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Abstract

In the present study the solution and coordination chemistry of copper(Il)—alkyl-N-imi-
nodiacetate systems are studied in aqueous solution by potentiometry, using ion selective
copper and pH electrodes, EXAFS (extended X-ray absorption fine structure) and dye
probe molecular absorption spectrophotometry. Alkyl-N-iminodiacetates with varying
alkyl chain length, methyl (CH;—), n-hexyl (C4H,5—), n-dodecyl (C,,H,s—) and n-octade-
cyl (C,sH;,—) were used to tune the amphiphilic properties of the ligands. The polar head
groups have both oxygen (hard Lewis base) and nitrogen donor (border-line Lewis base)
atoms. This means that metal ions with different bonding characteristics may bind these
ligands differently. Furthermore, the chelating properties of the polar head group may
be regulated by pH as the acid—base properties of the imine and carboxylic acid groups
are different. Copper(Il) forms two stable complexes with alkyl-N-iminodiacetates with
short alkyl chains, present as monomers in aqueous solution, log;, #; = 11.10(2), log,
B, = 19.5(2) for methyl-N-iminodiacetate, and log,, f; = 12.22(4), log,, f, = 21.9(2) for
n-hexyl-N-iminodiacetate. n-Octadecyl-N-iminodiacetic acid, present as large aggregates
in acidic aqueous solution, has short strong hydrogen bonds between carboxylic acid and
carboxylate groups in the surface of the aggregates, which hinder complex formation at pH
values below 4, obstructs it in the pH region 4-7, while the complex formation behaves
as for short-chained alkyl-N-iminodiacetates at pH > 7. The structure around copper in
copper(I)—alkyl-N-iminodiacetate complexes in aqueous solution and solid state formed
at different pH values and copper(Il):alkyl-N-iminodiacetate ratios has been determined by
EXAFS. The coordination chemistry of copper(Il) shows four strong bonds in the equato-
rial plane, and two different Cu—O/N bond distances, ca. 0.2 A apart, in the axial positions
of a non-centrosymmetric tetragonally elongated octahedron.
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1 Introduction

For environmental reasons the cleaning of waste-water from industries and purifying plants
from heavy metals has caused an increasing interest in efficient metal binding ligands with
surface active properties, so called chelating surfactants. These chelating surfactants have
several requirements to be fulfilled if they shall function and be able reach the commercial
market: (i) being biodegradable and non-toxic for the environment, (ii) the complexation
of metal ions must be strong, and at the same time reversible in such a way that both sur-
factant and metal ion can be separated and recycled, (iii) the synthesis must be readily
feasible with environmentally acceptable chemicals and (iv) metal ions must be possible to
separate by changing some physico-chemical parameters as e.g. pH, temperature or ionic
strength.

It has been reported that copper(Il) is more effectively floated and separated with dode-
cyl-N-iminodiacetic acid than with common surfactants such as lauryl sulfate [1] and that
copper(I) complexes with chelating surfactants promote the kinetics at electrodeposition
[2]. Carboxylated alkyl polyamines are a group of chemicals used in many technical appli-
cations and they fulfil the requirements for chelating surfactants given above. However,
these products contain several compounds with varying alkyl chain lengths and different
numbers of amine and carboxylate groups. This makes it more or less impossible to per-
form accurate physical-chemical studies on such products. However, their chemical behav-
ior can be estimated with reasonable accuracy from the properties of well-defined pure
model compounds as alkyl-N-iminodiacetates. In this study the amphiphilic properties of
the alkyl-N-iminodiacetates are tuned by varying the length of the alkyl chain, -C H,,,
abbreviated C,-IDA, n =1, 6, 12 and 18. The chelating properties of the polar head group
may be regulated by pH as the imine and carboxylic acid groups have significantly different
acid-base properties [3]; at dissolution in water the alkyl-N-iminodiacetic acids are con-
verted to zwitter ions where a proton is transferred from one carboxylic acid group to the
imine nitrogen as the imine group is a relatively stronger base.

