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a  b  s  t  r  a  c  t

A  screening  strategy  based  on  hyphenated  capillary  electrophoresis  and  inductively  coupled  plasma
mass  spectrometry  (CE–ICP-MS)  was  developed  to  classify  phosphorylated  ligands  according  to  their
europium(III)  binding  affinity  in  a hydro-organic  medium  (sodium  formate,  pH  3.7,  H2O/MeOH  90:10,
v/v).  Taking  advantage  of the  high  sensibility  of  ICP-MS  for detecting  phosphorus,  this  method  enabled
to  assess  the  affinity  of  a variety  of  phosphorylated  compounds,  including  phosphine  oxides,  thiophos-
phines,  phosphonates,  and  phosphinates,  in  less  than  1 h  and  using  less  than 5  ng  of  substance.  By  varying
eywords:
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olution equilibrium studies
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icrochemistry

anthanide

the  total  europium  concentration,  complexation  constants  could  be  determined  according  to  a  sequential
multiple  run  strategy,  which  proved  to  be  in  excellent  agreement  with  the  values  obtained  by UV–Vis
absorption  spectrophotometric  titrations.

© 2012 Elsevier B.V. All rights reserved.
uropium

. Introduction

Combinatorial synthesis experiences an ever-growing success
n the discovery of new functional targets, such as drugs or catalysts
1]. The different synthetic routes adopted (mainly divergent and
arallel synthesis) lead to a wide range of new compounds, which
ave to be selected regarding their intrinsic properties. Therefore,
he success of such strategies requires the concomitant develop-

ent of fast and sensitive screening tools [2].  Numerous efforts
ave been undertaken, especially in the field of catalysis, to propose
ew analytical means able to evaluate catalytic activities. Based

n the benefits in terms of cost and speed, these new synthetic
pproaches have been extended to other fields. As an efficient alter-
ative to the classical route of rational ligand design that rests on

∗ Corresponding author. Tel.: +33 3 80 39 37 16; fax: +33 3 80 39 61 17.
∗∗ Corresponding author at: CNRS UMR  6191, CEA Cadarache, DSV iBEB, 13108 St.
aul  Les Durance, France. Tel.: +33 4 66 79 19 88; fax: +33 4 66 79 19 05.

E-mail addresses: michel.meyer@u-bourgogne.fr (M.  Meyer),
gnes.hagege@cea.fr (A. Hagège).

021-9673/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2012.01.066
the molecular engineering principles [3],  Dam et al. exploited for
the first time in 2008 the concepts of combinatorial chemistry for
preparing receptors possessing a higher affinity for actinides over
lanthanides [4,5].

Our own research in the field of parallel synthesis has afforded
several large chemical libraries of phosphorus-containing multi-
dentate ligands aimed at the selective complexation of lanthanides
and actinides [6,7]. Considering the large number of synthesized
molecules, which were often only available at the milligram scale,
the development of a fast and reliable screening tool able to eval-
uate the potential of these compounds in terms of metal ion
binding affinity became mandatory. A first step towards this goal
was  achieved recently when some of us disclosed a simple and
fast colorimetric displacement assay allowing to rank the lig-
ands according to their affinity towards uranium(VI) [6].  Carried
out in microwell plates, the test allowed to classify the condi-
tional binding constant (Kcond) into 5 categories according to the

absorbance changes of sulfochlorophenol S induced at a given pH
by competitive UO2

2+ uptakes by both the analyzed and chro-
mogenic chelators. Following this approach, Kcond values could
be bracketed at best within 0.4 logarithmic units. A more precise

dx.doi.org/10.1016/j.chroma.2012.01.066
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:michel.meyer@u-bourgogne.fr
mailto:agnes.hagege@cea.fr
dx.doi.org/10.1016/j.chroma.2012.01.066
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Table 1
ICP-MS operating conditions.

MS  detector Quadrupole equipped with a collision cell

Radiofrequency power 1550 W
Coolant gas flow 15 L min−1

Auxiliary gas flow 0.8 L min−1

−1
F. Varenne et al. / J. Chrom

uantitative assessment of the metal-ligand equilibrium constants
an be classically achieved by monitoring the changes of some
hysico-chemical properties of the system during a titration exper-

ment. Potentiometry and spectrophotometry are among the most
seful and widespread techniques, albeit they are rather time-
onsuming and not adapted to the study of either highly dilute
olutions (glass-electrode potentiometry requires millimolar or
igher concentration levels), ligands possessing no protonation
ites, or UV–Vis transparent chemicals. Although more sensi-
ive, laser-induced fluorescence spectroscopy [8–12] is restricted
o systems involving fluorophore-bearing organic ligands and/or
uminescent cations, as for example Eu3+, Tb3+, Am3+, or Cm3+

11,13–15],  and thus cannot be considered as a general purpose
nalytical tool.

