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The structure and composition of the inner shell of
copper (II) complexes with aquatic humic substances
(HS) were studied by X-ray absorption near-edge structure
(XANES) spectroscopy. The interpretation of the XANES
data was based on FEFF8 code real-space multiple-scattering
calculations for the prototype [Cu(H2O)6]2+ complex.
These calculations reproduced the tetragonal distortion of
the CuO6 octahedron representing the inner shell. They
also demonstrated the polarization nature of this effect’s
manifestations (“splitting” of the derivative) in XANES. The
extension of this interpretation to the Cu-HS system
confirmed suppression of the tetragonal distortion of the
inner shell in these species established by independent EXAFS
experiments. XANES measurements for Cu/C ratios
varying from 0.0005 to 0.03 demonstrated the nonuniform
nature of copper binding sites. Experiments with Cu-
ethylenediamine and Cu-glycine model systems and FEFF8
calculations indicated that for low copper concentrations
(Cu/C < 0.005) nitrogen-containing functional groups
dissimilar to those of amino acids are likely to be engaged
in the complexation.

Introduction
ESR, IR, spectrophotometric, and potentiometric data rel-
evant to the formation of Cu2+-HS complexes indicate that
the first complexation shell in these species may be described
as a tetragonally distorted CuO6 octahedron. The oxygens in
the first complexation shell have been associated with
carboxylic-, salicylic-, and phthalic-type ligands (1-9). Soil
and sludge HS also contain nitrogen whose weight contribu-
tion may be as high as 10% (4-6), but in aquatic HS it is
typically <1% (10). The relevant nitrogen-containing entities
have been hypothesized to be amine, R-aminocarboxylic, or
porphyrin functional groups associated with chlorophyll and
proteins residues (1-3, 8, 9). The nitrogen belonging to these
groups has been hypothesized to enter the inner complex-
ation shell and form a CuO6-xNx structure (4, 5, 7). Despite
the evidence qualitatively attesting to the relevance of these
hypotheses, the actual presence and number of N atoms in

the octahedron, the identities of the functional groups, and
the lengths/strength of the Cu-O and Cu-N bonds have
been difficult to establish due to the polydisperse nature of
HS, the lack of long-term order in solutions/solids containing
HS, and problems with finding model compounds that could
adequately reproduce the behavior of HS. Some of these
difficulties may be circumvented through the use of X-ray
absorption fine structure (XAFS) spectroscopy, notable for
its ability to probe highly disordered systems with great
structural and chemical sensitivity (11-22). Two modifica-
tions of XAFS [extended X-ray absorption fine-structure
(EXAFS) and X-ray absorption near-edge structure (XANES)]
measure the X-ray absorption coefficients in different energy
regions relative to the absorption edge of the target atom
and yield complementary information about the sample. For
both techniques, the energy dependence of X-ray absorption
coefficient is governed by Fermi’s golden rule, which takes
into account the final state of the photoelectron ejected from
the target atom due to the absorption of X-ray quanta and
the electronic densities of unoccupied states (DOS) (23). The
EXAFS oscillations observed for energies >40 eV past the
X-ray absorption edge are adequately described solely by
the photoelectron scatterings from the neighboring atoms
(24, 25). The range of a XANES spectrum is assigned to the
energies between the first symmetry-allowed unoccupied
state and the continuum states, that is ca. < 40 eV past the
absorption edge. XANES contains information about the
electronic structure, DOS, and bonding geometry around
the absorbing atom (26). The interpretation of XANES is more
complex than that of EXAFS and is based on both the multiple
scattering expansion and the DOS. Full multiple scattering
calculations are essential in the XANES data analysis (27),
but until recently, the theoretical simulation and interpreta-
tion of XANES spectra for arbitrary systems, especially for
those with hydrogen atoms, have been either unavailable or
very difficult (28, 29). In this work, our goal is to further
probe the local structure around the metal ion in the Cu-HS
system through the state-of-the-art modeling of XANES
spectra using FEFF8 computer code. We will also explore the
manifestations of nonuniformity of metal binding sites in
HS by carrying out XANES measurements of the Cu-HS
system at varying Cu/C ratios.

