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Abstract
Copper biogeochemistry is largely controlled by its bonding to natural organic matter (NOM) for reasons not well understood. Using XANES and EXAFS spectroscopy, along with supporting thermodynamic equilibrium calculations and structural and steric considerations, we show evidence at pH 4.5 and 5.5 for a ﬁve-membered Cu(malate)2-like ring chelate at 100–
300 ppm Cu concentration, and a six-membered Cu(malonate))1–2-like ring chelate at higher concentration. A “structure ﬁngerprint” is deﬁned for the 5.0–7.0 Å1 EXAFS region which is indicative of the ring size and number (i.e., mono- vs. bischelate), and the distance and bonding of axial oxygens (Oax) perpendicular to the chelate plane formed by the four equatorial
oxygens (Oeq) at 1.94 Å. The stronger malate-type chelate is a C4 dicarboxylate, and the weaker malonate-type chelate a C3
dicarboxylate. The malate-type chelate owes its superior binding strength to an –OH for –H substitution on the a carbon, thus
oﬀering additional binding possibilities. The two new model structures are consistent with the majority of carboxyl groups
being clustered and a-OH substitutions common in NOM, as shown by recent infrared and NMR studies. The high aﬃnity
of NOM for Cu(II) is explained by the abundance and geometrical ﬁt of the two types of structures to the size of the equatorial plane of Cu(II). The weaker binding abilities of functionalized aromatic rings also is explained, as malate-type and malonate-type structures are present only on aliphatic chains. For example, salicylate is a monocarboxylate which forms an
unfavorable six-membered chelate, because the OH substitution is in the b position. Similarly, phthalate is a dicarboxylate
forming a highly strained seven-membered chelate.
Five-membered Cu(II) chelates can be anchored by a thiol a-SH substituent instead of an alcohol a-OH, as in thio-carboxylic acids. This type of chelate is seldom present in NOM, but forms rapidly when Cu(II) is photoreduced to Cu(I) at room
temperature under the X-ray beam. When the sample is wet, exposure to the beam can reduce Cu(II) to Cu(0). Chelates with
an a-amino substituent were not detected, suggesting that malate-like a-OH dicarboxylates are stronger ligands than amino
acids at acidic pH, in agreement with the strong electronegativity of the COOH clusters. However, aminocarboxylate Cu(II)
chelates may form after saturation of the strongest sites or at circumneutral pH, and could be observed in NOM fractions
enriched in proteinaceous material. Overall, our results support the following propositions:
(1) The most stable Cu–NOM chelates at acidic pH are formed with closely-spaced carboxyl groups and hydroxyl donors
in the a-position; oxalate-type ring chelates are not observed.
(2) Cu(II) bonds the four equatorial oxygens to the heuristic distance of 1.94 ± 0.01 Å, compared to 1.97 Å in water. This
shortening increases the ligand ﬁeld strength, and hence the covalency of the Cu–Oeq bond and stability of the chelate.
(3) The chelate is further stabilized by the bonding of axial oxygens with intra- or inter-molecular carboxyl groups.
(4) Steric hindrances in NOM are the main reason for the absence of Cu–Cu interactions, which otherwise are common in
carboxylate coordination complexes.
Ó 2010 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION
The biogeochemistry of copper is largely controlled by
its interactions with natural organic matter (NOM), not
so much because of NOM’s abundance and polyfunctional
character, as because of its remarkable aﬃnity towards
Cu(II) relative to other divalent cations (McLaren et al.,
1983; Hering and Morel, 1988; Town and Powell, 1993; Ramos et al., 1994; Benedetti et al., 1996; McBride et al., 1997;
Leenheer et al., 1998; Kinniburgh et al., 1999; Kogut and
Voelker, 2001; Santos-Echeandia et al., 2008). The strong
binding ability of NOM for Cu(II) likely results from the
excellent match in size between the cupric ion and one or
several ligands. The copper ligands must be well-deﬁned
structurally and chemically, and also numerous because
NOM has a high sorption capacity and selectivity for
Cu(II) over a large concentration range (Gao et al., 1997;
Covelo et al., 2004). Since carboxylate moieties comprise
the large majority of reactive sites below pH 7 in NOM,
and can form a vast number of synthetic coordination complexes with Cu(II) (Melnik et al., 1998a,b, 1999), the strongest bonds are expected to be with carboxyl ligands
(Sposito et al., 1979; Boyd et al., 1981). The predominance
of oxygen ligands does not exclude other electron donors
from being involved in Cu bonding, such as nitrogen as suggested by electron spin resonance (ESR) spectroscopy
(Boyd et al., 1983; Senesi and Sposito, 1984; Senesi et al.,
1985; Luster et al., 1996). Based on solution chemistry the
most likely ligands are dicarboxylate (malonate,
log K = 5.04), mixed alcohol-carboxylate (citrate, malate,
log K = 3.70 and 3.63), and aminocarboxylate (glutamate,
log K = 8.32) groups attached to aliphatic chains (Fig. 1,
Table 1; Gregor et al., 1989a,b; Town and Powell, 1993;
Croué et al., 2003). Aromatic dicarboxylate (phthalate,
log K = 3.22), alcohol-carboxylate (salicylate, log K = 2.22
for pH 5), and furan-carboxylate (furanate, log K = 1.10)
ligands are less likely, because they have weaker binding
strengths than aliphatic ligands. This interpretation is reinforced by infrared spectroscopy and two-dimensional
NMR which showed that carboxylate moieties with –
COOH, –OH, or –OR substituents on the a carbon from
aliphatic chains or alicyclic structures constitute the majority of carboxyl structures, with the salicylate and furan-carboxylate aromatic structures being less reactive (Deshmukh
et al., 2007; Hay and Myneni, 2007). Therefore, malonate,
citrate/malate, and amino acid structures most likely play
the important roles in Cu(II) chelation. Although stability
constants can be used to predict the a priori nature of
Cu(II)–NOM complexes, they do not provide unequivocal
information on the true bonding environment of the metal
in natural systems. They are, however, extremely valuable
for making educated choices on the relevance of model
compounds used in structural studies.
Using XANES and EXAFS spectroscopy, and Cu–glutamate as the best-ﬁt structural analog, Karlsson and Skyllberg
(2006) showed that Cu(II) forms a ﬁve-membered chelate
ring with one amino nitrogen (a-NH2) or alcohol oxygen
(a-OH) and one carboxylate oxygen from an a-substituted
aliphatic carboxylic structure (Fig. 1). Copper is bridged to
four O/N ligands (CuL2 complex) in a square-planar geom-
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etry at low metal concentration, and to two (CuL complex) at
higher concentration. Today the glutamate-like model is the
most detailed, but despite its own merit the topic is far from
being exhausted. Here are some remaining open questions,
which are addressed in this article:
 Is it possible to distinguish oxygen from nitrogen
ligands, at least at low Cu concentration when heterogeneity is minimized?
 What are the limits of the glutamate model? Does it
always provide an adequate ﬁt to EXAFS data? Since
NOM contains several well-deﬁned types of carboxyl
structures with speciﬁc protonation constants, the coordination mode of Cu(II) should vary with pH, metal to
ligand ratio, and chemical composition of the NOM.
 At medium and high Cu concentration, can the data be
modeled by a mixture of discrete ligands, and if so, how
many are needed?
Answering these questions rests upon three capabilities
(i) to detect small variations of the local structure about
Cu atoms up to approximately 4 Å (i.e., second C atomic
shell), and over two orders of magnitude in concentration
(i.e., Cu/C ratio); (ii) to determine from a large dataset of
multicomponent spectra the number of independent patterns (or “principal components”, PCs) that represent the
number of identiﬁable Cu binding environments (i.e., species) present in the set of spectra; (iii) to build a spectral
database of references of known identity and structure,
which includes all distinct binding environments seen by
EXAFS and plausibly present in NOM.
We recorded our data at liquid helium (LHe) temperature to enhance the signal from higher atomic shells by
reducing the lability of organics, and by using a high-ﬂux
spectrometer at the European Synchrotron Radiation
Facility (ESRF, Grenoble) equipped with a 30-element
Ge detector for the study of highly diluted samples (concentration range 100–6500 mg/kg). The signiﬁcant number of
independent patterns accounting for 98–99% of variance
in the dataset was determined with principal component
analysis (PCA, also known as abstract factor analysis, Malinowski, 1991; Wasserman et al., 1999: Ressler et al., 2000;
Manceau et al., 2002). Here, linear algebra can be used for
quantiﬁcation because the EXAFS response from a multispecies sample is the weighted-superposition of the response
of each species present in a sample (Manceau et al., 1996).
The PCs obtained from the PCA are not real spectra (i.e.,
they are abstract components), but the single species spectra
which make up the multicomponent spectra in the dataset
are linear combinations of PCs. Thus, the spectra of all unknown species contained in a sample can be identiﬁed from
a database by target transformation, provided the unknown
is present in the library of reference spectra. Care has been
taken to include in the database all plausible Cu(II) species
discussed in the literature and to not miss any major species. With such an extensive and representative database,
target testing goes beyond the usual ﬁngerprinting approach between known and unknown spectra, because the
entire dataset is analyzed at one time in a statistically meaningful way for similarity to a speciﬁc structural reference.
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Fig. 1. Structure of Cu organic monodentate and bidentate complexes, and chelates.