In that context, capillary electrophoresis appears extremely
ppealing, owing to the commercial availability of fully auto-
ated instrumentation and the consumption of very small sample

olumes not exceeding a few �L. Moreover, affinity capillary elec-
rophoresis (ACE) has become a mature separation technique that
as been successfully applied for the measurement of stability
onstants of many chemical, biochemical, and biological systems
16–18], including protonation constants of weak bases [19,20],
ssociation constants of metal/ligand [21–24],  metal/biomolecule
25–28], or drug/protein complexes [29–31],  provided that the
ormation and dissociation kinetics are fast (formation of labile
pecies). However, common systems equipped with UV detectors
o not usually possess the required sensitivity for analyzing minute
mounts of ligands. To overcome these limitations, hyphenation
etween capillary electrophoresis and plasma ionization mass
pectrometry has emerged as a highly efficient speciation tool for
olution equilibrium studies, considering the very low detections
imits of ICP-MS instruments which are typically in the part per
rillion (ppt) or nanogram per liter range.

Taking advantage of this particular feature, 1:1 complexes sta-
ility constants [22] but also successive 1:1 and 1:2 metal–ligand
onstants [23] were reported in the case of uranyl and
anthanum–oxalate complexes using up to 0.1 M oxalate in the
lectrolyte. Attempts to reduce ligand amounts were also reported
or complexes presenting lower exchange kinetics by direct
njection of metal solutions incubated with proteins [32,33] or
hytosiderophores [34]. However, only conclusions about relative
inding constants can be drawn.

We  devised here a rapid screening methodology based on the
ass-spectral monitoring of the P+ signal, which enables in a

ingle analytical run to classify a library of ligands according to
heir increasing metal-binding affinity. Moreover, sequential mul-
iple run experiments enabled to accurately estimate metal/ligand
ssociation constants, even in the case of multiple overlapping
quilibria. As a proof of principle, this approach has been exempli-
ed hereafter on a series of phosphorus-containing europium(III)
helators (Fig. 1) that were obtained on milligrams scale by combi-
atorial chemistry.

. Materials and methods

.1. Chemicals and solutions

All reagents were of analytical grade and were used without fur-
her purification. For the separation buffers, increasing amounts of
uCl3·6H2O (Aldrich) were dissolved in a 25 mM  formic acid (Pro-
abo) solution, adjusted to pH 3.7 with 1 M NaOH, and prepared in
 water/methanol 90:10 (v/v) mixture. The chloride concentration
as maintained constant at 30 mM  by addition of NaCl (Carlo Erba).

 5 mM formic acid aqueous solution containing 2 �g/L of In3+ was
sed as make-up solution. Both separation buffer and make-up
Nebulizer gas flow 1 L min
Spray chamber temperature 2 ◦C
Integration time 3.0 s for 31P, 0.3 s for 115In

solution were freshly prepared on a daily basis and filtered through
a 0.45 �m membrane (Analypore). Methanol (Carlo Erba) and NaOH
(SDS) were used for the capillary conditioning. Phosphorylated lig-
ands 1–15 (Fig. 1), synthesized according to previously described
procedures [7],  were dissolved in water/methanol mixtures (90:10,
v/v) at a concentration of ca.  0.1 mM.

2.2. Capillary electrophoresis

Experiments were carried out on a Beckman P/ACE MDQ  cap-
illary electrophoresis instrument (CE) controlled by the 32 Karat
software. The untreated fused-silica capillaries (80 cm × 75 �m
inner diameter, 375 �m outer diameter) were purchased from
Composite Metal Services Ltd. Before the first use, the capillary was
washed at 138 kPa with methanol for 3 min, followed by ultra-pure
water for 5 min, and 1 M NaOH for 3 min. The inner surface was  then
dynamically coated with polybrene for 25 min. For that purpose, a
0.5% m/m  polybrene (Aldrich) solution was prepared in ultra-pure
water to which a large excess of AG MP-1 anion exchange resin in its
chloride form (Bio-Rad, capacity: 1.0 mequiv./mL) was added. The
exchange was  carried out for 2 h. After filtration, this solution was
diluted to 0.1% (m/m)  in the formic acid/sodium chloride separation
buffer and used for capillary inner surface modification. Between
successive runs, the capillary was flushed at 138 kPa with the run-
ning buffer containing 0.1% (m/m)  polybrene for 10 min, then with
the running buffer for 3 min.

The ICP-MS instrument used as detector was a 7500 ce model
from Agilent Technologies. The spectrometer was  controlled by
the MassHunter software and was equipped with a MicroMist
nebulizer (0.1 mL/min, Glass Expansion). The optimized operating
conditions are summarized in Table 1. Hyphenation was achieved
via a home-made sheath-flow interface described elsewhere [32],
used to introduce the CE eluent into the MicroMist nebulizer. The
capillary goes first through a microcross piece toward the tip of
the nebulizer, 1 mm from the beginning of the inner solution cap-
illary. The sheath-flow solution was introduced by self-aspiration
through the third inlet of the microcross piece. The electrical con-
nection was  achieved by the ground electrode positioned through
the fourth inlet of the microcross. The make-up solution flask was
positioned on an elevator so that its height could be adjusted to
eliminate the suction effect due to the nebulizer using the following
procedure: the background noise was first monitored by ICP-MS at
m/z = 115. The capillary was  then completely filled with an indium
nitrate solution (4.6 mg/L In3+) and the 115In signal was recorded.
The height of the make-up solution was  gradually increased until
the signal reached the initial background noise level. Finally, the
capillary was  filled with the buffer solution and a 15 kV voltage was
applied. By monitoring the current, it was ensured that the make-
up solution was not driven back in the capillary, as this would result
in a decrease of the current.

