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Abstract

The migration of lanthanide metal ions complexed with aminopolycarboxylic reagents (ethylenediaminetetra-
acetic acid and chemically similar analogues containing varying degrees of basicity and size) in capillary zone
electrophoresis was investigated. Electrophoretic mobilities were measured for a series of complexes in borate
buffer electrolytes of variable pH and buffer concentration (62 different compositions). A migration model was
developed to relate the electrophoretic mobility with charge density parameters of a metal complex (the net charge,
the stability constant and ligand structural increments) and electrophoretic system variables such as the electrolyte
pH. The predictive ability of the derived regression equation was evaluated in terms of its statistical significance.
The good agreement observed between the calculated electrophoretic mobilities and experimental values
demonstrates the applicability of the multivariate regression approach to the prediction of migration behaviour in
capillary electrophoresis on the basis of small-number measurements. The results confirm also that the separation
mechanism for metal complexes is based on the differential electrophoretic migration governed by differences in
charge-to-size parameters.

1. Introduction

High-performance capillary electrophoresis
(CE) is receiving considerable attention as a
highly efficient tool for separating and detecting
metal ions. Significant advances have been made
by a number of workers, as summarized in
recent books [1-3] and reviews [4,5]. In CE it is
now common to use the complexing agent added
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to the capillary electrolyte or to the sample, to
complex metal ions, partially or completely, and
thereby to facilitate the resolution. This CE
methodology holds even greater promise than
ion chromatography regarding the achievement
of multi-element separations. Nevertheless, as
metal ion analysis is a relatively new area of CE
application, specific advances are still needed to
develop the method as an alternative separation
technique.

In this respect, a better understanding of the
migration mechanism and the ionic or molecular
properties that control the separation of metal
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species during CE would be of great value.
Further, optimization of the electrophoretic be-
haviour requires the use of the quantitative
relationships between migration parameters and
different charge-to-size characteristics of the
analytes. To the best of our knowledge, there
has been only one published report, by Shi and
Fritz [6], where a correlation was established
between the migration times of lanthanide cat-
ions in the presence of a weak complexing agent,
2-hydroxyisobutyric acid (HIBA), and a charge-
related parameter such as the average number of
ligands associated with a metal atom. No-one
seems to have addressed the issue of how the
separand parameters affect the electrophoretic
behaviour of precapillary-formed metal complex-
es, which are generally distinguished by a more
complicated migration mechanism than partially
complexed metal ions. This feature is related to
a diversity of interactions between the complex-
es and electrolyte components such as those
involved in acid-base equilibria, ion pairing,
mixed-ligand complex or adduct formation, dis-
sociation, micellization, etc.

In addition, method development in metal ion
CE needs a systematic investigation of the effects
of operating variables on the migration behav-
iour. Few studies have been published which
deal with this subject. Jimidar et al. [7] showed
that the separation of rare earth metal ions is
mainly influenced by the pH and the concen-
tration of HIBA and selected optimized con-
ditions by using computer-assisted modelling.
More recently, a mathematical model relating
the electrophoretic mobility of a metal cation
with the same two experimental factors was
reported by Quang and Khaledi [8].

We have previously demonstrated that the
iterative regression strategy can be successfully
applied to the theoretical estimation of the
retention of metal complexes in HPLC, when
using well known molecular properties (e.g., the
stability constants or the orbital electronegativity
of the metal atom) and physico-chemical charac-
teristics of the mobile phase as predictors [9].
Here we describe the extension of this approach
to the interpretation of migration properties in
CE for a range of metal complexes with the aim

of developing a simple linear model of electro-
phoretic behaviour. The migration mechanism
for lanthanide metal complexes of aminopolycar-
boxylic acids used as test solutes and the capa-
bility of derived multiparametric regression
equations to predict migration parameters are
discussed.

2. Experimental
2.1. Chemicals

Lanthanide metal ion solutions were prepared
by dilution of 1000 wg/ml AAS standard concen-
trates (Aldrich, Milwaukee, WI, USA), except
for lanthanum, thulium and lutetium, which
were prepared from the nitrates dissolved in 0.01
M HNO,. The aminopolycarboxylic acids used
were purchased from Aldrich (Steinheim, Ger-
many), Sigma (St. Louis, MO, USA) or Merck
(Darmstadt, Germany). They included ethylene-
diaminetetraacetic, trans-1,2-cyclohexanediam-
inetetraacetic, diethylenetriaminepentaacetic and
triethylenetetraaminehexaacetic acid and were
used as 0.005 or 0.01 M solutions in 0.01 M
sodium tetraborate. Metal complexes were pre-
pared as described elsewhere [10]. All chemicals
were of analytical-reagent grade and doubly
distilled water was used for all solutions.

