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Abstract: A family of diaminobutane core, poly(propylene imine) dendrimers coordinated to Cu(II), DAB-
Amn-Cu(II)x (n ) 4, 8, 16, 32, 64,x ) n/2), was studied by means of extended X-ray absorption fine structure
(EXAFS) and X-ray absorption near-edge structure (XANES) spectroscopies. The geometry of the dipropylene
triamine (dpt)-Cu(II) end-group complexes for all dendrimer generations is reported for the first time and is
found to be that of a square-based pyramid with each Cu ion bound to three nitrogen atoms (Cu-N distance
∼2.03 Å) of the dpt end group of the dendrimer. An oxygen atom residing 1.96 Å from the Cu ion also
occupies the equatorial plane, and the pyramid is completed by an axial oxygen at∼2.65 Å. In addition, we
report for the first time that reduction of the Cu(II)-dendrimer complexes with NaBH4 yields DAB-Amn-
Cu(0)clusterspecies. Transmission electron microscopy (TEM) studies of the reduced species demonstrate that
there is a systematic decrease in the size of the generated Cu clusters with increasing dendrimer generation.
Additionally, it was found that the size of the nanoclusters is a function of then/x ratio of the DAB-Amn-
Cu(II)x precursor, with highly monodisperse, extremely small nanoclusters (rcluster ) 8.0 ( 1.6 Å) obtained
with n ) 64 andx ) 16. EXAFS and XANES measurements on the reduced DAB-Amn-Cu(0)clustercorroborate
the TEM data, and provide additional information on the possible encapsulation of the Cu nanoclusters by the
dendrimers.

Introduction

In the past decade, dendritic molecules have caught the
attention of a number of researchers due to their outstanding
properties that make them suitable for a broad range of
applications.1-3 Dendrimers can serve not only as contrast agents
in magnetic resonance imaging4 and as drug delivery systems
in medicine,5,6 but are expected to contribute significantly in
the fields of catalysis,7,8 molecular recognition,3 light harvest-
ing,9 and environmental studies10 to name a few.

Poly(amidoamine), PAMAM, and poly(propylene imine)-
diaminobutane core, DAB, dendrimers, as well as other den-

drimers, have been shown to form complexes with metal
ions.11-26 Except for the case of DAB dendrimers,25,26 it has
been shown that such metal-ion-dendrimer precursor species
can be used to produce metal nanoparticles upon reduction of
the dendrimer-metal complexes.11-14,16,19,20,22,24Although a large
number of studies have focused on making metal nanoparticles
from metal-PAMAM complexes (Au,11-14 Ag,11,13 Cu,16,19,20
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Pd,22,24and Pt22), we know of no reports focusing on the use of
metal-DAB dendrimer complexes for the fabrication of metal
nanoclusters.

DAB dendrimers have been shown to form well-defined,
stoichiometric complexes with ionic Cu, Zn, Ni, and Co,25,26

an attribute that may allow for control over the properties of
metal nanoclusters derived from such metal-ion-dendrimer
complexes. To this end, it would be of great importance to have
the ability to obtain structural information for the metal ion
complexed in the dendrimer, as well as information regarding
the nature of the dendrimer-metal nanoparticle structure fol-
lowing reduction of the metal-ion-dendrimer complex.

We report here, for the first time, an investigation of Cu(II)-
poly(propylene imine) dendrimer complexes with a diaminobu-
tane core (DAB-Amn-Cu(II)x, n ) 4 to 64,x ) n/2) by means
of extended X-ray absorption fine structure (EXAFS) and X-ray
absorption near-edge structure (XANES) spectroscopies. By
studying the EXAFS and XANES spectra of DAB-Amn-
Cu(II)x at the copper K-edge, we have been able to determine
the geometry of the dendrimer end-group complex about the
Cu ion and parameters such as bond distances, coordination
numbers, and nature of the ligands contributing to the copper
coordination sphere. In addition, we have studied the properties
of the Cu(0) nanoclusters that result upon reduction of the DAB-
Amn-Cu(II)x template precursors. The size of the Cu(0) nano-
clusters is determined from TEM data, and EXAFS measure-
ments are used to understand the local environment of the
reduced Cu nanoclusters. The EXAFS data are useful for
correlating the present data with the outcomes from previous
studies of nanoparticles.27-29 The TEM and EXAFS studies
demonstrate that the size of the Cu(0) nanoclusters decreases
with increased generation of the dendrimer.

Results and Discussion

DAB-Amn-Cu(II) x Complexes: Generation-Independent,
Square-Based Pyramid Structure. (a) Solution Studies.
Normalized, solution-phase, fluorescence mode XANES spectra
at the Cu K-edge for the DAB-Amn-Cu(II)x complexes (n ) 4,
8, 16, 32,x ) n/2) are displayed in Figure 1. The XANES
spectra in Figure 1 support the claim that Cu(II) is the only

copper species present, as is demonstrated by the presence of
only the expected three major bands for Cu(II).30-35 In addition,
the positions of the spectral features indicate that Cu(II) is bound
to nitrogen atoms. Feature B in Figure 1 is known to be
associated with a copper 1sf 4p transition with simultaneous
shakedown30,31 and is apparent in the first derivative spectra,
as shown in Figure 2B for DAB-Am16-Cu(II)8. The 1sf 4p
transition occurs at 8985.5 eV for the entire DAB-Amn-Cu(II)x

complex series (data not shown), which is typical of Cu(II)
complexes.32 The spectra in Figures 1 and 2 point to the lack
of any uncoordinated Cu(II), as observed upon comparison of
the spectra for the DAB-Amn-Cu(II)x complexes with those of
Cu(NO3)2.32,35-44 In addition, features C and D further support
the+2 oxidation state of copper in the complexes. The 8996.4
eV value for the transition associated with feature C is routinely
observed in the XANES spectra of Cu(II)-ligand complexes
containing Cu-N bonds and has been described to be caused
by a larger degree of covalency between the Cu(II) and
equatorial ligands.32 In addition, feature D is observed at 9001
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Figure 1. Normalized Cu K-edge XANES spectra for DAB-Amn-
Cu(II)x (n ) 4 to 32,x ) n/2) complexes in CH3OH solution.