Separations were performed using a series of formate buffers
with increasing concentrations of europium chloride (from 0 to

10 mM).  The total chloride concentration was kept constant at
30 mM  by adding appropriate amounts of NaCl. The electroosmotic
mobility (�eo) was measured at 200 nm and deduced from the
migration time of the water contained in the samples. The latter
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Fig. 1. Phosphorylated com

ere injected for 5 s at 3.45 kPa, corresponding to ca.  25 nL. Sepa-
ations were carried out at −20 kV and 25 ◦C.

In capillary electrophoresis, the apparent mobility of ionic
pecies, �L

app, can be determined using the following equation:

L
app = LdetL

tV
(1)

here Ldet is the length from the capillary inlet to the detector, L is
he capillary full length, t is the migration time and V, the applied
oltage.

Since �L
app is a combination of both the effective electrophoretic

nd the electroosmotic mobilities, �L
ep in the different electrolytes

an be deduced from Eq. (2):

L
ep = �L

app − �eo (2)

ince all experiments were performed in triplicate, the reported
lectrophoretic mobilities correspond to the arithmetic mean val-
es and their uncertainties to the associated standard deviation.
hese data were further processed by unweighed nonlinear least-
quares using the Origin 6.0 software [35]. The choice of a constant
eighing scheme (ωi = 1) was fully justified by the nearly constant

rrors found for the mobilities over the entire europium concen-
ration range.

.3. Spectrophotometric titrations

All solutions were prepared with boiled and argon-saturated
ouble-deionized high-purity water (18.2 M�  cm)  obtained from

 Maxima (USF Elga) cartridge system designed for trace analysis.
ll solids were carefully weighed on a Precisa 262SMA-FR balance
ccurate to ±0.01 mg.  Ligand stock solutions were prepared by dis-
olving a weighed amount of compound in 1 mL  of pure methanol
n a 10 mL  volumetric flask containing the appropriate amount of
aCl to reach a final concentration of 0.1 M.  The flask was then filled
p to the mark with an aqueous formate/formic acid buffer solu-
ion (pH = 3.71, c = 25 mM).  The europium chloride mother solution
4.04 mM)  was prepared likewise, although the quantity of added

aCl was adjusted to 0.088 M in order to keep the total chloride
oncentration constant at 0.1 M.

Titrations were performed in a quartz cell (Hellma) of 1 cm
ptical path length containing 0.10 mL  of the ligand stock
ds examined in this study.

solution, 1.70 mL  of aqueous buffer, and 0.20 mL  of pure methanol
(V0 = 2.00 mL)  by manual addition of aliquots of the EuCl3 mother
solution with the help of a Gilmont micropipette (2 �L resolu-
tion). UV–Vis electronic absorption spectra were collected in the
250–500 nm range at a uniform data point interval of 1 nm with
a Cary 50 (Varian) spectrophotometer equipped with a double-
jacketed cell holder connected to a RE 106 (Lauda) water circulator
ensuring a constant temperature of 25.0 ± 0.2 ◦C. Equilibration time
between each incremental addition of the EuCl3 solution was found
to be fast in all cases, as identical spectra were obtained by cycling
the recordings with a 2 min  delay between two  consecutive mea-
surements.

The entire multiwavelength data sets consisting of at least 13
spectra were decomposed in their principal components by fac-
tor analysis before refining the apparent equilibrium constants
and extinction coefficients by a nonlinear least-squares procedure
implemented in the Specfit program [36,37]. The goodness-of-fit
was  assessed by comparing the standard deviation of the fit (�) to
the experimental noise level (<0.003), by visually inspecting the
residuals, and by the physical meaning of the calculated electronic
absorption spectra. All reported uncertainties correspond to the
standard deviation of the refined parameters that were returned
by the fitting software.

3. Theory

Complexation of europium(III) by phosphonate ligands (L) can
be described by the following equilibrium:

iEu + jL � EuiLj (3)

where charges are omitted for sake of clarity. Since all equilib-
rium studies were carried out in buffered solutions, the actual
protonation states of both the ligand and complex, along with
the number of released protons can be ignored. The correspond-
ing apparent overall formation constant ˇij is expressed by Eq. (4),
where [EuiLj], [Eu], and [L] are the equilibrium concentrations of
complex ([EuiLj] = �[Eui(LHk)j]), free metal, and uncomplexed lig-

and ([L] = �[LHk]), respectively.

ˇij = [EuiLj]

[Eu]i[L]j
(4)



atogr

A
t
a
b
m
�
e
m

�

I
(

�

F
w
s
w
b

�

P
t∑
e
w
a
d

i
r
A
p
a
N
r
s
t
p

D
p
r
s
c
o
a
o
i
t
2
w
t
e
c
w

F. Varenne et al. / J. Chrom

CE allows direct monitoring of dynamic binding equilibria
hrough analysis of the electrophoretic mobility shifts of L after
ddition of increasing amounts of metal cation in the separation
uffer. Under such circumstances, the effective electrophoretic
obility, �L

ep, can be expressed according to Eq. (5),  where xL,
ep L, xEuiLj, and �ep EuiLj are the molar fractions and the effective
lectrophoretic mobility of the free solute L and electrophoretic
obilities of the various EuiLj species, respectively.

