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Abstract
The calcium(II), iron(III) and chromium(III) alkyl-N-iminodiacetate systems have been 
studied in aqueous solution with respect to stability, acid–base properties and structure. 
The calcium(II) ion forms only one weak complex with methyl-N-iminodiacetic acid in 
water, K1 = 12.9 (2)  mol–1⋅dm3, while iron(III) and chromium(III) form very stable com-
plexes with alkyl-N-iminodiacetic acids. The calcium(II)–methyl-N-iminodiacetate com-
plex is octahedral in the solid state with most probably water in the remaining positions 
giving a mean Ca–O bond distance of ca. 2.36  Å. The iron(III) alkyl-N-iminodiacetate 
complexes have low solubility due to a strong tendency to form polymeric structures. 
Depending on pH in the solution at their preparation, the degree of hydrolysis in the result-
ing compound(s) may differ. In the solid state, the polymeric iron(III) alkyl-N-iminodiace-
tate compounds seem to have the mean composition  Fe2O(Cx-IDA)5; the mean Fe–O bond 
distances to the oxo group and the alkyl-N-iminodiacetate ligands are 1.92 and 2.02  Å, 
respectively. In these complexes the nitrogen atoms are bound at much longer bond dis-
tances, 0.1–0.2 Å, than the carboxylate oxygens. This distribution with short strong Fe–O 
bonds and much longer and weaker Fe–N bonds is also found in most other structurally 
characterized iron(III) carboxylated amine/polyamine complexes. The chromium(III) alkyl-
N-iminodiacetate complexes are octahedral in both solution and solid state, and the low 
solubility of the solid compounds indicates a polymeric structure with the ligands bridging 
chromium(III) ions. Also, chromium(III) binds oxygen atoms in carboxylated amines at 
significantly shorter distance than the nitrogen stoms. The chromium(III) alkyl-N-imino-
diacetate complexes display such slow kinetics at titration with strong base that the back-
titration with strong acid shows completely different acid–base properties, thus the acid–
base reactions are irreversible.
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1 Introduction

Interest is growing for chelating surfactants in technical applications such as separation 
of metal ions and complexes from, e.g., industrial wastewater and polluted soils. In order 
to develop specificity of the chelating surfactants, more detailed knowledge of their phys-
ico-chemical and structural behavior is required. Many chelating surfactants on the market 
are technical products containing several similar compounds, but this means that detailed 
physico-chemical studies cannot be performed accurately. The most common type of 
chelating surfactants, alkyl-polyamine carboxylates, so called APACs, consists of a hydro-
carbon chain and a hydrophilic chelating part [1]. In this project we have chosen to study 
the simplest chelating surfactants of this kind, alkyl-N-iminodiacetic acids (IUPAC name 
alkyl-N-iminodiethanoic acids), as they can be prepared with high purity.

The acidic constants of the iminodiacetic and alkyl-N-iminodiacetic acids show that 
they are present as zwitter ions in aqueous solution as the imino nitrogen is a much stronger 
base than the carboxylate groups, see supplementary Table S1. The acidic constants show 
also that the acetic acid groups are significantly stronger acids in iminodiacetic and alkyl-
N-iminodiacetic acid than in acetic acid itself, while for the imino group the acid–base 
properties are similar to those of the ammonium and alkyl ammonium ions [2].

The alkyl-N-iminodiacetates are reported to form moderately stable complexes with 
calcium(II) and very stable complexes with iron(III) and chromium(III), Tables S2–S4. 
It is important to verify the composition of the complexes present in the systems under 
study, and thereby the definition of the stability constants. In the determination of the 
stability constants of the metal-alkyl-N-iminodiacetic acid systems it has been taken for 
granted that the nitrogen atom is bound to the metal ion and thereby deprotonated, Tables 
S2–S4. Whether this is correct or not will have large implications on the description of 
these systems. It is therefore important to determine the structure at the molecular level of 
the complexes.

The metal ions investigated in this study, calcium(II), chromium(III) and iron(III), are 
typically hard metal ions and the chelating surfactants used are methyl-, n-hexyl-, n-dode-
cyl- and n-octadecyl-N-iminodiacetic acids. The stability constants of the calcium com-
plexes were determined potentiometrically with a calcium ion selective electrode. Crystal 
structures of the limited number of calcium(II), chromium(III) and iron(III) iminodiacetate 
and alkyl-N-iminodiacetate complexes are summarized in Tables S5–S7.

Two crystal structures containing calcium iminodiacetate complexes have been reported 
in the literature, catena-(bis(μ3-hydrogeniminodiacetate)calcium, (Ca(HN(CH2COO)2)n 
[3], and catena-(μ4-N-2-hydroxyethyliminodiacetate-O,O′,O″) calcium trihydrate, 
 (CaC6H9NO5)n·3nH2O [4], Table S5. In the first compound calcium binds only to oxygen 
atoms in an octahedral fashion at a mean Ca–O bond distance of 2.320 Å [3]. In the latter 
compound only one iminodiacetate ligand is bound to calcium. In this compound calcium 
is seven-coordinated by six oxygens, mean 2.414 Å, and one nitrogen atom, 2.591 Å [4]. In 
both compounds the imino nitrogen is protonated. These crystal structures are polymeric 
where the same iminodiacetate ion binds to calcium in chains or networks. This situation is 
not expected to persist in aqueous solution where the reported stability constants show the 
presence of monomeric complexes, Table S2.