Sodium tetraborate was used for the prepara-
tion of electrolyte buffers. The pH of the elec-
trolytes, varied as specified below, was adjusted
by adding sodium hydroxide solution or hydro-
chloric acid to the sodium borate solutions. The
borate concentration was varied as described
under Results and discussion. The carrier elec-
trolytes also contained an appropriate amount of
a chelating reagent (usually 1-107° M).

2.2, Instrumentation

Capillary electrophoresis was performed by
using a Waters (Milford, MA, USA) Quanta
4000 capillary electrophoresis system and fused-
silica capillaries of 50 cm total length X 75 pum
I.D. (Polymicro Technologies, Phoenix, AZ,
USA). A positive power supply of 15 kV was
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used for electrophoresis. On-column direct de-
tection was performed at 214 nm. The injection
time was 10 s with hydrostatic injections from a
height of 10 cm. Electropherograms were re-
corded and processed with a Hewlett-Packard
Model 3359 data acquisition system. To ensure
run-to-run reproducibility of migration times, 2-
min purges of the capillary with running elec-
trolyte were programmed. The electroosmotic
flow velocity was determined from the migration
time of acetophenone added to a sample. The
electrophoretic mobility, p.,. was calculated as
the difference between the observed mobility
and electroosmotic mobility and expressed as
negative values because it is opposed to the
latter.

2.3. Calculations

Migration values (logarithms of electropho-
retic mobilities) were related to analyte and
electrolyte parameters by means of multi-
parametric regression analysis processed with the
program SigmaPlot (Jandel Scientific, Corte Ma-
dera, CA, USA) on a personal computer. The
equations derived were tested according to the
requirements of a meaningful correlation analy-
sis, taking into account the correlation coeffi-
cient, standard deviation. significance level of
the whole equation and number of data points
used to derive the equation. Calculated depen-
dences of the electrophoretic mobility on the pH
of the electrolyte were obtained by iteration
based on a least-squares fit using a standard
statistical package.

3. Results and discussion

In free-solution CE with simple electrolytes
such as sodium borate buffers, the electropho-
retic mobility of ionic species is commonly de-
pendent on the charge and size of the solutes.
For the metal complexes under investigation, as
for negatively charged species, it can be assumed
that adsorption interactions with the capillary
wall are negligible. Neither could ion-pairing
interactions substantially influence the migration

behaviour. Differences in the mobility of the
complexes can thus be ascribed to differential
charge densities. Lanthanide metal ions have an
equal formal charge (3+) and differ only slightly
in the ionic radius. Hence as a central metal
atom of the chelate complex, they contribute to
the net charge and molecular size to a much
lesser extent than an aminopolycarboxylic lig-
and. Therefore, we shall first discuss the effect of
differences in charge-to-size ratio arising from
differences in the structure of the organic part of
the metal complex.

3.1. Correlations using ligand structural
descriptors

As pointed out under Experimental, the four
sets of lanthanide metal complexes with different
aminopolycarboxylic ligands listed in Table 1
were subjected to CE experiments. Variations in
the number of carboxylic groups impart different
charges to the lanthanide complex, which should
affect the migration behaviour. Indeed, superfi-
cial examination of the raw data showed that the
migration times of the complexes of any given
metal increased in the order CDTA <EDTA <
DTPA <TTHA. This order followed the ex-
pected trend, i.e., the more charged solutes,
having higher electrophoretic mobilities in the
direction opposite to the electroosmotic flow,

Table 1
Characteristics of the complexing reagents used

Reagent Charge of Ligand structural descriptors
lanthanide
Comp]ex n(‘()()H - 3 nCOOH nCllz nN

Ethylenediamine-

tetraacetic acid

(EDTA) -1 1 4 6 2
Cyclohexanedi-

aminetetraacetic

acid (CDTA) -1 1 4 10 2
Diethylenetri-

aminepentaacetic

acid (DTPA) -2 2 5 9 3
Triethylenetetra-
aminehexaacetic
acid (TTHA) -3 3 6 12 4
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migrated longer than less charged species. DTPA
and especially TTHA complexes as the com-
pounds carrying charges of 2— and 3—, respec-
tively, are strongly attracted to the anode (injec-
tion end of the capillary), resulting in a de-
creased apparent velocity compared with that of
monocharged EDTA and CDTA complexes. For
the latter, equally charged, complexes, the dif-
ference in size must have been substantial. As a
result, CDTA complexes, being larger and thus
possessing a smaller charge density, always mi-
grated faster than EDTA complexes.