The coordination chemistry of copper(Il) is characterised by the Jahn—Teller effect [4],
manifested by tetragonally elongated octahedral configuration, 4 short + 2 longer bond dis-
tances. It was discovered recently that the Cu-O,, bond distances are different in a series
of copper(Il) solvates of oxygen donor solvents, including water, as well as in compounds
crystallizing in non-centrosymmetric space groups. This is most likely also the case in
most of the copper(Il) compounds crystallizing in centrosymmetric space groups, but due
to random orientation of the axial distances the crystallographic observation is a mean cen-
trosymmetric structure [5]. Copper(Il) is a typical border-line electron-pair acceptor form-
ing strong complexes with borderline-soft ligands with nitrogen donor atoms, but it binds
also reasonably well to oxygen donor ligands. Previous studies have shown that copper(Il)
forms two strong complexes with iminodiacetate and alkyl-N-iminodiacetate in aqueous
solution, with somewhat stronger complex formation with alkyl-N-iminodiacetic acids
than to iminodiacetic acid [6]. All reported complexes have the same principle structure
with the nitrogen atom and one of the carboxylate oxygens strongly bound in the equato-
rial plane while the other carboxylate oxygen is weakly bound at longer distance in the
axial positions as expected for a Jahn-Teller distorted complex. Of the atoms bound in the
equatorial plane the Cu—O bond distances are slightly shorter than the Cu—N ones due to a
smaller atomic radius of oxygen in comparison to the radius of amine nitrogen when bind-
ing to copper(Il) [7]. A survey of the structures of bis(iminodiacetato/alkyl-N-iminoace-
tato)cuprate(II) complexes reported in solid state is given in Table S1.
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It was observed in a previous study that the alkyl-N-iminodiacetic acids have an extraor-
dinarily short strong hydrogen bond (SSHB) system in the solid state linking carboxylic
acid/carboxylate groups from two adjacent molecules into an indefinite sheet structure [3].
These strongly hydrogen bound aggregates prevail to neutral pH in aqueous systems in
the case of n-octadecyl-N-iminodiacetic acid, pK,, ~ 7, where the van der Waals forces
between the closely interdigitated packed alkyl chains cause the back-bone structure to
become sufficiently strong and rigid to prevent a break-up of the aggregate in water. In the
present study the complex formation between copper(Il) and C, H,,, ;-IDA ligands, n = 1,
6, 12 and 18, in aqueous solution or suspension has been studied. Of these systems methyl-
and n-hexyl-IDA are present as hydrated monomers without significant aggregation, while
n-dodecyl- and n-octadecyl-IDA are present as large aggregates, held together with van
der Waals forces between the alkyl chains and strong hydrogen bonding between the head
groups, Fig. S1. The SSHBs are maintained up to pH = 67 in the former, as long as the
acid groups are not deprotonated [3]. The influence of this kind of SSHBs on the complex
formation of metal ions has not been studied before and may have implications on the view
of the complex formation to large molecules (e.g. proteins) able to form aggregates com-
mon in biological systems. In order to clarify some of these points the stability constants
of the complex formation and the structure around copper(Il) in these complexes have been
determined. The stability constants have been determined by potentiometric measurements
by simultaneous use of ion selective copper and hydrogen (pH) electrodes.

The aim of the present study is to develop the understanding of systems related to
copper(Il) carboxylated polyamine systems in aqueous solution to increase the separation
efficiency by tuning the chemical conditions. In order to perform accurate studies, alkyl-
N-iminodiacetates with different length of the alkyl chain have been chosen as they can be
prepared pure and accurate physico-chemical measurements can be performed. The stabil-
ity constants, the acid—base properties and the structures of the copper(Il) alkyl-N-iminodi-
acetate systems have been determined in this study. The structural studies of copper(Il)-C, -
IDA complexes have been performed by EXAFS (extended X-ray absorption fine structure)
on both solids and aqueous solutions with varying pH, length of alkyl chain and stoichi-
ometry. With this information it is possible to more accurately predict the properties of
commercial carboxylated polyamine compounds to separate copper(Il) compounds from
e.g. waste waters.

2 Experimental Section
2.1 Chemicals

Iminodiacetic acid, HN(CH,COOH), (Aldrich, 99%), methyl-N-iminodiacetic acid,
CH;N(CH,COOH), (Aldrich, 99%), copper(Il) perchlorate hexahydrate, [Cu(H,0)]
(ClO,), (reagent, GFS Chemicals, > 99%), copper(Il) nitrate hexahydrate, [Cu(H,0)4]
(NOy), (Merck, analytical grade, > 99%), sodium perchlorate monohydrate, NaClO,-H,O
(Merck, analytical grade, > 99.5%), sodium hydroxide solution, NaOH, (Merck, Titrisol,
> 99.9%), and ethylenediaminetetraacetic acid, disodium salt, (Merck, > 99.9%) were
used as purchased. n-Hexyl-N-iminodiacetic acid, n-C¢H;3;N(CH,COOH),, n-dodecyl-
N-iminodiacetic acid, n-C;,H,sN(CH,COOH),, and n-octadecyl-N-iminodiacetic acid,
n-CsH;,N(CH,COOH),, were synthesised in very high purity as described elsewhere [3].
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The water used in this study has been deionized and Milli Q filtered with 18.2 MQ.cm
resistance.

2.2 Methods
2.2.1 Potentiometry

The free copper(Il) concentration was monitored by an ion selective Orion model 9629 Ion
Plus series cupric electrode with an Orion 720A potentiometer. Reference filling solution
was 0.12 mol-dm™3 NaClO,. The standard solutions were 1.0 X 1075, 1.0 x 107>, 1.0 x
1074, 1.0 x 1073, 1.0 x 1072 and 1.0 x 10~ mol-dm~ copper(II) perchlorate in the pres-
ence of 0.100 mol-dm™ NaClO, as supporting electrolyte. Calibration of the cupric selec-
tive electrode was performed both before and after the titration experiments. The titrator
solution was added manually from a digital burette Metrohm 665 Dosimat. The sample
chamber was covered with aluminium foil to ensure constant and almost dark conditions,
as the sensing element may show an offset if the light conditions change markedly. pH
was measured using an Orion 9102AP gel filled glass pH electrode. Calibrations were per-
formed with Orion standards at pH = 4.01, 7.00 and 10.01. The measurements were per-
formed in jacketed glass vessels (Methrohm) through which thermostated water (298.0 +
0.1 K) continuously flowed. The measurements and calibrations were performed in nitro-
gen atmosphere (very gentle flow) and gentle magnetic stirring. The deionized water used
was boiled for some minutes before the sample preparation to release dissolved gas as the
electrode is sensitive to gas bubbles on the sensing element. The acidity constants were
calculated from pH titration data by means of the program MAINPH [8], and the stability
constants were evaluated from metal titration data with the program EMFALL [8].