L
ep = xL�ep L +

n∑

i=1

m∑

j=1

xEuiLj
�ep EuiLj

(5)

n the case where only a 1:1 metal–ligand complex is formed, Eq.
5) reduces to the following expression:

L
ep = �ep L + �ep EuLˇ11[Eu]

1 + ˇ11[Eu]
(6)

or systems giving rise to two overlapping equilibria associated
ith the formation of both a mono- and a binuclear EuL and Eu2L

pecies, the observed electrophoretic mobility is given by Eq. (7),
here K11 (K11 = ˇ11) and K21 (K21 = ˇ21/ˇ11) stand for the stepwise

inding constants.

L
ep = �ep L + �ep EuLˇ11[Eu] + �ep Eu2Lˇ21[Eu]2

1 + ˇ11[Eu] + ˇ21[Eu]2

= �ep L + �ep EuLK11[Eu] + �ep Eu2LK11K21[Eu]2

1 + K11[Eu] + K11K21[Eu]2
(7)

rovided the total metal concentration is in large excess over
hat used for the ligand, the approximation [Eu] = [Eu]tot −

i[EuiLj] ≈ [Eu]tot holds for the free europium concentration at
quilibrium. As a consequence, the formation constants Kij together
ith the intrinsic electrophoretic mobilities �ep EuiLj can be directly

djusted by nonlinear least-squares analysis of the (�L
ep, [Eu]tot)

ata pairs.
In the simplest situation of a 1:1 binding event, three mathemat-

cal transformations of Eq. (6) afford linear plots which are generally
eferred to as the double reciprocal, y-reciprocal, and x-reciprocal.
lthough of common practice, computation of the three unknown
arameters K11, �ep L, and �ep EuL by linear regression should be
voided as this procedure is well-known to return biased estimates.
evertheless, Bowser and Chen have pointed out that a graphical

epresentation of the experimental data according to Eq. (8),  the
o-called x-reciprocal form of Eq. (6),  is a most valuable diagnos-
ic tool for ascertaining the exclusive formation of a 1:1 complex
rovided a straight line is obtained [38].

�L
ep − �ep L

[Eu]
= −K11(�L

ep − �ep L) + K11(�ep EuL − �ep L) (8)

eparture from linearity was shown to be highly sensitive to the
resence of additional higher-order metal complexes in equilib-
ium with the 1:1 binding stoichiometry. In the particular case of
imultaneous formation of 1:1 and 1:2 (or 2:1) adducts, the con-
ave or convex shape of the curve does not only enable to detect the
ccurrence of a dileptic (or dinuclear) complex, but also reflects the
nti-cooperative (K11/K12 or K11/K21 > 4) or cooperative (K11/K12
r K11/K21 < 4) nature of the binding interaction. However, there
s one limiting case where x-reciprocal plots remain linear and
hus are unable to reveal the presence of the higher order 1:2 or
:1 complexes, that is statistical binding (K11/K12 or K11/K21 = 4)
ith microscopic species sharing identical mobilities [39]. In prac-
ice, such a situation is extremely rare, but when the values of the
quilibrium constants are close to the statistical factors, the slight
urvature in the plot might be obscured by random error associated
ith the data.
. A 1229 (2012) 280– 287 283

4. Results and discussion

The potentialities offered by a hyphenated electromigration
technique for the rapid screening of the europium(III) binding affin-
ity of 15 different P O containing molecules have been evaluated by
taking advantage of the sensitive detection of the naturally occur-
ring 31P isotope by ICP-MS. For some relevant systems, quantitative
speciation results derived by this methodology have also been con-
fronted to UV–Vis spectrophotometric titration data for validation
purposes. Although several ligands considered herein (8–15) pos-
sess acidic binding groups (e.g. phosphonic acid, aminocarboxylic
acid, and phenol), no attempts were made to define their exact
protonation state at the working pH value of 3.7. Hence, the tested
organic compounds will be designated hereafter by L, although it
should be kept in mind that each of these chelators might exist as a
mixture of several partially protonated species, while the aminodi-
carboxylic acids 13–15 behave as zwitterions. For compounds 8–12,
14, and 15,  the phosphonic acid groups are expected to predomi-
nate in their negatively charged PO3H− form at pH 3.7 since their
first pKa in aqueous solutions is typically around 2 or slightly below,
while the second deprotonation occurs around neutrality [40,41]. In
the case of the methyl ester derivative 13,  almost total deprotona-
tion of the P OH functionality is also expected at pH 3.7 considering
the pKa values of about 1.5 reported for the PO(OH)(OR) moieties
[40,41].

