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a b s t r a c t

Cobalt is an abundant metal ion present in the abiotic and biological world. The chemical reactivity of
Co(II) is exemplified through complex interactions with variable molecular mass ligands, including amino
acids, peptides, variable nature organic ligands, and/or phospho(nate)-derivatives thereof. Poised to gain
insight into the chemical reactivity of Co(II) toward the family of mixed (carboxy)phosphonate-contain-
ing ligands, pH-specific aqueous reactions were carried out between Co(II) and N,N-bis(phosphonometh-
yl)-glycine (NTA2P), leading to a new pH-structural variant species (NH4)3[Co(C4H6O8NP2)(H2O)2]�4H2O
(1) at pH 8. Compound 1 was characterized analytically, spectroscopically (FT-IR, UV–Vis, EPR), and mag-
netically. X-ray crystallography reveals a mononuclear complex of Co(II) in an NO5 octahedral environ-
ment. The solid state magnetic and EPR data on 1 suggest the presence of a high-spin Co(II) in a
distorted octahedral geometry, with a ground state of an effective spin S = 1/2. The solution UV–Vis
and EPR data suggest retention of the integrity of 1, consistent with the magnetization measurements.
Detailed aqueous speciation studies on binary Co(II)–carboxylate (NTA) and all Co(II)–(carboxy)phospho-
nate (NTAxP; x = 1–3) systems reveal the aqueous distributions of all species involved in the respective
systems and project a mononuclear species not unlike that of 1 in the Co(II)–NTA2P system. The struc-
tural and chemical attributes of the title complex reflect the (a) pH-dependent chemical reactivity in
the binary Co(II)–NTA2P system, and (b) structure–activity correlations in the aqueous media linking
both high and low pH-structural variants. To this end, fundamental structural properties influence the
reactivity of Co(II) toward phosphonate and mixed carboxyphosphonate ligands and are ultimately
exemplified as a function of phosphonate-containing moieties in NTA derivatives. The variably configured
species in such binary Co(II)–ligand systems define the pH dependence and nature of interactions
between the two reagents, and could serve further as precursors in the design and discovery of new
Co(II)–organophosphonate materials of specific structural lattice, spectroscopic, and magnetic properties.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past years, organophosphonates have emerged as
molecules of variable physicochemical properties exemplified in
biological and abiotic applications. In the form of aminophospho-
nates or even carboxyphosphonates they comprise a family of
ll rights reserved.
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compounds exhibiting a wide array of chemical reactivity, thereby
earmarking their potential into the development of materials
chemistry and technology. A variety of metal organophosphates
have been synthesized, reflecting the versatile coordination prop-
erties of these ligands when bound to various metals [1–3]. To this
end, broad applications have been pursued through interactions of
such types of ligands with metal ions, including ion exchangers,
catalysts, small molecular sensors, and non-linear optics [4–8].

Cobalt as a trace element has been encountered as a metal
cofactor of the B12 coenzyme and vitamin B12 molecules [9–12],
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and in metalloenzyme systems such as methionine aminopepti-
dase [13], nitrile hydratases [14], ribonucleotide reductase, and
others [15]. In the form of a divalent metal ion, cobalt can inter-
act with variable molecular mass ligands, as a result of which bin-
ary and ternary species with diverse structural features arise,
contributing to the understanding of the associated chemical
reactivity. It is such chemistries that advance the prospect of bin-
ary Co(II) complexes serving as synthons for inorganic–organic
hybrid materials. In this context, low molecular mass organ-
ophosphonate ligands constitute a wide class of molecules the
chemical activity of which toward Co(II) deserves due attention
owing to (a) the nature of the metal ion itself, and (b) the variable
physicochemical attributes of phosphonates. A representative
organophosphonate ligand bearing such features is (H2O3P–
CH2)2N–CH2–COOH (NTA2P). As a carboxy-diphosphonate ligand,
N,N-bis(phosphonomethyl) glycine (NTA2P) has already been
shown to interact with Co(II) at low to medium pH values
[16,17]. The diversity of derived species stands witness to the po-
tential chemical reactivity within the binary Co(II)–NTA2P system
and the importance of structural speciation in unraveling new
binary and ternary Co(II)–NTA2P pH-specific structural variants.
Herein, we report (a) the pH-specific synthesis, spectroscopic,
and structural characterization of a new pH-structural variant
species (NH4)3[Co(C4H6O8NP2)(H2O)2]�4H2O (1), between Co(II)
and the N,N-bis(phosphonomethyl) glycine ligand at high pH val-
ues, and (b) aqueous speciation studies on all binary Co(II)–NTAxP
(x = 0–3) systems providing a global picture of the nature and
properties of arising complex species including 1. Both pH-spe-
cific synthetic and aqueous solution studies provide an in-depth
picture of the requisite binary system, confirm the nature of the
anion in 1 and denote the importance of structural speciation ap-
proaches poised to (a) delineate interactions between Co(II) and
(carboxy)phosphonates, and (b) provide solid state – solution
structure correlations for further use in the development of new
inorganic–organic materials.
2. Experimental

2.1. Materials and methods

All experiments were carried out in the air. Nano-pure quality
water was used for all reactions. Co(NO3)2�6H2O, nitrilotriacetic
acid (dubbed NTA), N-(phosphonomethyl) iminodiacetic acid
(H4NTAP dubbed NTAP), N,N-bis(phosphonomethyl) glycine
(H5NTA2P dubbed NTA2P), and nitrilo tris(methylene-phosphonic
acid) (H6NTA3P dubbed NTA3P) were purchased from Aldrich.
Ammonia, KOH, and NaOH were supplied by Fluka.
2.2. Physical measurements

FT-infrared spectra were recorded on a Thermo, Nicolet IR 200
FT-infrared spectrometer. UV–Vis measurements were carried
out on a Hitachi U2001 spectrophotometer in the range from 190
to 1000 nm. A ThermoFinnigan Flash EA 1112 CHNS elemental ana-
lyzer was used for the simultaneous determination of carbon,
hydrogen, and nitrogen (%). The EPR spectra of complex 1 in the so-
lid state and in frozen aqueous solutions were recorded on a Bruker
ER 200D-SRC X-band spectrometer, equipped with an Oxford ESR 9
cryostat at 9.174 GHz, 10 dB, and in the temperature range from 4
to 70 K. Magnetic susceptibility data were collected on powdered
samples of 1 with a Quantum Design SQUID susceptometer in
the 1.7–300 K temperature range, under various applied magnetic
fields. Magnetization measurements were carried out at three dif-
ferent temperatures in the field range 0–5 T.
2.3. Electrochemical measurements

Cyclic voltammetric measurements were carried out with an
Autolab model PGSTAT100 potensiostat–galvanostat. The entire
system was under computer control and was supported by the
appropriate computer Autolab software GPES, running on Windows.
The employed electrochemical cell had platinum (disk) working
and auxiliary (wire) electrodes. As reference electrode, a saturated
Ag/AgCl electrode was used. The water used in the electrochemical
measurements was of nano-pure quality. KNO3 was used as a sup-
porting electrolyte. Normal concentrations used, were 1–6 mM in
electroanalyte and 0.1 M in supporting electrolyte. Purified argon
was used to purge the solutions prior to the measurements. De-
rived Epc and Epa values are reported versus Ag/AgCl electrode.