2.2.2 Extended X-ray Absorption Fine Structure (EXAFS)

The Cu K-edge EXAFS measurements were performed at the Stanford Synchrotron Radia-
tion Lightsource (SSRL), USA. SSRL operated at 3.0 GeV and a maximum current of 100
mA. The EXAFS station at the wiggler beam line 4-1, old station, was equipped with a
Si[220] double crystal monochromator. The solids and the aqueous copper(Il) solutions
were simultaneously measured in both fluorescence and transmission mode. Internal cali-
bration was made with a copper metal foil assigning the first inflection point on the edge to
8980.3 eV [9], and higher order harmonics were discarded by detuning the second mono-
chromator crystal to 50% of maximum intensity at the end of the scans. The data treatment,
using standard procedures for pre-edge subtraction and spline removal, and model fitting
of the EXAFS data has been carried out by use of the EXAFSPAK program package [10].
The resulting EXAFS functions have been curve-fitted by calculated model functions using
ab initio calculated EXAFS phase and amplitude parameters from FEFF7 (ver. 7.02) [11,
12].

EXAFS measurements were performed on solids precipitated at mixing of 0.5 mol-dm~>
copper(Il) perchlorate solutions with concentrated alkyl-N-iminodiacetic acid solutions
adjusted to predetermined pH values with a 5.0 mol-dm™~ sodium hydroxide solution. EXAFS
measurements were also performed on two 0.5 mol-dm~ aqueous solutions. The EXAFS data
on the aqueous solutions were collected at a higher concentration than the potentiometric data
in order to obtain as good data quality as possible. The chosen concentration in the EXAFS
studies did insure that the amount of water was sufficient to have free water as solvent, and
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good EXAFS data quality. As long as the concentration of free water is high it is assumed that
the speciation is similar to the one obtained in the potentiometric studies.

2.2.3 Determination of Stability Constants of Alkyl-N-iminodiacetic acid (C,-IDA, n =
1,6) Complexes

Titrations of 50 cm™ 10 mmol-dm™ copper(Il) perchlorate in 0.100 mol-dm™ sodium per-
chlorate using 0.100 mol-dm™ methyl- or n-hexyl-N-iminodiacetic acid as titrator were per-
formed. The pH of the titrator solution was adjusted by adding one equivalent of sodium
hydroxide to the isoelectric form of the ligand to a final pH of 7-8.

2.2.4 Determination of Stoichiometries of Copper(ll)-n-octadecyl-N-iminodiacetic
Acid Complexes

Titrations of 100 cm™ 0.5 mmol-dm™ n-octadecyl-N-iminodiacetic acid in 100 mmol-dm~>
sodium perchlorate suspension, obtained after ultrasonication for one hour, and using 10
mmol-dm™ copper(IT) perchlorate in 80 mmol-dm™ sodium perchlorate as titrant, were per-
formed. The starting pH of the n-octadecyl-N-iminodiacetic acid suspension was adjusted to
4.00, 6.40 and 9.50 by addition of an appropriate amount of 0.100 mol-dm~ sodium hydrox-
ide solution.

3 Results
3.1 Stability of Copper(Il)-Alkyl-N-iminodiacetic Acid (C,-IDA, n=1,6) Complexes

Determination the stability constants of the copper(Il) methyl- and n-hexyl-N-iminodiace-
tate systems in aqueous solution has been made by potentiometry. The free copper(Il) and
hydrogen concentrations show a coherent behavior versus added ligand in both systems. pH
decreases until one equivalent of ligand is added versus copper(Il), giving a pH value of ca.
2.5; thereafter, the pH rises slightly again. Small distinct differences in the resulting pH curves
between copper(Il)-methyl- and -n-hexyl-N-iminodiacetic acid titrations are seen. The sta-
bility constants obtained in this study and selected values reported in the literature are sum-
marized in Table 1. The stability constants of copper(Il)-alkyl-N-diacetate systems increases
with increasing length of alkyl chain using the same ionic medium, Table 1. A possible reason
is that the hydration of the formed CuL and CuL, complexes decreases with increasing alkyl
chain length. The water molecules around longer alkyl chains have to rearrange, which require
energy, and the forces between the alkyl chains and the water molecules are very weak. On the
other hand, the protonated imino nitrogen in iminodiacetate can form hydrogen bonds with
surrounding water molecules.