On the basis of the above observation, the net
charge of the complex (Z) as the main parame-
ter, determining the electrophoretic mobility of a
solute, was taken for the initial analysis of the
data. Evidently, the Z value strictly depends on
the number of carboxylic groups, ncgon, and
can be expressed, in absolute units, as ncoon —
3. While the charge is a very simple function of
the ligand structural fragment, the size of the
ligand, having an additive character, can be only
presented as a sum of contributions (increments)
of the various functional groups. In our case
these are carboxylic and methylene groups as
well as tertiary nitrogen atoms quantified by
Rcoons Men, and ny. respectively. Combination
of all four variables was used for analysing the
migration data using stepwise multiple regres-
sion. The best regression equation describing log
M, in the CE system based on a 10 mM borate
buffer at pH 9.5 was

log pt,, = — 2.673 + 0.522(*0.181) (100 — 3)
—0.262(£0.109) o 0n
—0.031(=0.002)11 ¢,
—0.091(=0.182)n, (1)

R=0.9851;S.D.=0.019;: p<9.44-10"; n =40

In this and subsequent equations the values in
parentheses are standard deviations of regression
coefficients, R is the correlation coefficient, S.D.
and p are standard deviation and significance
level of the whole equation, respectively, and n
is the number of data points used to derive the
regression.

Eq. 1 is highly significant statistically, as ex-

pressed by the correlation coefficient, and con-
sistent with the qualitative consideration of
migration behaviour given above. This equation
shows that a charge-related structural descriptor,
Neoon — 3 as expected, provides a positive input
to electrophoretic mobility (positive sign of the
corresponding coefficient), whereas the size-re-
lated parameters, ncoons Mcy, and ny, account
for mobility-decreasing effects in CE. At the
same time it suggests that the apparent size of
the molecule, as estimated from the number of
elementary fragments, is less marked as a factor
controlling the migration ability relative to the
charge. Although all functional groups are
shown to contribute negatively to the mobility,
the regression coefficients for the corresponding
variables differ significantly. This can be
rationalized as the input of —CH,- and =N-
fragments appears to be of lesser importance
than that of COOH groups. This observation fits
well with the relative sizes of different molecular
increments. Also, the comparison of the absolute
values of the coefficients for ncgey —3 and
Neoon Vvariables would assume that the free
carboxylic group reflects the changes in the
charge rather than in solute’s size.

3.2. Correlations with the stability constant

Regardiess of the nature of the ligand, the
migration order of lanthanide complexes re-
mained constant with a regular increase in migra-
tion times with increasing atomic number across
the lanthanide series (Fig. 1). In a recent paper
[10], we interpreted such a migration behaviour
in terms of the effective charge of the metal ion.
Evidently, the lower the electron-acceptor ability
of the lanthanide ion, the larger is the negative
charge of the complex and therefore the faster
will be its electrophoretic mobility. Consequent-
ly, the complexes of lanthanide ions with higher
atomic number migrate more slowly towards the
cathode. However, to the best of our knowledge,
no published data on effective charge calcula-
tions for the complexes under consideration are
available. On the other hand, there are abundant
reports on the overall stability constants, S,
(e.g., see Ref. [11] or more recent editions of
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Fig. 1. CE separation of lanthanide metal-CDTA complex-
es. Capillary, 42/50 cm X 75 pm LD.; electrolyte, 20 mM
borate buffer containing 1-10 ° M CDTA (pH 11.1): ap-
plied voltage, +15 kV: direct UV detection at 214 nm.

that publication) as a parameter closely con-
nected with the electron-acceptor strength of
metal ions. This universal structure-dependent
characteristic of metal complexes is commonly
accepted as a variable for quantitative structure—
chromatographic retention relationships [12,13].
Further, in earlier work [14], the log B, values
were applied successfully in the regression equa-
tion describing the observed mobility of transi-
tion metal complexes with 8-hydroxyquinoline-5-
sulphonic acid in CE.