Five crystal structures containing iminodiacetato- or alkyl-N-iminodiacetaferrate(III) 
complexes have been reported, Fe(R−N)(CH

2
COO)

2
)−
2
 , R = H [5–7], R = CH3 [8] and 

R = CH2COO– [9], Table S6. In three of these structures [6–8], the mean Fe–O and Fe–N 
bond distances are 1.977 and 2.155  Å, respectively, showing a significantly shorter and 
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stronger binding to oxygen donor atoms than to nitrogen atoms. A similar binding pat-
tern is observed in the iminodiacetato- and alkyl-N-iminodiacetatochromate(III) complexes 
with mean Cr–O and Cr–N bond distances of 1.956 and 2.087 Å, respectively, Table S7. 
This is expected as the hard electron-pair acceptors iron(III) and chromium(III) prefer 
binding to the harder oxygen than to the softer nitrogen. Thirteen crystal structures con-
taining chromium(III) iminodiacetate or alkyl-N-iminodiacetate complexes have been 
reported, Cr(R-N)(CH2COO)2

−, R = H [10–12], R = CH3 [13–15], R = CH(CH3)2 [16], 
R = C(CH3)3 [17], R = CH2CH2OH [18], R = CHCONH2 [19, 20] and R = CH2COOH [21]. 
In these complexes chromium(III) binds strongly to four oxygen atoms from the carboxy-
late groups, mean of 1.96 Å, and to two imine nitrogens at significantly longer bond dis-
tance, mean 2.09 Å, see Table S7 for details.

In the present study the structures of calcium, chromium(III) and iron(III) complexes 
with methyl, n-hexyl-, n-dodecyl- and n-octadecyl-N-iminodiacetate in the solid state have 
been performed by EXAFS as it has not been possible to get single crystals of sufficient 
size and quality for crystallographic investigations. Stability constants of these systems 
in aqueous solution have been determined using calcium, chromium(III) and iron(III) ion 
selective electrodes.

The aim of this study is to get increased knowledge about complex formation, structures 
and physico-chemical properties of calcium, iron(III) and chromium(III) complexes with 
surface active ligands such as alkyl-N-iminodiacetates with varying alkyl chain length. 
This will form the basis for the development of suitable surface active compounds to bind 
and separate metal ions and compounds for industrial and technical applications.

2  Experimental Section

2.1  Chemicals

Methyl-N-iminodiacetic acid,  CH3N(CH2COOH)2 (Aldrich, 99%), perchloric acid 70–72% 
(Merck, p.a.), sodium hydroxide solution (Merck, Titrisol), calcium carbonate (Merck, 
99.0%), sodium perchlorate monohydrate,  NaClO4⋅H2O (Merck, p.a., ≤ 99.0%), ferric  
perchlorate hexahydrate, [Fe(H2O)6](ClO4)3 (GFS Chemicals, ≤ 99.9%), chromium(III) 
perchlorate hexahydrate, [Cr(H2O)6](ClO4)3 (GFS Chemicals, ≤ 99.9%), calcium perchlo-
rate tetrahydrate, Ca(ClO4)2⋅4H2O (Aldrich, 99%), boron nitride, BN (Aldrich, ≤ 99.5%), 
potassium chloride, KCl (Merck, p.a., ≤ 99.95%) were used as purchased. n-Hexyl-, 
n-dodecyl- and n-octadecyl-N-iminodiacetic acid, RN(CH2COOH)2, R = n-C6H13, 
n-C12H25 and n-C18H37, respectively, were prepared as described elsewhere [22], and were 
used without further treatment. The water used was deionized and filtered by a Milli-Q® 
filter system giving water with 18.2 MΩ·cm resistance.

2.2  Sample Preparation

Aqueous stock solutions of 20.2 mmol⋅dm–3 Ca(ClO4)2, pH adjusted to 1.91 with perchlo-
ric acid, and 99.9 mmol⋅dm–3 methyl-N-iminodiacetic acid, pH 2.08, were prepared for the 
potentiometric measurements. The ionic strength was adjusted with a 2 mol⋅dm–3 KCl solu-
tion, 1 mL per 25 mL titrand. For titrations at neutral pH, the calcium and methyl-N-imi-
nodiacetic acid solutions were pH adjusted by a NaOH solution. Aqueous solution contain-
ing 19.52 mmol⋅dm–3 calcium at pH 7.53 and 91.0 mmol⋅dm–3 methyl-N-iminodiacetate 
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solution at pH 7.04 were used in the titrations. For titration with large excess of ligand a 
1.95 mmol⋅dm–3 Ca(ClO4)2 solution, pH 7.53, was used.

2.2.1  Acid/Base Titrations of Chromium(III)–Methyl‑N‑iminodiacetic Acid (1:2)

A stock solution of 0.015 mol⋅dm–3 Cr(ClO4)3 was prepared, containing 0.015 mol⋅dm−3 
 HClO4 to prevent from hydrolysis of chromium(III), pH 1.764; the color of this solution 
is indigo. A 0.10 mol⋅dm–3 methyl-N-iminodiacetic acid solution at  pHie 1.784 was used 
as stock solution. The titrand solution used was 0.0114 and 0.0231 mol⋅dm–3 in respect to 
chromium(III) and methyl-N-iminodiacetic acid, respectively, pH 1.853. The color of the 
solution was indigo. 0.0997 mol⋅dm–3 NaOH and 0.1000 mol⋅dm–3  HClO4 were used as 
titrators.

For the acid/base titrations of chromium(III)/n-hexyl-N-iminodiacetic acid (1:3), 
4.5 × 10–4  mol Cr(ClO4)3 was dissolved in 0.45  mL 1.0  mol⋅dm–3  HClO4, 2.25  mL 
(600 mmol⋅dm–3 hexyl-N-iminodiacetic acid, one equivalent NaOH) and 1.00 cm–3 water 
were added; the titrator was an aqueous solution of 0.0997 mol.dm–3 NaOH.

As the sample preparation for the EXAFS measurements, dried precipitates of calcium/
hexyl-N-iminodiacetic acid/OH– from aqueous solutions (molar ratios 1:1:2 and 1:3:6) 
were ground without any addition of boron nitride. These samples became pasty and flaky 
upon grinding. The samples were placed in 0.5 mm Al-frames which were covered on the 
backside with Mylar tape and on front-side with X-ray polypropylene film (6 μm). Previ-
ously reported studies on the hydrated calcium ion in aqueous solution were used as refer-
ence [23].

