4, R ) 5.2406 Å), and
multiscattering Cu-Cu paths at distances above 5 Å. The
Debye-Waller factor was the only adjustable parameter, and
it was set to 0.004 Å2 for Cu-O and 0.007 Å2 for Cu-Cu
scattering in all subsequent shells. By use of the model as a

basis for peak identification, the positions of the Fourier
components were assigned in the following manner: 1.62 Å
(nonphase corrected) Cu-O (equatorial); 2.54 Å (nonphase
corrected) (Cu-Cu)1 and (Cu-Cu)2; 2.97 Å (nonphase cor-
rected) to (Cu-Cu)2, (Cu-Cu)3, and (Cu-Cu)4; 3.46 Å
(nonphase corrected) to (Cu-Cu)4 and (Cu-Cu)5; and 4.35 Å
and 5.52 Å to Cu-Cu single and multiple scattering contribu-
tions.

The FTk3ø(k) plot for CuOtBu/SBA (5.0) contains all of the
Fourier components observed in the spectrum for CuCl/SBA
(3.0) except that the features appearing above 3.0 Å are less
intense and broader. This indicates that small CuO domains were
formed as a result of oxidation of the 7-Å Cu particles formed
after He treatment at 573 K. The FTk3ø(k) plot for CuOSi/
SBA (5.0) after O2 treatment has a prominent Fourier component
at 1.62 Å and a less intense peak at 2.97 Å but does not show
features beyond 3.0 Å because of long-range order in CuO. The
results shown in Figure 10 suggest that irrespective of the Cu
precursor, O2 oxidation of the He-treated samples for 1 h at
773 K results in the conversion of the supported Cu into CuO.
This conclusion is supported by the XANES data presented in
Figure 4 and Table 4, which show that after oxidation all
detected Cu is formally CuII. However, the dispersion and
ordering of these domains depend strongly on the composition
of the Cu precursor.

On the basis of the preceding discussion, the first two or three
shells of each sample were fit using theoretical phase and
amplitude functions for Cu-O and Cu-Cu backscattering
appropriate for CuO (Table 10). The CN for the first shell in
each spectrum, corresponding to Cu-O backscattering, is∼4
(Table 10), which is consistent with that expected for the four
equatorial O atoms surrounding each Cu atom in CuO. The fitted
Cu-O distance range from 1.947 to 1.934 Å agrees reasonably
well with the Cu-O distance for bulk CuO (1.95 and 1.96 Å).
The contribution because of scattering from the axial O atoms
could not be fitted because of the large Debye-Waller factor
associated with these atoms, resulting from Jahn-Teller distor-
tion.45 Clear differences in the state of dispersion of CuO can
be discerned from CNs for the second Fourier component in
each spectrum (Table 10). As mentioned in the discussion of
the FEFF simulation, this Fourier component has two Cu-Cu
backscattering contributions (Cu-Cu)1 (CN ) 4, R ) 2.90 Å)
and (Cu-Cu)2 (CN ) 4, R ) 3.08 Å)). The CN for the second
Fourier component of CuCl/SBA (3.0) is 6.1(1.6), which is
smaller than that for CuOSi/SBA (5.0), 5.1(1.2), and CuOtBu/
SBA (5.0), 4.3(1.2). These results indicate that the dispersion
of CuO increases in the order CuOtBu/SBA (5.0)≈ CuOSi/
SBA (5.0) < CuCl/SBA (3.0).