Figure 2. (A) Comparison of the normalized Cu K-edge spectra for
DAB-Am16-Cu(II)8 and Cu(NO3)2 (solid state and solution). (B)
Derivative of the corresponding XANES spectra. The dashed lines point
at the position of Feature B in Figure 1 and the solid line points at the
position of Feature A.
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eV for all generations and is typical of nitrogen-bonded Cu(II)
ions.34,35

A slight increase in the intensity of feature D, in comparison
to the other spectral features, is observed when moving from
dendrimer generation 1 to 4, Figure 1. We attribute this intensity
increase for feature D to an increase in the degree of covalency
of the Cu-N bond as a result of a distortion of the copper-
dendrimer complex, possibly caused by increased steric crowd-
ing of the Cu(II)-dendrimer complexes with increased dendrimer
generation. This distortion is further supported by the presence
of feature A at 8977.3 eV in the solution and solid-state (Figure
2A) XANES spectra. The position of spectral feature A is
consistent with the electric dipole forbidden 1sf 3d transi-
tion45 associated with a variety of distorted Cu(II)-N com-
plexes.30,32,46,47

The electronic (UV/vis) spectra of the DAB-Amn-Cu(II)x

complexes in methanol (MeOH) are virtually indistinguishable
and consist of a d-d band near 630 nm.48-50 Observation of
this transition is consistent with trigonal bipyramidal and square-
based pyramidal geometries for Cu(II) complexes.25,48Electron
paramagnetic resonance (EPR) data obtained by Bosman25,49

for DAB-Amn-Cu(II)x indicate that the latter case is more
likely.51

(b) Studies of DAB-Amn-Cu(II) x in the Solid State.X-ray
spectroscopy experiments with DAB-Amn-Cu(II)x solids were
undertaken to obtain high-quality (high signal-to-noise ratio)
spectra that could be used to accurately determine the structure
of the Cu(II)-dendrimer complexes.52 Free-flowing “baby blue”
DAB-Amn-Cu(II)x powders were obtained forn ) 4-64 by
vacuum evaporation of the MeOH solvent. Representative
XANES spectra for all Cu(II)-dendrimer complexes are dis-
played in Figure 3. In general, the solid-state spectra are almost
identical to the solution-phase spectra (cf. solution and powder
spectra forn ) 16 in Figure 2A), with the differences being
associated solely with the intensities of features A and D. As
discussed above for the solution-phase spectra, features A and
D arise when the geometry of Cu(II)-ligand complexes is
distorted.32,46,47 Thus, the Cu(II)-dendrimer complexes in the
solid state have a structure with a higher degree of distortion
than when in solution, albeit only slightly more distorted. It
can be concluded that the Cu oxidation state and overall structure
of the DAB-Amn-Cu(II)x materials around the Cu ions is
virtually the same when the Cu-dendrimer complexes are in
the solid state or in MeOH solution.

Analysis of the EXAFS data provides a means of determining
bond distances and coordination numbers for Cu(II) in the DAB-
Amn-Cu(II)x materials, and can be utilized to identify the nearest
neighbors to Cu(II). Previous studies involving comparison of
EPR data for DAB-Amn-Cu(II)x complexes with that for a
N,N,N′,N′-tetrakis(3-aminopropyl)-1,5-diamino-3-oxapentane di-
copper(II) complex suggest that Cu(II) is most likely coordinated

to two primary amines, one tertiary amine, and two other ligands
(such as MeOH or H2O) in the DAB-Amn-Cu(II)x com-
plexes.49,53Due to the similarity of the atomic weight, size, and
electronic configuration of oxygen and nitrogen, their back-
scattering functions are sometimes difficult to differentiate and
could lead to ambiguities in assignment of ligand identity.
However, it is possible to overcome this challenge by comparing
the experimental EXAFS data to simulated EXAFS data
generated by using all possible combinations of O and N atoms
coordinated to Cu(II),50 comparing the bond distances obtained
upon analysis of the EXAFS data to those found for copper-
nitrogen and copper-oxygen complexes,andevaluation of the
back Fourier transforms.

The Fourier transforms of the EXAFS function (experimental-
solid lines) and the calculated fits using Feff754,55(dotted lines)
are shown in Figure 4 for the five DAB-Amn-Cu(II)x com-
plexes.56 Table 1 lists the coordination numbers and bond
distances obtained from the curve fitting procedure, as well as
the goodness-of-fit parameter,R. The shape of the Fourier
transform data is reminiscent of that obtained for Cu(II)
complexes having one or two axial oxygen ligands;57-61 the
fits of the Fourier transform data and previous literature41 allow
us to clearly identify one axial O atom at about 2.6 Å away
from the Cu(II). As determined from the data in Figure 4, the
first coordination shell contains a combination of four nitrogen
and/or oxygen atoms in the equatorial plane of the complex.
But, the Cu-ligand atom bond distances obtained (1.99 Å) are
higher than those for known oxygen-coordinated Cu(II) com-
plexes (typical bond distances between 1.85 and 1.96 Å),
indicating that the atoms in the equatorial plane are most likely
not oxygen but nitrogen.43
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Figure 3. Normalized Cu K-edge XANES spectra for DAB-Amn-
Cu(II)x (n ) 4 to 64,x ) n/2) complexes in the solid state.
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To identify the ligand atoms in the equatorial plane, the first
coordination peak centered at 1.6 Å (without phase-shift
correction) in the Fourier transform data that corresponds to
the contribution of the four equatorial atoms was back trans-
formed tok space (see Figure 5). Then, thek space data were
fitted by using standard procedures.54,55 The best fit to the
experimental data was obtained through the use of a model with
3 nitrogen atoms and 1 oxygen atom in the equatorial plane;
all other combinations gave significantly higherRvalues (Table
T-1 of the Supporting Information).62,63 Similar results were