2.4. Aqueous speciation studies

2.4.1. Potentiometric measurements
Stability constants were determined by pH-metric titration of

25.0 cm3 samples. The ligand concentrations examined were
0.004 and 0.002 mol dm�3, and the ligand to metal ion molar ratios
were 4:1, 2:1, and 1:1. Titrations were performed over the pH
range 1.5–12.0 with a carbonate-free KOH solution (normal titra-
tion) or with an HCl solution (back titration) of known concentra-
tion (ca. 0.2 mol dm�3) under a purified argon atmosphere. In order
to check that no oxidation of Co(II) to Co(III) by dioxygen occurs,
the reversibility of the titrations in some cases was checked by
back titration of the basic solution with strong acid. These titration
curves were also included in the calculation of the stability con-
stants. Duplicate titrations were carried out to check the reproduc-
ibility of the pH-metric measurements. The reproducibility of
titration points included in the evaluation was within 0.005 pH
units in the entire pH range. For the potentiometric titration, an
automatic titration set including a Dosimat 665 (Metrohm) auto-
burette, an Orion 710A precision digital pH-meter and an IBM com-
patible personal computer were used. An Orion 9103BN or a
Metrohm 6.0234.100 type semimicro combined pH electrode was
calibrated for the hydrogen ion concentration according to the
method of Irving et al. [18]. The difference between pH meter read-
ings and log[H+] was constant in the pH range 2–4 and 10–11.6.
Thus, the junction potential proved to be constant, albeit not neg-
ligible, as discussed previously [19]. Concentration stability con-
stants bpqr = [MpLqHr]/[M]p[L]q[H]r were calculated through the
aid of the PSEQUAD computer program [20,21].

2.4.2. Spectroscopic measurements
Since the interactions of Co(II) with the ligands studied are not

so strong as with the previously studied Cu(II), VO(IV), and Al(III)
ions, and the potential danger of oxidation of the metal ion in-
creased the uncertainty of the potentiometric titrations, complex
formation was concurrently monitored spectrophotometrically by
measuring the UV–Vis absorption of the same samples studied
pH-metrically in the wavelength range 300–800 nm. A special
titration cell was constructed for these measurements consisting
of a light tube, with quartz windows on both ends (path
length = 3.005 cm), built into a conventional water-jacketed poten-
tiometric cell. In this way, pH-metric and spectrophotometric titra-
tions could be carried out in the same sample. The titration system
was kept under an argon atmosphere in order to avoid oxidation of
Co(II) to Co(III). This could be easily checked by UV–Vis spectros-
copy due to the lack of the intense absorption in the wavelength
range <400 nm, characteristic for octahedral Co(III) complexes.
The spectral data were evaluated with the PSEQUAD computer pro-
gram [20,21] to obtain the stability constants (and also the individ-
ual spectrum) of complexes formed in the investigated metal–
ligand systems. Finally, a joint evaluation of the pH-metric and
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spectrophotometric data took place and each data set was accepted
as the best one describing the speciation for a specific binary
system.

The UV–Vis spectrophotometric data could be used to obtain
information about (a) the geometry of the complexes formed be-
tween Co(II) and nitrilotriacetic acid, N-(phosphonomethyl) imino-
diacetic acid, N,N-bis(phosphonomethyl) glycine, and nitrilo
tris(methylene-phosphonic acid) derivatives, and (b) the changes
in the binding mode of the complexes formed. Electronic absorption
spectra of the complexes formed in the Co(II)–ligand systems were
recorded on a Hewlett–Packard 8452 diode-array spectrometer.

2.5. Synthesis of complex (NH4)3[Co(C4H6O8NP2)(H2O)2]�4H2O (1)

A sample of 0.17 g (0.58 mmol) of Co(NO3)2�6H2O and 0.16 g
(0.59 mmol) of N,N-bis(phosphonomethyl) glycine (NTA2P) were
dissolved in 5 ml of nano-pure water. The pH of the resulting
solution was adjusted to 8 using aqueous ammonia. The reaction
mixture was stirred at room temperature for about 30 min. Subse-
quently, the reaction flask was placed at 4 �C in the presence of
ethanol. As a result, several weeks later pink crystals were depos-
ited. The crystalline material was collected by filtration and dried
under vacuum. Yield: 0.16 g (�59%). Anal. Calc. for (NH4)3[Co
(C4H6O8NP2)(H2O)2]�4H2O (1) (C4H30CoN4O14P2, MW = 479.19): C,
10.03; H, 6.31; N, 11.69. Found: C, 10.04; H, 6.33; N, 11.64%.

2.6. X-ray crystallography

2.6.1. Crystal structure determination
X-ray quality crystals of compound 1 were grown from water–

ethanol solutions. A single crystal, with dimensions 0.04 � 0.18 �
0.28 mm was mounted on a Crystal Logic dual-goniometer diffrac-
tometer, using graphite monochromated Mo Ka radiation. Unit cell
dimensions for 1, were determined and refined by using the
angular settings of 25 automatically centered reflections in the
range 11 < 2h < 23�. Crystallographic details are given in Table 1.
Intensity data were measured by using h � 2h scans. Throughout
data collection, three standard reflections were monitored every
97 reflections, and showed less than 3% variation and no
decay. Lorentz, polarization corrections were applied by using
CRYSTAL LOGIC software. Further experimental crystallographic details
for 1: 2hmax = 46�; number of reflections collected/unique/used,
2641/2536[Rint = 0.0636]/2536; 299 parameters refined; F(0 0 0) =
Table 1
Summary of crystal, intensity collection and refinement data for (NH4)3[Co(C4H6O8N-
P2)(H2O)2]�4H2O (1).

