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31 An empirical correlation between complex stability and ligand exchange rate allows the prediction if
a metal complex is analyzable by chromatography.
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Usability of online-coupling ion exchange chromatography ICP-
AES/-MS for the determination of trivalent metal complex species
under acidic conditions

C. Winter? and A. Seubert®?

The determination of metal complex species in aqueous solutions by chromatographic techniques is potentially interfered
or even impossible due to species decomposition during the separation. An often used technique for slower exchanging
metal ions is ion exchange chromatography (IC), which is used for the separation and quantification of 1-1-complexes of
trivalent metal ions. The test set consisted of the chelating agents F, Ox*, NTA* and EDTA*, differing in their denticity, and
the trivalent metals ions of Cr, Al, Fe, Ga, In and the lanthanoids differing in their ligand exchange rate. It became apparent
that the ligand exchange rate of the metal ion and the denticity of the chelator both play an important role. For slow
exchanging metals and/or high denticity of the ligands, IC is a suitable tool for the determination of species distributions. A
simple empirical equation is given to distinguish between inert, e.g. suitable for chromatographic separations, and labile 1-
1-complexes of trivalent metals ions by their complex formation constant and the aqua ligand exchange rate of the metal
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ion.

Introduction

Chelating agents are widely used in industrial processes, agriculture
and as detergents. Although they are not toxic themselves, they are
often poorly biological degradable and capable of mobilizing metals
from river sediments. The resulting metal complexes play an
important role in several environmental and biological processes.?
The use of ion exchange chromatography for the determination of
those complexes suggests itself as the complexes are often charged.3
In literature, two kinds of metal complexes are often analyzed by ion
exchange chromatography, namely complexes with chelating agents
of higher denticity or with kinetically inert metal ions. The most
commonly used complexing agent is ethylenediamine tetraacetic
acid (EDTA),**2 the metal ions of aluminum and chromium are of
special interest for IC determination. This is due to a variety of
complexes with different ligands for aluminum such as F;, Ac, Ox%,
Cit> and OH-,%31° and the toxic behavior of chromium.2%-22

Biomaterials are an important field of application for the
determination of species distributions by ion exchange
chromatography.?>?* These analyses are performed with samples of
human serum,?® forest soil?® and plants?’ for example. In
combination with an ICP-AES/-MS as a detector, a very selective and
sensitive method of determination is provided, which is capable of
monitoring the intake of aluminum by hydrangeas.?®?° Other di- and
trivalent metal complexes were also analyzed regarding their
occurrence in real samples.3%-32

Retention models for ion exchange chromatography of metal
complexes with multiple ionic eluents containing anions like COs%,
HCOs3 and OH" have been developed using the chemical reaction
named ion exchange. This has been done while taking into account
the equilibria between the analyte and the eluent ions as well as the
ion exchange equilibria.?3-3>

This journal is © The Royal Society of Chemistry 20xx

All the analyzed complexes in the fields mentioned before can be
roughly summarized to complexes with chelating agents of higher
denticity or with inert metal ions. This trend is also found in other
analytical techniques related to ion exchange chromatography as
explained in the following paragraphs.

The determination of metal ions in aqueous solutions is performed
by ion exchange chromatography using their complexes. The eluent
contains a chelating agent in excess regarding the analyte ions,
leading to complete complexation of the metal ions. Here oxalate,3%
38 NTA3 and EDTA4! are used, all being chelating agents of higher
denticity.

A somewhat similar experimental setup with opposing objective is
used for the determination of amino polycarboxylic acids (APCAs) by
means of IC-ICP-MS coupling via their indium and palladium
complexes.*?>* The analyzed APCAs are possible ligands with at least
three coordination sites.