With that in mind, we subjected the ex-
perimental migration data for lanthanide—amino-
polycarboxylic acid complexes to linear regres-
sion analysis. A simple correlation of log B,
against log u,, values gave the following equa-
tion (in this example, for CDTA complexes).

log s, = —2.840 — 0.038(=0.005) log B, (2)
R=0.9308;S.D.=0.024: p=<3.901-10 *;n=13

Eq. 2 is of rather good statistical quality that
proves the ability of log B, to approximate
mobility differences. It should be also stressed
that the coefficient relating log ., and log B, is
negative. This indicates that more stable com-
plexes with the electron charge density shifted
stronger to the central atom are less mobile than
less stable complexes and additionally confirms
the usefulness of 3, as a reliable measure for the
effective charge estimations.

3.3. Dependences of electrophoretic mobility on
electrolyte composition

Until now, migration data were analysed
separately for each electrophoretic buffer sys-
tem. For an approximation of the whole data set,
knowledge of the electrolyte variables influenc-
ing the migration behaviour and selection of the
most important ones are required. Included in a
single equation with solute descriptors, as carried
out below, they can provide a sufficiently com-
plete answer. As borate buffer electrolytes were
indicated to be the optimum electrolyte system
for metal-aminopolycarboxylic acid complexes
[10,15], the parameters considered were the pH
and borate concentration.

pH

The electrophoretic mobility can reflect the
changes in the electrolyte pH provided that the
analytes undergo certain charge density altera-
tions. For negatively charged metal complexes,
this may concern the influence of pH on acid-
base or complexation equilibria. The effect of
pH variation was examined experimentally in the
range 8.5-11.0 using 10 mM borate buffer. At
less basic pH, the mobilities of the complexes
were very close or even identical, as for
separands with very similar pK, (or effective
charge) values. However, above pH 9.5, a sig-
nificant increase in u,, as a function of pH was
observed. This increase is thought to be related
to the formation of hydroxo forms of the lantha-
nide complexes, presumably M(OH)Y" "V~ (M
and Y represent a lanthanide ion and the fully
deprotonated form of a reagent, respectively).
Evidently, an increased negative charge of lan-
thanide species, following a shift in the equilib-
rium

MY" +OH =M(OH)Y" """~

in favour of the mixed-ligand form, leads to
correspondingly higher mobilities. The observed
pH dependence is contrary to the results re-
ported by Motomizu et al. [16], who found that
the electrophoretic mobilities of alkaline earth
metal-EDTA complexes were identical over the
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Fig. 2. Electrophoretic mobility of erbium-~CDTA complex

as a function of pH. @ = experimentally determined values;
solid line = theoretical curve calculated according to Eq. 3.

pH range 8-10.5. This contradiction can be
explained by a stronger tendency of lanthan-
ide(1II) ions to hydrolyse and, consequently, to
form hydroxymetal species. Note that the same
workers suggested the formation of a mixed-
ligand chelate, Fe(OH)Y?™, for iron(Ill) with a
high tendency for hydrolysis.

To find the relationship between the observed
electrophoretic mobility of the complexes and
pH of the electrolyte, the above equilibrium was
treated in a similar way to an acid-base equilib-
rium (e.g., Ref. [17]). The resulting theoretical
relationship between ., and pH is

M(OH)Y _  M(OH)
- y’ep ep 3
Fep 1+ 10P*~PH 3)

MY M{(OH)Y e
where p. " and p.ep‘ W are the mobilities of

individual complexed forms (the charges are

Table 2

omitted) and K is the formation constant of a
mixed-ligand complex. Curves for u,, vs. pH
dependences were approximated by an iteration
procedure using Eq. 3. A typical example of the
least-squares fit of the experimental data to the
function as given in Eq. 3 is shown in Fig. 2 for
the erbium-CDTA compiex. The pK values
resulting from this approximation were used for
further evaluation of the electrolyte pH effect
within a multivariative migration model.

Borate buffer concentration

Different borate concentrations of the elec-
trolyte were then investigated. In these experi-
ments, the electrolyte pH was kept constant at
9.5. The results are presented in Table 2. As can
be seen, the mobility of all the complexes first
decreases (up to ca. 10-15 mM) and then in-
creases when the buffer concentration is further
increased. This behaviour is probably due to the
competing effects of changes in the ionic strength
of the electrophoretic medium. At relatively low
electrolyte concentrations, the mobilities become
lower following a decreased ¢ potential, as
follows from the double-layer theory. In con-
trast, when high-ionic-strength buffer solutions
are used, an excessive Joule heating, which is
likely to occur, leads to an increase in mobilities
owing to an influence of temperature on the
electrolyte viscosity.