Formula C4H30CoN4O14P2

Formula weight 479.19
T (K) 298
Wavelength Mo Ka 0.71073
Space group P21/n
a (Å) 11.633(7)
b (Å) 10.670(6)
c (Å) 15.87(1)
a (�) 90.0
b (�) 109.24(2)
c (�) 90.0
V (Å3) 1860(2)
Z 4
Dcalc (mg m�3) 1.712
Absorption coefficient (l) (mm�1) 1.168
Range of h,k,l �12 ? 12, �11 ? 0, 0 ? 17
Ra R = 0.0755b

Rw
a Rw = 0.1950b

a R values are based on F values, Rw values are based on F2.

R ¼
P
jjFo j�jFc jjP
ðjFo jÞ

;Rw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
½wðF2

o�F2
c Þ

2 �P
½wðF2

o Þ
2 �

r
.

b [2017 Refs. I > 2r(I)].
1004; (D/r)max = 0.009; (Dq)max/(Dq)min = 0.692/�1.229 e/Å3;
GOF = 1.098; R/Rw (for all data), 0.0919/0.2171.

The structure of complex 1 was solved by direct methods using
SHELXS-97 [22], and refined by full-matrix least-squares techniques
on F2 with SHELXL-97 [23]. All non-H atoms in the structure of 1
were refined anisotropically. All H-atoms in the structure of 1 were
located by difference maps and were refined isotropically.

3. Results

3.1. Synthesis

Complex 1 has been synthesized via a facile pH-specific reaction
between Co(II) and N,N-bis(phosphonomethyl) glycine with a
1:1 M ratio. The overall reaction leading to the isolation of 1 is
shown below:

CH2

P OH

OO -

H2C

H2O3P

NH

CH2COOH

Co(NO3)2        + +      5 NH3   +   6 H2O pH 8

(NH4)3[Co(C4H6O8NP2)(H2O)2] .  4 H2O    +    2 NH4NO3

+

Elemental analysis on the pink-colored crystalline product sug-
gested the formulation (NH4)3[Co(C4H6O8NP2)(H2O)2]�4H2O (1).
Ammonia was crucial in the investigated reaction. It not only
helped to adjust the pH of the reaction mixture, but it also pro-
vided the necessary counterions to balance the arisen negative
charge of the anionic complex. All of these points were subse-
quently proven by X-ray crystallography. The crystals isolated
from the reaction mixture are stable in the air for long periods of
time, with no visible deterioration. The title complex is soluble in
water and insoluble in alcohols (CH3OH, i-PrOH, etc.), acetonitrile,
and dimethyl sulfoxide (DMSO).

3.2. Description of crystal structure of (NH4)3[Co(C4H6O8NP2)(H2O)2

]�4H2O (1)

The X-ray crystal structure of 1 reveals the presence of discrete
anions [Co(C4H6O8NP2)(H2O)2]3� and NH4

+ counterions. The
DIAMOND diagram of 1 is shown in Fig. 1. Selected interatomic
distances and angles for 1 are listed in Table 2. The structure con-
sists of a mononuclear complex of Co(II). The coordination sphere
of the central metal ion Co(II) is formulated by the organophosph-
onate ligand N,N-bis(phosphonomethyl) glycinate (@O3P–CH2–
N(CH2COO�)–CH2–PO3

@ = NTA2P5�). Thus, one NTA2P5� ligand
employs the two phosphonate groups to coordinate to Co(II)
through both of its doubly deprotonated hydroxides, the imino
nitrogen atom and the remaining carboxylate group participating
in monodentate coordination. Since both phosphonate groups are
doubly deprotonated, three ammonium ions counteract the gener-
ated 3� charge of the arising anionic complex. Two water mole-
cules complete the distorted octahedral coordination geometry
around the Co(II) ion.

The Co–O distances in 1 are similar to those observed in other
octahedral Co(II) sites, among which are those in [Co(C2H8O6N-
P2)2(H2O)2] (2.067(2)–2.132(2) Å) (2) [24], [Co(C4H9O8NP2)



Table 2
Selected bond lengths (Å) and angles (�) in (NH4)3[Co(C4H6O8NP2)(H2O)2]�4H2O (1).

Bond distances (Å)
Co–O(1) 2.129(6) Co–N(1) 2.181(6)
Co–O(4) 2.103(5) Co–O(1w) 2.056(7)
Co–O(7) 2.041(6) Co–O(2w) 2.095(5)

Angles (�)
O(7)–Co–O(4) 93.3(2) O(1w)–Co–O(2w) 90.8(2)
O(7)–Co–O(1) 92.6(2) O(1w)–Co–O(4) 87.2(2)
O(4)–Co–O(1) 168.4(2) O(2w)–Co–O(4) 96.5(2)
O(7)–Co–N(1) 81.5(2) O(1w)–Co–O(1) 86.5(2)
O(4)–Co–N(1) 84.9(2) O(2w)–Co–O(1) 93.4(2)
O(1)–Co–N(1) 86.1(2) O(1w)–Co–N(1) 96.2(2)
O(7)–Co–O(1w) 177.6(2) O(2w)–Co–N(1) 172.9(3)
O(7)–Co–O(2w) 91.5(2)

Fig. 1. Crystal structure of the anion in (NH4)3[Co(C4H6O8NP2)(H2O)2]�4H2O (1).
Thermal ellipsoids are drawn by DIAMOND and represent 50% probability surfaces.
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(H2O)2]�2H2O (2.100(2)–2.141(2) Å) (3) [16], (NH4)4[Co(H2O)6]
[(H2O)2Co(HNTA2P)Co(NH3)2(H2O)3]2[Co(NTA2P)(H2O)2]2�10H2O�
1.36CH3CH2OH (2.060(3)–2.147(3) and 2.073(4)–2.117(3) Å)
(4) [17], (NH4)4[Co(C6H5O7)2] (2.051(2)–2.157(2) Å) (5) [25],
[Co{COOCH2CH(OH)COO}]�3H2O (2.067(3)–2.136(3) Å) (6) [26],
and the phosphonate derivatives [Co(NH3CH2PO3)2(H2O)2]
(2.104(4)–2.121(4) Å) (7) [27], [Co(HO3PC(CH3)(OH)PO3H)2-
(H2O)2] [NH2(C2H5)3]2 (2.064(2)–2.179(2) Å) (8) [28]. Moreover,
the M(II)–O distances are similar to those in other complexes
including {NH3CH2CH2NH3}�{Ni[O2CCH2N(CH2PO3H)2](H2O)2}2

(2.028(6)–2.097(6) Å) (9) [29].
The angles within the equatorial plane in 1 are in the range

84.9(2)–96.5(2)�, and hence stand variably spread around the ideal
octahedral angle of 90�. The aforementioned angle values are sim-
ilar to those observed in (2)–(8) and the heterometal complexes
[Cu(HO3PC(CH3)(OH)PO3H)2]2� (84.7–95.3� and 87.8–92.2�,
respectively) [30] and [Zn(HO3PC(CH3)(OH)PO3H)2]2� (85.0–95.0�
and 88.6–91.4�, respectively) [30].