2. METHODS
2.1. Materials
Copper was sorbed on four types of organic materials
considered good representatives of the diversity of
NOM: two humic acid standards from the International
Humic Substance Society (IHSS #1S102H from the Elliott
Soil, and #1S103H from Pahokee Peat in Florida), one
peat of heath vegetation (mostly Carex sp.) from Mazerolles, northeast of Nantes, France, and one moss peat
(mostly Sphagnum sp.) from Estonia. The humic acid
(HA) and fulvic acid (FA) fractions were extracted from
the Carex (CP) and Sphagnum (SP) peats following the
IHSS protocol (Swift, 1996), and also a fraction called
here dissolved organic matter (DOM) using the method
described by Karlsson and Skyllberg (2006). Organic
carbon and nitrogen from the CP and SP samples were
measured by combustion with an elemental analyzer (Per-

kin-Elmer, 2400 CHN), and total sulfur with a LECO sulfur analyzer (LECO Corp., MI) (Table 2). The ash
fraction was determined by ignition at 900 °C for 5 h. It
amounts to 1.5% w/w in SP, and as much as 34.5% w/w
in CP, which is a typical value for a nutrient-rich peatland
(Bohlin et al., 1989; Ringqvist and Oborn, 2002; Tan,
2003). The elemental composition of CP is reported on
an ash-free basis. Mineral matter was eliminated almost
completely during fractionation, except for CPDOM
which contained some residual inorganic colloids.
Although the elemental composition and chemical properties of peat humic substances are believed to be similar to
those of humic acids in mineral soils (Mathur and Farnharn, 1985), Carex peat has higher nitrogen and sulphur
concentrations, while Sphagnum peat contains a higher
amount of uronic acid, which may modify the binding
of Cu (Bohlin et al., 1989). More details on the extraction
procedures and physico-chemical characterizations, including 13C NMR data, can be found in Matynia (2009).

Cu bonding in organic matter
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Table 1
Stability constants of CuL complexes with carboxylate organic molecules (I = 0.1 M; Smith and Martell, 2004).
Log10 K

Compound

Benzoate

1.60

Butanoate

1.70

Phthalate

3.22

2-Hydroxybutanoate (a-OH)

2.66a

Salicylate

2.22

3-Hydroxybutanoate (b-OH)

1.82a

Furanate

1.10

4-Hydroxybutanoate (c-OH)

1.52a

Oxalate

4.85

Malate

3.63

Citrate

3.70

Glutamate

8.32

Malonate

5.04

Gluconate

2.51

Succinate

2.70

Lactate (a-OH)

2.59a

Alanine

8.11

Lactate (b-OH)

1.83a

Compound

Structure

Structure

Log10 K

a
I = 2.0 M. Catechol is not considered as a likely ligand because it has no carboxyl and two phenolic hydroxyls, which are unreactive at
acidic and neutral pH (pKa = 9.3 and 13.3). To calculate the amount of CuL in solution at a given pH, one needs to take into account the
proton dissociation constant of each functional group. Therefore, the stability constants in the Table reﬂect the binding strength of the ligand,
not its actual capacity to complex Cu at a given pH.

2.2. Cu sorption experiments
Uptake experiments were conducted at 25.0 ± 0.1 °C
and pH 4.5 or 5.5 in a closed vessel under argon positive
pressure. A mass of 0.2 g freeze-dried NOM was suspended
in 500 mL of NaNO3 (Sigma–Aldrich) at I = 0.1 M. The
pH values were measured with a combination electrode
(Metrohm), and maintained at the desired pH by computer-controlled (718 Stat Titrino, Metrolm) addition of

0.1 M NaOH (Fixanal, Sigma–Aldrich) at I = 0.1 M. For
each uptake experiment, a known volume of 103 M to
102 M Cu(NO3)23H2O was added to the suspension to
obtain the desired Cu/C ratio. All suspensions were undersaturated with respect to Cu(OH)2(s). The exact ratio was
measured subsequently on dried powder by inductively coupled plasma optical emission spectrometry (Table 2).
Twenty-three samples were prepared with Cu concentrations from 100 to 6500 mg/kg dry weight.
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Table 2
Samples names and chemical compositions.
Samples

[Org-C] (g/kg)

[S] (g/kg)

[N] (g/kg)

[Cu] (mg/kg)

[Cu/C]  103 (mol/mol)

SP10
SP13a
SP110
SP290
SP300a
SPHA20
SPHA20_RT
SPHA30a
SPHA260a
SPHA470
SPHA470_RT
SPFA30
SPFA310a
SPFA650
SPDOM10
SPDOM10_RT
SPDOM30
SPDOM30_RT

480
480
480
480
480
507
507
507
507
507
507
486
486
486
436
436
436
436

6.2
6.2
6.2
6.2
6.2
6.3
6.3
6.3
6.3
6.3
6.3
4.8
4.8
4.8
11.3
11.3
11.3
11.3

9.4
9.4
9.4
9.4
9.4
17.0
17.0
17.0
17.0
17.0
17.0
42.1
42.1
42.1
25.0
25.0
25.0
25.0

100
130
1100
2900
3000
200
200
300
2600
4700
4700
300
3100
6500
100
100
300
300

0.04
0.05
0.43
1.14
1.18
0.07
0.07
0.11
0.97
1.75
1.75
0.12
1.20
2.52
0.04
0.04
0.13
0.13

CP32
CP230
CPHA20
CPHA160
CPFA34
CPFA490
CPDOM30

472
472
446
446
456
456
296b

17.8
17.8
13.7
13.7
6.4
6.4
15.0

21.8
21.8
28.6
28.6
10.1
10.1
20.0

320
2300
200
1600
340
4900
300

0.13
0.92
0.08
0.68
0.14
2.03
0.19

ESHA200c
FPHA200c

–
–

–
–

–
–

2000
2000

–
–

a
Sorption samples prepared at pH 5.5. All others were prepared at pH 4.5. All EXAFS spectra were recorded at 10 K, except those labelled
with the RT extension.
b
This fraction contains inorganic colloids.
c
Elliott Soil (ES) and Florida (Pahokee) peat HA from the IHSS.

2.3. Cu coordination complexes
Five crystalline organometallic complexes of known
structure were synthesized and their purity veriﬁed by Xray diﬀraction. The binding environment of Cu in each of
them is shown in Fig. 1.
 Cu(II) bis(hydrogen o-phthalate)dihydrate (a-Cu(C8H5O4)22H2O; Cingi et al., 1969; Bartl and Küppers,
1980; Goeta et al., 1993), a bis-bidentate complex
denoted Cu[Bid]2.
 Cu(II) bis(hydrogen o-phthalate)dinitrate dihydrate
(Cu(C16H8O8)Na22H2O; Chen et al., 2003), a bis-monodentate–bidentate complex denoted Cu[MonoBid]2.
 Cu(II) di(hydrogen malonate) dihydrate (Cu(C6H10O10),
Cu(malonate)2; Lenstra and Kataeva, 2001), a bis-sixmembered carboxyl chelate denoted Cu[6-O-ring]2.
 bis-L-histidinecopper(lI) dinitrate dihydrate (Cu(C6H9O2N3)22(NO3,H2O); Evertsson, 1969), a bis-ﬁve-membered amino acid chelate denoted Cu[5-O/N-ring]2.
 Cu(II) gluconate (Cu(C6H10O7)(C10H9N3)(H2O)3(H2O);
Yodoshi et al., 2006), a Cu[5/6-O/N-ring]2 chelate.
This series was completed with ﬁve aqueous complexes.
 Cu(II) di-malate, a bis-ﬁve-membered carboxyl chelate
with a Cu bonding environment similar to the solid ana-

log Cu(C6H5O5)2(H2O)2 (Zhang, 2007). This chelate is
denoted Cu[5-O-ring]2.
 Cu(II) di-lactate (Cu(lactate)2), a bis-ﬁve-membered carboxyl chelate with a Cu bonding environment similar to
the solid analog Cu(C3H5O3)21.5H2O (Prout et al.,
1968).
 Cu(II) mono and bis-citrate, two ﬁve-six-membered carboxyl chelates with a Cu bonding environment similar to
the solid analog Cu(C6H5O7)2(NH4)4 (Bott et al., 1991)).
The two chelates are denoted Cu[5/6-O-ring] and Cu[5/
6-O-ring]2.
 Cu(II) di-thiolactate, a bis-ﬁve-membered sulfhydryl/
carboxyl chelate with a Cu bonding environment similar
to that in Cu(II) ethylthioacetate (Ogawa et al., 1982). It
is denoted Cu[5-O/S-ring]2.