High performance chelation ion chromatography (HPCIC) is a special
type of cation exchange chromatography using immobilized
chelating agents as exchange groups for the determination of metal
ions. The most commonly used groups are related to oxalate ions due
to their relative high thermodynamic stability of the complexes and
their medium lability compared to chelating agents with higher
denticity. The use of immobilized tridentate ligands leads to slow
mass transfer from the stationary to the mobile phase and poor
separations.*+#°

A combination of the two approaches stated in the paragraphs
before is performed by using complexing agents as additives for the
optimization of the separation in HPCIC. A prediction of the retention
behavior of the metal ions can be done via the logP values of the
metal complexes.*®

Even in the field of the determination of complex stability constants
with ion exchange chromatography, the kinetic lability of the metal
ion complexes is of great importance.*’"*° The analyzed complexes
must be inert enough to be separated and ought not react or
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decompose on the separation column. This is fulfilled by
multidentate chelating agents®®! or metal ions with slow ligand
exchange rates.”?

A fundamental question concerning the use of IC for the
determination of element species distributions and all the
applications mentioned before arises, when we recall that
complexation is an equilibrium reaction. Hence, in the state of
thermodynamic equilibrium the forward and the reverse reaction are
similarly fast. In case of an extraction of one reactant, the system
tends to compensate this interference by recreating the missing
reactant. While migrating through an ion exchange column this
process also takes place. Metal ion, chelating agent and complex
normally differ in charge and are separated in the ion exchange
process. A determination of the complex concentrations in the
thermodynamic equilibrium is only possible if the reaction of the
system due to the interference is much slower than the actual
separation. For metals with slow ligand exchange rates this is
apparently the case.>® Otherwise the measured species distribution
and the state of the system before the separation do not match each
other. The question whether a complex is inert enough to be
analyzed by ion exchange chromatography ought to be answered
before chromatograms of samples are analyzed.

In order to answer the question of the applicability of IC for metal
complexes, three influences need to be considered — the complex
stability, the ligand exchange rate of the metal ion and the denticity
of the chelating agent. The complex stability is quantified by the
complex stability constant Kstp, which provides the information,
whether and to what extend a certain complex is formed for given
concentrations of the metal ion and the chelating agent. The Ksiap-
value does not give information on how fast this equilibrium is
reached and on the reaction rates in the equilibrium state of forward
and reverse reaction. It is a purely thermodynamic description of the
equilibrium state.

The ligand exchange rate of a metal ion is a kinetic property. For the
comparison of the ligand exchange kinetic of metal ions of similar
charge and related coordination geometry, the aqua ligand exchange
rates ko can be used. As known from literature, the ky,o-values
differ from 100 s for Ir3* to 10° s for lanthanoid ions.>* The
underlying trend is transferable to other ligands, although the actual
value may differ significantly. Nevertheless, it is a reference point for
the reaction rates of the forward and reverse reaction in equilibrium
state, and therefore an indicator for the suitability of a metal
complex for IC separations. For very fast exchanging metal ions, such
as the lanthanoids, a rapid complex decomposition is expected,
leading to only the signal of the metal ion in the chromatogram,
whereas for slow exchanging metal ions the chromatogram should
correspond to the species distribution in the sample.

A characteristic contribution to both the thermodynamic and the
kinetic side of this question is the denticity of the chelating agent.
Increasing denticity leads to higher Ksip-values due to entropic
effects on the thermodynamic side. On the kinetic side, it is apparent
that the denticity is an important factor for the kinetic lability of a
complex, because every coordinative bond between metal ion and
ligand has to break at the same time, so that complex decomposition
can take place. The probability of that is decreasing exponentially
with the number of coordination sites.

In the light of those thoughts a thorough investigation of several
trivalent metals and chelating agents with different denticities is still
a task to be done. Based on the achieved data a general trend for the
applicability of IC for the determination of 1-1-metal complexes is
obtained.