The dried precipitates of iron(III)/n-hexyl-N-iminodiacetic acid/OH– from aqueous 
solutions with molar ratios of 1:1:0, 1:3:0, 1:1:1, 1:3:3 and 1:1:2, and iron(III)/n-dode-
cyl-N-iminodiacetic acid/OH– from aqueous solutions with molar ratios of 1:1:1 and 1:2:1 
were ground with BN (30–40 wt%). The cells used were typically ca. 1.0 mm Ag- or Al-
frames covered by Mylar tape. The precipitates were dried and ground with BN (40 wt%). 
The cells used were 0.5–0.9 mm Ag-frames covered by Mylar tape. For the aqueous solu-
tions of 10  mmol⋅dm–3 iron(III)/n-hexyl-N-iminodiacetic acid/OH– (1:1:0, pH 1.63 and 
1:5:0, pH 2.50), the sample cell was 10 mm Teflon spacers and X-ray polypropylene film 
windows held together with brass frames were used.

The dried precipitate of chromium(III)/n-hexyl-N-iminodiacetic acid/OH– from aqueous 
solution with the molar ratio 1:3:3 became pasty upon grinding and no BN was added. The 
paste was pressed into a 0.5 mm thick Ag-frame covered on back and front with Mylar 
tape. For the aqueous solutions of chromium(III)/n-hexyl-N-iminodiacetic acid/OH– (1:3:3, 
pH 2 and 58 mmol⋅dm–3 chromium(III), 1:3:≈3, pH 4.10), the same cells as in the meas-
urements of the aqueous solutions of iron(III) but with 2–5 mm Teflon spacers instead.

2.3  Potentiometry

The acid–base titrations and occasional pH measurements were performed using an Orion 
Research EA 940 potentiometer with a Mettler Toledo InLab®422 pH electrode. Calibra-
tions were performed with Orion standards at pH (4.01, 7.00 and 10.01). All measurements 
were performed at ambient room temperature, 295 ± 1 K, and with gentle magnetic stir-
ring. The titrants were manually added by a digital burette (Brand Bürette Digital II) or an 
analogue glass burette. The calcium ion potentiometry set-up was the same as for the pH 
measurements but with a calcium ion selective electrode (Orion 97-29 Ionplus Calcium 
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Combination Electrode) calibrated by calcium perchlorate standards of (0.010, 0.0010, and 
0.00010) mol⋅dm–3. The evaluation of the β1 stability constant was made numerically with 
the use of the program EMFALL [24], and the acidic constants reported elsewhere [22].

2.4  EXAFS

The EXAFS spectra were recorded at Stanford Synchrotron Radiation Lightsource, wiggler 
beam line 4-1, old station. A Si(111) double crystal monochromator was used. For the cal-
cium studies the entire experimental set-up was placed in a helium filled bag to minimize 
air absorption and scattering. Helium was used in ion chamber  I0 and the sample compart-
ment and nitrogen was used in ion chambers  I1 and  I2 and in the Lytle detector. For external 
calibration, a tin foil (Sn  L3 edge, 3929 eV) [21] was recorded before and after each sam-
ple. For the iron(III) and chromium(III) samples, nitrogen was used in all ion chambers and 
argon in the Lytle detector. Internal energy calibration was performed by simultaneously 
recording an iron or chromium foil, with the first inflection point on each edge defined as 
7111.3 and 5989.0 eV, respectively [25].

The data treatment and model fitting of the EXAFS data has been carried out using the 
EXAFSPAK package [26], using standard procedures for pre-edge subtraction and spline 
removal. The resulting EXAFS functions have been curve-fitted by calculated model func-
tions using ab initio calculated EXAFS phase and amplitude functions from FEFF7 (ver-
sion 7.02) [27]. Theoretical back-scattering amplitude functions were calculated for each 
coordination shell of back-scattering by oxygen, nitrogen, carbon and metal atoms includ-
ing multiple scattering paths. Each set of EXAFS data was optimized using paths from 
each coordination shell. The back-scattering in the iron complexes were modeled with both 
dihydroxo bridged, and linear and tilted μ-oxo bridged iron scattering paths. Redundant 
paths were discarded and the most prominent scattering paths were kept in order to find the 
structure of the complex under study.

3  Results and Discussion

3.1  The Calcium(II) Alkyl‑N‑iminodiacetic Acid Systems in Water

3.1.1  Determination of Stability Constants Using Potentiometry

The calcium solutions were clear and colorless before, during and after titrations. The vari-
ation in pH during the titrations was very small showing that no (or negligible) proton 
release takes place, Fig. S1. This shows that the nitrogen in the methyl-N-iminodiacetic 
acid remains protonated with complex formation. The small changes in the free calcium 
ion concentration during the titrations show that the complex formation is weak with only 
one complex formed,  log10 K1 = 12.9(2) mol⋅dm–3. This low stability constant strongly 
indicates that the methyl-N-iminodiacetic acid binds as a monodentate ligand. The sta-
bility constants of the calcium(II) formate and acetate systems,  log10 K1 = 1.43 [28, 29], 
and 1.24 [29], 1.12 [30, 31] and 1.2 [32], respectively, at zero ionic strength giving, 
after extrapolation,  log10 K1 ≈ 1.0 and 0.7 at 0.1 mol⋅dm–3 ionic strength, while the sta-
bility constants of the calcium(II) oxalate system are significantly larger,  log10 K1 = 2.54 
(I = 0.1 mol⋅dm–3 NaCl) [33] and 2.30 (I = 0.1 mol⋅dm–3  KNO3) [34]. The stability constant 
of the calcium(II)–methyl-N-iminodiacetate complex measured in this study has the same 
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order of magnitude as for the monodentate formate and acetate ligands, while the biden-
tate oxalate ion forms significantly stronger complexes (probably bidentate in the chelate 
form). This further supports the idea that the methyl-N-iminodiacetate binds to calcium 
as a monodentate ligand in aqueous solution. The previously reported stability constants 
of the calcium(II) iminodiacetate and alkyl-N-iminodiacetate systems are several orders of 
magnitude higher than found in the present study, Table S2. If it is assumed that the nitro-
gen atom is involved in the complex formation it will cause that larger stability constants 
are obtained for the same experimental pH data than they are in reality.