2.4. Data collection and reduction
The XANES and EXAFS spectra for sorption samples
were measured in ﬂuorescence-yield mode on pressed pellets. Measurements were carried out on the FAME beamline (BM 30B; Proux et al., 2006) at the ESRF and liquid
helium temperature to prevent sample damage by photoreduction (Powers, 1982; Manceau et al., 2002), except for
samples SPHA20, SPHA470, SPDOM10, and SPDOM30

Cu bonding in organic matter
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Fig. 2. Normalized Cu K-edge XANES spectra of samples and references.

which were measured at both low and room temperature
(RT, Table 2). The XANES spectra of the two DOM fractions from SP (SPDOM10 and SPDOM30) were measured
also on the microfocus beamline 10.3.2. (Marcus et al.,
2004) of the Advanced Light Source (ALS, Berkeley) at
RT. The EXAFS spectra of the crystalline references were
collected in transmission mode at RT on 10.3.2, and those
for aqueous chelates at RT (Cu(citrate)1–2) or liquid helium
on frozen solutions (Cu(malate)2; Cu(lactate)2; Cu(thiolactate)2) in ﬂuorescence mode on FAME. The absolute energy of XANES spectra is referenced to the ﬁrst inﬂection
point of pure Cu at 8979 eV. EXAFS data were analyzed
with WinXAS (Ressler, 1998), and simulated with amplitude and phase shifts functions generated by FEFF v.7
(Ankudinov and Rehr, 1997), using acetate dihydrate
(Wang et al., 2006) as structure model. The PCA code is described in Manceau et al. (2002).

3. RESULTS
3.1. XANES spectroscopy
3.1.1. Cu(II) reference compounds
When Cu is monovalent and coordinated to O (e.g.,
Cu2O), a well-deﬁned absorption feature from the 1s to
4px,y transition occurs at 8982 eV (Kau et al., 1987)
(Fig. 2a). This feature is less salient when Cu(I) is coordinated to S (e.g., Cu2S), because of the hybridization of
Cu-d and S-p states. When S is bonded to Cu(II) (e.g.,
CuS) instead of Cu(I), it occurs at higher energy
(8986 eV), partly because of the chemical shift of the 1s core
level of Cu(II) relative to Cu(I). The high degree of covalency of the Cu–S bonds in these two sulfurs produces spectra
with similar shapes. Divalent Cu coordinated to six (4 + 2)
O/N in tetragonal conﬁguration (Jahn–Teller distortion;
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Cotton et al., 1999) gives an intense absorption maximum
(‘white line’) at 8996 eV from the 1s to continuum transition, and two weak features at 8978 eV from the 1s to 3d
transition and 8988 eV from the 1s to 4pz transition with
a simultaneous ligand–metal charge-transfer shakedown
transition (e.g., malachite Cu2(OH)2CO3) (Bair and Goddard, 1980; Hahn et al., 1982; Grunes, 1983; Kosugi
et al., 1984). Since the 4pz orbital is oriented along the elongation axis of the Cu(II) pseudo-octahedron, this transition
can be used to estimate the extent of the tetragonal distortion caused by the Jahn–Teller eﬀect (Frenkel et al., 2000;
Dupont et al., 2002). When Cu is bonded to both S and
O, as in thiolactate, the covalent Cu–S bond contributes
intensity at 8982 eV and at higher energy with an absorbance intermediate between the Cu–S and Cu–O references.
All these results are consistent with earlier studies. For a
more detailed analysis of Cu XANES spectra in terms of
symmetry of the Cu–O and Cu–S bonds, the reader can
consult the article by Kau et al. (1987).
3.1.2. NOM samples
Except for a few cases, all samples have a XANES spectrum typical of Cu(II) with a six-fold coordination by O/N
donors (regardless of their protonation) in a tetragonallydistorted environment, as illustrated in Fig. 2b with
SPDOM10 and ESHA200. The splitting of the 4p orbitals
is 5.5 eV (Fig. 3), corresponding to an apical Cu–O bond
length of about 2.35 Å compared to about 1.95 Å for the
equatorial distances (Dupont et al., 2002). A distinctive
coordination environment was identiﬁed in the SP peat
samples SP10 and SP13 (Fig. 2c). Their spectra are characterized by a sharp peak at 8983 eV, an absorbance in the rising part of the edge shifted in the direction of thiolate, and
an edge maximum 0.5 eV below the maximum of the
Cu(II)–O complexes. These two spectra look to be composite and could be reproduced with linear combinations of
50% SPDOM10 + 50% thiolactate (SP10) and 55%
SPDOM10 + 45% thiolactate (SP13). Sulfur bonds also
were detected in the air-dried DOM and HA fractions of
the SP peat, but only at low concentration and room tem-

perature
(SPDOM10_RT,
SPDOM30_RT,
and
SPHA20_RT) (Figs. 2d and 3). The proportion of the
Cu–S pairs increased with time during measurements at
RT, while the spectra for these samples were immune to
exposure time at 10 K. Thus, these pairs were not present
in the initial samples and formed under the beam at RT
beam. Divalent copper has a low standard electrode potential, and thus can be easily reduced in solution to Cu(I) and
even elemental Cu by free electrons, radicals, H2, and other
species derived from the radiolysis of water by ionizing Xrays (Mesu et al., 2006). Here, the Cu–S bonds were
probably generated subsequently to the production of
Cu(I) because this species has a high thiophilicity similar
to that of Hg(II) (Dance, 1986; Wright et al., 1990). The
two DOM samples have a higher proportion of Cu–S bonds
than SPHA20_RT, consistent with the higher hygroscopic
properties of these small water-soluble humic-like organics,
and with the higher amount of sulfur in this fraction (1.13
vs. 0.62 wt.%, Table 2).
To test this hypothesis, the two most easily damaged
samples, SPDOM10 and SPDOM30, were analyzed in a
moist state at RT using a two-times higher ﬂux density with
micro-XANES spectroscopy (Marcus et al., 2004). Under
this more intense beam, Cu(II) to Cu(I) reduction in
SPDOM10 began after a few minutes of exposure, and
the amount of Cu–S bonds increased during the ﬁrst 2 h
of measurement (Fig. 2e). Longer exposure led to the detection of Cu°. In SPDOM30, Cu(II) was reduced directly to
Cu° within minutes, without evidence for intermediate formation of Cu(I) (Fig. 2f). After several scans on the same
spot, a small displacement of the sample under the X-ray
spot and reexamination showed little reduction, indicating
that the eﬀect was limited to the X-ray footprint. SPHA20
was examined also by micro-XANES, but in the dried state.
Some Cu(I) formed after 30 min exposure time, but the
kinetics of reduction was much lower than with SPDOM
and Cu° was never detected. These results show that Cu(II)
bound to organics does not survive under high-ﬂux conditions, the reduction rate and nature of the end-product
are variable and related, among other factors, to exposure
time, sample humidity, Cu/S ratio, and total Cu. In a study
on the binding of Cu(II) to aquatic humic substances, Frenkel et al. (2000) observed at low Cu/C ratio an intriguing
feature at about 8979 eV, which they assigned to Cu–N
bonds. The same feature was reported by Karlsson and
Skyllberg (2006) on low-Cu DOM prepared as wet paste,
also providing suggestive evidence for the involvement of
N-containing functional groups in the ﬁrst coordination
shell of Cu(II). From our results, this feature is most likely
an adverse eﬀect.
3.2. EXAFS spectroscopy

Fig. 3. Derivative of XANES spectra showing the splitting of the
4p orbitals resulting from the Jahn–Teller distortion (ESHA200,
SPDOM10), and the formation of Cu–S bonds at room temperature (SPHA20_RT, SPDOM10_RT).