2| J. Name., 2016, 00, 1-3
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Experimental

Selection criteria for the samples and calculation of species
distribution

A maximum of the 1-1-complex with a minimum of hydroxides and
higher complexes in the samples was aspired. For the elimination of
hydroxides, a pH of 2.0 was selected and the metal-to-ligand-ratio
was determined by thermodynamic calculation of the species
distribution.> For this purpose the stability constants for all
complexes in the considered system need to be known. For most of
the simple systems this requirement is easily to be fulfilled. The
chosen metal-to-ligand-ratios are reported in the experimental
procedure section. The elemental species distribution of the samples
was calculated by Visual MINTEQ ver. 3.0 with the therein provided
stability constants of the complexes.>® The temperature was set to
20 °C, ionic strength to to be calculated and pH was fixed at 2.0.

Experimental procedure

IC-ICP setup

For the online coupling with ICP-AES/-MS, a Dionex 500
Chromatograph consisting of a Dionex GP 40 gradient pump, a
Dionex EO 1 eluent organizer, a 6-port injection valve and a 100 pL
sample loop was used. All tubings and fittings were made of
polyether-ether-ketone (PEEK). The column material was self-made
via a grafting reaction adopted from patent EP 1 842 592 A1.>” For
this reaction a monodisperse polystyrene-divinylbenzene polymere
with 55% crosslinkage and approximately 1000 m? g surface area
and an average diameter of 4 um was used. The cation exchange
column contained sulfonic acid groups with a sulfur-concentration of
approximately 39 umol/g determined by X-ray fluorescence analysis.
The column dimensions were 100 x 4 mm. The flow rate of the eluent
was 1 mL/min. The column temperature was adjusted to 20 °C. The
SpectroFlame M120 S (Spectro Analytical Instruments) and the ICP-
MS Agilent 7500ce (Agilent Technologies) were used as a detector at
A =294,364 nm (Ga), 230,606 nm (In) and at m/z = 27 (Al), 53 (Cr), 57
(Fe), 139 (La), 140 (Ce), 141 (Pr), 146 (Nd), 147 (Sm), 153 (Eu), 157
(Gd), 159 (Th), 163 (Dy), 165 (Ho), 166 (Er), 169 (Tm), 172 (Yb) and
175 (Lu). The flow rate of 1 mL/min of the chromatographic system
is compatible with the Cross-Flow-Nebulizer (ICP-AES) and the Micro-
Flow-Nebulizer (ICP-MS). The outlet of the IC column was directly
connected to the nebulizer of the ICPs. A coupling of the software for
the IC and both ICPs was not possible. The measurements were
synchronized manually.

Data treatment

Raw data were collected using the Smart Analyzer software for the
ICP-AES (Version 2.25, Spectro A. |.) and the ICP-MS Top software for
the ICP-MS (B.04.00, Agilent Technologies). Baseline correction,
normalization and illustration of the data were done by Origin 2015G
(OriginLab Corporation).

Reagents and samples

Deionized water (MilliQ, Millipore) was used for the preparation of
the eluents and samples. The eluent (125 mmol/L) was prepared
using the appropriate amount of nitric acid (suprapure grade, BASF)
and then adjusting the pH by adding 25% (w/w) ammonia solution
(p.a., Gruessing).

For some elements commercial calibration standards were
employed: cerium 1000 mg/L ICP-standard (Fluka), dysprosium
1000 mg/L ICP-standard (Fluka), gadolinium 1000 mg/L ICP-standard
and indium 1000 mg/L ICP-standard (Fluka). The remaining metals
were obtained in the solid form and 1000 mg/L stock solutions in 0.7
mol/L nitric acid were self-prepared. Aluminumnitrate-nonahydrate
(p.a., Merck), chromiumnitrate-nonahydrate (99%, ABCR),
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iron(lll)nitrate-nonahydrate  (p.a.,  Merck),  erbiumchloride-
hexahydrate (99.9%, Ventron), europiumchloride (99.9%, Ventron),
holmiumchloride-hexahydrate (99.9%, Ventron), lanthanumnitrate-
hexahydrate (99%, Riedel-de Haén), lutetiumchloride-hexahydrate
(99.9%, Ventron), neodymium(lil)oxide (99.9%, HEK),
praseodymiumchloride-hexahydrate (99.9%, Ventron),
samarium(lil)oxide (99.9%, Ventron), terbiumchloride-hexahydrate
(99.9%, Ventron), thuliumchloride-hexahydrate (99.9%, Ventron)
and ytterbium(lll)oxide (99.9%, Sigma Aldrich) were used. The stock
solutions of the chelating agents were self-prepared out of the
following salts by dilution in water: sodiumfluoride (p.a., Riedel-de
Haén), oxalic acid-dihydrate (99.5%, Fluka), nitrilotriacetic acid (99%,
Riedel-de Haén) and ethylenediamine tetraacetic acid disodium
dihydrate (99%, Fluka).