obtained for the other DAB-Amn-Cu(II)x complexes, Table 2.
The bond distances obtained are typical of Cu-O at 1.92 Å
and Cu-N at 2.03 Å.33,35,43,59,61,64

The results from this analysis fully support a structure that
has the Cu(II) surrounded by three nitrogen atoms in the
equatorial plane and an oxygen atom at 1.92 Å at the base of
the pyramid. An axial oxygen atom at approximately 2.6 Å
completes the square-based pyramid. The oxygen atom in the
equatorial plane and the other oxygen atom in the axial position
could be associated with the methanol solvent, nitrate anions,
or water; we are currently unable to further delineate the
structure of the Cu complex. A representation of the Cu(II)-
dendrimer end-group structure is shown schematically in Figure
6 for DAB-Am16-Cu(II)8.

Reduction of the DAB-Amn-Cu(II) x Complexes and Struc-
tural Evaluation of the Resulting Cu(0) Nanocluster-Den-
drimer Composites.Samples obtained from reduction of DAB-
Amn-Cu(II)x (n ) 4 to 64,x ) n/2) with a fixed concentration

(62) All possible combinations for a total of 4 atoms were considered
when the fitting procedures were implemented.

(63) The additional peaks in the Fourier transform data are due to
contributions arising from multiple scattering from the high number of
carbon atoms surrounding the Cu(II) or possibly a weakly bound oxygen
from water, methanol, or nitrate. In addition, the back Fourier transform of
the peaks between 2 and 4 Å presents some characteristics of heavy element
backscattering. Furthermore, a beat node indicative of atoms with very
different backscattering function frequencies can be observed in the EXAFS
function. Thus, the proximity of another copper atom contributing to the
EXAFS of the absorber cannot be excluded and was considered in the fits.

(64) Alagna, L.; Prosperi, T.; Tomlinson, A. A. G.; Vlaic, G.J. Chem.
Soc., Dalton Trans.1983, 645-648.

Figure 4. Fourier transforms of the EXAFS function for the DAB-
Amn-Cu(II)x (n ) 4 to 64, x ) n/2) complexes in the solid state.
Experimental data (solid line) and calculated fits (dashed line) are
shown. A k range of 3-13 Å-1 was used for all of the Fourier
transforms so as to eliminate low- and high-k noise contributions.

Table 1. EXAFS Parameters Obtained from Curve Fitting
Analysis for the DAB-Amn-Cu(II)x (n ) 4 to 64,x ) n/2)
Complexes

sample element
coord.
no.a

bond
dist. (Å)b

Debye-Waller
factor (σ2)a R

DAB-Am4-Cu(II)2 N, O 4 1.99 0.0071 15
O 1 2.67 0.0118
C 3 3.03 0.0062
Cu 1 3.36 0.0078

DAB-Am8--Cu(II)4 N, O 4 2.00 0.0089 10
O 1 2.64 0.0125
C 3 3.00 0.0065
Cu 1 3.50 0.0107

DAB-Am16-Cu(II)8 N, O 4 1.99 0.0089 12
O 1 2.60 0.0168
C 3 2.99 0.0078
Cu 1 3.45 0.0082

DAB-Am32-Cu(II)16 N, O 4 2.01 0.0081 15
O 1 2.68 0.0146
C 3 3.03 0.0083
Cu 1 3.47 0.0109

DAB-Am64-Cu(II)32 N, O 4 2.00 0.0087 18
O 1 2.61 0.0104
C 3 3.01 0.0067
Cu 1 3.42 0.0107

a The generally accepted value for the accuracy of Debye-Waller
factors and coordination numbers is(10%; see footnotec. b The
accuracy on distances is taken as(0.01 Å; see footnotec. c Teo, B.
K. EXAFS, Basic Principles and Data Analysis; Inorganic Chemistry
Concepts Series; Springer-Verlag: New York, 1986; Vol. 9.

Figure 5. Example of the best fit of the Fourier back-transform of the
first coordination peak in Figure 4 for DAB-Am32-Cu(II)16. A range of
0.8-2.3 Å was chosen for the back-transform window. Bond distances
and coordination numbers for the DAB-Amn-Cu(II)x (n ) 4 to 64,x )
n/2) series are listed in Table 2.