3.1.2  Structure Determination Using EXAFS

The Fourier transforms of the studied calcium samples (Fig. S2, the data are not cor-
rected for the phase shift) show a major peak at ca. 2.35 Å corresponding to a first shell of 
approximately six-coordinated oxygen atoms [22]. At 4.7 Å there is a small and broad dis-
tribution related to the multiple scattering within the octahedral  CaO6 core. A small peak 
at ca. 3.0 Å corresponds to a second shell of carbon atoms with a Ca–O–C 3-leg scatter-
ing contribution at ca. 3.4 Å. The Ca–O bond distances were refined to 2.35 (1) and 2.37 
(1) Å in two calcium samples, Table 1, and the three- and four-legged multiple scattering 
paths at double Ca–O bond distance, d(Ca–OMS) = 4.78(4) Å. The second shell  Ca…C dis-
tance was refined to 3.01(1) Å and the 3-leg Ca–O–C multiple scattering path to 3.34(2) 
Å in the sample with excess of ligand; the Ca–O–C bond angle is close to tetrahedral. In 
the sample with low ligand concentration a  Ca…C distance of 3.21 Å was found, reflect-
ing a mean value of the single and multiple scattering paths. Neither nitrogen nor calcium 
ions were found in the inner coordination shell. The calcium EXAFS raw data show some 
small peculiar shoulders at low k-values, ca. 2.5 and 4.2 Å–1, Fig. 1, which might be multi-
ple electron excitations [35, 36], which were allowed to remain in the refined data as they 
did not influence the refinements. The distances and other parameters are summarized in 
Table 1 and the fitting of the EXAFS data are given in Fig. 1.

The Ca-O bond distance and the multiple scattering with the  CaO6 core show that the 
calcium(II) ion has a basic octahedral structure in solid state, when binding one or several 
alkyl-N-iminodiacetate ligands. Thus, the complex formation causes a reduction in coor-
dination number from eight to six upon complex formation. It is not possible from the 
present data to determine whether the alkyl-N-iminodiacetate ligands are monodentately 
bound or bridging by two calcium ions in the solid state.

Table 1  Mean bond distances, 
d/Å, Debye–Waller factors, σ2/
Å2, number of distances, N, and 
the shift in the threshold energy, 
ΔEo/eV, of calcium(II)-n-hexyl-
N-iminodiacetate complexes in 
solid state at room temperature

Interaction N d σ2 ΔEo
a So

2

Ca2+/n-hexyl-N-iminodiacetic acid/OH–(1:1:2)
 Ca–O 6 2.351 (7) 0.0093 (9) –13.9 (5) 0.55 (2)
 Ca–O–O 24 4.09 (8) 0.007 (2)
 MS  (CaO6) 3 × 6 4.71 (3) 0.005 (2)
 Ca…C/Ca–O–C 4 3.22 (2) 0.009 (2)

Ca2+/n-hexyl-N-iminodiacetic acid/OH–(1:3:6)
 Ca–O 6 2.379 (9) 0.0102 (12) –12.4 (5) 0.82 (4)
 Ca–O–O 24 4.13 (10) 0.004 (3)
 MS  (CaO6) 3 × 6 4.77 (3) 0.005 (2)
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3.2  The Iron(III) Alkyl‑N‑iminodiacetic Acid Systems in Water

3.2.1  Precipitation Reactions

100 mmol⋅dm–3 iron(III) perchlorate, pH 1.73, and 100 mmol⋅dm–3 n-hexyl-N-iminodi-
acetic acid, pH 1.96 (isoelectric pH), were mixed in molar ratios 1:1, 1:2 and 1:3. All 
samples resulted in pale rust-red precipitations and the pH was measured in the pale 
yellow supernatant. The proton release seems to be constant as a function of iron(III) 
concentration. The proton release emanates most probably from a continuing hydrolysis 
of the partially hydrolyzed iron(III) ions and complexes. When mixing the same solu-
tions at higher pH, a similar pale rust-red precipitate was formed when the molar ratio 
was 1:1, but when the molar ratio was 1:3 a dark brownish-red and compact precipitate 
was formed.

For 100 mmol⋅dm–3 iron(III) solutions the 1:1 sample results in a pale yellow superna-
tant and a pale rust-red precipitate; 1:3 results in a colorless supernatant and a pale rust-red 
precipitate which turns into a lemon yellow and water swollen precipitate after one week of 
aging. The latter precipitate is stable over months.

These samples were diluted ten times with water and heavily ultra-sonicated. The sam-
ples were partly dissolved into a lemon yellow supernatant with only a small amount of 
precipitate remaining. After months of aging the precipitate was completely dissolved and 
the solution was colorless.

For a 10 mmol⋅dm–3 iron(III) solution the 1:1 sample results in a lemon yellow solution, 
and the 1:2 and 1:5 samples result in a lemon yellow supernatant and a small amount of 
a pale rust-red precipitate, which dissolve into a colorless solution after months of aging. 
The lemon yellow precipitate from the 1:3 (100 mmol⋅dm–3 iron(III) solution) sample was 
dried and dissolved in chloroform (1.4 wt‰) resulting in an extremely viscous and com-
pletely clear yellow and fully transparent solution. The complex soluble in chloroform is 
most probably neutral, and with the alkyl groups strongly solvated as seen in the resulting 
viscous solution.

-3
-2
-1
0
1
2
3
4
5
6
7

2 3 4 5 6 7 8 9 10 11 12

(a)

(b)

χ (
k)

·k
3 

k/Å-1 

Fig. 1  Fit of EXAFS data of solid calcium(II) n-hexyl-N-iminodiacetate complexes precipitated from 
aqueous solution with the composition (a) calcium(II)/n-hexyl-N-iminodiacetic acid/OH–(1:1:2) and (b) 
calcium(II)/n-hexyl-N-iminodiacetic acid/OH–(1:3:6). The experimental data points are shown as open 
squares, and lines were calculated with the models using the parameters given in Table 1 as solid lines
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The light yellow precipitates and solutions seem to contain neutral chelate complexes 
of iron(III) alkyl-N-iminodiacetate, e.g. as seen by their reasonable solubility in water and 
chloroform. The pale rust-red compounds display low solubility also in water, independent 
of the iron(III)–alkyl-N-iminodiacetate proportions, which indicates that these compounds 
are polymeric in nature.