3.2.1. Cu(II) reference compounds
Copper(II) carboxylates form a large and structurally diverse class of compounds comprising monomeric, dimeric,
and polymeric structures, with occasional amine nitrogen
and thiolate sulfur ligands in addition to the predominant
carboxyl ligands (Melnik et al., 1998a,b, 1999). In addition,
carboxyl anions can act as monodentate and bidentate li-
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gands, and participate in ﬁve-, six- or higher membered ring
chelates (Fig. 1). For steric reasons, the ﬁrst C shell (C1) is
closest to Cu in a bidentate complex (Cu[Bid]). From the
survey of crystallographic data, the C1 shell is at 2.6–
2.7 Å in this complex, and 2.7 to 3.3 Å in monodentate
complexes (Cu[Mono]) and ring chelates (Fig. 4,
Table EA1). In ﬁve-membered rings (Cu[5-O-ring]), the
C1 shell contains two atoms at the split distance of 2.7–
2.8 Å (C1a) and 2.8–2.9 Å (C1b), except in the highly symmetrical b-CuC2O40.4H2O oxalate chelate where the two C
atoms are at 2.70 Å. In six-membered rings (Cu[6-O-ring]),
the C1a and C1b atoms are at 2.8–3.0 Å, and the third ringforming C atom (C2) forms a distinct shell at 3.2–3.3 Å.
This Cu–C distance is diagnostic of Cu[6-O-ring], because
the second C shell is at 4.1 Å in Cu[Bid] and 3.7–5.0 Å
in Cu[Mono]. Therefore, monodentate, bidentate, and ﬁveand six-membered coordination modes can be identiﬁed by
EXAFS from the distances of the C1 and C2 shells. Sevenring chelates have been described in only two phthalates
(Table EA1). These compounds have Cu–C2 distances similar to Cu[Mono] complexes, because the Cu atoms are attached also monodentally to other carboxyl groups from
adjacent phthalate groups. Practically, Cu coordination
complexes can be discerned by comparing the magnitude
and imaginary parts of the Fourier transform (FT) from
the EXAFS signal in the [1.9–3.0 Å] R + DR interval
(DR  0.4 Å to 0.5 Å), as illustrated in Fig. 5 with seven
model compounds.
The >0.1 Å separation of the C1 distances in bidentate
and monodentate/ﬁve-ring structures is shown in Fig. 5a
with the FTs of the Cu[Bid]2 and Cu[5-O-ring]2 references.
When these two coordinations coexist in the same structure,
as in Cu[MonoBid]2, then the second FT peak is a doublet,
and its imaginary part and EXAFS spectrum are intermediate between those of Cu[Bid]2 and Cu[5-O-ring]2 (Fig. 5b).
Cu[6-O-ring]2 has a peak at 2.8 Å R + DR, which is the signature of the C2 shell at R  3.32 Å (Fig. 5c). Citrate ion is
a tridentate ligand, which acts as a 5-membered and 6membered chelate by bridging Cu through two carboxyl
O and one a-OH. This conﬁguration is characterized by
an intense second peak and a C2 shell at 3.47 Å (Fig. 5d).
Divalent copper also forms stable ﬁve-membered heterocyclic chelates with N/O and S/O coordinating ligands, as in
proteins (Gazo et al., 1976; Ogawa et al., 1982). Here, histidine was used as a representative of Cu(II) binding to amino N and carboxyl COOH groups. Since the Cu–N distance
is on average slightly longer (2.00 Å) than the Cu–O distance (1.95–1.96 Å) (Freeman et al., 1964; Orpen et al.,
1994), the EXAFS frequency for this chelate is shifted to
the left and the position of the ﬁrst FT peak to the right relative to Cu[5-O-ring]2 (arrows in Fig. 5e). However, detecting Cu–N bonds in the presence of Cu–O interactions is
generally diﬃcult, because O and N have similar sizes and
phase and amplitude functions in EXAFS (D’angelo
et al., 1998; Carrera et al., 2004). It is possible in histidine
because the EXAFS spectrum is from a single bonding
environment, but NOM has multiple binding conﬁgurations with a predominance of O ligands, at least at intermediate and high Cu concentration, which makes Cu–N bonds
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undetectable. When Cu is bonded to both O and S atoms,
the shift in frequency of the EXAFS signal and position
of the ﬁrst FT peak is much higher, by virtue of the larger
size of S and its stronger scattering properties (Fig. 5f). This
coordination ﬁngerprint can be illustrated with thiolactate,
a thiolate–carboxylate bifunctional ligand like L-cysteine in
proteins (Briand et al., 2004). Similarly to a-OH and a-NH2
substituted carboxylates, thiolactate is a ﬁve-membered heterocycle imposed by the a-SH substitution (Fig. 1).
Thus, the FTs exhibit shapes in the [1.9–3.0 Å] R + DR
interval characteristic of the type, number and arrangement
of atoms in the ﬁrst three shells around Cu(II) in carboxylates, providing “structural ﬁngerprints” that are unique to
speciﬁc coordinations. This occurs because the EXAFS
spectrum is dominated in this interval by single scattering
(SS) events, allowing deduction of R + DR distances of
the O/N, C, and S shells directly from peak positions.
Three-body Cu–O1–C1 multiple scattering (MS) contributions with eﬀective path lengths of 3.1–3.4 Å are negligible
because the scattering angle is always less than 160° (D’Angelo et al., 1998). The other signiﬁcant paths, such as O1–
Cu–O1 in all planar complexes and Cu–C1–O3 in ﬁvemembered chelates, have a path length of 3.9 Å, thus producing a FT peak at 4.4 Å R + DR outside the ﬁngerprint
window. The three-body contributions from monodentate,
bidentate (Cu–C1–C2), and six-membered (Cu–C1–O3)
structures have even longer path lengths, which appear to
be too long to give distinctive peaks on FTs.
3.2.2. Cu bonding in NOM
3.2.2.1. Number of identiﬁable structural conﬁgurations.
Since NOM is a polyfunctional complexant, Cu likely is
bonded to more than one functional group in proportions
that may vary with the metal concentration, the pH, and
the chemical composition of the organic matter, which is
a function of its origin and how it was extracted from the
source material. Thus, any EXAFS spectrum of NOM is
a weighted average of all Cu bonding environments present,
which may diﬀer from sample to sample. The number of
Cu–NOM complexes identiﬁable by EXAFS spectroscopy
in the sample series we investigated was evaluated by
PCA using three criteria:
 The amplitude of each component weighted by eigenvalues, which is directly related to how much of the signal the PC represents (i.e., % of the variance).
 The variation of the ﬁt total (normalized total sumsquared residual, NSS-Tot), which was obtained by
successively including additional components in the
reconstruction of the dataset.
 The indicator value (IND parameter) of each component, which is supposed to reach a minimum for the least
signiﬁcant component.
The PCA was performed in the [2.0–11.6 Å1] k interval
on the complete set of EXAFS spectra from Cu-complexed
NOM collected at both helium and room temperature (27
in total). The output parameters, including eigenvalues, the
variance, IND, NSS-Tot, and the marginal variation of
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Fig. 4. Relationship between Cu(II)–(O,C) distances and Cu(II) bonding environment in coordination complexes. See Table EA1 for details.

NSS-Tot when a new component is added, are given in Table 3 for the six most signiﬁcant principal components. The
component spectra (i.e., the orthonormal eigenvectors) are

shown in Fig. 6, and the best linear reconstruction of all
sample spectra with the two main components (PCs) in
Fig. EA1. From visual inspection of all PCs, only the ﬁrst
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Fig. 5. EXAFS spectra and Fourier transforms (FTs) of model compounds. Cu[Bid]2 = bidentate complex with phthalate (powder, RT);
Cu[MonoBid]2 = monodentate and bidentate complex with phthalate (powder, RT); Cu[5-O-ring]2 = ﬁve-membered chelate with malate
(solution frozen at 10 K); Cu[5-O/N-ring]2 = ﬁve-membered chelate with histidine (powder, RT); Cu[6-O-ring]2 = six-membered chelate with
malonate (powder, RT); Cu[5/6-O-ring]2 = ﬁve- and six-membered chelate with citrate (2:1 complex, solution at RT); Cu[5-O/S-ring]2 = ﬁvemembered chelate with thiolactate (binding environment analog to ethylthioacetate; 2:1 complex, solution frozen at 10 K). The FTs are
uncorrected for phase shift, resulting in FT distances approximately 0.4 Å shorter than the actual interatomic distances reported in Table
EA2.

two, and perhaps the third, have suﬃcient weight to look
like real EXAFS spectra. The ﬁrst two PCs account for
94 + 4 = 98% of the variance in the data, and deviations
between data and reconstructions based on two components were small with normalized sum-squared (NSS) values from 0.01 to 0.081, and a NSS-Tot of 0.038.
Inclusion of PC#2 to the one-component ﬁt reduced
NSS-Tot by 52 %, inclusion of PC#3 improved the twocomponent ﬁt by 26 %, and inclusion of PCs #4, 5 and 6
successively in series improved the ﬁt by a smaller and similar margin (12–14%, Table 3), indicating statistical noise
only. Also, the decline of the eigenvalues from the PCA,
which rank PCs according to their importance in reproducing a dataset, is discontinuous, decreasing steadily from the

ﬁrst to the second, and second to the third, component,
and slowly afterwards reaching a quasi-plateau. The IND
parameter also suggests three PCs, but this indicator is less
reliable than the marginal decline of the eigenvalues and
variance with the number of PCs (Manceau et al., 2002;
Sarret et al., 2004; Panﬁli et al., 2005; Kirpichtchikova
et al., 2006). In summary, the 27 sample spectra can be
reconstructed within error with only three independent
components, two being major and one minor, suggesting
that all NOM samples can be described quantitatively by
variable amounts of essentially two to three well-deﬁned
and distinct bonding environments. The three generic conﬁgurations of Cu bonding to NOM are identiﬁed next by
target transformation.
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Fig. 5 (continued)