Table 2. Bond Distances and Coordination Numbers Obtained
from Fitting of the Fourier Back-Transform of the First
Coordination Peak in Figure 4 for the DAB-Amn-Cu(II)x (n ) 4 to
64, x ) n/2) Series

sample 1 O (Å)a,b 3 N (Å)a,b

DAB-Am4-Cu(II)2 1.92 2.02
DAB-Am8-Cu(II)4 1.95 2.02
DAB-Am16-Cu(II)8 1.96 2.03
DAB-Am32-Cu(II)16 1.96 2.04
DAB-Am64-Cu(II)32 1.92 2.04

a The generally accepted value for the accuracy of Debye-Waller
factors and coordination numbers is(10%; see footnotec. b The
accuracy on distances is taken as(0.01 Å; see footnotec. c Teo, B.
K. EXAFS, Basic Principles and Data Analysis; Inorganic Chemistry
Concepts Series; Springer-Verlag: New York, 1986; Vol. 9.
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of Cu(II) have been investigated. The preparation of the reduced
materials is summarized here. The requisite amount of a given
generation dendrimer solution was added to a MeOH solution
containing 2 mM Cu(NO3)2‚2.5H2O to maintain the primary
amine-Cu(II) ratio at 2:1 for all generations (no excess Cu(II)
in solution). This procedure results in Cu(II)-dendrimer solutions
that contain a fixed concentration of Cu(II) but a varying
concentration of dendrimer (1 to 0.0625 mM). Upon reduction
of DAB-Amn-Cu(II)x complexes with methanolic NaBH4, a
golden brown solution resulted. UV-vis spectra did not reveal
the presence of any remaining DAB-Amn-Cu(II)x, as noted by
the lack of the characteristic d-d band for the Cu(II) species at
630 nm48-50 and Cu(II) signal in the XANES spectra, vide infra.
When stored under an inert atmosphere, these solutions were
stable (no precipitates or color changes) for a minimum of 3
days, the longest time evaluated. Brown powders were obtained
from these solutions by vacuum removal of solvent; the solids
were stored and handled under an inert atmosphere at all times.

The EXAFS spectra for powders obtained as described above
are displayed and compared to that of a 7.5µm thick copper
foil in Figure 7. The similarities between the spectra of the
reduced DAB-Amn-Cu(II)x complexes and that of the copper
foil are striking and demonstrate the existence of metallic

Cu(0) domains in the reduced DAB-Amn-Cu(II)x, denoted as
DAB-Amn-Cu(0)cluster. The position of the K-edge threshold for
all of the DAB-Amn- Cu(0)cluster materials is 1.4 eV higher in
energy than that of the pure fcc metal at 8979 eV. This shift in
K-edge threshold is characteristic of Cu(0) nanoclusters,27 thus
pointing to their presence in the reduced dendrimer complexes.
Furthermore, the amplitudes of the EXAFS features are strongly
decreased when compared to those of the fcc copper reference
foil, as is expected for Cu(0) nanoclusters.27 Finally, the presence
of nanoclusters is corroborated by UV-vis data. The electronic
spectra obtained are characteristic of Cu(0) nanoclusters,65-69

as noted by the presence of a monotonic increase in the
absorbance with increasing energy.50 Absence of a plasmon band
near 550 nm in the UV-vis spectra50 indicates that the diameter
of the nanoclusters is less than 5 nm for all DAB-Amn-Cu-
(0)cluster studied.65-69

The Fourier transform of the EXAFS function was obtained
for each generation of DAB-Amn-Cu(0)cluster; representative
spectra are displayed in Figure 8 for the DAB-Amn-Cu(0)cluster

series. Decreases in the amplitude of the Fourier transforms of
the X-ray absorption data as a function of increasing dendrimer
generation indicate a decrease in the size of the Cu(0) nano-
clusters with increased dendrimer generation, Figure 8. Such a
decrease can be correlated to an increase of the surface-to-
volume ratio of nanoclusters,27,70 which points to a decrease
in the average Cu(0) nanocluster size with increased size of
the dendrimer. Table 3 lists the EXAFS parameters55 for
the successive copper shells of the nanoclusters in the

(65) Rothe, J.; Hormes, J.; Bo¨nnemann, H.; Brijoux, W.; Siepen, K.J.
Am. Chem. Soc.1998, 120, 6019-6023.

(66) Abe, H.; Charle, K. P.; Tesche, B.; Schulze, W.Chem. Phys.1982,
68, 137-141.

(67) Curtis, A. C.; Duff, D. G.; Edwards, P. P.; Jefferson, D. A.; Johnson,
B. F. G.; Kirkland, A. I.; Wallace, A. S.Angew. Chem., Int. Ed. Engl.1988,
27, 1530-1533.

(68) Lisiecki, I.; Pileni, M. P.J. Am. Chem. Soc.1993, 115, 3887-
3896.

(69) Lisiecki, I.; Billoudet, F.; Pileni, M. P.J. Phys. Chem.1996, 100,
4160-4166.

(70) Traverse, A.; Parent, P.; Mimault, J.; Hage`ge, S.; Du, J.Nucl.
Instrum. Methods B1994, 84, 204-207.

Figure 6. Representation of the DAB-Am16-Cu(II)8 complex.

Figure 7. EXAFS spectra of the reduced DAB-Amn-Cu(II)x (n ) 4 to
64, x ) n/2) complexes and Cu foil.

Figure 8. Fourier transforms of the EXAFS function for the reduced
DAB-Amn-Cu(II)x (n ) 4 to 64, x ) n/2) complexes. Experimental
data (solid line) and calculated fits (dashed line) are shown. Ak range
of 3-13 Å-1 was used for all of the Fourier transforms so as to
eliminate low- and high-k noise contributions.
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DABn-Cu(0)clusterseries. The Debye-Waller factors used in the
fitting protocol are those determined from previous studies of
Cu(0) nanoparticles.71 Care must be exercised to keep the
Debye-Waller factors physically reasonable, or one can obtain
improbable coordination numbers. However, the analysis used
for the present data was checked in several ways. While the
use of other Debye-Waller factors,29,72including values for bulk
Cu(0), leads to variations in the coordination numbers and
absolute sizes of the nanoclusters,all approaches tested yield
a general trend of decreased coordination number, first
coordination shell bond distance, and nanocluster size with
increased dendrimer generation.