The formation of significantly larger domains of CuO upon
oxidation of CuCl/SBA (3.0), as compared to CuOtBu/SBA (5.0)
or CuOSi/SBA (5.0), is difficult to explain. A possible
interpretation is that the agglomeration of CuO is facilitated by
Cl atoms retained from the initial sample preparation. Previous
studies have shown that chlorosilane species form under
anhydrous conditions upon treatment of silica with CuCl at
temperatures above 673 K.46 Because CuCl/SBA (3.0) was
prepared by heating SBA-15 in the presence of CuCl at 893 K,
some Si-Cl linkages were likely formed. It is possible that
during oxidation at 573 K some of the Si-Cl groups reacted
with adjacent Si-OH groups to release HCl and form siloxane
bridges (reaction 1). The gaseous HCl could then react with
Cu-O-Si species to form a silanol group and gaseous CuCl
(reaction 2). Subsequent oxidation of CuCl vapor would lead
to formation of CuO crystallites (reaction 3). Although this

Figure 10. Fourier transformedk3ø(k) spectra of samples after O2

treatment at 773 K for 1 h: (a) CuOtBu/SBA (5.0), (b) CuOSi/SBA
(5.0), (c) CuCl/SBA (3.0) together with FEFF model of CuO. The model
consists of one Cu-O shell centered at 1.62 Å and Cu-Cu scattering
for all subsequent shells. CNs of all shells were set at their crystal-
lographic numbers. The Debye-Waller factor was the only adjusted
model parameter, set at 0.004 Å2 for Cu-O and 0.007 Å2 for Cu-Cu
scattering in all subsequent shells.
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sequence of reactions has not been previously reported, the
reverse process is known to occur during the redispersion of
agglomerated metal oxide and metallic clusters of Pt and Ir.47

Conclusions

EXAFS, in combination with XANES, was used to character-
ize the local environment of Cu supported on SBA-15 meso-
porous silica. Analysis of the EXAFS data was aided by the
use of standards, and in particular [CuOSi(OtBu)3]4, which
serves as a model for Cu-O-Si bonding. Simulated EXAFS
spectra, based on proposed models, were used to identify the
origin of the peaks appearing in the Fourier transform of the
EXAFS scattering function,k3ø(k). Identification of the atoms
from which backscattering occurred was further aided by
analysis of the imaginary part of the nonphase corrected FT
k3ø(k).

The local environments of as prepared samples of Cu
supported on SBA-15 prepared from [CuOtBu]4, [CuOSi-
(OtBu)3]4, and CuCl are quite similar. In all cases, Cu is present
as CuI, largely as isolated cations. Evidence for Cu-Cu
backscattering is seen in the case of samples prepared from
[CuOtBu]4, and Cu-Si backscattering is seen in the case of
samples prepared from [CuOSi(OtBu)3]4, indicating that the
latter precursor leads to better isolation of the dispersed Cu.
When CuCl is used as the precursor, there is evidence for Cu-
Si backscattering and a small contribution due to Cu-Cu
backscattering. The effects of precursor composition become
clearly evident upon sample treatment in He at 773 K. The
sample prepared using [CuOtBu]4 as the precursor undergoes
complete loss of the organic ligands and reduction of CuI to
metallic Cu0. Detailed analysis of the EXAFS data for this
sample indicates that the Cu is present as crystallites roughly 7
Å in diameter. By strong contrast, the Cu in the sample prepared
from [CuOSi(OtBu)3]4 remains largely as isolated CuI cations
(80-90%), and only a small fraction forms crystallites of Cu
metal (20-10%). A high fraction of atomically dispersed Cu
(90%) is also retained in the thermally treated sample prepared
from CuCl. Upon being heated in O2 at 773 K, the Cu in all of
the samples is oxidized to the CuII state and the EXAFS data
show clear evidence for the formation of CuO. In the case of
the samples prepared from CuCl, the data suggest that well-

defined crystallites of CuO are formed. The formation of these
particles is facilitated by the release of HCl from Si-Cl species
present on the surface of the support produced during the high-
temperature reaction of CuCl with silanol groups on the surface
of SBA-15. Evidence for CuO is also present in the samples
prepared from [CuOtBu]4, but in this case the crystallites appear
to be very small and amorphous. In contrast, only highly
dispersed CuO species, lacking any long-range order, are formed
upon oxidation of the sample prepared from [CuOSi(OtBu)3]4.
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