Nevertheless, these results indicate that the
buffer concentration alters the clectrophoretic
mobility of lanthanide complexes only moderate-
ly and thus is a less important controllable factor
than the pH; it is therefore not considered
further. Hence pH was chosen as a variable that
has the greatest impact on migration parameters

Effect of borate buffer concentration on the electrophoretic mobilities of lanthanide complexes (pH 9.5)

Sodium tetraborate — M, X 10° (em™ V™'s™

(mM)
Ce-EDTA Eu-EDTA Dy-CDTA Gd-CDTA
5 26.8 26.6 23.1 23.2
10 254 25.3 19.5 19.4
15 22.8 21.8 20.6 20.0
20 23.2 24.0 22.1 21.7
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which can be described by a non-empirical func-
tion.

3.4. Multiparametric migration model for
lanthanide complexes

Obviously, we approached the situation when
a migration model relating log w,, values to
solute and electrolyte parameters taken simul-
taneously into consideration as predictors can be
derived to evaluate the migration behaviour of
lanthanide complexes in different buffer systems.
Therefore, an attempt was made to incorporate
all of the above variables in one regression
equation to be utilized for analysing all of the
data combined into one set. The resulting migra-
tion model is expressed by the following six-term
equation:

log p,, = —2.575 + 0.510(£0.169)Z
+0.0041(£0.0022) log B,
—0.285(£0.099)7 01
= 0.016(=0.002)n¢y,
—0.141(+0.171)n — 0.077(20.006)
x log(1 + 10°% M) (4)
R=0.9643;S.D.=0.025; p<3.17-10 ", n =86

This equation describes the linear change in log
#., as a function of charge and structure charac-
teristics for any pH of borate buffer electrolyte.
The last term was included after taking the
common logarithm of both sides of Eq. 3 and
operated with pK values determined by electro-
phoretic measurements. As the magnitude of the
regression coefficient reflects both the contribu-
tion and the individual scale of each parameter,
it is not easy to interpret their relevance. None-
theless, as might be expected, the largest param-
eter is the net charge of the metal complex.
Also, the coefficients for this parameter and
ligand structural variables (terms 3-5) are in
accord with those for similar terms of Eq. 1.
The statistical goodness of Eq. 4 is high
enough to predict the mobility of a metal com-
plex. In order to illustrate this value of the
proposed model, the calculated logarithms of

3.4 4
a
.\ '3.5 - D
by
J
8_—3 6 o
L {
b
: -3.7 4 [w}
-3.8 T T T T T
-3.8 -3.7 -3.6 -3.5 34
log Hep (cal.)

Fig. 3. Relationship between the migration parameters of
lanthanide complexes determined experimentally and calcu-
lated using Eq. 4 (u,, x 10° em® V™' s7"). The correlation
coefficient (R) is 0.9791. The average deviation of the
calculated and observed log ., values is 0.40%.

electrophoretic mobility were plotted against the
observed values. Fig. 3 shows the result of
applying Eq. 4 to the experimental data set for
43 complexes under 14 different electrolyte con-
ditions (80 data points). A linear relationship
with zero intercept and unit slope was obtained.
The predictive quality expressed as the percent-
age deviation of the calculated and observed log
i, values is generally less than 1%.

4. Conclusions

The results of this study demonstrate that the
multivariate regression strategy for analysing
mobility dependences provides an adequate de-
scription and rational interpretation of CE data.
The statistically significant relationships derived
here can be widely employed to approximate
differences in the migration properties of metal
ion complexes arising from differences in struc-
ture and compositional electrolyte changes. At
the same time, they support the validity of the
generally observed mechanism of free-solution
CE in the case of precapillary-formed metal
complexes. The migration behaviour has been
revealed to be a pure electrophoretic effect
affected solely by charge density parameters of
solute molecules without any observable influ-
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ence of auxiliary solute—electrolyte or solute—
capillary wall interactions. The fact that it is
possible to correlate the mobility data directly
with simple, readily determinable parameters,
possessing a definite physical meaning, confirms
also a straightforward theoretical foundation of
CE.

As demonstrated above, accurate predictions
of migration can be achieved from multiple
linear regression when operating meaningful
migration models consisting of certain sets of
structural and electrolyte variables. It is worth
noting that owing to its simplicity, the multi-
variate statistical approach can be easily adapted
to other kinds of metal complexes and further
developed to be applicable to partially com-
plexed metal ions. Likely advances with this
approach may also concern the migration be-
haviour of metal complexes in more sophisti-
cated CE modes (e.g., micellar-mediated [18] or
ion-association [19] CE), taking into account the
inputs to mobility due to the corresponding
solute and electrolyte parameters.
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