As has been shown previously, the observed contraction of
the first coordination shell Cu-Cu bond distance has been
correlated to a decrease in cluster size.27,28,72 In the work by
Montano,27 Apai,28 and Gota,72 it was demonstrated that the
size of Cu nanoclusters can be estimated by examination of the
first coordination shell Cu-Cu bond distance and the coordina-
tion numbers of the successive copper shells.73 The average Cu-
Cu bond distance of the first copper shell obtained for our
samples (for example, 2.52 Å for DAB-Am4-Cu(0)cluster) is very
close to that of fcc Cu (2.55 Å) and is found to slightly decrease
with increasing generation, reaching 2.50 Å for DAB-Am64-
Cu(0)cluster. By comparing the bond distances of the first
coordination shell Cu-Cu bond distance determined in this

study with data from Apai et al.,28 we estimate a diameter of
roughly 4 nm for DAB-Am4-Cu(0)cluster, and 1.5 nm for DAB-
Am64-Cu(0)cluster. In addition, the ratio of the coordination
numbers of one copper shell to the others for a given cluster-
dendrimer complex agrees well with the corresponding ratio
for bulk fcc Cu(0), Table 3.

The low coordination numbers that are reported in Table 3
for the third and fourth Cu coordination shells could be the result
of the presence of small defects caused by a film (copper oxide
or dendrimer) on the cluster surface. This hypothesis is
substantiated by the presence of an additional peak at∼1.6 Å
(without phase shift correction) in the Fourier transforms of all
the samples. This peak could arise from a layer of copper oxide
at the surface,74 but its position is also consistent with the
binding of nitrogen atoms from the dendrimer to the copper
atoms of the cluster surface.75,76 Although it is difficult to
differentiate between nitrogen and oxygen solely on their
backscattering properties, a Cu2O oxide layer on the surface of
the cluster would generate a peak in the Fourier transform at
about 2.3 Å (without phase shift correction),74 which is not found
for any of the DAB-Amn-Cu(0)cluster materials. Thus, these
observations are consistent with the presence of dendrimers
adsorbed on the Cu(0) nanocluster surface through nitrogen
functionalities.

Transmission electron microscopy (TEM) images obtained
for nanoclusters made by reduction of DAB-Amn-Cu(II)x (n )
4 to 64,x ) n/2) complexes are displayed in Figure 9. Electron
diffraction patterns were also obtained for each sample (not
shown); the diffractograms indicate a predominant fcc structure,
thereby corroborating the EXAFS data. The size distributions
(based on cluster diameter) for all of the DAB-Amn-Cu(0)cluster

are compiled in Table 4 and demonstrate that the size dispersity
of the Cu(0) nanoclusters is quite low. Furthermore, the TEM
images demonstrate adecreasein size of the nanoclusters with
increasing dendrimer generation, as indicated by the EXAFS
studies.

The decrease in Cu(0) nanocluster size with increasing
dendrimer generation indicates that the size and possibly the
location of the nanoclusters with respect to the dendrimer interior
is a function of a property associated with the dendrimer and/
or the Cu(0) clusters. We address the location of the Cu(0)
nanoclusters first. From simple geometric considerations, a
singledendrimer cannot entirely contain a Cu(0) nanocluster.
For example, the DAB-Am4 (diameter of∼0.8 nm) should not
be able to hold the Cu(0) clusters (diameter of 3.7 nm) made
from the Cu(II)-DAB-Am4 precursor. A similar argument can
be made for containment of the Cu(0) nanoclusters by then )
8-32 dendrimers. Only in the case of then ) 64 dendrimer
(diameter of roughly 2.4 nm) is it possible to have some degree
of encapsulation of the Cu clusters (diameter∼2 nm). Based
on this discussion and the previous conclusion that the den-
drimers are adsorbed on the surface of the Cu(0) nanoclusters
through nitrogen groups, we speculate that the exact nature of
the Cu(0) nanocluster-dendrimer interactionsthe number of 3°
and 1° amine interactions with the cluster surface and the degree
of dendrimer distortion resulting from such interactionssduring
the formation of the Cu(0) nanoclusters is the cause of the
observed size dependence of the nanoclusters on dendrimer
generation.

(71) Telgheder, F.-W.; Urban, J.J. Electron. Spectrosc., Relat. Phenom.
1998, 95, 267-279.

(72) Gota, S.; Gautier, M.; Douillard, L.; Thromat, N.; Duraud, J. P.; Le
Fèvre, P.Surf. Sci.1995, 323, 163-174.

(73) Although these authors have found different results in the deter-
mination of the size of clusters ranging from dimers to 40 Å Cu clusters,
they showed that there is a strong correlation between bond distance of the
first coordination shell and the size of the clusters. Additionally, they agreed
on the decrease of the bond distance being a manifestation of the decrease
in size of the cluster.

(74) Lamberti, C.; Spoto, G.; Scarano, D.; Paze, C.; Salvalaggio, M.;
Bordiga, S.; Zecchina, A.; Turnes; Palomino, G.; D’Acapito, F.Chem. Phys.
Lett. 1997, 269, 500-508.

(75) Wiell, T.; Klepeis, J. E.Phys. ReV. B 1998, 58, 1655-1664.
(76) Wende, H.; Arvanitis, D.; Tischer, M.; Chauvistre, R.; Henneken,

H.; May, F.; Baberschke, K.Phys. ReV. B 1996, 54, 5920-5926.