The samples were prepared by diluting the appropriate amounts of
the stock solutions, so that a concentration of 10 mg/L (20 mg/L for
Ga and In) of the metals and the aspired metal-to-ligand-ratio were
achieved after dilution with the eluent. The pH of the samples were
checked and adjusted if necessary. The chromium samples were
heated for 24 hours at 60 °C after preparation to speed up the
complex formation. For the metal-NTA and metal-EDTA solution a
molar ratio of 1:1, for the metal-fluoride solution 1:0.4 for chromium,
aluminum and iron and 1:1 for the other metal ions and for the
metal-oxalate solution 1:0.4 was chosen.

Results and discussion

Thermodynamic calculation of the species distribution

The thermodynamic determination of the species distribution of the
M-L-species in the samples was done using Visual MINTEQ and the
therein provided stability constants of the complexes.*® The stability

ARTICLE
Al:NTA 1:1 51.9 26.0 22.0
Fe:NTA 1:1 0.6 90.3 8.3 0.3 0.4
In:NTA 1:1 3.0 10.9 86.1
Ga:NTA1:1 7.0 92.1 0.3 0.6
Lu:NTA 1:1 576 424
M:EDTA m3* [MEDTA]" MHEDTA@qg)
Cr:EDTA1:1 56.1 43.9
AL:EDTA 1:1 243 95 66.1
Fe:EDTA 1:1 76.6 23.4
In:EDTA 1:1 99.1 0.9
Ga:EDTA 1:1 0.1 84.7 15.2

Lu:EDTA1:1 34 96.6

The amount of the main metal-ligand-species in the samples shown
in table 1 is far above the detection limits, so that they ought to be
seen in the chromatograms of the samples when no or only minor
species disintegration occurs. The species distributions of the other
lanthanoid samples are similar to the one of lutetium and the six
metal ions in table 1 are used as examples.

lon exchange chromatography

Figure 1 shows the overlays of chromatograms obtained for the
chromium, aluminum, iron, gallium, indium and lutetium ions
samples as mentioned in table 1.

NH,NO, eluent
constants of the chromium oxalate complexes were taken from 7000000 - CrN'lg'A(sq) G(NH) = 125 mmoliL
Ciavatta®®. In table 1 the species distribution of the chromium, | ¢(Cr) = 10 mgiL