3.2 Acid-Base Properties of Copper(ll) Alkyl-N-iminodiacetate Complexes
3.2.1 pHTitrations
The acid-base titration curves of copper(Il)-alkyl-N-iminodiacetic acid complexes at

the stoichiometry 1:2 present three principal different behaviors of the four ligands,
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Table 1 Stability constants reported for the copper(Il)-iminodiacetic and alkyl-N-iminodiacetic acid

log;, K; log;y K, Ionic medium Temperature/K  References

Iminodiacetic acid (IDA)

10.11 5.66 0.50 mol-dm~> NaCIO, 298 [13]

10.48 5.84 0.15 mol-dm™ NaClO, 310 [14, 15]

9.52 5.58 0.20 mol-dm~> NaClO, 298 [16]

10.63 6.05 0.10 mol-dm™ KNO; 293 [17]

9.32 7.01 0.10 mol-dm~— KNO; 298 [18]

10.51 5.60 0.20 mol-dm~ NaNO, 303 [19]

10.42 5.60 0.10 mol-dm~> NaClO, 293 [20]

10.63 6.05 0.10 mol-dm=> KNO; 293 [21]

10.55 5.65 0.10 mol-dm~3 KCI 303 [22]
Methyl-N-iminodiacetic acid (MIDA)

10.92 6.54 0.50 mol-dm~> NaClO, 298 [13]

11.20 7.00 0.05 mol-dm™ KNO; 298 [23]

11.09 6.83 0.10 mol-dm~ KCl 293 [24]

11.10(2) 8.48 (16) 0.10 mol-dm~ NaClO, 298 This work
n-Propyl-N-iminodiacetic acid (C;-IDA)

11.30 8.65 0.10 mol-dm™> KNO; 298 [25]

6.13 0.10 mol-dm™ KCl 298 [26]

n-Butyl-N-iminodiacetic acid (C,-IDA)

11.31 8.73 0.10 mol-dm™ KNO; 298 [25]
n-Hexyl-N-iminodiacetic acid (C4-IDA)

12.22(3) 9.66 (19) 0.10 mol-dm~ NaCIO, 298 This work

iminodiacetic acid and methyl-, n-hexyl- and n-dodecyl-N-iminodiacetic acid, Fig. 1.
The copper(Il)-methyl- and n-hexyl-N-iminodiacetate systems display common fea-
tures, however, with a significant difference in the buffer region between the 3rd and 4th
equivalence points, indicating that one of the alkyl-N-iminodiacetic acid groups bound
to copper(Il) remains protonated below pH = 5-6. The buffer region is ca. one pH unit
lower for the copper(II)-methyl-N-iminodiacetic acid system than for the copper(Il)-n-
hexyl- and n-dodecyl-N-iminodiacetic ones. The copper(I)-n-dodecyl-N-iminodiacetic
acid system displays additional buffer capacity in the region between the 2nd and 3rd
equivalence points. This buffer region is also observed in the titration curve of the pure
n-dodecyl-N-iminodiacetic acid system as shown in Fig. 8 in [3], strongly indicating
that this buffer region is caused by the SSHBs as it is also observed for the n-octadecyl-
N-iminodiacetic acid system. This shows that the SSHB in aggregates of n-dodecyl- and
n-octadecyl-N-iminodiacetic acid prevent complex formation with copper below pH val-
ues of 6 and 4, respectively. These observations show that the following equilibria with
calculated acidity constant (pK,) exists in the region between the 3rd and 4th equiva-
lence points:

CuA(HA)™ + H,0 = CuAJ™ + H;0"

pK,, = 35.35, 6.37, 6.36, for A = CH;-, C(H,5- and C,,H,5-IDA, respectively.
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pH
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1 2 3 4

Molar ratio added base / total copper

Fig. 1 Potentiometric titration of copper—alkyl-N-iminodiacetic acid systems at stoichiometry 1:2, a 10
mmol-dm=® Cu(Cl0O,),/20 mmol-dm= iminodiacetic acid in 0.100 mol-dm=* NaClO,, (experimental data
points-filled black triangles, and modelled function-line), b 10 mmol-dm™ Cu(Cl10,),/20 mmol-dm™>
methyl-N-iminodiacetic acid in 0.100 mol-dm~> NaClO,, (experimental data points-filled black diamonds,
modelled function-line), ¢ 10 mmol-dm™ Cu(NO;),/20 mmol-dm™> n-hexyl-N-iminodiacetic acid in
0.100 mol-dm™> NaClO,, (experimental data points-filled black squares, modelled function-line) and d 10
mmol-dm™ Cu(NO;),/20 mmol-dm~> n-dodecyl-N-iminodiacetic acid in 0.100 mol-dm~> NaClO, (experi-
mental data points-filled black circles, modelled function-line)

When the pH is raised above the 4th equivalence point (pH > 10), there is no buffer
capacity left in any of the systems. This shows that copper(Il)-n-alkyl-N-iminodiacetate
complexes with the stoichiometry 1:2 persist at high pH values, which is supported by the
observation that no precipitation of hydrolysis products is observed at pH < 13. In the case
of the copper(I)-C,,-IDA system a precipitation takes place at higher pH, but this is a blue
voluminous precipitate in contrast to the light-blue fine-grained copper(Il) hydroxide. It is
noticeable that the copper(Il)-n-hexyl- and —n-dodecyl-N-iminodiacetic acid systems have
very similar values of pK, despite the different behavior at lower pH in the region between
the 2nd and 3rd equivalence points, due to presence of short strong hydrogen bonds in the
fraction of n-dodecyl-N-iminodiacetic acid present as aggregates.