Table 3. EXAFS Parameters Obtained from Curve Fitting
Analysis for the Reduced DAB-Amn-Cu(II)x (n ) 4 to 64,x ) n/2)
Complexes and Cu Foil

sample

element
coord.
shell

coord.
no.a

bond
dist.
(Å)b

Debye-Waller
factor (σ2)a R

Cu foil Cu1 12 2.55 0.0096 6
Cu2 6 3.62 0.0147
Cu3 24 4.43 0.0175
Cu4 9 5.02 0.0103

DAB-Am4-Cu(0)cluster Cu1 2.1 2.52 0.0095 10
Cu2 1.1 3.54 0.0110
Cu3 2.9 4.41 0.0140
Cu4 1.6 4.96 0.0120

DAB-Am8-Cu(0)cluster Cu1 1.6 2.50 0.0098 8
Cu2 0.9 3.51 0.0125
Cu3 1.9 4.42 0.0170
Cu4 1.5 4.96 0.0140

DAB-Am16-Cu(0)cluster Cu1 0.8 2.50 0.0110 9
Cu2 0.4 3.48 0.0065
Cu3 0.9 4.40 0.0220
Cu4 0.9 4.86 0.0180

DAB-Am32-Cu(0)cluster Cu1 0.5 2.50 0.0109 12
Cu2 0.3 3.47 0.0040
Cu3 1.2 4.44 0.0200
Cu4 0.5 4.84 0.0140

DAB-Am64-Cu(0)cluster Cu1 0.4 2.50 0.0120 12
Cu2 0.2 3.51 0.0115
Cu3 0.6 4.47 0.0160
Cu4 0.4 5.00 0.0140

a The generally accepted values for the accuracy of Debye-Waller
factors and coordination numbers is(10%; see footnotec. b The
accuracy on distances is taken as(0.01 Å; see footnotec. c Teo, B.
K. EXAFS, Basic Principles and Data Analysis; Inorganic Chemistry
Concepts Series; Springer-Verlag: New York, 1986; Vol. 9.
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Significant decreases in the Cu(0) cluster size and size
dispersity can be obtained by varying the ratio of primary amines
to Cu(II) ions in the dendrimer precursor. This was achieved
through the use of “half-functionalized” materials, such as DAB-
Am64-Cu(II)16, where the ratio of primary amine groups to
copper atoms in the nanocluster precursor is increased from 2:1
to 4:1. Upon reduction,nanoclusters with sizes of 1.60( 0.31
nm were obtained, see Figure 10 and Figure S-6 of the
Supporting Information. This result is not due to a mere decrease
in the concentration of Cu(II) in the solution, as indicated by
TEM data for clusters formed from DAB-Amn-Cu(II)x, x ) n/2,
solutions that were 2-fold lower in total Cu(II)-dendrimer
concentration.50 Further studies aimed at controlling the size of
Cu(0) clusters by varying the ratio of amine groups to Cu(II)
are underway.

Conclusions
EXAFS and XANES have been successfully applied to the

determination of the Cu(II) complex geometry formed upon
reaction of Cu(NO3)2‚2.5 H2O with poly(propylene imine)
dendrimers containing 4 to 64 primary amine groups. These
techniques, routinely applied in the study of inorganic materials
and catalysts, offer a powerful tool for the structural investiga-
tion of supramolecular metal complexes such as the Cu-
dendrimer complexes studied in this work. Analysis of the
XANES spectra points to an identical environment of the Cu
ions in each of the dendrimer end-groups for each generation.
The DAB-Amn-Cu(II)x complexes were found to be pentaco-
ordinate with a square-base pyramidal geometry. Each Cu ion
binds to three nitrogens from the dendrimer dipropylene triamine
end group (Cu-N distance) 2.03 Å) and an oxygen atom
completes the equatorial plane (Cu-O distance) 1.92 Å).
Another oxygen atom occupies an axial position at about 2.6
Å. To our knowledge, this is the first study that has given clear
geometric information on the complexation of Cu(II) poly-
(propylene imine) dendrimers; such structural information on
the precursor is essential for developing a clear picture of
Cu(0) nanocluster formation.

The evidence of nanocluster formation upon reduction with
NaBH4 is demonstrated in the XANES data by a shift of the
K-edge threshold of 1.4 eV. The EXAFS results indicate a
decrease in the size of the clusters with increasing dendrimer
generation and are in agreement with the TEM results. However,
the presence of a peak at about 1.6 Å in the Fourier transforms
of the DAB-Amn-Cu(0)cluster indicates a complex environment
of the copper atoms at the cluster surface. We attribute the
presence of this peak to Cu-N bonds between the dendrimer
and cluster surface as the result of adsorbed dendrimer. On the

Figure 9. TEM images of copper nanoclusters obtained by reduction of DAB-Amn-Cu(II)x (n ) 4 to 64,x ) n/2), [Cu(II) ) 2 mM].

Table 4. Mean Diameters of Cu Nanoparticles as a Function of Dendrimer Generationa

sample
DAB-Am4-
Cu(0)cluster

DAB-Am8-
Cu(0)cluster

DAB-Am16-
Cu(0)cluster

DAB-Am32-
Cu(0)cluster

DAB-Am64-
Cu(0)cluster

diameter (nm)b 3.71( 0.67 3.35( 0.63 2.55( 0.55 2.29( 0.49 1.98( 0.50
no. of particles

used in calculations
66 51 76 61 256

a See Supporting Information for histograms of size distributions.b Values are(1 standard deviation.

