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ESI mass spectrometry was used to investigate the europium complexation by tridentate ligands L = 2,6-bis(5,6-
dialkyl-1,2,4-triazin-3-yl)-pyridines (DATP) that have shown unique separation properties of actinides(lll) from
lanthanides(lll) in nitric acid solutions. Complexes of three ligands, namely methyl (DMTP), n-propyl (DnPTP), and
iso-propyl (DIPTP), have been investigated in acidic solutions to check the aqueous-phase stability of Eu(L)s** ions
identified previously in the solid state. The data obtained show, first, the presence of stable Eu(L):** ions with
DnPTP (log 55 = 12.0 £ 0.5) and DiPTP (log /35*P = 14.0 £ 0.6) in methanol/water (1:1 v/v) solutions under
pH range 2.8-4.6 and, second, a mechanism whereby alkyl moieties contribute to a self-assembling process
leading to the formation of Eu(L);%* ions. Other complexes such as Eu(L),** ions are only observed for DnPTP (log
B2 = 6.7 + 0.5) and DMTP (log 3,* = 6.3 £ 0.1) and Eu(L)** only for DMTP (log 3,2 = 2.9 + 0.2). The log
B2 values for the Eu(L),** (n = 1-3) complexes were determined at pH 2.8. Better insight was given in this
study concerning the role of the hydrophobic exterior of the ligands for the design of a new range of extracting
agents.

Introduction the actinides (americium and curium) and fission lanthanides
. to be partitioned. The second comes from the similarity of
In the framework of nuclear waste reprocessing, researcy,q iqnic radii and the relevant chemical properties of the
for new e_szlment extracting molecules is s_tlll ofgreat_lnterest. An(lll) and Ln(l1l) ions in solution?
Hence, in the last years, several possible chelating agents
have been tested in liquidiquid extraction experiments to
separate the trivalent minor actinides (An(lll)) from the
trivalent lanthanides (Ln(lIl)) for nuclear waste partitioning
purposeé.The deSign of extracting agents has to overcome (2) Choppin, G. R.; Rizkalla, E. N. Solution Chemistry of Actinides and
two difficulties. The first arises from the high nitric acid Lanthanides. InHandbook on the Physics and Chemistry of Rare-

; ; Earths Gschneidner, K. A., Jr., Eyring, L., Choppin, G. R., Lander,
concentration (34 M) of the aqueous effluents that contain G, H. Eds: Elsevier Science BV: Amsterdam, 1904: Vol. 18, pp-559

Azaaromatic bases, including the 2,6-bis(5,6-dialkyl-1,2,4-
triazin-3-yl)pyridines (DATP) are among the most exten-
sively studied chelating age#t§ since they have shown

590.
* To whom correspondence should be addressed: Phe3&-1-6908- (3) Cordier, P.Y.; Hill, C.; Baron, P.; Madic, C.; Hudson, M. J.; Liljenzin,
8348. Fax:+33-1-6908-5411. E-mail: colette@carnac.cea.frlamekraz@cea.fr. J. 0.J. Alloys Compound$998 271273 738-741.
T CEA-Saclay. (4) Hagstian, I.; Spjuth, L.; Enarsson, ALilienzin, J. O.; Skalberg, M.;
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Chart 1. Ligand Codes
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unigue capabilities to extract americium over europium
(representative of the fission lanthanides) from acidic solu-
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complexes formed in acidic agueous solutions with these
ligands is still not elucidated. To date, a large number of
rare-earth complexes of the most useful multidentate ligands
have been crystallized and characterized by X-ray diffraction.
Several reportst?-15 have reviewed the subject and recent
studies were carried out with the DMTP and DnPTP
ligands!t16-17 With DnPTP, Ln(L} complexes of the ele-
ments Ln= Sm, Tm, and Yb have been obtained when
crystallization was performed from ethanol solutions with
nitrates as counteriort$. The complexes containing Ce-
(DMTP)33t, Ce(DnPTP#*, and U(DnPTP$" cations have
also been crystallized from pyridine solutions with iodides
as aniong? In the case of DMTP, neodymium and praseody-
mium nitrates give structures of the type HDMTP),-

tions into an organic.phase. Ext_ractants such as DATP.(Chart(NOS)B] as well as two complexes ([Nd(DIBTRNO:);]*)>-
1) act as tridentate ligands to give metal complexes with the |\ NG|~ and [Nd(DETP)(NG)s(HOE)] that have been

internal cavity formed by the nitrogen atom of the central
pyridine and the nitrogen atoms at the 2 position of the
triazinyl rings. These multiple interactions contribute to the

crystallized from alcoholic solutiori$.As already seen in
the case of the previously published analysis of Ln(lll)
complexes with model ligands, the Lngk) ions and even

ability of the azaaromatic base to compete with the water better the Ln(LJ®* ions are quite unusual either in solution

molecules for binding the strongly solvated 4f and 5f metal
ions. An(lll)/Ln(lIl) selectivity originates from the fact that
An(lll)’s have a somewhat higher affinity for the “soft” donor

nitrogen atoms due to their slightly less hard character

compared to the lanthanide ioh3he extraction properties

and separation factors (SF) of many DATP ligands toward
An/Ln have been thoroughly investigated regarding the
effects of the size of the alkyl substituents at the triazinyl

rings, the ligand concentration, the nature of the diluent, and

also the synergistic combination of DATP with 2-bromo-
hexanoic acid:® Hence, the DATP ligands are actually
further developed to find the nature and position of substit-

uents for optimum extractant properties and chemical stability
of the compounds. For example, effort has been made to
suppress the aqueous solubility of the protonated ligands bythe tridentat

introduction of alkyl moieties at the triazinyl rings to increase
thus the hydrophobicity of the resulting ligahés stressed
by NasK in a comprehensive review of Ln(Ill)/An(lll)

separation, the most effective ligands for solvent extraction

are those with minimal solubility in the aqueous phase.