4.1. Affinity screening of the phosphorus-containing ligands for
europium(III)

For rapid screening analysis, the fused-silica capillary was
coated with the cationic polymer polybrene. As a consequence, the
ionization extent of the inner surface is not pH-dependent, lead-
ing to a high electroosmotic flow, close to −3.5 × 10−8 m2 V−1 s−1

(five times more important than without polybrene) even for
slightly acidic solutions (pH = 3.7). In a first step, ca. 0.1 mM
ligand solutions were analyzed in order to select the most pow-
erful europium(III) chelators. For each of the fifteen compounds
selected in this work (Fig. 1), effective �L

ep values were succes-
sively determined using two electrolytes: one containing 30 mM
sodium chloride and the other one containing 10 mM EuCl3. Exper-
imental results are graphically displayed in Fig. 2. Moreover, it
should be stressed that this screening strategy requires no more
than 5 ng of compound and takes approximately one hour per
ligand, including the capillary washing time and conditioning
steps.

Examination of the results displayed in Fig. 2 leads to the fol-
lowing conclusions: neither the diphosphine oxides 1–6 nor the
mixed phosphine oxide-thiophosphine 7 exhibited any apprecia-
ble affinity towards europium(III) taken in 100-fold excess in the
water-rich medium. This lack of affinity is a direct consequence of
both the high hydration energy of this trivalent Eu3+ cation and
the weak electron donating ability of P O and P S groups. In turn,
phosphonic acids 8–15 possess between 2 and 5 ionizable groups
with typical pKa values spanning a wide range of at least 6 orders
of magnitude. Accordingly, their metal affinity is expected to be
strongly pH dependent in contrast to that of the neutral phosphine
oxide derivatives 1–7. Hence, a significant change in effective �L

ep
values was observed at pH 3.7 for compounds 8–15 in the presence
of europium salt, indicating formation of complexes. Moreover,
the effective mobilities were significantly higher than those found
for the ligands alone, while they became even positive in some

cases (8, 9, 11,  12,  14,  15). This is in agreement with a reduction
of the overall electrical charge of the ligand upon metal uptake.
Accordingly, the most powerful Eu3+ binders appear to be 9, 14,
and 15.



284 F. Varenne et al. / J. Chromatogr. A 1229 (2012) 280– 287

Fig. 2. Effective electrophoretic mobility monitored by ICP-MS at m/z = 31 of the phosphorylated compounds in the absence or presence of Eu3+ in the electrolyte. Electrolyte:
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as illustrative examples both the experimental and the theoreti-
cal binding isotherms obtained for compounds 11 and 9. Overall,
excellent fits were obtained for 8, 10,  and 11 by assuming the sole
formation a 1:1 complex as suggested by the linear x-reciprocal
5  mM aqueous formic acid/formate buffer at pH 3.7 containing 10% (v/v) methano
0  cm × 75 �m i.d. modified by dynamic coating with 0.1% (m/m) polybren (under i
20  kV; T = 298 K.

.2. Determination of the apparent association constants by
E–ICP-MS

Prompted by the encouraging screening experiments, com-
ounds 8–15 were subjected to further investigations in order to
etermine the apparent association constants by capillary elec-
rophoresis. For that purpose, the migration time was monitored as

 function of the total EuCl3 concentration introduced in the elec-
rolyte, which was always in large excess with respect to the ligand.
or each system, about ten runs were carried out. As an example,
ig. 3 reproduces a selection of the electropherograms recorded for
ompound 11 and increasing europium(III) concentrations.

As a general feature, a single peak was observed whatever the
anthanide content, indicating fast metal/ligand exchange kinetics
nd suggesting the formation of labile complexes. Graphical data
reprocessing according to Eq. (8) was systematically performed in
rder to detect higher binding stoichiometries than the 1:1 species
n the presence of a large excess of metal over ligand. Indeed,
hese experimental conditions might favor in some instances the
ormation of polynuclear, most probably dinuclear, complexes in
ddition to the EuL form. Fig. 4 displays the x-reciprocal form of
he binding isotherm for each considered binder. Linear plots have

een obtained for the three monophosphonic compounds 8, 10,
nd 11,  strongly supporting the presence of a single complex of
:1 stoichiometry at equilibrium. In contrast, the x-reciprocal plots

ig. 3. Variation of the effective electrophoretic mobility of compound 11 as a func-
ion of the total EuCl3 concentration introduced in the electrolyte. Experimental
onditions are identical to those given in Fig. 2.
either 30 mM NaCl (white bars) or 10 mM EuCl3 (grey bars); capillary: fused silica,
oride form); injection pressure: 3.45 kPa; injection time: 5 s; migration conditions:

pertaining to the diphosphonic acids 9, 12,  and 15,  but also to
the methylphosphonate iminodiacetic acid derivative 14,  show a
nonlinear behavior when a 1:1 binding model was  assumed. As
pointed out in Section 3.1, curvature rules out the sole formation of
the EuL species and highlights the occurrence at equilibrium of at
least one more stable polynuclear complex. Under the dilute condi-
tions employed herein, cluster-type structures are most unlikely.
However, dinuclear Eu2L compounds might be expected to form
considering both the large excess of metal in the supporting elec-
trolyte and the potential ditopic nature of ligands 9, 12,  14,  and 15,
which incorporate two  strongly coordinating functions (either two
phosphonates or one phosphonate and one iminodiacetate).