Hydrogen bonding interactions are present in the crystal struc-
ture of 1 (Table 3). These interactions involve the coordinated
water molecules, the ammonium counterions, and the phospho-
nate and carboxylate oxygen atoms of the NTA2P5� ligand. Collec-
tively, the hydrogen bonds generate an extensive network, which
likely contributes to the overall stability of the crystal lattice
(Fig. 2) in 1.
3.3. Electronic spectroscopy

The UV–Vis spectrum of 1 was recorded in water (see Support-
ing Information). The spectrum exhibits a major peak at
kmax = 540 nm, a well-discernible shoulder around 478 nm, and a
strongly absorbing band rising into the UV with a maximum at
220 nm. The absorption features in the low energy region are likely
due to d–d transitions, which are typical for a Co(II) d7 octahedral
species [31]. The absorption features around 500 nm could be ten-
tatively attributed to the 4T1g ?

4T1g(P) transition. The observed
multiple structure is in line with literature reports invoking (a)
admixture of spin forbidden transitions to doublet states derived
from 2G and 2H, (b) spin–orbit coupling, and (c) vibrational or
low symmetry components, to account for the complexity of the
spectrum [32]. In the absence of detailed studies no further assign-
ments could be proposed. The spectrum of 1 in water is different
from that of Co(II)aq [33] reflecting the unique coordination sphere
composition of Co(II) in solution.

3.4. FT-IR spectroscopy

The FT-infrared spectrum of complex 1, in KBr, shows strong
absorptions for the various vibrationally active groups. Antisym-
metric as well as symmetric vibrations for the carboxylate group
of the coordinated NTA2P5� ligand dominated the spectrum. Spe-
cifically, antisymmetric stretching vibrations mas(COO�) were pres-
ent for the carboxylate carbonyls around 1590 cm�1. Symmetric
vibrations ms(COO�) for the same group were present in the range
1400–1381 cm�1. The frequencies of the observed carbonyl vibra-
tions were shifted to lower values in comparison to the
corresponding vibrations in the free NTA2P acid. The difference be-
tween the symmetric and antisymmetric stretches, D(mas(COO�)–
ms(COO�)), was greater than 200 cm�1, indicating that the carbox-
ylate group of the NTA2P5� ligand was either free or coordinated
to the metal ion in a monodentate fashion [34]. This contention
was further confirmed by the X-ray crystal structure of 1. Vibra-
tions for the PO3 groups are observed for the antisymmetric
stretching vibrations mas(PO3) between 1088 and 1053 cm�1. Sym-
metric stretching vibrations ms(PO3) are observed in the range 974–
915 cm�1. The frequencies for the aforementioned stretches appear
to be shifted to lower values compared to those of free NTA2P acid,
indicating changes in the vibrational status of the ligand upon
coordination to the Co(II) ion [35,36]. The aforementioned tenta-
tive assignments are, also, in consonance with previous results re-
ported for iminophosphonate containing complexes of Co(II) and
various metals [37].

3.5. Magnetic susceptibility studies

3.5.1. Magnetic susceptibility
Fig. 3 shows the vVT versus T susceptibility data at 0.7 T, while

the solid line represents the fit according to the following general
Hamiltonian (Eq. (1)):

H ¼ D S2
z �

1
3

SðSþ 1Þ
� �

þ EðS2
x � S2

yÞ þ glBH � S ð1Þ

where all the parameters have their usual definitions, and S = 3/2.
The vVT values decrease smoothly from 3.07 emu mol�1 K at

300 K to 2.70 emu mol�1 K at 98 K and then more steeply to the va-
lue of 1.6 emu mol�1 K at 2.0 K. The high-temperature value of vVT
is higher than 1.875 emu mol�1 K, the value that would be ex-
pected for a Co(II) system with an S = 3/2. This behavior is consis-
tent with the presence of a significant orbital contribution to the
anisotropic nature of the investigated Co(II) system. The employed
fitting model for the susceptibility data is shown in [Eq. (1)]. The
model takes into account (a) both the axial and rhombic parts of
distortion of the crystal field (D, E), and (b) an isotropic g-value,
with the fitting results yielding the following parameters:
D = 70(1) cm�1 and g = 2.5(1). The theoretical curve is shown as a



Table 3
Hydrogen bonds in 1.

Interaction H� � �A (Å) D� � �A (Å) D–H� � �A (�) Symmetry operation

O1w–H1wA� � �O3w 1.919 2.657 156.8 x, 1 + y, z
O1w–H1wB� � �O4 1.839 2.692 176.1 1 � x, �y, 1 � z
O2w–H2wA� � �O2 1.872 2.682 174.1 1.5 � x, �0.5 + y, 1.5 � z
O2w–H2wB� � �O6 1.991 2.795 167.4 1–x, �y, 1 � z
O3w–H3wA� � �O3 1.748 2.716 161.2 1 � x, �y, 1 � z
O3w–H3wB� � �O8 1.947 2.752 151.8 �0.5 + x, �0.5 � y, �0.5 + z
O4w–H4wA� � �O5 1.927 2.744 171.3 x, y, z
O4w–H4wB� � �O6w 2.158 2.781 132.2 0.5 + x, �0.5 � y, 0.5 + z
O5w–H5wA� � �O5 2.014 2.696 170.5 x, y, z
O5w–H5wB� � �O3 1.893 2.794 176.3 x, �1 + y, z
O6w–H6wA� � �O8 1.930 2.700 178.1 2 � x, �y, 1 � z
O6w–H6wB� � �O6 1.887 2.700 154.0 x, y, z
N2–H2wA� � �O1 2.220 2.879 140.7 1.5 � x, �0.5 + y, 1.5 � z
N2–H2wB� � �O3 2.117 3.028 155.8 x, �1 + y, z
N2–H2wC� � �O4 1.703 2.816 174.0 x, y, z
N2–H2wD� � �O4w 2.098 2.902 157.5 x, y, z
N3–H3wA� � �O6 2.035 2.891 175.0 x, y, z
N3–H3wB� � �O1 1.769 2.805 167.9 1 � x, �y, 1 � z
N3–H3wC� � �O3 2.037 3.107 168.9 x, �1 + y, z
N3–H3wD� � �O8 2.540 3.233 155.1 �0.5 + x, �0.5 � y, �0.5 + z
N4–H4wA� � �O6w 2.208 3.047 154.7 x, y, z
N4–H4wB� � �O5w 1.859 2.746 169.4 1.5 � x, 0.5 + y, 0.5 � z
N4–H4wC� � �O2 1.803 2.703 178.0 �0.5 + x, 0.5 � y, �0.5 + z
N4–H4wD� � �O6w 2.458 3.237 144.7 1.5 � x, 0.5 + y, 0.5 � z