. . . .5 . 6000000 [CrEDTAT
aluminum, iron, gallium, indium and lutetium samples are shown. \ ; — e
The values are rounded to one decimal digit and ratios less than 0.1% w 5000000 ‘ ——CrF 1:04
are omitted. g I = g:jgﬁf .'14
> 4000000 { . CrEDTA 1:1
a l cr
S | ’\ f=1.0 mL/min; pH = 2.0
Table 1: Calculated species distributions for the metal to ligand ratios used as (E“ 20000007 [Crox” \ (-"\ T=20°C;m/z=53
Samp/es. 3+ 2+ + 2+ + ‘_U:! 2000000 - \ ﬁ \
M:F M [MF] [MF,] [M(OH)] [M(OH),]* @ i \ I/
CrF 1:0.4 781 207 0.2 11 1000000 | (e f‘ \
e
Al:F 1:0.4 61.4 375 1.1 ol FANN J “\5
20 40 60 80 100 120 140 160 180
Fe:F 1:0.4 222 579 6.6 131 0.2 S
retention time {_ /s
In:F1:1 776 216 0.3 0.6
Ga:F1:1 442 48.1 4.1 3.5
Lu:F 1:1 91.0 9.0
M:Ox M3 [MOx]* [MOxa] [MHOx]* [M(OH)]*
Cr:0x 1:0.4 65.3 339 0.8
Al:Ox 1:0.4 615 37.9 0.3 0.2
Fe:Ox 1:0.4 37.7 39.6 0.1 22.2
In:Ox 1:0.4 65.3 30.6 0.9 2.7 0.5
Ga:Ox 1:0.4 58.5 35.2 1.6 4.6
Lu:Ox 1:0,4 726 271 0.2
M:NTA M3*  MNTAag [MHNTA]*  [M(OH)NTA]  [M(OH)]*'
Cr:NTA 1:1 13 98.7 1.4
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9 2 50000000 | Al ALEDTA 11 2 In:EDTA 1:1
10 £ ] ; [\ f=1.0mLmin; pH=2.0 £ 1500 f= 1.0 mL/min; pH = 2.0
£ 45000000 (IO | jajFp V' T=20°C miz=27 = T =20 °C; % = 230.606 nm
© N \ © 3+
g - I 1A E :
12 @ 10000000 - I ’f ® Y
13 00000 | \\‘ /iu‘l \\\ - \M
| S\ / N W 1
ig 0 AN eS| 0 : th SN
Q 20 4‘0 HIJ 80 160 150 14:-0 16‘0 1é0 0 5‘0 1(‘]0 1‘50 260 2%0
16 retention time .1 retention time t Is
17
18 NH,NO, eluent (LUEDTA]
= FeEDTA i u
19 1800000 1 FeN_EAm) : 1 o(NH) = 125 mmoliL e NH‘hiOieluent
20 1600000 f c(Fe™) =10 mg/L ¢(NH,) = 125 mmol/L
21 1400an \ — Fe” 40000000 R L c(Lu™) =10 mg/L
- 1 | — Fe:F 104 7 | i L™
§ 1200000 | I Fe:Ox 1:0.4 § Lu:F 1:1
23 L ] | — Fe:NTA 1:1 = Lu:Ox 1:1
24 Z 1000000 | Fe:EDTA 1:1 Z 30000000 4 — LuNTA1:1
o5 G \ f=1.0 mUmin; pH = 2.0 g LuEDTAT:1
E ] \ | T=20°C: miz=57 E | f=1.0 mL/min; pH = 2.0
26 £ eoooo0 \ g T=20°C; miz=175
27 ® 400000 | |lFeOx]" Fe” 7
28 1 [FeOxJ| I\ /‘\\ 10000000
200000 - \ /
29 t s \ |
e — ‘ :
04 = L7 —— S 04 — e
30 20 40 60 80 100 120 140 160 180 0 50 100 150 200 250 300
31 retention time t_ /s retention time {_ /s
32
33 Figure 1: Overlaid chromatograms obtained for the samples described in table 1.
34 7000 GaNTA : NH,NO_ eluent
a5 = {w\ \[GaEDTA] c(N;-|*)3-125 = Signals of metal complexes cannot be obtained for the lutetium
36 6000 - | C(Ga;) i samples except for the [LUEDTA] complex. All other ligand complexes
1 5 of lutetium are kinetically not inert enough to be detected after IC
37 5000 -~ Ga y [
38 § | | Ga:F 1:1 separation. The complex decomposition is much faster than the
< 4000+ H gaﬁ#;f-: measuring technique. Therefore, a complex with a very fast
E ———t=g; 7 . . . . . .
39 B 1 \{ . Ga-EDTA 1-1 exchanging metal ion such as lutetium requires four coordinative
@ 3000 e g = . . . .
40 £ | ‘ Gla f=1.0 mL/min; pH = 2.0 bonds between the metal ion and the ligand to be inert on the time
41 g 2000 \y !f\ T=20°C; »=294.364 nm scale of ion exchange chromatography. This result is transferable to
42 = [Gaox] | | ", all other trivalent lanthanoid ions.
43 it | -\ ; Fl LY For the InF and InOx samples only the chromatographic signal of the
1 | b o) I i ) . .
44 O_Wwwm&mwwqﬁsmewwamﬁ In3* ion can be seen, whereas for NTA and EDTA the corresponding
45 T T T T 1 complex signal is detected. In contrast to the lanthanoid ions, which
Q0 50 100 150 200 250 e . .
46 L exhibit a higher aqua-ligand-exchange-rate,”® the NTA-complex of
47 . indium is inert enough to persist the chromatographic run. So for
48 indium ions, only three coordinative bonds to the chelating agent are
needed to form an inert complex. One additional comment has to be
49 ded to fi t plex. One addit | thastob
made concerning the In-NTA-complexes. e thermodynamic
50 d the In-NTA I The th d
51 calculation in table 1 shows two different NTA-complexes, INNTAaq)
52 and [INHNTA]*. Those complexes undergo fast conversion resulting
53 in one chromatographic peak containing both species. This is the case
54 for all complexes with the possibility of the ligand to be protonated.
The chromatograms of the gallium samples also show the NTA and
e complexes and in addition a signal appointed to [GaOx]* in
55 the EDTA compl d in addit | ted to [GaOx]*
56 the oxalate sample. The chromatogram of the gallium-fluoride-
57 sample is identical to the one of the gallium-sample containing no
58 chelating agent. Therefore the species disintegration of GaF-
59 complexes is much faster than the separation. Two further
60 comments have to be made about the GaOx-sample: the area of the
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[GaOx]*-peak is smaller than expected after thermodynamic
calculation and the baseline in the sector between this signal and the
Ga3*-peak is slightly lifted. Those two points indicate a species
disintegration taking place on the same time scale as the
chromatographic separation. Gallium complexes with bidentate
chelating agents are at the boundary between inert and labile
complexes, whereas complexes with higher numbers of coordinative
bonds from one ligand to the metal ion are inert enough to be
analyzed by IC.