Table 3
Results from the PCA in the [2.0–11.6 Å1] k interval.
PC#a

Eigenvalueb

% of variancec

IND  103d

NSS-Tot  102e

% of variationf

1
2
3
4
5
6

149
31.5
15.8
9.4
9.0
7.9

94
4
1
0.4
0.3
0.2

12.7
9.7
9.2
9.5
9.9
10.4

7.9
3.8
2.8
2.4
2.1
1.8

–
52
26
14
12
14

a

Principal component number (i).
Values of the diagonal matrix in the PCA after consecutive elimination of the components. Eigenvalues rank PCs according to their
importance to reproduce data.
c
Calculated from the ﬁrst 6th components.
d
Malinowski (1977) indicator value.
P
P
P
P
e
Normalized sum-squared total = spectra n[k3v(kn)exp  k3v(kn)reconst]2/ spectra n[k3v(kn)exp]2. This parameter is the normalized sumsquared (NSS) residual of the entire set of data, taken as one.
f
Marginal variation of NNS-Tot = [(NSS-Tot)i  (NSS-Tot)i+1]/(NSS-Tot)i.
b
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PCs (Manceau et al., 2002). The degree to which the target-transformed candidate truly resembles the original reference spectrum is given by the SPOIL value. A high
SPOIL means that the reference cannot be described as a
sum of the PCs and is therefore not a likely component
of the dataset. Usually, references with SPOIL values
<1.5 are considered excellent, 1.5–3 good, 3–4.5 fair, 4.5–
6 poor and >6 unacceptable (Malinowski, 1978). However,
these limits are indicative only because the SPOIL value of
a spectrum depends on the k interval of the calculation. In
contrast to the sum-squared residual, SPOIL increases
when kmax is diminished, which is counterintuitive. In fact
the SPOIL parameter is more complicated than just a
sum-squared. The parameter takes into account such things
as the number of degrees of freedom, which changes with
the size of the dataset, and the failure of the reconstruction,
which is easier to detect at low k where the residual is
smooth and nearly noiseless (Fig. 7). To obtain a sense of
how SPOIL varies with kmax, its value was calculated in
the extended [2.0–11.6 Å1] and reduced [2.0–10.0 Å1] k
intervals for the seven most relevant references described
previously and for CuS and oxalate. None of them fell into
the excellent category, but two were good to fair: thiolactate (Cu[5-O/S-ring]2, 1.9–2.3) and malonate (Cu[6-Oring]2, 2.9–4.2). Histidine (Cu[5-O/N-ring]2, 4.2–5.7) and
malate (Cu[5-O-ring]2, 4.5–5.6) ranked just behind, suggesting the occurrence of some ﬁve-ring chelates. This interpretation is consistent with the ﬁfth score obtained by citrate
(5.1–6.0), because the two diﬀerent sizes of ring chelates
coexist in this molecule (Fig. 1). Bidentate complexation
(Cu[Bid]2) is unlikely (7.5–11.3), but the same Cu atom
may be both monodentally and bidentally coordinated to
two separate ligands (Cu[MonoBid]2, 5.8–7.8). With SPOIL
values of 13.0–16.5 and 14.7–18.5, CuS and oxalate are
clearly not good structural models for the complexation
of Cu in NOM.
3.2.2.3. Six-O-ring chelate. This bonding environment is the
only one detected at intermediate and high Cu concentration, meaning that it is by far the most abundant. Fig. 8a
shows that the EXAFS signal of medium and high Cu
NOM yields a considerable similarity with the spectrum
of malonate. Unless the macromolecular structure changes
with metal loading and inﬂuences the ﬁrst formed metal
complex, which is unlikely, this new complex coexists with
the ﬁve-O-ring chelates formed at lower Cu concentration.

Fig. 6. First six principal components weighted by eigenvalues (k) of
the k3v(k) spectra for the 27 spectra presented in Fig. EA1. For
clarity, the amplitudes of the 2nd, 3rd, 4th, 5th, and 6th components
have been multiplied by 4.5, 6, 10, 12, and 14, respectively.

3.2.2.2. Types of structural conﬁgurations. In target transformation, a reference spectrum is tested by removing from
it all signal not describable as a linear combination of the

3.2.2.4. Five-O-ring chelate. This environment, suggested by
the PCA, was identiﬁed in the three DOM samples
(SPDOM10, SPDOM30, CPDOM30) at low temperature
(Fig. 8b). The malate-like 5-O-ring type of spectrum diﬀers
in a subtle but systematic and telling way from the malonate-like 6-O-ring spectrum in the [5.2–7.4 Å1] interval
(Fig. 9a). In Cu[5-O-ring]2 chelates the maximum amplitude
is shifted to higher k values by 0.05 Å1 relative to Cu[6-Oring]2 chelates, and the left side of the oscillation contains a
strong shoulder in the former, and only a faint hump in the
latter. Analysis of CuL and CuL2 carboxylic complexes
showed that the absorption shoulder at 5.8 Å1 is characteristic of the 5-O-ring chelate, and is more pronounced,

2568

A. Manceau, A. Matynia / Geochimica et Cosmochimica Acta 74 (2010) 2556–2580

Fig. 7. Target transformations (blue) of the k3v(k) spectra for model compounds (red). SPOIL values were calculated in the [2.0–11.6 Å1]
and [2.0–10.2 Å1] intervals. The citrate reference is a 1:1 complex. The 2:1 complex (Cu(citrate)2 = Cu[5/6-O-ring]2) has SPOIL values of 6.4
and 8.6. (For interpretation of the references to colours in this ﬁgure legend, the reader is referred to the web version of this paper.)

deepening at 6.0 Å1, when Cu(II) is bridged to two rings
instead of one, as in Cu(citrate)2 and Cu(citrate) (Fig. 9b–f).
This spectral ﬁngerprint was reported previously for mono
and bis a-amino acid chelates (Ozutsumi et al., 1991). Data
analysis by Fourier ﬁltering shows that this wave beating
results from the interference between SS (Cu , Oeq and
Cu , Oax) and MS (Oeq , Cu , Oeq, Oax , Cu , Oax,

Cu? C1 ? O3) paths within the 5-O-ring structure
(Fig. 9g and h; D’angelo et al., 1998). The SS and MS paths
have a near-zero amplitude at 5.8 Å1 and interfere
destructively before and after this value causing a small local beat pattern. In 5-O-ring chelates, the non-bonded O3
atom from the carboxyl group is nearly aligned with the
Cu–C1 pair (Cu–C1–O3 angle 160°), and thus its scatter-
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Fig. 8. EXAFS spectra and Fourier transforms for Cu complexed to carboxyl groups at low Cu concentration (DOMHe), and intermediate to
high concentration (MidHe), with references. The DOMHe spectrum is the average of SPDOM10, SPDOM30, CPDOM30, and MidHe is the
average of CPHA160, CPFA490, SPHA470, SPFA650, and SPFA30. He in the spectrum names stands for liquid helium temperature. With
an increase in the Cu concentration, NOM retains most of the Cu[5-O-ring]2 chelate and begins adding other structures, typically Cu[6-Oring]2 chelates.

ing is ampliﬁed by a ‘focusing eﬀect’. This path has about
the same eﬀective distance as the Oeq , Cu , Oeq path
(3.9–4.0 Å), and they both add. The Oax , Cu , Oax path
is also intense because the two axial oxygens are perpendicular and equidistant from the equatorial plane formed by
the two carbon rings. Data simulation showed that the
Oax atoms are consistently at 2.32 ± 0.02 Å from Cu in
DOM and bis-ring chelates, and 2.60 Å from Cu in the
bis-bidentate complex (Cu[Bid]2).
In reciprocal space, the Oax shell at 2.32 Å is phenomenologically reﬂected by the 0.05 Å1 shift of the maximum

of the second EXAFS oscillation mentioned previously
(Fig. 9a). The structure ﬁngerprint of the Cu–Oax bond at
2.32 Å appears even more clearly when the data are Fourier ﬁltered between [1.0–2.7 Å] R + DR, and simulated
with the Oeq and C1 shells, the Oax shell being excluded
from the ﬁt (Fig. EA2). In real space, the presence of two
symmetric Cu–Oax pairs on both sides of the equatorial
plane of DOMHe increases the signal amplitude at
R + DR = 2.0–2.2 Å (SS) and 4.0 Å (MS, Fig. 8c). Also,
the C2 peak at 2.8 Å R + DR is absent in the 5-O-ring vs.
the 6-O-ring chelate (arrow in Fig. 8c).
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Fig. 9. (a–f) Second oscillation of the EXAFS spectrum for Cu complexed to carboxyl groups at low Cu concentration (DOMHe) with
references. This indicator region is sensitive to the size (5-membered vs. 6-membered) and number (mono- vs. bis-chelate) of carbon rings
bridged to Cu. Cu(citrate) and Cu(citrate)2 were recorded in aqueous solution at room temperature, Cu(lactate)2 and Cu(malate)2 at 10 K in
frozen solution, and gluconate as crystalline powder. (g) EXAFS signal for DOMHe ﬁltered in the [1.0–2.7 Å] R + DR interval (SS paths),
[3.1–4.5 Å] interval (MS paths), and [1.0–4.5 Å] interval. (h) Schematic representation of the various MS scattering paths (arrowed thick lines).