Experimental Section
The hydrophobic acids fraction (HPOA) from Suwannee River
natural organic matter and HS from Judy Reservoir (JRHS)
were used in the experiments. The preparation and properties
of these HS samples were described in Korshin et al. (15) and
in more detail in Croué et al. (30). HPOA contained 0.7%
nitrogen and 0.3% sulfur. Its elemental composition was very
close to that previously reported for Suwannee River fulvic
acid (10). The DOC concentration in all HS-containing
solutions was 1000 mg/L. The desired amount of metal was
added as Cu(ClO4)2. The Cu/C molar ratios were 0.0005,
0.00125, 0.0025, 0.005, 0.0125, and 0.03. The pH of solutions
containing HS and copper was 4.0. Model systems included
copper(II) aqua-complex [Cu(H2O)6]2+ and copper complexes
with ethylenediamine and glycine (denoted as EN and Gly,
respectively). The metal and ligand concentrations in solu-
tions containing copper and the model ligands were 0.01
and 0.1 M, respectively. The metal concentration in solutions
containing only copper aqua-complex was 0.1 M. [Cu-
(H2O)6]2+ and Cu-Gly solution were prepared at pH 4, and
Cu-EN was prepared at pH 12.

The X-ray absorption measurements were carried out at
the X11-A and X16-C beamlines of the National Synchrotron
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Light Source at Brookhaven National Laboratory using
experimental settings identical to those reported in ref 15.
The X-ray energy varied from 200 eV below to 400 eV above
the absorption K edge of Cu (EK ) 8979 eV) using a Si(111)
double-crystal monochromator. The data were obtained in
the fluorescence mode. To compare the state of Cu2+ in HS-
containing solutions with varying Cu/C ratios, the pre-edge
and near-edge regions of the data (-30 eV < E-EK < 40 eV)
were acquired with a 0.5-eV energy increment. The EXAFS
data (the range 40 eV < E-EK < 400 eV) were also acquired
with a 2-eV increment. To improve the signal-to-noise ratio,
up to 20 measurements were averaged for the same sample.
To correct for a small angular drift of the monochromator
crystals between the scans, all data sets were aligned vs their
absolute energy and interpolated to the same 0.25-eV
increment grid before the averaging. Copper metal foil was
always measured in the transmission mode simultaneously
with all other samples and was used as the reference for the
alignment of energies.

Experimental Data and Their Interpretation
In this paper, we will discuss only the XANES features
corresponding to the 1s f 4p transitions located in the region
8979-8995 eV. The Cu K-edge region XANES spectra and
their first derivatives for [Cu(H2O)6]2+, Cu-HPOA, and Cu-
JRHS solutions (Cu/C ) 0.03) are shown in Figure 1, panels
A and B, respectively. The [Cu(H2O)6]2+ data were notably
different from those for all other samples. The derivative
XANES spectrum of [Cu(H2O)6]2+ had two prominent maxima
at 8985.8 and 8989.8 eV. The features of the derivative XANES
spectra of Cu2+-HS complexes were less prominent, while
the data for Cu-HPOA and Cu-JRHS complexes were
virtually similar. The width of the first derivative spectrum
for [Cu(H2O)6]2+ at its half-maximum was almost 2 eV
narrower as compared to that in all other samples at pH 4.

The increase of the Cu/C ratios in the Cu-HS system was
accompanied by a pronounced and consistent change of a
pre-edge feature located between 8976 and 8980 eV (Figure
2, panels A and B). In the XANES derivative spectra normalized
by the maximum of their intensity, this feature was most
intense for the lowest Cu/C ratio (0.0005) and gradually lost
its intensity with the increase of the copper concentration.
At the Cu/C ratio of 0.03 used in our previous paper (15), it
was undetectable. The derivative XANES spectra for Cu-
HPOA for the lowest copper concentration (Cu/C ) 0.0005)
and for the model systems (Cu-EN and Cu-Gly) are
compared in Figure 3. These data demonstrated that of all
the reference systems, the shoulder in the X-ray absorption
coefficient in the range of 8976-8980 eV was detected only
for the Cu-EN complex.

FIGURE 1. X-ray absorption spectra (A) and their derivatives (B) in
the Cu K-edge XANES region for [Cu(H2O)6]2+, Cu-JRHS, and Cu-
HPOA. Cu/C ) 0.03, pH 4.

FIGURE 2. X-ray absorption spectra (A) and their derivatives (B) in
the Cu K-edge XANES region for Cu-HPOA solutions at varying
Cu/C ratios, pH 4.