Fig. 2. Development of parallel chains of the anion of 1 in the ab plane of the crystal
lattice.
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Fig. 3. Temperature dependence of the magnetic susceptibility of 1, in the form of
vMT versus T, in the temperature range 1.7–300 K using an external magnetic field
of 0.7 T. The solid line represents the fitting results. Different simulations of the
susceptibility equation for different values of the D parameter (D = 0, 20, 40) are
also shown as solid lines (see text).
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solid line in the same figure. Therein, various simulations with dif-
ferent values of the D parameter (and the same g-value) are also
shown. It must be pointed out that the sign of the D parameter
along with the E parameter are not resolved from the magnetic
measurements, while introduction of an axial symmetry to the
g-parameter (g\, g||) leads to no improvement of the fit. The large
value of the D parameter is in accordance with an octahedral Co(II),
where the ground state doublet is well-isolated from the excited
ones [38].
3.6. Magnetization studies

The magnetization data for 1 in the form of M/NlB versus H/T,
are shown in Fig. 4, at 2 K and in the field range 0–5 T. The dotted
line represents the theoretical magnetization curves for a system
having a ground state with an effective spin S = 1/2 and effective
g value equal to 4.33. The ground state of the free high-spin Co(II)
ion in an octahedral environment is 4F, but the orbital degeneracy
is removed in an octahedral crystal field yielding one 4A and two 4T
levels, with the lowest-lying state being a 4T1g. The degeneracy of
the 4T1g level is removed through the action of axial and rhombic
distortions of the crystal field as well as through spin–orbit
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Fig. 4. Magnetization of 1, in the form of M/NlB versus H/T, at 2 K and in the field
range 0–5 T. The solid line represents the theoretical Brillouin functions for an
isolated S = 1/2 system with a geff 4.33.

0 2000 4000 6000 8000

58K

35K

24K

10K

H/G

4K

Fig. 5. Temperature dependence of the powder X-band EPR spectrum of 1 in the
field range 0–8000 Oe.
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coupling. The overall effect of low symmetry crystal-field compo-
nents and spin–orbit coupling produces six Kramers doublets and
results in a doublet ground state. Since (a) the same doublet energy
level remains lowest in energy for all values of the applied field
strength, and (b) the energy difference between the two lowest
lying doublets is relatively large with respect to the thermal energy
present at low temperatures (<30 K), the Co(II) system may be
described as one having a ground state with an effective spin of
S = 1/2. Since there is no discrepancy between the theoretical and
the experimental curves, intermolecular interactions are of no-
importance in the low temperature regime.
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Fig. 6. Temperature dependence of the frozen water solution X-band EPR spectrum
of 1 in the field range 0–8000 Oe.
3.7. EPR spectroscopy

X-band EPR measurements were carried out in powder samples
as well as in frozen solutions of 1 in water and are shown in Figs. 5
and 6, respectively. As a consequence of the fast spin–lattice relax-
ation time of high-spin Co(II), signals were observed only below
70 K. For the powder spectra, at temperatures T < 25 K, a rather
complicated spectrum appears with many signals at low fields,
making it quite difficult to follow the usual simulation procedure
[39].

The dominant broadening effect emerges when the g-strain is
converted into B-strain through the equation DB ¼ �ðhmlB

ÞðDg
g2Þ, where

the parameters have their usual meaning. Thus, the largest and
smallest g-values of the powder and solution spectra have field
widths that differ by an order of magnitude, thereby rationalizing
the broad high-field features of the spectrum. It is clear that the
system retains its structure in solution, with the g strain effect
being the dominant factor responsible for the observed shift of
the g value of the derivative signal (4.3(1) in the solid state and
3.7(1) in solution) upon passing from the solid to the solution state.

A very important feature of the Co(II) ion is the value of the
effective g-parameter, geff, extracted from the EPR measurements,
as a result of which interesting comments can be made about the
influence or not of intermolecular interactions on that parameter
[16]. It was shown that for values of geff > 4.3(1) (in the EPR spectra
of Co(II) complex powder samples), the intermolecular interactions
contribute significantly to the magnetic behavior of the system,
while for all the other cases (geff < 4.3(1)) no significant intermolec-
ular interactions are observed. Although it was not possible to de-
rive a geff value from the powder EPR spectrum, the simulation of
the magnetization curve gave a value of geff close to 4.3(1), which
shows that intermolecular interactions are not significant (a Brill-
ouin function of an isolated S = 1/2 system could reproduce the
magnetization).

Another important aspect of this study [16] is the derivation
of the D parameters for various Co(II) complexes. In the specific
case of the low pH-structural variant [Co(C4H9O8NP2)(H2O)2]�
2H2O (3) [16] it was shown that the D value is 41 cm�1, while
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in the case of 1 the D value is higher (ca. 70 cm�1). This differ-
ence could be easily explained by the larger crystal field effect
expected in 1 due to the deprotonated character of the ligand
in the complex.
3.8. Cyclic voltammetry

The cyclic voltammetry of complex 1 was studied in aqueous
solutions, in the presence of KNO3 as a supporting electrolyte.
The cyclic voltammogram of 1 (scan rate 200 mV/s) exhibits an
ill-defined electrochemical behavior with an irreversible wave at
�0.64 V versus Ag/AgCl. The observed irreversibility reflects com-
plex electrochemical processes, involving Co(II)/Co(I) redox state
and coordination number changes. Attempts to pursue the isola-
tion of reduced products of 1 are currently ongoing.
3.9. Aqueous speciation