3.2.2.5. Five-(O,S)-ring chelate. Thiolactate-like Cu–NOM
bonds were detected at low concentration in four samples:
SP10, SP13, SPDOM10_RT, and SPDOM30_RT
(Fig. 10a). None of these spectra were from pure species.

The two LHe spectra (SP10, SP13) were best ﬁt with a linear combination of 1/3 thiolactate + 2/3 malonate (or
MidHe), and the two RT spectra with 1/2 thiolactate
and 1/3 malonate (or MidHe, Fig. 10b,c) Since the
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Fig. 10. (a) EXAFS spectra showing the presence of Cu–(O,S)
bonds in SP (SP10 and SP13) and their formation at room
temperature due to the reduction of Cu(II) to Cu(I) under the Xray beam (SPDOM10_RT, SPDOM30_RT). (b and c) Reconstructions of SP13 and SPDOM10_RT with linear combinations of
MidHe and thiolactate references.

two-component spectra have about the same amplitude, the
precision on each species is about 10% total Cu (Isaure
et al., 2002; Manceau et al., 2002; Panﬁli et al., 2005).
4. DISCUSSION
4.1. Nature of the ﬁve- and six-O-ring chelates
Despite the polyfunctional character of NOM and the
many possible binding sites and coordination geometries,
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all samples can be described with variable proportions of
only three key model ligands, all single metal ring chelates:
malate, malonate, and thiolactate. There was no hint under
our experimental conditions for dimerization of Cu, as observed for some phthalate, benzoate, acetate, and succinate
molecular complexes (Koizumi et al., 1963; Cingi et al.,
1970, 1977, 1978a,b, 1979; Prout et al., 1971; Brown and
Chidambaram, 1973; De Meester et al., 1973; O’Connor
and Maslen, 1996; Rodrigues et al., 1999). All experimental
data are from mononuclear complexes, in agreement with
previous studies of NOM (Davies et al., 1997; Xia et al.,
1997; Korshin et al., 1998; Alcacio et al., 2001; Lee et al.,
2005; Karlsson and Skyllberg, 2006; Strawn and Baker,
2008). To date, the most elaborate structural model for
the binding of Cu to NOM at pH 4.8–6.3 has been proposed by Karlsson and Skyllberg (2006). In this model,
Cu(II) is bonded ideally to one 5-(O/N)-ring in soil organic
matter and two in DOM, which has molecules with higher
ﬂexibility (i.e., lower sterical hindrance) because of their
lower average molecular weight. The bis-chelate was assumed to be similar to Cu(glutamate)2, an amino acid
which supposedly coordinates Cu through its amino and
carboxyl groups forming a Cu[5-O/N-ring]2 chelate like
Cu(histidine)2 (Fig. 1). The uniqueness of the glutamate
model in the previous study is unknown because its
spectrum was not shown, nor was its structure discussed.
Instead, Cu(II)-N-(phosphonomethyl) glycine (Cu(II)PMG), a Cu[5/6-O-ring]2 chelate containing a phosphate
ligand, was used as a reference. Our data show that the
binding environment of Cu(II) is more like that of a-OH
substituted than a-NH2 substituted carboxylates. The
ambiguity on the nature of the ring-forming functional
group (i.e., Cu[5-O/N-ring]2 vs. Cu[5/6-O-ring]2) can be
clariﬁed by examining the structure of the Cu–(glutamate)2
chelate postulated by Karlsson and Skyllberg (2006) as the
best-ﬁt model for NOM. The structure of this chelate was
derived by EXAFS (Fitts et al., 1999) from a solution containing a mixture of glutamic acid and copper nitrate at pH
7.5, in which the bis(aminocarboxylato)copper(II)aq isomer
was assumed to be dominant. Evidence is given below that
Cu(II) was likely coordinated to oxygen ligands only, not to
oxygen and nitrogen as inferred in Fitts et al. (1999).
The Cu–Oeq and Cu–N structural distances of Cu–(glutamate)2aq are unknown, but in the solid state they are 1.97
and 2.00 Å, respectively (Gramaccioli and Marsh, 1966;
Mizutani et al., 1998). These values are typical for Cu(II)
binding to amino acid crystals (Table EA1; Orpen et al.,
1994), which, for example, are 1.95–1.96 and 1.98–2.02 Å
in Cu–(glycine)2(s) (Freeman et al., 1964), 1.95 and 2.00 Å
in Cu–aspartate(s) (Calvo et al., 1993), and 1.93–1.99 and
1.98–2.00 Å in Cu–(histidine)2(s) (Fig. 1, Evertsson, 1969).
On average, the ﬁrst shell O/N crystallographic distance is
1.98 Å. The same mean value was measured by EXAFS
for CuL2aq, with L = alanine, serine, threonine, proline,
hydroxyproline, and histidine (Ozutsumi et al., 1991).
Therefore, the bond distances measured by diﬀraction on
crystals and EXAFS on solutions are close in value, implying that they should be near 1.97 Å for the Cu–Oeq pair and
2.00 Å for the Cu–N pair in Cu–(glutamate)2aq. Distinctive
of aminocarboxylates, the Cu–Oeq crystallographic dis-

2572

A. Manceau, A. Matynia / Geochimica et Cosmochimica Acta 74 (2010) 2556–2580

tances average out to 1.94 Å in the a-OH substituted
carboxylates salicylate (Hall et al., 1965), malonate
(Lenstra and Kataeva, 2001), malate (Zhang, 2007), lactate
(Prout et al., 1968), and gluconate (Yodoshi et al., 2006).
Consequently, the mean ﬁrst shell distance is
1.98  1.94 = 0.04 Å shorter in 5-O-ring (1.94 Å) than in
5-(O/N)-ring (1.98 Å) chelates, thus allowing unambiguous
discrimination between the two types of binding environments. However, and unexpectedly, 1.94 Å was also the value measured by EXAFS for Cu–(glutamate)2aq, suggesting
that Cu was coordinated to OH donors only, and the
bis(aminocarboxylato)copper(II) isomer was not the dominant species in the solution studied by Fitts et al. (1999).
Therefore, the 1.94 Å Cu–ligand distance determined in this
study, and previously by Karlsson and Skyllberg (2006) and
earlier investigators (Xia et al., 1997; Korshin et al., 1998;
Alcacio et al., 2001; Lee et al., 2005) is more consistent with
a chelation by a-OH substituted carboxylate groups than
amino acids. The accuracy of this heuristic value is probably as good as 0.01 Å, because the same Cu–(H2O)aq bond
length (1.97 Å) was used for metrical calibration in the
studies by Korshin et al. (1998), Fitts et al. (1999), and Karlsson and Skyllberg (2006).
Karlsson and Skyllberg (2006) determined there were
fewer C1 atoms in solid organic matter (SOM) than in
DOM, which they interpreted as a decrease of the number
of ring chelates from 2 to 1 (i.e., CuL2 to CuL complex). In
addition to the loss of C neighbors, the shoulder at
k = 5.8 Å1 weakened, in agreement with our results.
Although reasonable, this interpretation does not account
for the existence of the C2 shell at R = 3.1–3.2 Å detected
in the present study at LHe temperature in SOM at medium
and high Cu concentration. In fact the SOM data are better
described with a 6-O-ring model, as shown by the remarkable similarity between the spectra for malonate and SOM
(Fig. 8a).
The 5-O-ring and 6-O-ring chelate models agree with
infrared and NMR spectroscopy results, which showed that
the majority of chelating structures in humics consists of
terminal aliphatic carboxyl groups with –OH or –COOH
for –H substitution on the carbon in a-position (Leenheer
et al., 1998; Simpson et al., 2001; Strathmann and Myneni,
2004; Deshmukh et al., 2007; Hay and Myneni, 2007). Chelation with an a-OH yields a 5-membered ring, and chelation with an a-COOH a 6-membered ring (Fig. 1).
Phthalate and salicylate structures, once assumed to be
present in large quantities, are now considered less common
than previously imagined. At low concentration, they do
not seem to be preferred over a-substituted aliphatic/alicyclic acids as suggested by the higher SPOIL values of the
two Cu–phthalate references Cu[Bid]2 (7.5–11.3) and
Cu[MonoBid]2 (5.8–7.8) (Fig. 7).
4.2. Thermodynamic stability of the O-ring chelates
Thermodynamic formation constants were used to evaluate the relative stabilities of monocarboxylate (lactate,
salicylate, furan-2-carboxylate), dicarboxylate (oxalate, malate, malonate, succinate, phthalate) and amino acid (alanine, glutamate) ligands. The relative stabilities of ﬁve-,

six-, and seven-O-ring chelates were evaluated with the following isomers:
 The a-OH isomer of lactic acid,
monocarboxylate.
 The b-OH isomer of lactic acid,
monocarboxylate.
 The a-OH isomer of hydroxybutanoic
C4 monocarboxylate.
 The b-OH isomer of hydroxybutanoic
C4 monocarboxylate.
 The c-OH isomer of hydroxybutanoic
C4 monocarboxylate.