3.2.2  EXAFS Analysis on Iron(III)/Alkyl‑N‑iminodiacetate Complexes in Solid State 
and Solution

The EXAFS data of the solid iron(III) alkyl-N-iminodicate compounds precipitated at 
different iron(III)/alkyl-N-iminodicate/hydroxide ion ratios and two aqueous solutions 
are shown in Fig. 2. The EXAFS spectra and the Fourier transforms (FTs) of solid com-
pounds precipitated at low iron(III)/alkyl-N-iminodiacetate ratios with none or one equiva-
lent of sodium hydroxide  (FeC12_1:1:1,  FeC12_1:2:1,  FeC6_1:1:0 and  FeC6_1:1:1) are 
almost identical, Figs. 2 and 3. The EXAFS and FTs of the solids precipitated with 2 or 3 
equivalents of sodium hydroxide  (FeC6_1:1:2 and  FeC6_1:3:3) are slightly different with 
a broader maximum at k = 8.5 Å–1, instead of the double maximum in the first group of 
EXAFS spectra, while the FTs are similar to the other solids, Fig. 2. The compound precip-
itated from an aqueous solution an iron(III)/n-hexyl-N-iminodiaceatate ratio of 1:3 without 
any addition of sodium hydroxide,  (FeC6_1:3:0) has a different shape around k = 8.5 Å–1, 
and the peak in the FT at ca. 3 Å (without phase correction) is at longer distance, Figs. 2 
and 3. The latter compound is the one formed at the lowest pH value, caused by proton 
release resulting from complex formation. The Fourier transforms of the studied iron(III) 
samples show a strong peak at ca. 3  Å (without phase correction) in the solid samples, 
assigned to a Fe···Fe distance. The two aqueous solutions with iron(III)/n-hexyl-N-imino-
diaceatate ratios of 1:1 and 1:3 with pH 1.67 and 2.5, respectively, are very similar, even 
though there was a high noise level due to low concentrations. The structure around the 
iron(III) ion in the aqueous solutions is similar to the ones observed in the solids, Figs. 2 
and 3.

The major peak in the Fourier transforms (FTs) observed in all samples correspond to a 
first shell of oxygen atoms at ca. 1.5 Å (without phase shift correction), Fig. 3, and refined 
to ca. 2.0 Å. It can also be seen that this peak is somewhat asymmetric towards shorter dis-
tances in the solids and the aqueous solutions, Fig. 3. The asymmetry of this peak indicates 
an additional shorter Fe–O bond distance which together with the observed Fe···Fe distance 
strongly indicates the presence of an oxo or hydroxo bridge between the iron(III) ions. The 
broad peak at 3.5 Å, refined to ca. 4.0 Å corresponds to multiple scattering within the octa-
hedral  FeO6 core (Fig. 4).

Refinements of the EXAFS data of the solid samples give a good fit with a dimeric 
model with a hydroxo/oxo group bridging two iron(III) ions, d(Fe–O) = 1.92(1) Å, and the 
iron(III) ions bind four oxygen atoms completing an octahedral configuration with a mean 
Fe–O bond distance of 2.00–2.02 Å, and a much longer Fe–N bond at ca. 2.20 Å, Table 2. 
The related two bond distances from multiple scattering paths within the FeO/N6 core are 
observed in the expected range, Table 2. A second shell of carbon atoms is localized at 
d(Fe…C) = 2.95–3.00 Å, and the corresponding 3-leg Fe–O–C scattering path is found at 
d(Fe–O–C) = 3.15–3.20 Å, Table 2, giving a Fe–O–C bond angle of ca. 126°, typical for 
carboxylate groups binding to a hard metal ion as iron(III). The strong peak in the FTs at 
ca. 3.0 Å (without phase correction) has been assigned to an  Fe…Fe distance, which was 
confirmed by a back-Fourier transformation showing a maximum in the EXAFS function 
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at 7 Å–1 (light back-scatterer atoms as oxygen having a maximum at 4–5 Å–1). For these 
solid samples the mean d(Fe…Fe) was determined to be ca. 3.36 Å from single scattering 
and the corresponding multiple scattering path was found at d(Fe…FeMS)  ≈  3.6  Å. The 
sample  FeC6_1:3:0 has a different EXAFS spectrum in comparison to the other solids, and 
the FT shows that the Fe···Fe distance is longer in this sample, Fig. 3, refined to 3.43(1) Å, 
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Fig. 2  Fit of EXAFS data of solid iron(III) alkyl-N-iminodiacetate complexes precipitated from aqueous 
solutions with the composition (a) iron(III)/n-dodecyl-N-iminodiacetic acid/OH– (1:1:1), (b) iron(III)/n-
dodecyl-N-iminodiacetic acid/OH– (1:2:1), (c) iron(III)/n-hexyl-N-iminodiacetic acid/OH– (1:1:0), (d) 
iron(III)/n-hexyl-N-iminodiacetic acid/OH– (1:3:0), (e) iron(III)/n-hexyl-N-iminodiacetic acid/OH– (1:1:1), 
(f) iron(III)/n-hexyl-N-iminodiacetic acid/OH– (1:2:1), (g) iron(III)/n-hexyl-N-iminodiacetic acid/OH– 
(1:3:0), and aqueous solutions of 10  mmol⋅dm–3 iron(III) n-hexyl-N-iminodiacetate complexes with the 
ratio (h) 1:1 and (i) 1:3. The diamonds are the experimental points and the solid lines were calculated with 
the models using the parameters given in Table 2
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Table 2. Furthermore, it was not possible to refine any Fe–N bond distance, strongly indi-
cating that the nitrogen atom is protonated and thereby not binding to iron, and the short 
Fe–O bond distance is slightly shorter than in the other solid samples.