3.9.1. Protonation equilibria
A maximum of four protons in the NTA and a commensurate

number of protons in its phosphonate derivatives are involved
in deprotonation processes in the measurable pH range (see Ta-
ble 4). The proton dissociation constants of the studied ligands
(listed in Table 4) are the mean values of the data determined
by us in the past [40–42] as well as in the herein reported work.
The data are in good agreement with those reported previously
and they are within the indicated experimental error [41–43].
The pK values of the PO3H2 groups are �1 or lower and have
not been determined in these cases. One of the carboxylic func-
tions of each ligand (except NTA3P) is deprotonated in the pH
range 2–3.5; the acidity of these groups increases along with
the number of phosphonate groups. The pK values of the second
(NTA, NTAP) and the third (NTA) carboxylic functions are lower
than 2 and these values, if at all, can be determined pH-metrically
only with rather high uncertainties. Moreover, the ensuing depro-
tonations occur in the pH range 4–7 and correspond to the PO3H�

groups. Therefore, the most basic donor is the tertiary amino
group in the aforementioned ligands with pK values 9.5–12.3
(see Table 4). In addition, basicity increases with increasing num-
ber of phosphonate groups, due to their negative charge and elec-
tron repelling effect [41–43].
Table 4
Proton dissociation constants and Co(II) complex formation constants of NTA and its
phosphonic acid derivatives at 25 �C and I = 0.20 mol dm�3 (KCl). The pK values of the
studied ligands are the average of the data determined by us in the past as well as in
the herein reported work.

NTA NTAP NTA2P NTA3P

pKNHþ 9.58(7) 10.53(1) 11.54(12) 12.3a

pKPO3H� – 5.48(3) 6.30(6) 7.03(11)
pKPO3H� – – 4.90(5) 5.70(3)
pKPO3H� – – – 4.47(5)
pKCOOH 2.43(7) 2.29(3) 1.95(14) –
pKCOOH 1.78(10) 1.32(10) – –
pKCOOH 1.2(2) – – –
CoAH3 – – – 27.94(8)
CoAH2 – – 22.42(7) 24.38(6)
CoAH – 16.11(6) 17.97(5) 19.49(4)
CoA 9.80(6) 11.04(5) 12.55(4) 13.67(5)
CoAH�1 �1.41(5) �0.45(6) 0.25(5)
CoA2 13.76(7) 13.54(9) – –
pKCoAH3

– – – 3.55
pKCoAH2

– – 4.45 4.90
pKCoAH – 5.07 5.42 5.81
pKCoA 11.22 11.49 12.30 >13b

a Taken only from the references, this value could not be fit in this particular case.
b Estimated value.
3.9.2. Co(II)–NTAxP complex formation processes
The species distribution curves for the complexes formed in the

binary systems of Co(II)–(NTA-type) and aminophosphonate deriv-
ative ligands, are depicted in Figs. 7–10, and the stability constants
as well as the spectral parameters can be found in Tables 4 and 5,
respectively. The NTA-like ligands are potentially tetradentate me-
tal ion binders [41–43], and do not prefer to form bis-complexes in
comparison with the corresponding iminodiacetic derivatives [41–
43]. Bis-complex formation grows less and less likely as the num-
ber of phosphonate groups increases. CoA2 bis-complex formation
can be observed only in the case of the Co(II)–NTA and Co(II)–NTAP
systems. Coordination of the second ligand is hindered, however,
as that is demonstrated by the very low log K(CoA2) values 3.96
and 2.50, and very large log [K(CoA)/K(CoA2)] values = 5.84 and
8.53, respectively. The spectral parameters of the CoA2 bis-com-
plexes resemble those projecting a usual octahedral geometry
(Table 5B).

Furthermore, as more COO� groups are replaced by PO3
2�

groups, there is a higher tendency for the ligands to form proton-
ated complexes. While for NTA, no protonated complex can be ob-
served, in the case of mixed carboxyphosphonate derivatives
(NTAP and NTA2P) the CoAH (and the CoAH2) species appears in
a high amount (at least �60%). In the case of the binary Co(II)–
NTA3P system, the CoAH3 species forms at a significant concentra-
tion at pH 3.5–4. The relatively low values of the stepwise proton-
ation constants in the series CoA ? CoAH ? CoAH2 ? CoAH3

suggest that protonation occurs at the phosphonate arms, while
the nitrogen atom remains coordinated. The same behavior had
been previously observed in the case of the corresponding Cu(II)
complexes [40]. However, the coordination of all phosphonate
groups of the NTA3P ligands to Co(II) ions is not likely.

The first complex formed in the binary Co(II)–NTAxP (x = 0, NTA;
x = 1, NTAP; x = 2, NTA2P) system has very similar spectral param-
eters in all cases (kmax 514–516 nm, e 16–22 mol�1 dm3 cm�1)
(Table 5A). This species, presumably as in the case of NTA, reveals
a (N, (COO�)3�x) binding mode with all ligand molecules, however
the partial coordination of the protonated phosphonate residue
can not be excluded. In the first deprotonation process (x = 1,2),
one phosphonate enters the coordination sphere of the metal ion
and the spectrum changes, exhibiting a feature at kmax = 538 nm,
e = 30–38 mol�1 dm3 cm�1. The deprotonation and probably coor-
dination of the second phosphonate group in the case of NTA2P
causes a further increase (e 20.6 mol�1 dm3 cm�1) in the molar
absorbance, while kmax hardly changes (�2 nm). The spectral
parameters of the Co(II)-complexes with NTA3P do not follow this
‘‘trend’’: the molar absorbance of the first species (CoAH3) is much
higher than the others. The deprotonations in the other cases cause
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Table 5
The UV–Vis spectroscopic data on the individual complexes formed in the Co(II)–NTA
and phosphonate derivative systems at 25 �C and I = 0.20 mol dm�3 (KCl).

Ligand kmax emax

CoA CoAH CoAH2 CoAH3 CoA CoAH CoAH2 CoAH3

NTA 514 – – – 22.0 – – –
NTAP 538 514 – – 37.5 18.3 – –
NTA2P 540 538 516 – 52.7 32.1 16.1 –
NTA3P 536 538 538 542 37.0 38.4 29.9 42.9

Ligand CoAH�1 CoA2

kmax1 emax1 kmax2 emax2 emax2/emax1 kmax emax

NTA 632 65.8 496 47.7 0.73 514 12.2
NTAP 628 83.1 508 67.3 0.81 518 12.9
NTA2P 618 64.3 518 63.3 0.98 – –
NTA3Pa �600 59.5 532 43.3 �1.4 – –

a The species CoAH�1 probably forms with NTA3P too. However, the observed
�5% formation at pH �12.0 is not enough to determine accurate spectral
parameters.
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increase of the molar absorbance (16–21 mol�1 dm3 cm�1). In this
case, the molar absorbance decreases first, then it increases a little
(8 mol�1 dm3 cm�1) and finally it decreases again.