Figure 10. TEM image of the Cu(0) nanoclusters made from DAB-
Am64-Cu(II)16.
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basis of this observation and the cluster and dendrimer sizes,
we propose a model in which the dendrimer acts as a surfactant
for the copper nanoclusters; the nature of dendrimer-cluster
interaction evidently leads to the observed size trend. TEM
studies demonstrate that it is possible to further decrease the
size of the clusters by varying factors such as concentration
and the amine to Cu ratio. Future work will focus on the
preparation and characterization of smaller monometallic and
bimetallic nanoclusters, kinetic studies of the cluster formation
process, and the application of EXAFS and XANES to the study
of adsorbed Cu-dendrimer complexes on gold surfaces.

Experimental Section

Preparation of DAB-Amn-Cu(II) x Complexes and DAB-Amn-Cu-
(0)cluster Nanoparticles. All chemicals were used as received from
Aldrich. The DAB-Amn-Cu(II)x (n ) 4, 8, 16, 32, 64;x ) n/2)
complexes were synthesized in the same manner as described by
Bosman.49 To ensure that the proper stoichiometric ratios were obtained
(i.e. a given ratio of Cu(II) to dpt end groups), the requisite amounts
of methanolic solutions of Cu(NO3)2‚2.5 H2O and the corresponding
amine-terminated poly(propylene imine) dendrimer with a diaminobu-
tane core (DAB-Amn (n ) 4, 8, 16, 32, 64)) were mixed to result in a
final Cu(II) concentration of 2 mM. The faint blue Cu(NO3)2 solution
turned to an intense blue upon mixing with the dendrimer solution.
The solution was then stirred for 30 min. Maintaining a Cu(II)
concentration of 2 mM throughout the series of dendrimer generations
results in the following, in terms of Cu(II)-dendrimer complex
concentration: 1 mM DAB-Am4-Cu(II)2, 0.5 mM DAB-Am8-Cu(II)4,
0.25 mM DAB-Am16-Cu(II)8, 0.125 mM DAB-Am32-Cu(II)16, and
0.0625 mM DAB-Am64-Cu(II)32. Cu nanoparticles were formed by
reduction of the DAB-Amn-Cu(II)x solutions with a 10-fold excess of
NaBH4.77 The reduction resulted in a color change of the solution from
blue to golden brown, indicating the formation of nanoclusters, DAB-
Amn-Cu(0)cluster. TEM images of DAB-Amn-Cu(0)cluster were obtained
by placing a drop of the solution on a holey-carbon copper grid, and
then immediately transferring the sample into vacuum. The DAB-Amn-
Cu(0)clustersamples for EXAFS and XANES were prepared by reduction
of the DAB-Amn-Cu(II)x solutions. As long as these reduced solutions
of Cu/dendrimer were kept under inert atmosphere, no precipitate or
change of color was observed (over a period of 3 days, the longest
time investigated). Powders were obtained by vacuum evaporation of
the solvent. The resulting powders were transferred under Ar into an
oxygen-free glovebox where they were placed between Kapton tape.
The resulting tape/powder samples were kept in an oxygen-free
environment for all analyses. The solubility of the brown powders of
the DAB-Amn-Cu(0)cluster was not fully investigated. However, these
materials do redissolve in methanol and oxidize rather quickly in the
presence of oxygen to give greenish/brown solutions.

EXAFS and XANES Measurements.EXAFS and XANES mea-
surements were taken at the Center for Advanced Microstructures and
Devices (CAMD) in Baton Rouge, LA. The experiments were
performed at the double crystal monochromator (DCM) beamline with
a Lemonnier-type monochromator78 equipped with a pair of Si(400)
crystals. The ring was operated at 1.3 or 1.5 GeV with corresponding
average ring currents of 140 and 100 mA, respectively. At least two
scans were taken for the DAB-Amn-Cu(II)x (n ) 4, 8, 16, 32, and 64,
x ) n/2) from 8779 to 9779 eV in both fluorescence and transmission
mode. The powder samples were kept between two pieces of Kapton
tape, and no degradation of the samples was observed over time or
exposure to radiation. The solution samples were held in a homemade
liquid cell with Kapton windows. The fluorescence was measured with
a krypton-filled Lytle detector,79 using a Ni filter and normalized to
the incident beam currentIo measured by an ionization chamber placed

before the sample. Transmission measurements were taken by monitor-
ing the current in an ionization chamber placed after the sample.
Additionally, a copper foil (8979 eV) or copper oxide powder (Cu2O
at 8983.79 eV) was scanned in all measurements for calibration
purposes in a third ionization chamber. The calibration was also checked
between each sample. The DAB-Amn-Cu(0)cluster (n ) 4 to 64) were
measured in the transmission mode with Si(311) crystals. Spectra were
acquired in the quick-EXAFS mode80 over the energy range 8800-
9900 eV. This instrumentation will be described in detail elsewhere,81

but is modeled after the apparatus described by Frahm.80 Briefly, quick-
EXAFS entails integrating the motion control with the data acquisition
system to facilitate the rapid production of the data sets generated in
the course of the typical EXAFS study. The stepper motor stage that
drives the monochromator is equipped with an optical encoder that
transmits quadrature signals marking angular rotation with a resolution
of 1 mdeg. These TTL level signals take the form of pulse trains when
the monochromator is rotated. A multifunction data acquisition board
that features sampling of analogue and TTL inputs allows instrument
readings (represented by scaled analogue voltages) to be correlated with
the concurrent position of the rotating monochromator, as determined
from the TTL pulse train. Therefore, minimal real-time processing of
the sampled encoder and instrumentation signals provide a fast and
accurate measurement of photon flux as a function of photon energy.