The situation for the iron complexes is somewhat similar to the one
of the gallium complexes, but the analysis of the chromatograms is
hindered by the distinct tendency of iron to form hydroxo complexes
even at low values of pH. This can be seen by the lifted base line in
the chromatogram between the retention times of 60 to 110 s. The
chromatograms of the iron fluoride sample and the iron samples
without a chelating agent are closely related to each other, which
leads to the assumption that the iron fluorido complexes are labile
and decomposing very fast. The NTA and EDTA complexes are inert
and only the complex signal is obtained. The ion exchange
chromatography of the iron oxalate sample leads to a chromatogram
with peaks corresponding to [FeOx,], [FeOx]* and Fe3. The
percentaged peak area of [FeOx;] is higher than the thermodynamic
calculation, whereas it is lower for [FeOx]*. The Fe3* fraction is also
higher than expected. The loss of [FeOx]* and the gain of Fe3* might
suggest a species disintegration, whereas the [FeOx;] results might
be explained by faulty complex formation constants. The very similar
aqua ligand exchange rates of iron and gallium, which exhibits
species disintegration for the [GaOx]* complex, also supports the
complex decomposition of [FeOx]*, but a definite classification is not
possible. A complex decomposition on the column leads to analytes
eluting in between the complex signal and the Fe3* peak, resulting in
the formation of a plateau. The iron hydroxo complexes are also
eluting in the same time window, making a distinction between
those species nearly impossible.

All the aluminum complexes analyzed here are kinetically inert. Even
the chromatogram of the aluminum fluoride sample is corresponding
to the thermodynamic calculation of the species distribution. So for
the slow exchanging AI** ion one coordinative bond to a fluorido
ligand is enough to form an inert complex. The only real discrepancy
between the calculation and the IC separation is seen for the AI-NTA
sample. The percentaged peak area of AINTA;, exceeds the
calculated amount, which might also be explained by faulty complex
formation constants.