The imino hydrogen of the first alkyl-N-iminodiacetate bound to copper(Il) is very
acidic, and copper(Il) is not out-competed when pH is above 1.5, Fig. S2. The acidity of
the imino hydrogen decreases of the second alkyl-N-iminodiacetic acid ligand bound to
copper(Il), but still a substantial shift of the basicity remains in comparison with free alkyl-
N-iminodiacetic acid, ca. 4-5 orders of magnitude (see above). The complex distribution
functions for the copper(Il)-methyl- and —n-hexyl-N-iminodiacetate systems in water, as
function of ligand and copper(Il) species, are shown in Fig. S2.

The copper(Il)-iminodiacetate system shows a somewhat different behavior in
the buffer region, between the 3rd and 4th equivalence points, in comparison to
the copper(Il)-alkyl-N-iminodiacetic acid complexes in the region, Fig. 1. Accord-
ing to literature data, the stepwise stability constant of the complex formation of
copper(Il) iminodiacetate hydroxide is somewhat higher than for the formation of the
di(iminodiacetato)cuprate(Il) complex, the log,, K values are 6.26 and 6.05, respec-
tively [17, 21, 27]. A similar observation has also been made for a water—alcohol mix-
ture [28]. It is therefore more likely that a hydroxide ion binds to copper(Il) than a sec-
ond iminodiacetate at neutral pH. This means that similar amounts of the complexes
Cu(IDA);™ and Cu(IDA)OH™ are present at neutral pH and that the buffer capacity will
be split into two parts, the formation of a copper(Il) iminodiacetate hydroxide complex,
and deprotonation of free ammoniumdiacetate (the form of free ligand present in the
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pH region 3-8), pK,; = 9.2. The reported stability constants should give a distribution
of 60 % copper(Il)-iminodiacetato-hydroxido complex, and 40 % bis(iminodiacetato)
cuprate(IT) complex giving 30 % of the total ligand concentration as free ligand, when
total ligand concentration is twice the total copper(I) concentration at neutral pH. This
pattern is indeed very nicely seen in the titration of iminodiacetic acid with sodium
hydroxide, and the pK, value of iminodiacetate bound to copper(I) can be calculated to
5.75(5), and the acidic constants of iminodiacetic acid are in full agreement with litera-
ture values, ca. 2.55 and 9.3 for pK,, and pK,,, respectively, Fig. 1. To secure the pres-
ence of [Cu(IDA)2]2_ and [Cu(Cn—IDA)z]z_ an excess of more than a factor of two of
IDA or C,-IDA is required.

The copper(Il)-n-octadecyl-N-iminodiacetic acid system was studied at initial pH
values of 4.0, 6.3 and 9.5, in order to study the effect of SSHBs on complex formation.
At pH = 4.0 no complex formation was observed at all, while copper(Il) is strongly
bound to the aggregates at pH = 9.5, Fig. 2. Titrations starting at pH = 6.3 show sig-
nificant complex formation at the start, which causes a decrease in pH. After some addi-
tions, when the pH value has reached pH ca. 5.0, it takes very long time, hours, to reach
stable copper and pH potentials. This shows clearly that the SSHBs obstruct the com-
plex formation at pH values lower than 4-5, and that the steric restrictions seem to be
very important. When approximately 50 % of the coordination sites are coordinated by
a copper(Il) ion, the rate of the complex formation increases more or less independently
of pH. This indicates that the coordinating copper(Il) ions break up the rigid structure
of the SSHB linked alkyl-N-diiminodiacetic acid structure into a structure where the
hydration and complex formation processes have better conditions. These results show
clearly that the presence of SSHBs in the ligand can significantly hamper the ability of
the ligand to participate in protonation and complex formation reactions, and in fact hin-
der the complex formation at low pH values.

The acid-base titration curves of copper(Il) iminodiacetic and n-hexyl-N-iminodi-
acetic acid complexes at the stoichiometry 1:1 have been performed, Fig. S3. The first
equivalence point is defined as one equivalent of base added per copper(I). The titration
curve of the copper(Il)-n-hexyl-N-iminodiacetic acid system show a large pH rise when
two equivalents of hydroxide (vs. ligand) are added, which is expected, as the form of
the added ligand is a diprotonic acid. However, a buffer region is obtained between the
2nd and 3rd equivalence points, and a pale blue precipitate, probably a mixed copper(Il)
n-hexyl-N-iminodiacetate hydroxide compound, is observed.