As the pH increases, the species CoA undergoes further deproto-
nation to form complexes CoAH�1 (x = 1–3), and a significant
color change from pink to bluish green (reflected in the spectral
parameters shown in Table 5B) indicates formation of mixed
hydroxo complexes (see Figs. 2–4 Supporting Information); based
on the spectral parameters the geometry of these species is
tetrahedral.
4. Discussion

4.1. Synthetic and structural chemistry in the Co(II)–NTA2P binary
system

The interaction between metal ions, such as Co(II), and various
phosphonate ligands has been a challenge in research over the past
few years. In the case of the family of phosphonates originating in
the tricarboxylic acid NTA, a specific derivative, i.e. NTA2P, has
been the focus of investigation in the presence of Co(II) ions. Given
the fact that NTA2P possesses five protons capable of undergoing
deprotonation as a function of pH and could coordinate metal ions
through various binding modes, the chemical reactivity of the bin-
ary Co(II)–NTA2P system was probed through a thorough struc-
tural speciation approach. In this regard, synthetic efforts in this
system were launched as a function of pH in aqueous media (vide
infra). As a result, several species have been isolated, and their
structural and spectroscopic properties have been well-character-
ized. Hence, a mononuclear species [Co(C4H9O8NP2)(H2O)2]�2H2O
was first isolated at low pH [16], while at slightly higher pH 5.5
an assembly of species (NH4)4[Co(H2O)6][(H2O)2Co(HNTA2P)-
Co(NH3)2(H2O)3]2[Co(NTA2P)(H2O)2]2�10H2O�1.36CH3CH2OH was
isolated, providing a first insightful glimpse of the speciation in
this binary system [17].

The paucity of well-defined species at high pH values and the
need to investigate solid state-solution structure-properties corre-
lations prompted us to investigate the Co(II)–NTA2P synthetic
chemistry at high pH. To this end, compound (NH4)3[Co(C4H6O8N-
P2)(H2O)2]�4H2O (1) was synthesized and isolated in a facile man-
ner at pH 8. The analytical and structural properties of 1 suggest
that the mononuclear species contains the diphosphonate ligand
bound to Co(II) as a tetradentate ligand. Both the phosphonate
and carboxylate moieties act as monodentate anchors of NTA2P
to the metal ion, with the imino nitrogen being the fourth anchor
due to its Lewis basic character. The two remaining coordination
sites were filled with water ligands from the reaction medium.
The NTA2P ligand is a quintuply deprotonated ligand, with the
sites of deprotonation being both the phosphonate moieties and
the carboxylate group. Varying deprotonation states linked to var-
iable modes of phosphonate coordination had been previously ob-
served in a number of metal organophosphonate complexes
containing phosphonate ligand terminals [44]. A characteristic
example is the iminodiphosphonate ligand H4IDA2P (dubbed
IDA2P) anchored onto octahedral Co(II), with a coordination mode
typical of a singly deprotonated phosphonate terminal group on
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either side of the central imino group. IDA2P ligand can be viewed
as a derivative of the iminodiacetic acid ligand HOOC–CH2–NH–
CH2–COOH (H2IDA dubbed IDA), where the two terminal carboxyl-
ates are replaced by phosphonates [45,46]. Along the same
lines, solution and synthetic studies with a number of amin-
oalkylphosphonates and IDA derivative phosphonate ligands, like
N-(phosphonomethyl) glycine [47], have been carried out in the
presence of metal ions [48,49]. The studies suggest that these li-
gands react expediently with metal ions, such as Co(II), forming
soluble metal chelates. For a number of such complexes proposed
to exist in solution, the thermodynamic parameters were deter-
mined and greater stability was suggested for several of the amin-
ophosphonate versus aminocarboxylate metal species [48c].

Structural comparison of 1 with congener species in the same
binary system (3 and 4) reveal that (a) mononuclear species exist
in both low and high pH values, in line with the aqueous speciation
distribution of the binary Co(II):NTA2P system and the structural
characterization of the synthesized and isolated species so far,
(b) the coordination geometry is octahedral at both low and high
pH values of aqueous media from which the various well-charac-
terized species are isolated. Higher pH values favor tetrahedral
Co(II) coordination, (c) the bulk, steric requirements of the NTA2P
ligand and its coordination properties around divalent metal ions
necessitate the presence of two water molecules, saturating the
octahedral coordination sphere of Co(II).

Further comparison of the properties of the pH-structural vari-
ants 1 and 3 reveal that qualitative spectroscopic and structural
changes did occur in the mononuclear species, including (a) a bath-
ochromic shift of the main absorption band (540 nm (1) versus
550 nm (3)) in the UV–Vis spectra with decreasing pH, and (b) low-
er frequency shifts in the observed FT-IR pattern of the antisym-
metric and symmetric stretches of the carboxylate group
vibrations, upon going from the low pH species 3 (1664 cm�1

and 1461–1408 cm�1, respectively) to the high pH-structural vari-
ant species 1 (1590 cm�1 and 1400–1381 cm�1, respectively).

4.2. The aqueous speciation of binary Co(II)–NTAxP (x = 0–3) systems

A clear picture of the solution distribution of species, arising as
a result of the binary interactions between Co(II) and the various
NTA derivatives, was a firm step toward comprehending the chem-
istry involved and the potential species to be synthesized, isolated,
and characterized. To this end, all potential ligands from NTA (an
all-carboxylic acid containing species) to NTA3P (an all-phos-
phonic acid containing species) were examined. The species distri-
butions derived from the binary speciation diagrams are in line
with past reports [43] and denote the following: (a) as the number
of phosphonic acid moieties increase in the tripodal NTA frame-
work, the 1:2 CoA2 stoichiometry is not supported for electrostatic
and steric reasons. The tetradentate coordination of the first ligand
molecule allows only the unfavored bidentate coordination of the
second ligand (in the 1:2 species). The substitution of COO� donors
by PO3