In order to determine the kind of oxo/hydroxo bridge between the iron sites, the Fe–O 
and Fe···Fe distances in the solid state structures with Fe–O–Fe, Fe–OH–Fe, Fe(OH)2Fe 
and Fe(OH)(RCOO)Fe bridges has been surveyed in the Cambridge Structure Database 
[37]. The Fe–O bond distance in compounds with a single oxo bridge (Fe–O–Fe) have 

Fig. 3  Fit of Fourier transforms 
of solid iron(III) alkyl-N-imino-
diacetate complexes precipitated 
from aqueous solutions with 
the composition (a) iron(III)/n-
dodecyl-N-iminodiacetic acid/
OH–(1:1:1), (b) iron(III)/n-
dodecyl-N-iminodiacetic acid/
OH–(1:2:1), (c) iron(III)/n-hexyl-
N-iminodiacetic acid/OH–(1:1:0), 
(d) iron(III)/n-hexyl-N-iminodi-
acetic acid/OH–(1:3:0), (e) 
iron(III)/n-hexyl-N-iminodiacetic 
acid/OH–(1:1:1), (f) iron(III)/n-
hexyl-N-iminodiacetic acid/
OH–(1:2:1), (g) iron(III)/n-hexyl-
N-iminodiacetic acid/OH–(1:3:0), 
and aqueous solutions of 10 
mmol.dm−3 iron(III) n-hexyl-
N-iminodi-acetate complexes 
with the ratio (h) 1:1 and (i) 1:3. 
The diamonds are the experi-
mental points and the solid lines 
the models using the parameters 
given in Table 2
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Table 2  Mean bond distances, d/Å, number of distances, N, and Debye–Waller coefficients, σ2/Å2, thresh-
old energy, Eo, amplitude reduction factor, So

2, and the goodness of fit as defined in Ref. [9] from EXAFS 
studies of solids precipitated from aqueous solutions different iron(III)/alkyl-N-iminodiacetate/hydroxide 
ratios at ambient room temperature

Interaction N d σ2 Eo
a So

2 F

Solid  FeC12_1:1:1
 Fe–O 1 1.924 (3) 0.0024 (3) –6.7 (2) 1.01 (2) 7.70
 Fe–O 4 2.025 (2) 0.0049 (2)
 MS  (FeO4) 3 × 4 4.050 0.0063 (9)
 Fe–N 1 2.36 (1) 0.020 (3)
 Fe···C 4 2.973 (4) 0.0083 (5)
 Fe–O–C 8 3.162 (6) 0.0106 (6)
 Fe···Fe 1 3.360 (3) 0.0075 (3)

Solid  FeC12_1:2:1
 Fe–O 1 1.933 (2) 0.0047 (2) –6.7 (2) 0.96 (2) 10.07
 Fe–O 4 2.017 (3) 0.0059 (3)
 MS  (FeO4) 3 × 4 4.033 0.0063 (9)
 Fe–N 1 2.36 (1) 0.013 (2)
 Fe···C 4 2.968 (5) 0.0099 (7)
 Fe–O-C 8 3.148 (7) 0.0114 (7)
 Fe···Fe 1 3.367 (4) 0.0064 (4)

Solid  FeC6_1:1:0
 Fe–O 1 1.928 (3) 0.0034 (3) –6.7 (2) 0.95 (2) 9.05
 Fe–O 4 2.015 (2) 0.0053 (3)
 MS  (FeO4) 3 × 4 4.030 0.0073 (9)
 Fe–N 1 2.35 (1) 0.018 (2)
 Fe···C 4 2.964 (4) 0.0087 (5)
 Fe–O–C 8 3.157 (6) 0.0111 (7)
 Fe···Fe 1 3.359 (3) 0.0072 (3)

Solid  FeC6_1:1:1
 Fe–O 1 1.918 (3) 0.0039 (3) –6.7 (2) 0.89 (2) 7.70
 Fe–O 4 2.012 (2) 0.0049 (2)
 MS  (FeO4) 3 × 4 4.024 0.0063 (9)
 Fe–N 1 2.36 (1) 0.020 (3)
 Fe···C 4 2.973 (4) 0.0083 (5)
 Fe–O–C 8 3.162 (6) 0.0106 (6)
 Fe···Fe 1 3.357 (3) 0.0008 (4)

Solid  FeC6_1:1:2
 Fe–O 1 1.924 (3) 0.0024 (3) –6.7 (2) 1.01 (2) 7.70
 Fe–O 4 2.025 (2) 0.0049 (2)
 MS  (FeO4) 3 × 4 4.050 0.0063 (9)
 Fe–N 1 2.11 (1) 0.020 (3)
 Fe···C 4 2.973 (4) 0.0083 (5)
 Fe–O-C 8 3.162 (6) 0.0106 (6)
 Fe···Fe 1 3.360 (3) 0.0075 (3)

Solid  FeC6_1:3:3
 Fe–O 1 1.896 (3) 0.0073 (3) –6.6 (2) 0.92 (2) 7.43
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a mean Fe–O bond distance of 1.79 Å, with the Fe–O–Fe bond angle close to linearity. 
Compounds with a Fe(OH)2Fe bridge have a mean Fe–O bond distance of ca. 2.00 Å, 
and a mean Fe····Fe distance of ca. 3.1 Å. No compounds with a single hydroxo bridge 
have been reported. However, a large number of compounds with one hydroxo bridge 
and one or several carboxylate or sulfate groups bridging two iron sites are fairly com-
mon with Fe···Fe distances in the range 3.2–3.6  Å depending on kind and number of 
bridging groups [37]. A comparison of the Fe–O and Fe····Fe distances obtained from 
the EXAFS measurements with the survey briefly summarized above strongly indicates 
that the solid iron(III) alkyl-N-iminodiacetate compounds are hydrolyzed with a single 
hydroxo bridge with one or two acetate groups bridging two iron sites. It is possible that 
these alkyl-N-iminodiacetates bind to different Fe–OH–Fe units in a network structure. 
In addition, Fe(III) binds at least one alkyl-N-iminodiacetate group in a chelate com-
plex, where the Fe–N bond distances differ depending on the pH condition at precipita-
tion, Table 2. In the sample precipitated under the most acidic conditions,  FeC6_1:3:0, 
the nitrogen seems to be protonated and not bound to iron(III). In the solids precipitated 
at medium pH,  FeC12_1:1:1,  FeC12_1:2:1,  FeC6_1:1: and  FeC6_1:3:3, the Fe–N bond 
distance is in the order of 2.35 Å, which is in very good agreement with the Fe–N bond 
distances in the solids containing the [Fe(EDTA)(H2O)]– complex in the solid state 
where the nitrogen is deprotonated [37]. In the solid samples precipitated at the highest 
pH values, the Fe–N bond distance is significantly shorter, ca. 2.11 Å, Table 2.