a 5-O-ring C3
a 6-O-ring C3
acid, a 5-O-ring
acid, a 6-O-ring
acid, a 7-O-ring

Comparison of equilibrium constants for a- (2.66),
b- (1.82), and c-OH (1.52) hydroxybutanate, and for a(2.59) and b-lactate (1.83, Table 1), shows that the stability
of the chelate decreases when the ring size increases, consistent with coordination chemistry concepts (Bell, 1977; Burgess, 1988; Laurie, 1995). Oxalate (4.85) and malonate
(5.04) are much stronger complexants than the previous
OH substituted organic acids, meaning that a second carboxyl is a better ligand than an hydroxyl. The diﬀerence
in stability between malonate (dicarboxylate) and lactate
(monocarboxylate) can be reduced by adding a second carboxyl in the b position of the a-OH lactate isomer. This
compound is malate (3.63). Thus, Cu–malate is a ﬁve-membered chelate, further stabilized by a second carboxyl, as in
citrate (3.70, Fig. 1).
Still, speciation calculations with metal stability and
proton dissociation constants (i.e., pKa) predict that malonate is a better complexant than malate, since 60% of malate
and 85% of malonate are predicted to be complexed to
Cu(II) at pH 4.5 when [M]/[L] = 0.01. Therefore, the preference of Cu(II) for malate-type over malonate-type structures observed by EXAFS at low concentration in DOM
does not follow the trend expected from solution chemistry.
This ﬁnding agrees with Strathmann and Myneni (2004),
who showed using infrared spectroscopy that the stability
of Ni chelates follows the order oxalate (strongest) > malate = citrate > malonate > lactate
(weakest).
Malonate may be over-predicted or malate under-predicted
by speciation calculations.
The complexing ability of malate was explained by the
formation of a tridentate [5/6-O-ring] chelate with the hydroxyl oxygen and two donor oxygens from the two carboxyls of the same molecule, as in citrate (Strathmann
and Myneni, 2004). This coordination is theoretically possible in NOM because carboxyl clusters separated by one alkyl carbon and one alcohol carbon are common structures
(Leenheer et al., 1995; Hay and Myneni, 2007). They can be
viewed as a-OH substituted succinate moieties, or a malonate sequence with a COH add-in (HOOC-C-[COH]COOH). However, this citrate-like model is inconsistent
with EXAFS results: the spectra for Cu–malate and Cu–citrate diﬀer signiﬁcantly, and the C shell in malate and DOM
(2.82 and 2.78 Å, Table EA2) is too close for a double (5/6)O-ring structure (Fig. 4). Thus, EXAFS data are more consistent with a 5-Oeq-ring structure and two Oax atoms linked
to carboxyl groups from other chains. For steric reasons,
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resulting from the complexity and heterogeneity of NOM,
the two Cu–Oax–R bonds are likely intermolecular or have
carboxyls that are more distant than in the b position.
Although citrate-like clusters of COOH groups were identiﬁed in NOM, the likelihood of having Cu(II) bonded antisymmetrically to two identical or similar chelates, as in
Cu(citrate), seems low.
In general, carboxylate aromatic moieties are weaker
chelates because they are unable to form 5-ring malate-type
and 6-ring malonate-type structures. Furan-carboxylate,
which has only one carboxyl group, is predicted to complex
less than 2% Cu at pH 4.5 when [M]/[L] = 0.01. Thus,
Cu(II) is not expected to be bonded to this group at low
concentration, despite the relative abundance of O-heterocycles in NOM (Leenheer et al., 1995; Hay and Myneni,
2007). With a b-OH on the C3 carbon, salicylate is analogous to b-OH 3-lactate and 3-hydroxybutanate, and exhibits similar binding strength (5% Cu complexed). Phthalate
has two carboxyls, but they are separated by two C atoms
(7-O-ring) with no a-OH substituents, in contrast to malate.
Despite the unfavorable size, and also high-strain (see below), of this chelate, phthalate is predicted to complex
30% Cu, for a reason not well understood. The degree of
Cu(II) complexation may be over-predicted by speciation
calculations, for reasons discussed by Strathmann and
Myneni (2004).
Substituting an a-NH2 for an a-OH group increases the
thermodynamic stability of Cu(II), as indicated by the ﬁve
log units increase in K of the CuL complex from lactate
to alanine. Therefore, amino acid-like sites may be as
strong as C3 dicarboxylate clusters. Complexation of Cu(II)
to amino acid ligands was suggested in fulvic acids (Senesi
and Sposito, 1984; Senesi et al., 1985), and in DOM enriched in proteinaceous material containing 11.9% N
(Croué et al., 2003). These chelates were never dominant
in our experimental conditions, perhaps because the C to
N ratio was too high, or the sorption pH (4.5 and 5.5)
was not high enough as suggested by the inferred presence
of N ligands using ESR in leaf litter at and above pH 6
(Sposito and Holtzclaw, 1988). Similarly, modeling results
from Cu adsorption data presented by Karlsson et al.
(2008) suggested that monodentate CuL amino–Cu complex (log K = 9.2) dominated the complexation of Cu over
Cu[6-O-ring] chelate (log K = 4.7) in soil peat above pH
6. The bidentate carboxyl complex was dominant at pH
4.5, but the amino complex was again the main species at
lower pH, which is improbable. Possible reasons are the
omissions in the modeling of the Cu[5-O-ring] chelate,
and all CuL2 complexes. For example, with log stability
constants comprised between 14 and 17 (May et al.,
1977), CuL2 amino complexes with a Cu[5-O/N-ring]2 chelate structure are more likely than CuL amino–Cu complexes at circumneutral pH, as in the xylem sap of plants
(Irtelli et al., 2009).
At the beginning of this section, the higher stability of
ﬁve-membered chelates over higher ring chelates was illustrated with the a/b/c-OH hydroxybutanate isomers and
a/b-lactate. This notion can be illustrated also with the
Cu[5-O/N-ring]2 L-histidine chelate. The binding mode of
Cu (Fig. 1) shows that the sequence in which the protons
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of L-histidine are removed by titration (pKa: COOH = 1.8;
imidazolium NH = 6.0; NH3+ = 9.18) is not the sequence
in which the donor atoms are used in copper binding. This
is due to the thermodynamic stability of the ﬁve-membered
COO/NH2 ring over the six-membered COO/N ring formation involving imidazole group in coordination (Laurie,
1995). If this structural information were not known,
adsorption data still could be modeled, but likely with the
wrong species because macroscopic measurements lack sensitivity to the actual binding mechanism of the metal. Metal
complexes are abstract entities (like components in PCA)
pre-deﬁned (i.e., arbitrarily chosen) to satisfy mass balance,
electric neutrality and proton activity measurements, thus
their stabilities and proportions against pH in polyelectrolyte systems depend on the initial hypotheses on their nature. Consequently, there is generally no correspondence
between ‘chemical species’ derived from model-dependent
titration and adsorption results (Lenoir and Manceau,
2010), and ‘structural species’ derived from spectroscopic
and diﬀraction techniques. Reconciling results from the
two approaches is sometimes diﬃcult, as seen previously
for the Ni chelates (Strathmann and Myneni, 2004), Cu–
phthalate, and the Cu–NOM complexes (Karlsson et al.,
2008).
4.3. Structural stability of the O-ring chelates
The most stable complex formed between metal ions and
polyfunctional molecules occurs where the ionic size
matches most closely the size of the binding site or cavity
(Hancock, 1989). The strain energy, which is a measure of
the size-match ﬁt, is a function of the bond-length and
bond-angle deformation, the torsional strain of the chelate,
and van der Waals interactions among nonbonded atoms.
Divalent Cu has a preference for square (bi)pyramidal
coordinations, as a result of its d9 electronic conﬁguration.
By analogy with its coordination chemistry in crown ethers,
the torsional strength is minimized when it lies in the plane
formed by two ring chelates (Melson, 1979). The strain
from bond-length deformation, UB, is given by the simple
Hooke’s law expression, UB = 1/2K(r°  r)2, where r° is
the ideal bond length, r is the observed bond length, and
K is the force constant for the particular type of bond (Brubaker and Johnson, 1984). Strain-free (i.e., r = r°) metaldonor lengths generally are derived from crystal structures.
The mean Cu(II)–Oeq distance calculated over 197 structures is r° = 1.679 + 0.37ln(0.5) = 1.94 Å (Brown and Altermatt, 1985), the heuristic value for NOM. Malonate
represents a low strain energy situation in that the coordination is nearly perfectly square-planar (bond distances of
1.94 and 1.97 Å and Oeq–Cu–Oeq angles of 93°), the torsion
angles of this chelate ±13°, and the carbon is sp2 hybridized
with O–C–C and C–C–C angles (123°) close in value to benzene (120°) (Fig. 11). The two bonding oxygens are closer in
malate (2.57 Å) than in malonate (2.85 Å), since the ring
has two instead of three carbons, causing the two Oeq–
Cu–Oeq angles to decrease from 93° to 83°. The slight
departure from the square-planar symmetry is compensated
energetically by an increase in ligand ﬁeld strength through
a reduction of the Cu(II)–Oeq distances from 1.94–1.97 to
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Fig. 11. Top- and lateral-views of the geometry of Cu carboxylate chelates. The O–O distance of 3.71 Å in succinate is unﬁt for chelation with
Cu(II), and in reality Cu forms a bidentate complex (Fig. 4, Table EA1).