Based on the above rational, the binding isotherms were all
adjusted by nonlinear least-squares analysis using either Eq. (6)
or (7) when the speciation model comprised both the EuL and
Eu2L complexes. The complexation constants together with the
calculated mobilities obtained at convergence by minimizing the
�2 error function are summarized in Table 2, while Fig. 5 shows
Fig. 4. x-reciprocal plots assuming a 1:1 complex formation model of the binding
isotherms. Straight lines obtained by linear regression support the exclusive forma-
tion of EuL species. The curved lines were drawn as an eye guide and evidence the
occurrence of additional dinuclear complexes. Experimental conditions are identical
to  those given in Fig. 2.
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Table 2
Refined thermodynamic parameters and electrophoretic mobilities of europium complexes.a

Ligand log K11 log K21 �ep L × 108 (m2 V−1 s−1) �ep ML × 108 (m2 V−1 s−1) �ep M2L × 108 (m2 V−1 s−1)

8 2.1 ± 0.1 b −1.69 ± 0.08 2.4 ± 0.6 b

9 4.6 ± 0.2 2.2 ± 0.3 −2.41 ± 0.05 1.3 ± 0.1 2.4 ± 0.3
10 2.0  ± 0.1 b −1.78 ± 0.04 1.8 ± 0.5 b

11 3.2 ± 0.1 b −2.1 ± 0.2 1.1 ± 0.1 b

12 3.87 ± 0.05 c −2.34 ± 0.06 1.01 ± 0.03 c

14 3.60 ± 0.05 d −2.9 ± 0.1 1.15 ± 0.06 d

15 3.44 ± 0.05 d −2.4 ± 0.1 1.49 ± 0.06 d

a Solvent: 25 mM aqueous formic acid/formate buffer at pH 3.7 containing 10% (v/v) methanol; [Cl−]tot = 30 mM;  T = 298 K. Reported errors correspond to the standard
deviation.

b Not detected.
c Refinement of the parameter according to Eq. (5) was unsuccessful due to divergence of the minimization procedure, although formation of the Eu2L species cannot be
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xcluded considering the curved x-reciprocal plot.
d Data processing according to Eq. (5) returned at convergence an unrealistic va

-reciprocal plot.

lots. While the binding isotherm for 11 shows a plateau at higher
uropium concentrations (Fig. 5a), the lower affinity of 8 and 10
or Eu3+ prevented to reach a constant end-value. The mathemat-
cal treatment of experimental data according to Eq. (6) returns
sually highly correlated estimates of both K11 and �ep EuL, which

s an intrinsic difficulty because of the optimization of the product
11�ep EuL appearing in the numerator. As a matter of facts, inde-
endent estimation of K11 requires a large number of data points in
he europium concentration range where EuL is the predominant
pecies. Since this situation could not be achieved for 8 and 10,
he effective uncertainties associated to both parameters K11 and

ep EuL are probably larger than the standard deviations derived
rom the variance/covariance matrix [23].

In agreement with the curved x-reciprocal plot found for the

iphosphonic acid 9, the goodness of fit of the corresponding bind-

ng isotherm was clearly improved by considering the stepwise
ormation of both EuL and Eu2L complexes instead of a single
pecies. The inappropriateness of Eq. (6) to properly model the

ig. 5. Binding isotherm for compounds 11 (a) and 9 (b) assuming formation of
ither a single species of 1:1 stoichiometry (dashed line) or of both EuL and Eu2L
omplexes (full line). Experimental conditions are identical to those given in Fig. 2.
lthough formation of the Eu2L species cannot be excluded considering the curved

experimental readings might be difficult to recognize from Fig. 5b,
but it becomes clearly apparent if the europium concentrations are
plotted on a logarithmic scale as shown in the inset of Fig. 5b. For
the same reasons as those outlined above, the errors on both equi-
librium constants are rather large with a relative standard deviation
on log K21 exceeding 13% in spite of the low scattering of the points.
The distribution diagram of free and metal-bound ligand species
corresponding to the analytical conditions ([9]tot = 0.1 mM)  indi-
cates that the fraction of EuL reaches its maximum at 89% for a total
europium concentration of 0.5 mM (5-fold excess), while the pro-
portion of free L and Eu2L is approximately equal to 5% each. At the
highest metal concentration used in this work ([Eu]tot = 10 mM),
both EuL and Eu2L are in equilibrium in a 39:61 molar ratio.
Accordingly, all three species contribute significantly to the overall
effective mobility �L

ep, providing some additional confidence to the
refined stability constants.

A more intricate situation was  encountered with compounds
12, 14,  and 15.  On the one hand, the nonlinear x-reciprocal plots
displayed in Fig. 4 suggest the occurrence of at least one addi-
tional species in equilibrium with the EuL complex. On the other
hand, all attempts to refine the five unknown parameters of Eq.
(7) failed due to divergence in the case of ligand 12,  while for the
two  other binders, the nonlinear least-squares procedure returned
unrealistic estimates for K21 and/or �ep Eu2L, with relative standard
deviations exceeding 100% at convergence. Due to the unavoid-
able correlation between the refined equilibrium constant and the
associated intrinsic mobility, it becomes obviously even more diffi-
cult to derive meaningful values for higher-order species, especially
when these contribute only marginally to the measured signal. The
low information content of the raw data with respect to the addi-
tional species might explain why extraction of K21 and �ep Eu2L
becomes impossible, although a low abundance of a few percents
of Eu2L might be sufficient for observing departures from linearity
in x-reciprocal plots. Hence, the binding isotherms for these three
ligands were satisfactorily adjusted to a single equilibrium model
by using Eq. (6),  as proven by the almost identical residual standard
deviation obtained for fits performed with Eq. (7).  Nevertheless, the
calculated K11 values reported in Table 2 for 12,  14,  and 15 should
be considered as less reliable than those found for the four other
compounds.