a 1 eV = 1.602177 × 10–19 J

Table 2  (continued)

Interaction N d σ2 Eo
a So

2 F

 Fe–O 4 2.006 (3) 0.0053 (2)
 MS  (FeO4) 3 × 4 4.012 0.0063 (9)
 Fe–N 1 2.104 (10) 0.0089 (3)
 Fe···C 4 2.939 (4) 0.0071 (4)
 Fe–O-C 8 3.142 (7) 0.0096 (8)
 Fe···Fe 1 3.358 (4) 0.0080 (4)

Solid  FeC6_1:3:0
 Fe–O 1 1.890 (3) 0.0020 (3) –7.3 (2) 0.85 (1) 9.54
 Fe–O 4 2.009 (2) 0.0050 (2)
 MS  (FeO4) 3 × 4 4.018 0.0072 (9)
 Fe···C 4 2.997 (5) 0.0080 (5)
 Fe–O–C 8 3.212 (9) 0.0095 (11)
 Fe···Fe 1 3.434 (2) 0.0030 (2)

Aqueous solution,  FeC6_1:1, pH 1.67
 Fe–O 1 1.92 (2) 0.003 (1) –7.8 (5) 0.87 (3) 27.6
 Fe–O/N 5 2.035 (8) 0.008 (2)
 Fe···Fe 1 3.35 (2) 0.010 (2)

Aqueous solution,  FeC6_1:3, pH 2.50
 Fe–O 1 1.91 (2) 0.003 (1) –7.7 (5) 0.84 (3) 24.3
 Fe–O/N 5 2.05 (1) 0.009 (2)
 Fe···Fe 1 3.35 (2) 0.011 (2)
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The EXAFS data of the iron(III)–n-hexyl-N-iminodiacetate complexes in aqueous 
solution have low S/N ratio and limited structural information can be extracted. As for 
the solid samples, the main peak in the FTs, assigned to Fe–O bond distances, is asym-
metric, Fig.  2, indicating that the complex in aqueous solution has one shorter Fe–O 
bond, and therefore is most likely hydrolyzed. It has not been possible to accurately 
determine the second scattering shell of carboxylate carbons, while a Fe···Fe distance 
is barely possible to recognize. The structure of the iron(III)–n-hexyl-N-iminodiacetate 
complex in aqueous solution is most likely dimeric with a hydroxo and diacetate groups 
bridging the iron(III) irons, which in addition most likely form a chelate complex with 
n-hexyl-N-iminodiacetate.

3.3  The Chromium(III)‑alkyl‑N‑iminodiacetic Acid Systems in Water

3.3.1  Acid/Base Titrations of Chromium(III)/Methyl‑N‑iminodiacetate (1:2)

The titration functions of  Cr3+/methyl-N-iminodiacetic acid are shown in Fig. S3. The for-
ward and back titrations are completely different showing the irreversibility of the system. 
At pH 4.3–4.6 there is a change to a green tone whereas at 5.1–5.2 the color becomes 
bright lime. At pH 6.2 the pH rises more rapidly and then slowly decreases again, reflecting 
the slow kinetics of the system, and the color changes to a grayish blue tone. At pH 8, the 
kinetic effect diminishes and the titration becomes stable and the color changes to a darker 
grayish-green tone. When back-titrating the alkaline titrand with 0.10 mol⋅dm–3 perchloric 
acid there is almost no buffering capacity of the titrand at all; the system acts more or less 
as a non-protolyte. There is a smeared out shoulder in the region between pH  6–7 including 
a slight dynamic effect in the reading of pH. Below pH 4 the solution becomes blue/violet 
and does not change color further.

3.3.2  Acid/Base Titrations of Chromium(III)/methyl‑N‑iminodiacetate (1:3)

The titrand was clear and purple/blue with pH = 2.2 from the start. At pH = 3.5–3.8 the 
titrand took on a turquoise tone and at pH = 4.1–4.2 the titrand became greenish black and 
opaque. When one mole equivalent of sodium hydroxide (with respect to chromium) was 
added, partial precipitation was observed. The precipitate was gluey and obviously differ-
ent from the common green chromium(III) hydroxide. The dried precipitate was amor-
phous and glassy.

3.3.3  Solubility of Precipitate from Chromium(III)/Hexyl‑N‑iminodiacetate 1:3 at pH 
4.21 in Chloroform

The dried precipitate of chromium(III)/n-hexyl-N-iminodiacetic acid (1:3) obtained at pH 
4.21 after titration with 0.1 mol⋅dm–3 sodium hydroxide to pH 4.21, was added to chloro-
form and set for gentle shaking for 48 h. The solvent becomes slightly opaque with a blu-
ish tone but the major part of the solid remained undissolved, and no significant change in 
viscosity was observed. This indicates that the precipitate mainly consists of a polymeric 
structure.
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3.3.4  EXAFS Analysis on Chromium(III)/n‑Hexyl‑N‑iminodiacetate Complexes 
in Solution and as a Paste