Fig.2 Potentiometric titration of 1.0
copper(Il)-n-octadecyl-N-imino- = -
diacetic acid system at three dif- 2 0.8 (@)
ferent starting pH values: a 9.5, :.\ r
b 6.3 and ¢ 4.0, data points are 3 <QC 0.6
filled diamonds and calculated =i r
functions, solid lines 2z 04 r
22 I (b)
§ = 02
T 00 frereeee — ©
= L
02 Bt e
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Molar ratio added total Cu?* / total n-C ¢H;,IDA
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3.2.2 Determination of Copper(ll)-Ligand Stoichiometry for Ligands Present
as Aggregates in Solution

A method to determine the concentration of ligands forming strong complexes with
copper(Il) in the low pmol-dm= range, dye probe molecular absorption spectrophotom-
etry, was developed (see ESI section (ESIT)). This method allows estimation of the stoi-
chiometry of the copper(Il)-analyte complex from the slope in the calibration curve using
the wavelength 566 nm. The ligands n-hexyl-, n-dodecyl- and n-octadecyl-N-iminodiacetic
acid have been investigated in this study, Fig. S4. The results indicate two principal behav-
iors of the copper(Il)-alkyl-N-iminodiacetic acid systems. The n-hexyl- and n-dodecyl-
N-iminodiacetic acids have similar slopes in the calibration curves, indicating formation
of a copper(Il)-n-hexyl-iminodiacetic acid complex with the stoichiometry 1:1, which is
expected from the concentrations and the pH value used, ~ 6.8, and the stability constants
were determined potentiometrically, Table 1. However, there is a small finite difference
between the ligands, indicating formation of a small amount of a second complex with
n-dodecyl-N-iminodiacetate, as expected from the relatively more stable second complex,
Table 1. The calibration curve of n-octadecyl-N-iminodiacetate presents a principal differ-
ent behavior, both in comparison to other ligands and over time. The measurements were
repeated at four different times, at 1, 6 and 24 h and 6 days after preparation of the solu-
tions. In the low concentration range the intensity is almost independent of the concentra-
tion of n-octadecyl-N-iminodiacetate. In the concentration range 0—24 pmol-dm=> the slope
indicates a formal stoichiometry of 1:5. This anomalously high value indicates that only
ca. each fifth available site in the aggregate surface of n-octadecyl-N-iminodiacetic acid
is occupied by a copper(Il) ion. The presence of SSHBs in the aggregates of n-octadecyl-
N-iminodiacetate below pH = 67 shows that copper(I) ions in the studied concentration
range, 0-46 umol-dm~>, and pH = 6.8, have low possibility to enter the coordination sites
in the aggregate surface even after 6 days.

At concentrations exceeding 46 pmol-dm™, a large drop in absorbance is observed,
enhanced dramatically after 6 days. At concentrations above 54 pmol-dm™, another
copper(I) independent region is seen at shorter times, even a weak increase in absorb-
ance is observed at around a twofold excess of n-octadecyl-N-iminodiacetic acid versus
copper(Il). However, the fundamental shift in the calibration curves is at concentrations
exceeding 46 pmol-dm ™ n-octadecyl-N-iminodiacetic acid (vs. 56 umol-dm~> copper(Il)-
ECR) at extended times. The slope of the curve indicates that a stoichiometry of almost
1:1 is obtained, indicating that almost all coordination sites in the aggregate surface of
n-octadecyl-N-iminodiacetic acid bind copper(Il) ions.

In a solution with n-octadecyl-N-iminodiacetic acid:copper(Il) ratios larger than 1.0,
Cu(C5-IDA), complexes (1:2) are slowly formed with time, 6 days, Fig. S4. This shows
that copper(II) ions can break up the SSHBs in the C,4-IDA aggregates also in neutral solu-
tion and at low total concentrations, but it takes several days.

-3

3.2.3 Structure Determination using Extended X-ray Absorption Fine Structure
(EXAFS)

EXAFS has been used to study the structure around copper(Il) in the copper(I)-alkyl-
N-iminodiacetic acid complexes with varying length of the hydrocarbon chain (methyl,
n-hexyl, n-dodecyl and n-octadecyl), pH and stoichiometry. The features of the EXAFS
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Fig.3 The fit of EXAFS data of a, solid copper(Il) di(methyl-N-iminodiacetate) complex precipitated from p
an aqueous solution with a fivefold excess of ligand and pH = 5 (offset: 20), b an aqueous solution of a
copper(Il) methyl-N-iminodiacetate complex with a fivefold excess of ligand and pH = 5 (offset: 18), ¢
solid copper(Il) n-hexyl-N-iminodiacetate compound precipitated from an aqueous solution with equal con-
centrations of copper(Il) and ligand at pH = 2 (offset: 16), d an aqueous solution with equal concentrations
copper(Il) and n-hexyl-N-iminodiacetate at pH = 2 (offset: 14), e solid copper(Il) di(n-hexyl-N-iminodiace-
tate) complex precipitated from an aqueous solution with a fivefold excess of ligand at pH = 7 (offset: 12),
f a gel of copper(Il) di(n-hexyl-N-iminodiacetate) complex at pH = 2 (offset: 10), g solid copper(Il) di(n-
hexyl-N-iminodiacetate) complex precipitated from an aqueous solution with a fivefold excess of ligand at
pH = 13 (offset: 8), h solid copper(Il) n-dodecyl-N-iminodiacetate complex precipitated from an aqueous
solution with the stoichiometry 1:1 and pH = 2 (offset: 6), i solid copper(I) di(rn-dodecyl-N-iminodiacetate)
complex precipitated from an aqueous solution with a fivefold excess of ligand at pH = 2 (offset: 4), j solid
copper(Il) di(n-dodecyl-N-iminodiacetate complex precipitated from an aqueous solution with a fivefold
excess of ligand and pH = 5 (offset: 2), and k solid copper(Il) di(n-octadecyl-N-iminodiacetate) complex
precipitated from an aqueous suspension with a fivefold excess of ligand at pH = 6 (no offset), experimental
data—thin solid line with data points as open diamonds and calculated model function using the parameters
given in Table 2 as thick solid line