Interestingly, the intrinsic mobilities �ep L estimated for the
seven chelators are consistent with their prevalence at pH 3.7
as partially deprotonated anions bearing a similar charge close
to −1, as can be inferred from structural considerations. Their
magnitude ranges between −2.9 and −1.7 × 10−8 m2 V−1 s−1, while

individual values tend to be higher for diphosphonic or mixed
phosphonic–aminocarboxylic acids. Complex formation leads to
a systematic decrease of the mobility as all refined �ep EuL
and �ep Eu2L values are positive and comprised between 1 and
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Fig. 6. Spectrophotometric titration of compound 11 as a function of increas-
ing amounts of EuCl3. Solvent: 25 mM aqueous formic acid/formate buffer at pH
86 F. Varenne et al. / J. Chrom

.4 × 10−8 m2 V−1 s−1. These figures are also fully consistent with
he formation of cationic europium(III) species as might be antici-
ated if the chelators are prevailing in their LHk

− forms.

.3. Spectrophotometric validation studies

In order to validate the apparent binding constants measured
n the nanogram scale by CE–ICP-MS, the affinity of some ligands
owards europium was also investigated by a standard titration
echnique. Since organic material prepared according to combina-
orial synthetic approaches is usually available in low amounts (i.e.
ew milligrams), a sensitive alternative analytical technique was
equired. For compounds 1–12, UV–Vis absorption spectropho-
ometry appeared as the method of choice compared to classical
lass-electrode potentiometry, because the aromatic substituents
orne by the phosphorus atoms act as efficient absorbing units and
hus enabled to probe metal-binding through the electronic pertur-
ations experienced by these chromophores. Therefore, europium
itrations were monitored spectrophotometrically between 250
nd 500 nm in the buffered water/methanol 90:10 (v/v) mixture
y maintaining both the pH and the total chloride concentration
onstant at 3.7 and 0.1 M,  respectively, in order to reproduce as
losely as possible the experimental conditions used during the
lectrophoretic measurements.

According to UV–Vis spectroscopy, none of the investigated
iphosphine oxide exhibits any measurable affinity towards Eu3+

n the water-rich binary solvent used throughout. This behavior
as been unambiguously confirmed in the case of chelator 1, since
ny significant spectral changes could be detected upon addition
f up to 100 equiv. of the lanthanide salt in water/methanol 90:10
v/v). For compounds 2–7, the lack of affinity can moreover be
xplained by structural features as it is well-known that chelate
ings comprising more than six atoms are unstable [42]. How-
ver, decreasing the solvent polarity by increasing the methanol
ontent favored the europium uptake by the neutral ligand 1.
umerical processing with the Specfit program of the titration
ata collected in the non-buffered binary water/methanol 10:90
v/v) mixture (addition of acid induced no spectral change)
videnced the exclusive formation of a single complex of 1:1
toichiometry, albeit of moderate stability (log K11 = 3.6 ± 0.2,

 = 0.1 M N(n-C4H9)4Cl, T = 25.0(2) ◦C). The calculated absorp-
ion data for each limiting species reflect the hyperchromic
ffect undergone by the phenyl centered �–�* transitions of
igand 1 (�max = 260.5 nm,  ε = 1990 M−1 cm−1; �max = 266.5 nm,

 = 2640 M−1 cm−1; and �max = 273.4 nm,  ε = 2160 M−1 cm−1 – these
ata are in excellent agreement with the experimentally measured
alues), upon formation of the [Eu(1)]3+ species (�max = 261.1 nm,

 = 2290 M−1 cm−1; �max = 266.8 nm,  ε = 3280 M−1 cm−1; and
max = 273.4 nm,  ε = 2720 M−1 cm−1). Simultaneous binding of
oth P O groups that leads to a six-membered chelate cycle

s fully supported by the structure of the double-complex salt
Eu(1)2(NO3)2][Eu(1)(NO3)4] that crystallized out of CH3CN solu-
ions for [Eu]/[1] concentration ratios comprised between 0.67 and

 [43]. Since formation of polyleptic europium complexes with
igand 1 are favored in weakly dissociating media in the presence
f an excess of ligand [43,44],  it is not surprising that these species
ould not be detected by UV–Vis spectrophotometry under the
hosen experimental conditions.