The Fourier transforms of the studied chromium samples are shown in Fig. S4 (the 
data are not corrected for the phase shift). The major peak at ca. 2.0 Å observed in both 
chromium(III) samples corresponds to a first shell of oxygen atoms in an octahedral con-
figuration, and the corresponding multiple scattering within the inner  CrO6 coordination 
core is observed at ca. 3.9 Å. In the paste sample there is a peak at 2.8 Å corresponding 
to a second coordination shell of carbons, and the corresponding 3-leg Cr–O–C multiple 
scattering path is observed at 3.3 Å. The best fit of the chromium EXAFS data is with an 
octahedral model with d(Cr–O) = 1.96 and 1.98 Å, and d(Cr–OMS) = 3.9 Å, in the solid and 
the aqueous solution, respectively. In the solid state a second shell of carbon atoms is found 
for d(Cr…C) = 2.89 Å and a multiple scattering path for d(Cr–O–C) = 3.17 Å is observed as 
well, corresponding to a Cr–O–C angle of about 125°. The fit to the EXAFS functions was 
not improved by adding nitrogen or chromium distances as back-scatterers to the model. 
This indicates that the n-hexyl-N-iminodiacetate ligands are bridging chromium(III) ions in 
the solid state in a similar way as described for the solid iron(III) system above. Distances 
and refined structure parameters are given in Table 3, and the fitted EXAFS data with these 
parameters are shown in Fig. 4.

3.4  Comparison of Complex Formation Ability of Calcium, Iron(III) 
and Chromium(III) with Alkyl‑N‑iminodiacetate

Calcium forms very weak complexes with alkyl-N-iminodiacetates in aqueous solution, 
and thus carboxylated polyamines cannot be used for separation of calcium from waste-
water. Iron(III) and chromium(III) form both strong complexes with alkyl-N-iminodiac-
etates, which readily precipitate. Iron(III) hydrolyzes easily and all compounds contains 
a dimeric entity where a hydroxo group and one or two acetate groups bridge iron(III) in 
alkyl-N-iminodiacetate chelate complexes. In these complexes the nitrogen atom is sig-
nificantly more weakly bound than the oxygens. It seems likely that the low solubility in 
water is caused by the alkyl-N-iminodiacetates bridging the iron sites in one dimer also 
binding to another dimer through the other acetate group. Chromium(III) seems to only 
bind oxygen atoms from acetate groups, and that the alkyl-N-iminodiacetates bridge 

Table 3  Mean bond distances, 
d/Å, Debye–Waller factors, σ2/
Å2, number of distances, N, and 
the shift in the threshold energy, 
ΔEo/eV, of chromium(III)–n-
hexyl-ss complexes in solid state 
at room temperature

Interaction N d σ2 ΔEo
a So

2

Cr3+/n-hexyl-N-iminodiacetic acid/OH– (1:3:3)solid
 Cr–O 6 1.974 (2) 0.0041 (2) – 13.3 (2) 0.73 (2)
 Cr…C 3 2.82 (1) 0.005 (3)
 Cr–O–C 6 3.07 (2) 0.006 (2)
 MS(CO6) 3 × 6 3.94 (1) 0.007 (2)

Cr3+/n-hexyl-N-iminodiacetic acid/OH– (1:3:3)–aqueous solution, 
58 mmol.dm–3

 Cr–O 6 1.970 (6) 0.0024 (7) – 12.7 (6) 0.74 (3)
 Cr…C 3 2.83 (2) 0.005 (−)
 Cr–O–C 6 3.06 (2) 0.008 (2)
 MS(CO6) 3 × 6 3.94 (2) 0.008 (2)
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two chromium(III) ions is in a three-dimensional network explaining the low solubility 
of these compounds. Iron(III) and chromium(III) both form insoluble compounds with 
alkyl-N-iminodiacetates but the structures are significantly different. Carboxylated poly-
amines seems to be feasible collectors of these ions for the separation from wastewaters.

4  Conclusions

The calcium(II) ion forms only one weak monodentate complex with methyl-N-iminodi-
acetate in water, K1 = 12.9 (2)  mol–1⋅dm3. The calcium(II) alkyl-N-iminodiacetate com-
plexes are octahedral in the solid state with, most probably, water in the remaining posi-
tions with a mean Ca-O bond distance of ca. 2.36 Å.

By mixing iron(III), alkyl-N-iminodiacetate and sodium hydroxide in different ratios, 
pale orange compounds precipitate. The structure determination of these solids has been 
performed by EXAFS as it has not been possible to obtain any crystals with sufficient 
size and quality for crystallographic studies. The EXAFS studies show that iron(III) 
is hydrolyzed in all studied compounds, seen in a well-defined Fe····Fe distance of 
3.35–3.43 Å. The Fe····Fe distance and a Fe–O bond distance of ca. 1.9 Å, strongly indi-
cating a structural motif with hydroxo group and one or two acetate groups bridging the 
iron(III) complexes. In addition, iron(III) binds one or two alkyl-N-iminodiacetates as a 
chelate complex. In the compound formed at the lowest pH value,  FeC6_1:3:0, the nitro-
gen atom seems not to bind to iron(III), and is therefore most likely protonated. In the 
other compounds iron(III) binds very weakly to nitrogen with an Fe–N bond distance of 
2.35 Å, which is in close agreement with the binding to other carboxylated amines such 
as EDTA [37]. In the compounds precipitated at the highest pH values the Fe–N bond 
distance is shorter. The structures of the iron(III) alkyl-N-iminodiacetate complexes in 
aqueous solution indicate that they are hydrolyzed in a similar way as in the solids.

Chromium(III) forms fairly strong complexes with alkyl-N-iminodiacetates. The 
complexes are octahedral both in solution and the solid state, and the low solubility 
of solid compounds indicates a polymeric structure with the ligands bridging between 
chromium(III) ions. Chromium(III) binding of the oxygen atoms in carboxylated 
amines/polyamines is significantly stronger and at shorter distance than the nitrogen 
atoms. The chromium(III) alkyl-N-iminodiacetate complexes display such slow kinet-
ics during the titration of strong acid and base that in fact the reactions are completely 
irreversible.

Hard metal ions with high charge density, such as iron(III) and chromium(III), form 
insoluble compounds with alkyl-N-iminodiacetate ligands making them hydrophobic 
and thereby possible to separate from aqueous systems. Carboxylated polyamines should 
therefore an interesting group chelating surfactants for the separation of iron(III) and 
chromium(III) from wastewaters.
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