FIGURE 3. First derivatives of the X-ray absorption spectra in the
Cu K-edge XANES region for Cu-HPOA solution (Cu/C ) 0.0005) at
pH 4, and reference Cu-ethylenediamine (pH 12) and Cu-glycine
(pH 4) complexes.
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Thus, the XANES spectra of copper(II) complexes were
affected by the type of ligand and by the Cu/C ratio. However,
their quantitative interpretation is complicated by the
necessity to account for effects associated with the composi-
tion of the CuOxN6-x octahedron, distances between the Cu2+

ion and its nearest neighbors, their respective disorders,
charge transfer from the first shell atoms to the central ion,
and contributions from next nearest neighbors. Given these
limitations, it is necessary to explore first the interpretation
of the XANES spectra for simple models. In this paper, this
is done through the analysis of the XANES spectra of the
[Cu(H2O)6]2+ prototype system based on FEFF8 modeling.
The splitting of the derivative XANES spectrum for [Cu-
(H2O)6]2+ has been attributed to the tetragonal distortion of
the CuO6 octahedron caused by the Jahn-Teller effect (31,
32). The shoulder on the main absorption edge jump below
the maximum results from the superposition of the two
polarized contributions of the CuO6 octahedra whose z axis
is oriented either parallel or perpendicular to the polarization
of the electric field vector e (e||z and e||x, respectively) (31).
Since the CuO6 octahedra are randomly oriented in solutions,
the e||z and e||x contributions are averaged in proportion of
1:2. The spectrum for the e||z polarization exhibits a maximum
at the energy lower than that for the e||x polarization. The
energy separation between these two maxima has been
qualitatively related to the difference between the equatorial
and the axial Cu-O distances in the CuO6 octahedron, but
the empirical equation derived by Garcia et al. (31) signifi-
cantly overestimated the observed distortion (33). Multiple
scattering calculations carried out by Palladino et al. (32)
confirmed the polarization nature of the splitting of the
XANES spectrum for [Cu(H2O)6]2+, while Benfatto et al. (29)
improved the calculations by including hydrogen atoms of
the water molecules.

The FEFF8 computer code (28) advances the modeling of
XANES spectra by using self-consistent, full multiple scat-
tering calculations of both the electronic structure and
XANES. FEFF8 is the first XANES code to obtain self-
consistency within the real space Green’s function approach.
The importance of self-consistency in XANES calculations
was demonstrated earlier by, for example, Foulis et al. and
Natoli et al. (34, 35). However, FEFF8 is the first XANES code
to obtain the exact position of the Fermi level and to account
for the charge transfer effects between the target atom and
its neighbors. In the earlier codes (e.g., FEFF6 (36)), the Fermi
level and charge transfers were used as fitting parameters,
thus significantly reducing the prediction power of the XANES
code. It is specifically undesirable in our case since our goal
is to estimate the axial Cu-O length in [Cu(H2O)6]2+ and
thereby to evaluate the effects of the tetragonal distortion on
the splitting of the maxima in the XANES derivatives.

The ab initio FEFF8 modeling of the XANES spectra for
[Cu(H2O)6]2+ was performed without any a priori presump-
tions regarding the charges on the oxygens in the CuO6

octahedron. In accord with the literature data (15-17, 33,
37-42), the equatorial Cu-O distance was set at 1.97 Å. The
only variable in these calculations was the axial Cu-O
distance, which is more difficult to establish experimentally
as compared with that for the equatorial bond due to the
high disorder inherent for this bond. The derivative XANES
spectra calculated for the axial Cu-O distance varying from
2.10 to 2.40 Å are shown in Figure 4. The best agreement
between the experimental and the calculated XANES data
were found for the axial distance between 2.20 and 2.30 Å.
This agrees well with the independent results reported in
refs 15, 33, 37-40, and 42.

In agreement with Benfatto et al. (29), the inclusion of
hydrogen atoms in the model was found to notably improve
the agreement between the theory and the experimental data
since otherwise the predicted axial Cu-O distance in [Cu-

(H2O)6]2+ was unrealistically large (ca 2.50 Å). However, there
is a difficulty in regards to the inclusions of hydrogen atoms
in the muffin-tin potential approximation. This difficulty
exists because the O-H bond is much shorter than the Cu-O
distance, and for the oxygen it is difficult to determine a
good muffin-tin radius. In FEFF8, this was circumvented by
assuming phase transferability for the hydrogen atoms. It
was assumed that the partial wave phase shifts do not
significantly depend on the O-H distance. Although this
premise has limitations, its use is well justified for the
hydrogen atoms because they are weak scatterers even in
XANES. On the basis of this approach, the procedure for the
self-consistent calculations was as follows: The O-H distance
was increased to ca. 1.5 Å, and the partial wave phase shifts
were calculated for this configuration. For the final calcula-
tions of XANES or density of states, the original geometry
was restored, but the phase shifts and Fermi level were taken
from the artificially shifted geometry. This sequence of
calculations had been tested for the Pu3+ and Pu6+ hydrates,
and it worked very well (43).