Relying on the quantitative affinity scale established by CE–ICP-
S  (Table 2), 2-hydroxy-3-phosphono-benzoic acid 11 is a chelator

f moderate strength, because most of the potential binding groups

emain, at least partially, protonated at pH 3.7. It appeared there-
ore as the ideal system for validation purposes. Considering a molar
xtinction coefficient value of 2590 M−1 cm−1 at the absorption
and maximum (�max = 315 nm), a concentration of ca.  0.35 mM
3.7 containing 10% (v/v) methanol; I = 0.1 M NaCl; T = 298.2(2) K; [11]tot = 0.35 mM;
[EuCl3]tot = 4.04 mM;  V0 = 2 mL; l = 1 cm.  Dilution-corrected spectra 1–10: 0.29, 0.58,
0.87, 1.16, 1.74, 2.32, 3.48, 4.64, 6.38, 8.7 equiv. of Eu3+.

enabled to perform thermodynamic measurements with 150 �g
of substance per experiment. Metal binding was clearly ascer-
tained by the progressive broadening, hypochromic and slight
bathochromic shifts undergone by the featureless absorption band
of 11 upon incremental addition of EuCl3 (Fig. 6). Moreover, the
occurrence of an isosbestic point at 325 nm suggests a single equi-
librium. Singular value decomposition of the entire data set further
supported the presence of only two absorbing components, includ-
ing unbound ligand and one europium complex. Subsequent data
refinement using more than one complexed species failed due to
systematic divergence of at least one adjusted parameter. Statisti-
cal analysis further established the 1:1 metal-ligand stoichiometry
(�max = 320 nm,  ε = 2000 M−1 cm−1) that could be deduced from
the electromigration studies carried out using ca.  105-fold smaller
volumes. The value of the apparent binding constant returned
by Specfit after spectral deconvolution (log K11 = 3.1 ± 0.2) was
in excellent agreement with the one obtained by CE–ICP-MS
(log K11 = 3.2 ± 0.1) under similar working conditions (Table 2).
This agreement definitively validates the experimental procedure
developed for exploring the metal-ion speciation both from a
qualitative (i.e. number and stoichiometry of major species) and
quantitative (i.e. accurate determination of apparent binding con-
stants) point of view.

5. Conclusion

The performances of hyphenated capillary electrophoresis for
screening a library of chelators with respect to their relative metal-
binding affinity in buffered hydromethanolic solutions have been
evaluated by taking advantage of the high sensitivity and selectivity
of ICP-MS for detecting phosphorous at the ppt level. Monitor-
ing the signal of a ligand-incorporated heteroatom instead of the
metal ion, as it is common practice in affinity capillary zone elec-
trophoresis, has been shown to be highly advantageous when the
organic chelating agents are available only in minute quantities.
Detection limits of elemental phosphorous ranged between 2 and
25 �mol  L−1, depending on the phenomena contributing to the
peak widening for each ligand. Our methodology is therefore par-
ticularly well-adapted for screening libraries of chemicals obtained
by combinatorial synthesis.

As a proof of principle, a set of fifteen phosphorylated products
ranging from neutral aprotic diphosphine oxides to polyfunctional
mono- and diphosphonic acids has been selected. Regardless of

their acid–base properties and structures, a relative affinity scale
towards europium(III) could be established at constant pH by
simple comparison of the electrophoretic mobility of each ligand
measured first in the absence and then in the presence of the



atogr

t
t
o
m
i
s
m
p
i
r
t
t
p
r
t
t
v
a
t
e
c
m
t
m
i
h
p

A

R
t
d
s
D
f

R

[
[

[
[

[

[

[
[
[
[
[
[
[

[

[

[
[
[
[

[

[

[

[
[
[

[
[
[
[
[
[

[

[42] A.E. Martell, R.D. Hancock, Metal Complexes in Aqueous Solutions, Plenum
F. Varenne et al. / J. Chrom

argeted metal cation. Since the latter is introduced in the elec-
rolyte in large excess, the fast selection of the most affine
rganophosphorus derivatives could be achieved by consuming no
ore than 5 ng of each substance. Most importantly, this analyt-

cal procedure could also be applied for quantitative speciation
tudies at the trace level (5–20 ng), where the classical potentio-
etric and spectroscopic techniques lack sensitivity. Numerical

rocessing of the average ligand mobility variations induced by
ncreasing amounts of europium salt in the electrolyte returned
eliable values of conditional binding constants, even in the case of
wo overlapping equilibria associated to the concomitant forma-
ion of two moderately weak EuL and Eu2L complexes at a fixed
H. The accuracy of the thereby determined equilibrium constants
anging between 102 and ∼5 × 104 M−1, as well as the reliability of
he derived chemical model, was ascertained by conducting spec-
rophotometric titrations which required 105-fold higher sample
olumes. It turns out that CE–ICP-MS as implemented in this work
ppears as a powerful mean to investigate the speciation of sys-
ems involving complex equilibria under high-dilution, which is
specially well-adapted when ligand and/or metal salts are pre-
ious due to their low availability. Hence, it should be a promising
ethod for solution thermodynamic investigations of actinides or

oxic metal ions in environmentally-relevant conditions. Further-
ore, the use of a ICP-MS detector also opens new perspectives as

t could be easily extended to other classes of ligands incorporating
eteroatoms other than phosphorus, like sulfur (e.g. cysteine-based
olypeptides), or halogens (mainly iodine).
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