1.91–1.95 Å (Boyd et al., 1983). The range of the torsion
angles is unchanged (12° to 10°), and the mean O–C–
C bond angle is 112°, a value close to 109.5° for an sp3
hybridized carbon atom. Thus, the diﬀerence in strain energy of Cu–malate and Cu–malonate seems small, but with
one hydroxyl ligand close to one carboxyl, and with two
carboxyls separated by two carbons as in malonate, malate
oﬀers more bonding opportunities.
The low-strain steric requirement is also met in salicylate: the two Oeq are at 1.90 and 1.96 Å from Cu, they
are 2.84 Å apart, the Oeq–Cu–Oeq angle is 94°, and the torsion angles ±13° (Hall et al., 1965). From a structural
standpoint, salicylate (log K = 2.22) should have the same
aﬃnity for Cu as malonate (log K = 5.04), since the two
molecules have the same 6-O-ring chelate backbone. The

2.8 orders of magnitude diﬀerence in their stability constants results from the more electronegative character of
carboxyls, making them better ligand donors than alcohol
groups. However, when the alcohol group is next to a carboxylate group, like in malate, it acquires more acidic character and becomes more prone to stabilizing the metal
complex by acting as a “supporting” donor group in concert with the adjacent carboxylate (Strathmann and
Myneni, 2004).
When the open-chain aliphatic ligand contains four carbons and no a-substituent, as in succinate, the separation
between the two nearest carboxyl oxygens is 3.71 Å, too
long to accommodate Cu(II) without inducing a strong steric constraint (Fig. 11; Zheng and Lin, 2000). If the molecule
were not folded, the Oeq–Cu–Oeq angle of the 7-O-ring
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chelate would be 146° for d(Cu–Oeq) = 1.94 Å. When a ring
chelate has more than three carbons, it is no longer planar,
as seen in Fig. 11 with succinate and the phthalate structure
determined by Cingi et al. (1978c). The unfavorable 7-Oring structure of this chelate has the form of a chair, with
torsion angles between 51° and 61°, thus inducing a strong
rise in strain energy. When phthalate acts as a bis-bidentate
ligand, as in the Cu[Bid]2 reference (Cingi et al., 1969; Bartl
and Küppers, 1980), it is also unﬁt for binding Cu strongly.
The coordination about Cu deﬁned by the two planar carboxyl groups is a parallelogram, one O atom from each carboxyl group forming the short diagonal and the second O
forming the long diagonal (Fig. 11). The short diagonal is
2  1.92 = 3.84 Å in length, the long diagonal 2  2.63 =
5.26 Å, and the complementary angles are 69° and 111°.
In comparison, the four coplanar carboxyl groups from
bis-malate bridge Cu nearly in square-planar geometry, thus
approaching the favorable D4h point group tetragonal
symmetry.
Therefore, from geometrical considerations, the best-ﬁt
size and square (bi)pyramid geometry with four metal–oxygen distances at 1.94 Å are obtained in NOM with a-JY
substituted COOH structures and C3 dicarboxylates. Adding one a-OH group to a C4 dicarboxylate, as in citrate,
provides more possibilities for complexation. Oxalate-type
C2 dicarboxylate structures are even stronger chelates, but
they are seldom present in NOM.
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4.4. The 5-(O,S)-ring chelates
Based on the hard–soft metal classiﬁcation, Cu(II) is an
intermediate metal, and thus may form Cu–S bonds and at
the same time coordinate with carboxyls in NOM (Pearson,
1973; Parr and Pearson, 1983; Smith et al., 2002). In addition, the hydroxyl and amine functionalities on the a carbon are relatively weak Lewis donors, thus a thiolate
functionality can anchor Cu(II) balancing the weakness of
the Cu(II)–carboxyl bond in forming a 5-(O,S)-ring chelate.
In this context, conjugates of thio-carboxylic acids, containing a combination of thiolate and carboxylate functionalities, such as thiolactate and thioacetate, are plausible
model ligands. The likelihood of this type of chelate in
NOM is supported also by the favorable ﬁve-membered
arrangements typically observed for bifunctional thiolateanchored ligands, and the poor reconstruction of the data
with CuS (SPOIL = 6.6–8.6).
Overall, cysteinyl sulfur and a-SH substituted aliphatic
carboxylic structures do not seem to play an important role
in Cu(II) chelation, in contrast to oxygen donors. Thiolactate-like chelates were detected in SP only, not in its humic,
fulvic and DOM fractions, although DOM contains two
times more S (Table 2). This increase does not mean that
the sample has more reduced sulfur groups because oxidized
sulfur is preferentially extracted in hydrophilic water-soluble fractions (Prietzel et al., 2007). However, with 1.1 wt.%

Fig. 12. EXAFS spectra and Fourier transforms of the two DOM samples from the SP peat at room (RT) and liquid helium (He)
temperature, showing the formation of Cu–S bonds upon reduction of Cu(II) to Cu(I) by exposure under the beam. The speed at which the Xray beam reduces divalent Cu is much reduced at low temperature.
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S, there should be a large excess of Sred ligands for SPDOM
to bind 100 ppm Cu(II) (sample SPDOM10; Karlsson et al.,
2005). Conﬁrming evidence comes from the conversion of
Cu(II)–O to Cu(I)–S bonds by radiation damage in the
two SPDOM samples (Fig. 12). The formation of strong metal–sulfur bonds following the photoreduction of divalent
Cu is consistent with the soft metal character of Cu(I) (Pearson, 1973), and suggests that the hardness of Cu(II) is the
main reason for the limited role of SH ligands in the binding of divalent copper in NOM. The detection by EXAFS of
Cd–S bonds in SOM and DOM (Karlsson et al., 2005) also
can be explained with the hard and soft metal concept, since
Cd(II) is slightly softer than Cu(II). However, in terms of
electronegativities metals rank as follows: Au(I) >
Ag(I) > Hg(II)  Cu(I) > Pb(IV) > Pb(II) > Cu(II) >
Cd(II) > Co(II) >Ni(II) > Fe(II) > Mn(II), suggesting that
Cu(II) and Cd(II) have similar thiophilicity (Stumm,
1993). These considerations do not take into account the relative stability of the complexes, which depends (among
other factors) on the conformation of the chelate, as discussed previously, and the inter- and intra-molecular packing forces and interactions of the metal with other moieties
(e.g., hydrogen bonds).
4.5. Aﬃnity of NOM for other metals
The stability constants of divalent metals sorbed to fulvic
acid extracted from sewage sludge decrease in the order Pb
(4.22) > Cu (3.88) > Ni (3.81) > Zn (3.54) > Cd (3.04) for
1:1 strong complexes with carboxyls (Sposito et al., 1979,
1981). The predicted stability trend of these organo-metal
complexes has been conﬁrmed experimentally on NOM from
diﬀerent origins (see e.g., Gao et al., 1997; Vega et al., 2006,
and references therein). The stronger binding of Pb(II) with
NOM can be explained by its ability to form square pyramidal coordination environments with oxygens, and by its higher softness which conveys a higher aﬃnity for soft donor
ligands, such as sulfhydryls, relative to the four other metals.
In a-PbO, the four Pb–O and O–O bond lengths are 2.31 and
2.80 Å, respectively (Leciejewicz, 1961). In b-PbO, the pyramid is distorted with RPb–O = 2.22 Å, 2.25 Å, 2.48  2 Å
and RO–O = 2.94 Å  2 and 3.03 Å  2 (Hill, 1985). Divalent
lead is clearly too big to compete for malate ligands, and
more likely forms 6-O-ring chelates with malonate and salicylate ligands (Manceau et al., 1996). Since the coordination
of Pb(II) is always pyramidal, as a consequence of the stereoactivity of a 6s2 lone pair of electrons (Wells, 1984; Greenwood and Earnshaw, 1985), Pb is oﬀ-centered from the
chelate plane, in contrast to Cu(II). A geometry similar to
that of Pb(II) has been described recently for Sb(III), which
also possesses an outer shell lone pair (5s2 electronic conﬁguration) and strongly sorbs to NOM (Tella and Pokrovski,
2009). However, in this case the preferred chelate structure
would be ﬁve-membered because Sb(III) is smaller than
Pb(II) (RSb–O = 2.01–2.20 Å), and the basis of the distorted
square pyramid has metrical parameters close to malate
(RO–O = 2.65–2.70 Å; Kamenar et al., 1970). With an
[Ar]3d10 and [Kr]4d10 electronic conﬁguration, Zn(II) and
Cd(II) tend to form regular tetrahedra and octahedra with
oxygens, thereby explaining their weaker aﬃnity for NOM.
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