Figure 5 additionally demonstrates the polarization nature
of the shoulder of the XANES spectra located approximately
in the middle of the edge jump. The XANES signal calculated
for the e||z polarization is shifted toward lower energies as
compared to that for the e||x polarization. This result also
agrees well with the literature (31-33). The summation of
the e||z and e||x signals (weighted with a 1:2 ratio) follows the
experimental data fairly closely in region up to ca. 80 eV

FIGURE 4. First derivatives (solid lines) of the simulated Cu K-edge
XANES in the [Cu(H2O)6]2+ complex for varying axial Cu-Oax

distances. The equatorial Cu-Oeq distance is fixed at 1.97 Å.
Experimental data are shown with dashed lines.

FIGURE 5. Comparison of the experimental and simulated Cu K-edge
XANES spectra for [Cu(H2O)6]2+. Equatorial and axial Cu-O distances
used in the FEFF8 simulations were 1.97 and 2.24 Å, respectively.
The theoretical XANES spectra calculated for two different
polarizations are also shown.
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above the copper K edge. This additionally supports the
validity of the simulation results obtained in the vicinity of
the X-ray absorption edge.

The FEFF8 results for the axial bond length set at 2.24 Å
[this value was obtained from the EXAFS data analysis in our
previous publication (15)] are also shown in Figure 4. The
higher intensity of the calculated spectrum in the vicinity of
the lower-energy derivative (energy range of 8984-8989 eV)
may be an evidence of a strong disorder in the axial Cu-O
bond length observed experimentally by EXAFS. Indeed,
FEFF8 simulations assume zero disorder (quantified by σ2 in
EXAFS measurements) for all the Cu-O bonds. This as-
sumptions is valid as long as the disorder of the bond length
is small, since the Debye-Waller factor term exp(-2k2σ2)
affecting the magnitude of the X-ray absorption coefficient
is very close to unity for small k, i.e., in XANES region. In our
case, however, both the wavenumber (k ) 1.8 Å-1) and
disorder (σ2 ) 0.04 Å2) (15) for the axial bonds are large enough
to explain the suppression of the e||z contribution relative
to the prediction by the FEFF8 theory, as seen in the
experiment in the 1s f 4p transition region. The suppression
of the XANES signal is much less pronounced for the e||x
polarization contribution to XANES (higher-energy peak in
the derivative, Figure 9) associated with the equatorial Cu-O
bonds since the corresponding σ2 is much smaller (0.004 Å2).
Given the omission of the disorder effects in the model used,
it appears that the agreement between the theory and the
experiment might be even better than that shown in Figure
4.

The XANES modeling data for Cu[H2O]6
2+ can be used to

interpret those of the Cu2+-HS system. The splitting of the
first derivatives of the Cu-HS system is less prominent than
in the [Cu(H2O)6]2+ data (Figure 1B). On the basis of the data
of XANES modeling, this indicates a lesser degree of tetragonal
distortion of the CuO6 octahedron for the copper(II)-HS
complexes. This agrees well with the data of our previous
EXAFS study and that of several other independent sources
(15-17). However, it needs to be recognized that the
tetragonal distortion of the CuO6 system in complexes other
than [Cu(H2O)6]2+ is not necessarily caused solely by the
Jahn-Teller effect but also may be related to the presence
of nonidentical ligands in the inner shell (16, 17), which may
weaken or completely cancel the tetragonal distortion. Our
XANES data indicate that, independent of the origin of the
tetragonal distortion of the CuO6, this distortion is certainly
considerably smaller for Cu-HS systems than for [Cu-
(H2O)6]2+.

Aside from confirming the data of independent EXAFS
studies of the inner shell structure of Cu2+-HS complexes
(15), the XANES data clearly demonstrate the nonuniformity
of copper-binding sites in HS. This issue was not addressed
in the previous XAFS studies of metal-HS interactions. Figure
2, panels A and B, shows a specific XANES feature located
in the range of 8975-8980 eV and observed at low Cu/C
ratios. The origin of this feature is intriguing. Our FEFF8
simulations showed that, in this energy region, XANES
features cannot be associated with the Cu-O bonds since
these contribute to the X-ray absorption at higher energies
(8980-8995 eV). The ESR data (4, 5, 7-9) indicate that at low
Cu/C ratios, Cu2+ is likely to form complexes with nitrogen-
containing functional groups, although the exact identifica-
tion of these ligands has not been possible. To ascertain the
origin of this feature, theoretical simulations were carried
out in which 1, 2, or 4 equatorial water molecules in [Cu-
(H2O)]6