modulations of the studied samples are surprisingly similar, in spite of different composi-
tions and varying lengths of the alkyl chain (Fig. 3). Copper(II) binds strongly to four oxy-
gens/nitrogens, certainly two of each, in the equatorial plane at ca. 1.97 A, and additionally
two oxygens from the acetate groups. The refinements of the experimental data gave a bet-
ter fit with two different bond distances in the axial positions as is also found in the hydrated
copper(Il) ion in aqueous solution [5]. The difference in the Cu—O,, bond distances is in the
order of 0.2 A, Tables 2 and S4 (ESIf). In addition to the single scattering to methylene,
Cy. and carboxylate, C_, carbons in the second scattering shell, ca. 2.8 108, in the alkyl-
N-iminodiacetate ligand, there is complex multiple scattering within the atoms in the alkyl-
N-iminodiacetate ligands. These include Cu—O—-C_,—Cu and Cu—N-Cy —Cu at ca. 3.2 A
(approximate mean value), Cu—C_5—N-Cu, Cu—O—-Cy, —Cu and Cu—C;O—CHZ —Cu at ca.
3.65 A (approximate mean value). As there are two different Cu-O,, bond distances, there
will be a fairly large number of different distances to the carbons in the second scattering
shell and in the 3-leg scattering paths. The distances to carbons in the second scattering
shell and the 3-leg scattering paths cannot be separated from each other and have therefore
been refined to mean values; also, it is not possible to distinguish between carbon, nitro-
gen and oxygen atoms as back-scatterers. The light blue solids precipitating from aqueous
solutions with equal concentrations of copper(II) and alkyl-N-iminodiacetic acid at pH = 2
seem to form (—Cu(OH2)m—O—C(O)—CHz—N(RH)—CHz—C(O)—O):, m + n = 6, chains
where the imine nitrogen is protonated, and thereby not binding to copper(Il); supported
by their light blue color. The aqueous solutions with a fivefold excess of ligand, and solids
precipitated from such solutions, all have an intense blue color indicating that at least one,
but most like likely two, nitrogen atoms bind to copper. The bis(alkyl-N-iminodiacetato)
copper(Il) complexes are singly protonated below pH ca. 5.5 (see above), which means
that the nitrogen on one of the ligands is protonated, and thereby not binding to copper(Il).
Above ca. pH = 5.5 the nitrogen atoms in both ligands are deprotonated and most likely
bound to copper. However, the geometry and bond distances around the copper(II) change
only marginally at deprotonation and simultaneous coordination of the nitrogen to copper
in the second ligand.

These changes in the structure are not large enough to be detectable with the EXAFS
technique. The results show very clearly that the length of the alkyl chain does not directly
influence the structure around the copper(Il) ion.
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The most important refined structure parameters from the EXAFS data are summa-
rized in Table 2, and full details are given in Table S2, the fits of the raw EXAFS data
are shown in Fig. 3, and of the Fourier transforms in Fig. S4. The structure param-
eters given in Tables 2 and S2, and the given estimated errors are the statistical ones
obtained in the refinement procedure. The estimated total errors, including statistical,
systematic and in the E, value (for which k = 0 A7), are given in the text. The total
errors of well-defined distances are in the range + 0.01-0.02 A.
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4 Discussion

The alkyl-N-iminodiacetic acids form extraordinary short strong hydrogen bonds (SSHBs)
between an acetic acid/acetate-pair in two adjacent neutral zwitterionic alkyl-N-iminodi-
acetic acids (alkyl-N-ammoniumacetateacetic acid) forming indefinite sheets in the solid
state [3]. These SSHBs break up in aqueous solution for alkyl-N-iminodiacetic acids with a
short alkyl chain, and the acidic constants are in the range of those expected for this type of
compounds [3]. However, for the compounds with long alkyl chains the forces between the
interdigitating alkyl chains are sufficiently strong to maintain the sheet structure in aque-
ous suspensions and this means that the SSHBs can persist in aqueous systems up to pH ~
7 for n-octadecyl-N-iminodiacetic acid and to pH = 4 for n-dodecyl-N-iminodiacetic acid
with the support of the rigid and stable structure of the long alkyl chains [3]. This causes
the acidity of the alkyl-N-iminodiacetic acids, present as large sheets in aqueous suspen-
sions, to be much weaker than those present as monomers with a factor of ca. 10*-10° [3].
This study shows also that the complex formation is strongly influenced by the presence of
SSHBs in the ligand system. The complex formation between copper(Il) and monomeric
alkyl-N-iminodiacetate is strong when the ligands are present as monomers, and complex
formation takes place readily also in weakly acidic solution. On the other hand, when the
alkyl-N-iminodiacetic acid is present as aggregates the hydrogen bonding in the surface of
the aggregates will strongly influence the complex formation properties. At low pH values
where the SSHB is complete, below pH = 4, the hydrogen bonds seem to induce a con-
figuration that does not allow a metal ion to attack and form a complex. In the pH region
4-7 the Kkinetics are very slow, indicating that a partial deprotonation of the carboxylic
acid groups in the aggregate surface changes the configuration of the surface and the pos-
sibility for an attack increases. Complex formation causes a decrease in pH, due to the
proton release in the complex formation reaction, which causes the reaction/reaction rate
to slow down after coordination of metal ions. If less than ca. 50% of the binding sites
bind copper(Il) ion then the complex formation reaction may stop if the pH value is close
to 4 or lower, and the configuration of the surface is similar to that of the fully protonated
surface. On the other hand, if more than 50% of the sites bind a copper(II) ion then the
configuration is broken up, and the complex formation proceeds slowly even at pH values
close to 4. At pH values above 7 the surfaces are deprotonated and fully open for attack
from metal ions, and the complex formation proceeds, in principle, in the same way as for
the monomers.