Data Reduction and Refinements.Data reduction and analysis
involving energy calibration, pre-edge and post-edge background
subtraction, edge normalization, conversion tok space, and extraction
of the EXAFS functionø(k) were carried out by using well-established
procedures that adhere to the standards of the International XAFS
society.56,82,83Winxas 9784 was used for data analysis in conjunction
with autobk85 and FEFF7.55

A range ofk ) 3-13 Å-1 was used for the Fourier transforms. The
data were available from 0 to 15 Å-1 but were truncated to the 3-13
Å-1 range so as to eliminate low-k and high-k noise contributions. A
range of 0.8-2.3 Å was chosen for the back-transform window. The
following expression forø(k) was used for the refinements obtained
by using the FEFF7 software:82

The backscattering functionF(k), the phaseΦ(k), and the mean free
path λ were taken from the generated FEFF files used for the
refinements. The distancer, coordination number, andE0 shift values
and Debye-Waller factors were free running parameters. A total of 4
shells was used for Cu (corresponding to the first four coordination
shells) in the refinements of the data for the Cu(II)-dendrimer
complexes. One additional shell was used in the refinements of the
data for the Cu(0) nanoclusters, corresponding to a contribution of
Cu-O or Cu-N on the cluster surface. In all cases, theE0 shift was
determined by running a simulation for each shell and was then locked
during refinements. Values of the bond distances were first fixed, as
were Debye-Waller factors, and then allowed to vary. The number of
free parameters in the fitting procedure never exceeded the number of
independent parameters (Nindp ) 2∆k × ∆r/π) with no more than 6
parameters allowed to vary at the same time. Multiple scattering paths
were not considered during the refinements; this was done so that we
could obtain outcomes with meaningful physical significance, and to
make a meaningful comparison to EXAFS parameters (bond distances,
coordination number, Debye-Waller factors, and residuals) obtained
from analysis of a fcc Cu foil sample analyzed in the same manner.

(77) Increasing the molar ratio of NaBH4 does not induce any change in
the UV-vis spectra of any of the DAB-Amn-Cu(0)cluster complexes but
prevents the rapid oxidation of the copper atoms back to Cu(I) or Cu(II),
thus increasing their stability.

(78) Lemonnier, M.; Collet, O.; Depautex, C.; Esteva, J.-M.; Raoux, D.
Nucl. Instrum. Methods1978, 152, 109-111.

(79) Stern, E. A.; Heald, S. M.ReV. Sci. Instrum.1979, 50, 1579-1582.

(80) Frahm, R.Nucl. Instrum. Methods Phys. Res. Sect. A1988, 270,
578-581.

(81) Schoonmaker, J. M.; Tittsworth, R. Manuscript in preparation, 2001.
(82) Teo, B. K.EXAFS: Basic principles and data analysis; Springer-

Verlag: New York, 1986.
(83) Koningsberger, D. C.; Prins, R.X-ray AbsorptionsPrinciples,

Applications, Techniques of EXAFS, SEXAFS and XANES; Wiley and
Sons: New York, 1988; Vol. 92.

(84) Ressler, T.J. Phys. IV1997, 7, 269-270.
(85) Newville, M.; Caroll, S. A.; O’Day, P. A.; Waychunas, G. A.; Ebert,

M. J. Synchrotron Radiat.1999, 6, 276-277.

ø(k) ) ∑
j

NjSi(k)Fj(k)e-2σj
2k2

e-2rj/λj(k)
sin(2krj + Φij(k))

krj
2
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Goodness-of-fit values, referred to as theR factor values, for the fit
residuals were obtained through Feff 7 refinement using Winxas (as
described above), withR ) 100∑|di - ti|/∑|di| (di are the experimental
data points;ti are the fit points). A value ofR < 20 indicates an
acceptable fit to the data.

The k space refinements were carried out for the Cu(II) species by
back Fourier transforming the data tok space, followed by a two-shell
refinement procedure wherein coordination numbers for both shells were
fixed to every possible combination of a total of 4 atoms (3 O, 1 N;
2 O, 2 N; 1 O, 3 N). Multiple scattering paths were not used. Debye-
Waller factors were also first fixed, and the distances were constrained
between 1.9 and 2.05 Å. Only theR values obtained for 3 N and 1 O
are indicative of a good fit (10 and 18), also see Table T-1 of the
Supporting Information. Additionally, when allowed to float, some
parameters obtained from the fitting procedures were unrealistic in value
for the cases of 2 O and 2 N, and 3 O and 1 N.

Acknowledgment. The authors wish to acknowledge Roland
Tittsworth at the Center for Advanced Microstructures and

Devices for assistance with and discussions about the EXAFS
experiments. We are also grateful to E. E. Doomes and J. Joubert
for help with preliminary studies. We would like to acknowledge
Cindy Henk from the Louisiana State University Department
of Biology for the TEM images. This work was supported by
funding from the National Science Foundation (R.L.M., CHE-
9529770 and CHE-0108961; E.D.P., CHE-9616908).

Supporting Information Available: UV-vis spectra of
DAB-Am32-Cu(II)16 and DAB-Am32-Cu(0)cluster in methanol;
TEM images and histograms of clusters produced with 0.2 and
0.1 mM DAB-Am16-Cu(II)8; histograms of clusters in Figures
9 and 10; table ofRvalues for various values of N and O atoms
used in fits for the Cu(II)-dendrimer data (PDF). This material
is available free of charge via the Internet at http://pubs.acs.org.

JA010549D

X-ray and TEM Studies of Cu-PPI Dendrimer Complexes J. Am. Chem. Soc., Vol. 123, No. 43, 200110553