2+ were replaced by NH3 groups, whose nitrogen atoms
were placed at 1.8, 1.9, or 2.0 Å from the central Cu2+ ion.
The FEFF8 code modeling of the XANES spectra for the
CuO6-xNx corresponding system showed that the appearance
of the nitrogen atoms in the inner shell was accompanied
by the development of a distinct pre-edge feature located in

the range of energies lower than the main jump of the X-ray
absorption coefficient (Figure 6). The location of this feature
was analogous to that observed in the experiment for Cu/C
ratios <0.005. The calculations also indicated that the Cu-N
distance of 2.0 Å was more plausible as compared with the
distances of 1.8 or 1.9 Å. However, these results have a
qualitative meaning since the changes of the Cu-O distances
in the inner shell that are likely to occur upon the introduction
of the nitrogen atoms in the CuO6-xNx octahedron were not
accounted for but fixed at 1.92 and 2.13 Å for the equatorial
and axial bonds in Cu2+-HS complexes in accordance with
our previous EXAFS results (15). Further theoretical ab initio
XANES calculations of the composite oxygen- and nitrogen-
containing inner shell will answer these questions in more
detail. Nevertheless, on the basis of both comparison with
the XANES spectra of the reference systems and theoretical
calculations, we conclude that the features observed in the
XANES spectra of the Cu2+-HS system at low Cu/C ratios
are likely to be a manifestation of complexation with nitrogen-
containing functional groups.

The pre-edge features associated with the nitrogen-
containing groups were not observed for the complexes of
copper with glycine and were recorded solely for ethylene-
diamine. Glycine was selected since it is one of the pre-
dominant amino acids found in HPOA and other aquatic HS
(10, 30, 44). The fact that the copper(II)-glycine system is
not representative for the copper-HS complexation at low
Cu/C ratios may be interpreted in several ways. First, amino
acids dissimilar to glycine may predominate in the formation
of complexes at low metal dosages. Second, the structural
properties of amino acids bound to the HS backbone may
be different from those of free amino acids. Third, the
nitrogen-containing complexation sites in aquatic HS may
be fundamentally dissimilar to the amino carboxylic group.
The latter point concurs with the literature data indicating
that, in Suwannee River fulvic acid, only ca. 9% of the organic
nitrogen could be associated with amino acids while the
chemical status of the remaining nitrogen has not been
ascertained (10).

Despite the clear need for further experimentation needed
to elucidate the chemical nature of the nitrogen in HS, the
results presented here support and significantly enhance the
hypotheses that nitrogen-containing groups are likely to
preferentially bind copper(II) at low Cu/C ratios. Their
spectral manifestations (e.g., the pre-edge feature in XANES)
gradually disappear with the increase of the copper con-
centration, in which case the complexation with much more
abundant carboxyl groups becomes predominant. This was
seen both in this work (Figure 2A,B) and in our previous

FIGURE 6. Influence of the nitrogen incorporation in the first
complexation shell of Cu2+. Results of FEFF8 simulation. Axial and
equatorial Cu-O distances fixed at 1.92 and 2.13 Å, respectively.
Cu-N distance 2.00 Å.
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paper (15), which demonstrated that the structural param-
eters of the CuO6 octahedron are similar (but not identical)
to those of the complexes of Cu2+ with salicylic acid.

The agreement between XANES and EXAFS results
demonstrates the possibility to employ XANES to probe the
structure of the metal-HS complexes and to ascertain and
quantify the nonuniformity of the metal-binding sites. The
latest XANES experiments and simulations opens yet un-
explored possibilities to obtain structural information for
solutions with very low metal concentrations, for which the
EXAFS signal is likely to be too weak to be reliably processed.
In this work, the XANES measurements were carried out for
solutions with Cu concentrations as low as 4.2 × 10-5 M, but
it is recognized that in order to study the state of heavy metals
in noncontaminated water samples, the threshold metal
concentration needs to be lowered by orders of magnitude.
This necessitates the use of the third-generation X-ray
synchrotron sources. We have conducted preliminary ex-
periments at the UNI-CAT 33-ID beamline (Advanced
Photon Source, Argonne National Laboratory) whose beam
intensity is ca. 2 orders of magnitude higher than that at BNL
to obtain XANES spectra of a Cu-HS system with metal
concentrations lower than those used in this work. The
relevant data will be described elsewhere.
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