The chromatographic separations of the chromium complexes are
similar to the aluminum samples. All complexes are inert on the time
scale of the measurement. This can be concluded, because of the
non-formation of a plateau in between the complex signal and the
Cr3* peak. Some discrepancies have to be marked between the IC
separation and the thermodynamic calculation. The [CrEDTA]" and
the CrNTAnq complexes are found in a lower amounts than
expected. These deviations might be due to faulty complex
formation constants. A major problem for the determination of Ksap
values for chromium complexes is the substitution rate of
coordinated water by the ligand, which is extremely low. A waiting
time for reaching thermodynamic equilibrium of more than a year at
room temperature is required.>® This might lead to lower Ks:.p values
and minor amounts of complexes in the calculated species
distribution.

The combination of those results leads to a summary of the inertness
and lability of 1-1-compexes of trivalent metal ions as shown in figure
2.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2: Summary of the kinetic results of the metal-ligand screening and their
use in IC.

Three regions can be identified in figure 2. In the upper part above
the straight lines all inert metal complexes are found, whereas all
labile complexes are located in the part below the straight lines. The
figure gives a graphical answer to the question whether a
thermodynamically stable 1-1-complex of the examined metal ions is
analyzable by IC or not.
The EDTA-complexes are all kinetically inert enough to be analyzed
via IC. For NTA this is only the case for metal ions with a slower aqua-
ligand-exchange rate than the lanthanoids. This boundary between
inertness and lability shifts for oxalate-complexes to the area of iron
and gallium and for fluoride-complexes to the area between iron and
aluminum. [GaOx]* is neither inert nor labile on the IC-time scale as
seen above. [FeOx]* is expected to behave similarly, but analysis is
hindered by the distinct tendency to form hydroxo-complexes.
Overall the inertness of a metal ion complex is depending on the
ligand-exchange kinetic of the metal ion, illustrated here by the aqua-
ligand-exchange rate, on the thermodynamic stability of the complex
and on the denticity of the ligand. The inert area increases to faster
ligand exchanging metal ions with increasing denticity from
monodentate (fluoride) to tetradentate (EDTA). In figure2 an
empirically derived frontier between the inert and the labile region
is shown. Those two lines are described by the empirical i/l-value
(inert/labile) defined as:

i/l =10g(Ksqp) — 1.45 - log(ky,o) (1)
This equation can be used to estimate the inertness or lability of a 1-
1-complex of a trivalent metal ion by its complex formation constant
and the aqua ligand exchange rate of the metal ion. For i/l < 3.9 the
complex is labile, whereas for i/l > 6.0 it is inert. Values in between
3.9 and 6.0 indicate lability on the same time scale as the
chromatographic separation. Equation 1 ought to be usable for other
trivalent metal ions and chelating agent at pH = 2. The values in eq.
1 and the limits mentioned here are only applicable for the applied
conditions. Similar equations with different actual values can be
derived for other experimental setups.

Conclusions

The determination of the species distribution of trivalent metal ion
samples by ion exchange chromatography is only suitable for
complexes with slow ligand exchange rates. This exchange rate is
dependent on the aqua-ligand-exchange rate of the metal ions and
the denticity of the chelating agent. For complexes with ligand
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exchange rates being way too fast, only the chromatographic signal
of the free metal ion can be detected and the information about the
species distribution before the separation is lost. The gallium-oxalate
sample gives a chromatogram that is an overlay of the
chromatographic separation and the complex decomposition. The
information about the species distribution is nevertheless in that
chromatogram and ought to be gained from it by an appropriate
mathematical analysis. The distinction between inert and labile 1-1-
complexes of trivalent metal ions can be achieved by the empirical
i/l-value introduced here.

The obtained results should be applicable to other ligands and their
1-1-complexes with trivalent metal ions in dependency on their
denticity.
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