Comparisons of the kinetics of the substitution reaction between the hydrated copper(Il)
ion and the ethylenediaminetetraacetatonickelate(I) ion (EDTA-Ni(II)) [28] and the cyc
lohexylenediaminetetraacetatonickelate(II) ion (CDTA-Ni(Il)) [29] at low pH, have been
reported. In contrast to the dominant role of the copper(Il) ion attack in the reaction with
(EDTA-Ni(ID)), there is no copper(Il) ion attack of CDTA—Ni(II) below pH = 4. The results
were explained in terms of steric hindered rotation and blocking by the backbone structure
in cyclohexylenediaminetetraacetate. The proposed mechanism is that the nickel-nitrogen
bond dissociation is the rate-determining step. The proposed reaction mechanism for com-
plexation of polyamines to hydroxycuprate(II) in basic media is an initial interaction of a
nitrogen donor atom at an axial position, followed by Jahn—Teller inversion to the basal
plane [31-32]. The rate-determining step in this system appears to be the inversion step. In
the present study, it is observed in the titration starting at pH = 9.5, a plateau around pH
=5, which is kinetically controlled, Fig. 2. The amount of bound copper(Il) is independ-
ent of free copper(Il) concentration. The same independence of copper(Il) concentration
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Scheme 1 Schematic view of the structures of the proton equilibrium of copper(II)-dialkyl-N-iminodi-
acetic acid complexes

is also observed in the titration with onset pH = 4.0. However, these two titrations with
different starting pH represent two principal different systems, the absence and presence of
hydrogen bonded aggregates. When starting at pH = 9.5 (~ pK}3), it is expected that only
weak van der Waals forces hold the aggregates together, and the acetate and imino groups
are available to coordinate metal ions. At such conditions copper(Il) will form strong com-
plexes, and no sterical restrictions seems to exist in the system at these high pH values. At
pH = 5 copper(Il) complexes with the stoichiometry 1:2 (each second coordination site
binds copper(Il)) are formed, and one of the coordinating n-octadecyl-N-iminodiacetic acid
ligands are protonated at the imino nitrogen. A region with significant buffer capacity, pH
~ 5, is observed in the copper(Il)-n-octadecyl-N-iminoacetate system. The fact that this
system has buffer capacity at pH = 5 shows that the imino nitrogen is exposed to the sur-
rounding solution and open to copper attack, and that the remaining proton on the nitrogen
is affected by the presence of copper ions. The slow kinetics observed when copper(Il)
binds to the aggregate and at least half of the positions already are occupied suggest that
the initially formed copper complexes are fairly stable. The proposed mechanism for the
substitution reaction between the hydrated copper(Il) ion and the ethylenediaminetetraace
tatonickelate(II) ion shows that the nickel-nitrogen bond dissociation is the rate-determin-
ing step. In the present study, a copper(Il) ion, forming 1:2 complexes at pH = 5, seems to
block another hydrated copper(Il) ion to enter and thereby hinder the formation of a 1:1
complex. The slow kinetics may be caused by steric restrictions of the backbone structure
of the long-tailed hydrocarbon. If intermolecular hydrogen bonded aggregates are already
present, complex formation is hindered below pH =~ 4, and obstructed in the pH range 4-7.

The coordination geometry around copper(Il) follows a strict pattern with one nitrogen
and oxygen atom from each iminodiacetate ligand binding strongly in the equatorial plane,
and the third carboxylate oxygen atom weakly bond in the axial positions with different
Cu—O bond distances of Jahn—Teller distorted octahedral configuration. At low pH, pH<S5,
the imino nitrogen becomes protonated and the Cu-N bond breaks. The coordination of
iminodiacetate to copper(II) lowers the acidic constant from ca. 107 to 107> mol-dm™> of
the imino nitrogen. Because of this, instead of two stable 5-membered chelate rings, a sig-
nificantly less stable 8-coordinated chelate ring is formed, Scheme 1. The alkyl back-bone
and its organization seems not to affect the coordination around copper(Il).

Supplementary information The online version of this article (doi:https://doi.org/10.1007/s10953-020-
01050-7) contains supplementary material, which is available to authorized users.
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