2� hinders further coordination of a second ligand molecule,
due to the larger space requirements and the higher charge of the
phosphonate group. Thus, 1:2 CoA2 species are suggested to exist
only in the case of the Co(II)–NTA and Co(II)–NTAP systems. (b)
as the number of phosphonic acid moieties increases in the NTA
framework, basicity of the ligand increases and the number of bin-
ary protonated species CoAHn increases. The deprotonation and
possible subsequent coordination of the phosphonate arms occur
in the pH region 3–6, however, the partial coordination of a proton-
ated phosphonate residue can not be excluded. While the tetraden-
tate coordination of NTA occurs very likely in solution, this type of
coordination for the NTA-type phosphonate ligands seems to grow
less and less favored as the number of the phosphonate moieties
increases in the molecule. The increasing negative charge around
the metal ion, with di-negatively charged methylenephosphonate
arms instead of the uninegatively charged methylenecarboxylate
arms, may hinder coordination of all donors to the same metal
ion. The observed spectral parameters clearly prove this in the case
of NTA3P. (c) A comparison of the Co(II) binding ability of the li-
gands with a metal to ligand ratio 1:1, at different pHs (see Sup-
porting Information Fig. 6), shows that it is clear that until pH
�6 the presence of the phosphonate group decreases the stability;
the stability order is NTA > �NTAP > NTA2P > NTA3P. At pH>6 the
order of the sequence reverses, with the presence of the phospho-
nate group increasing the stability. (d) in all cases of the NTAxP
ligands, the nitrogen atom remains coordinated to the metal ion
regardless of the carboxylate or phosphonate moieties present in
the bound ligand. To this end, nitrogen coordination brings about
formation of five-membered rings, known for their contribution
to the stability of the arising complexes. (e) At high pH, a change
in the coordination geometry from octahedral to tetrahedral can
be observed as the last deprotonation step does occur. The pK val-
ues of these processes, involving formation of the ternary hydroxo
species, increase with the number of phosphonate arms and the
charge of the complex.

In the case of the binary Co(II)–NTA2P aqueous system, the spe-
ciation diagram clearly indicates that in the physiological pH range
and around it, the dominant species present at close to 100%
amount is the [CoA]3� species. This species reflects an octahedral
moiety with a fully deprotonated NTA2P5� ligand bound to Co(II).
Such a species is reminiscent of the anion in compound 1, with
the remaining two coordination sites being occupied by solvent
water molecules. The direct similarity between the species sug-
gested by the aqueous speciation studies and the one actually syn-
thesized, isolated and crystallographically characterized species,
justifies the structural speciation approach and its power in com-
prehending metal ionic interactions with substrates bearing
C,N,O-containing carboxy and phosphonate anchor groups. Fur-
thermore, the two bound water molecules in the anion in 1, being
good leaving groups, suggest further chemical reactivity of 1 to-
ward third targets of distinct nature (N,O-containing substrates of
variable coordination mode and deprotonation state such as N,O-
(hydroxy)carboxylate and mixed carboxyphosphonate derivatives).
To this end, both aqueous solution and synthetic studies (a) reveal
unequivocally detailed features of the arising species as a result of
the binary interactions of Co(II) with NTA2P ligand, and (b) define
the salient structural features formulating reactivity pathways in
which the anion in 1 could seek ternary interactions leading to
complex materials with new physicochemical properties.

The structural attributes of the interaction of NTA2P ligand to-
ward Co(II), as a function of pH, reflect the multipotent coordina-
tion ability of the ligand and exemplify the diverse chemistry
unfolding at both binary and ternary levels in aqueous media. It
appears that this chemistry is reflected in the diverse nature of
species arisen, isolated under variable reaction conditions and
characterized as part of the developing equilibria in the aqueous
binary Co(II):NTA2P system (species 1, 3, and 4). It is very likely
that unknown species, currently eluding isolation in other areas
of the speciation scheme of the binary system exist, thereby
warranting further exploration through synthetic endeavors. The
same applies to the remainder of the Co(II)–NTAxP binary systems,
for which discrete species conforming to the suggestions of the
respective speciation distributions are currently sought
synthetically.

4.3. From binary to ternary metallo-organophosphonates

Metal organophosphonates have drawn considerable attention
in the past years, with relevant materials probing a wide spectrum
of potential practical applications and extending from catalysis to
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electronics. Among metal phosphonates are those containing sim-
ple phosphate groups [50], monophosphonate groups [51], such as
H2O3P–CH2–CH2–COOH, or diphosphonic acids [52], such as
H2O3P–R–PO3H2, where the nature and length of R influence the
dimensionality of the material [53]. The assembled structural net-
works are dependent upon a number of host features, including
shape, size, and selectivity dependent intercalation, inter-layer dis-
tance, coordination site availability, etc. In this sense, diphospho-
nate group-containing pillared layered structures were reported
for vanadium [(VO)(H2O){O3PCH2NH(C2H4)2NHCH2PO3}] [54],
while three-dimensional phases were isolated with manganese,
and cobalt [M{O3PCH2NH(C2H4)2NHCH2PO3}]�H2O (M = Mn(II),
Co(II)) [55]. Based on the above, 1 and 3 are being probed as pre-
cursors in ternary synthetic processes involving N,O-containing
(hydroxy)carboxylate or mixed carboxyphosphonate ligands, seek-
ing new inorganic–organic hybrid materials with uniquely defined
physicochemical properties.

5. Conclusions

An in-depth solution and synthetic investigation of the binary
Co(II)–NTAxP systems in aqueous media revealed the diversity of
binary Co(II) complexes arising as a function of pH and molecular
stoichiometry. From an all-carboxylate (NTA) to an all-phospho-
nate composition (NTA3P), the NTA framework exemplifies key
structural characteristics borne by the arising Co(II)–NTAxP ligand
complexes. Key factors involving electronic, electrostatic and steric
requirements dictate the nature of metal-chelate formation and
composition of the aqueous distribution in each unique binary sys-
tem. These features are amply reflected in the synthesized and iso-
lated Co(II)–NTA2P pH-specific structural variant 1. Comparison of
1 with congener pH-structural variant species in the same binary
system denote the importance of the structural speciation ap-
proach as a powerful tool in (a) providing detailed information
on binary Co(II)–carboxyphosphonate interactions, and (b) probing
ternary Co–L–(N,O,P) interactions in processes leading to new
materials with uniquely defined and differentiated properties from
the nascent Co(II) ion. Henceforth, efforts to (a) pH-dependently
synthesize and characterize new soluble forms of Co(II)–phospho-
nates in line with the discovered aqueous speciation schemes
described herein, and (b) gain access to suitable Co(II)–
phosphonates as precursors to new materials, are under way in
our labs.
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