Thereby, complex formation reaction can be considered to

and in solid staté?1418.19

To date, the Ln(L$* ions have only been observed in
anhydrous conditions, e.g. acetonitrile, with weakly coordi-
nating counterions such as perchlorate or triffaté® they
have never been observed in the presence of more strongly
coordinating ligands such as nitrate anions. Madic et*al.,
in discussing the differences between the structures found
for the Ln(lll) complexes of the azaaromatic bases, made
the point that the striking ability of the DATP ligands to
form Ln(L)s%" ions is probably due not only to the electronic
properties of the nitrogen atoms but also to the hydrophobic
exterior of these ligands. However, it should be noted that
Bunzli et al. have recently made efforts to enhance the
formation of Ln(Ly*" ions (Ln= La, Eu and Lu) seen for
e ligands 2;8',2"-terpyridine (terpy}* and 2,6-
bis(1-methylbenzimidazol-2-yl)pyridine (mbzimpy)jn an-
hydrous acetonitrile by the introduction tefrt-butyl moieties
at the 4, 4and 4' positions for the former andg-neopentyl
N-substituents for the latté? Nevertheless, the authors found
that the stability constants lggs of complexes with terpy

occur in or near the interfacial zone and, thus, the study of (12) prew, M. G. B.; Hudson, M. J.: Iveson, P. B.; Madic, C.: Russell, M.
complex formation in the aqueous phase is needed even if L. J. Chem. Soc., Dalton Tran999 2433-2440.

the ligands are designed to be lipophfithe compounds
with alkyl substituents at the 5,6 positions of the triazinyl
rings, such as methyl (DMTPh-propyl (DnPTP), andso-
propyl (DiPTP), have been synthesiZ&d*

(13) Wietzke, R.; Mazzanti, M.; Latour, J. M.; Pecaut, J.; Cordier, P. Y.;
Madic, C.Inorg. Chem.1998 37, 6690-6697.

(14) Drew, M. G. B.; Hudson, M. J.; Iveson, P. B.; Madic, C.; Russell, M.
L. J. Chem. Soc., Dalton Tran800Q 2711-2720.

(15) Drew, M. G. B.; Hudson, M. J.; lveson, P. B.; Madic,Ata Cryst.
2000 C56, 434-435.

Considerable progress have been made in the extraction(16) Iveson, P. B.; Riviee, C.; Guillaneux, D.; Nierlich, M.; Thirg, P.;

experiments, but the nature of the An(lll) and Ln(lll)

(7) Kolarik, Z.; Mtllich, U.; Gassner, FSolkent Extr. lon Exch1999
17, 1155-1170.

(8) Kolarik, Z.; Mtllich, U.; Gassner, FSokbent Extr. lon Exch1999
17, 23-32.

(9) Nash, K. L. Separation Chemistry for Lanthanides and Trivalent
Actinides. InHandbook on the Physics and Chemistry of Rare-Earths.
LanthanidefActinides: ChemistryGschneidner, K. A., Jr., Eyring,
L., Choppin, G. R., Lander, G. H., Eds; Elsevier Science BV:
Amsterdam, 1994; Vol. 18, pp 19238.
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M. L.; Madic, C.Inorg. Chem. Commur2001, 4, 12—-15.
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Eu(lll) Complexation with DATP

and its derivatives bearing substituents were simtlamile,
for the mbzimpy ligands, the bulky alkyl moieties hindered
the formation of tris complexes.

The aim of our study is the understanding of the mech-
anisms governing the An(lll)/Ln(lll) separation process in
acidic medium by liquie-liquid extraction using azaaromatic
ligands. As the systems involved are very complexed, it was
attempted to simplify the problem by considering the metal
complexation by the ligands in acid aqueous solution. The
ligands are little or not soluble in water so it was decided to
use an organic cosolvent which physicochemical properties
would not affect the metalligand interactions. There are
typically two possible cosolvents, i.e. methanol and aceto-
nitrile. Methanol was chosen because its dipolar moment
(1.71 D) is similar to that of water (1.85 D) while that of
acetonitrile (3.92 D) is much great&rMoreover, in 50:50
mixture of water and methanol, Eu is mostly surrounded by
water molecules in inner-sphéteand so the solution
equilibrium should reflect that of an aqueous solution.

The coordination chemistry of Eu with three DATP
ligands, namely methyl (DMTPh-propyl (DnPTP), andso-

plexation but also the role of the alkyl substituents at the
triazinyl rings on the Eu(lll) complexation in nitric acid
water/methanol solutions. The stoichiometries and stability
constants of europium(lll) complexes with the different
DATP (DMTP, DnPTP, and DiPTP) ligands are reported
for the first time.

Experimental Section

Materials. The DMTP, DnPTP, and DiPTP ligands were
provided by CEA/DEN/DRCP (Bagnols-sur-&& France). Stock
solutions (102 M) of DMTP (M = 293 g/mol), DnPTPNI = 405
g/mol), and DIPTP N = 405 g/mol) were prepared by dissolution
of a weighed amount in HPLC grade methanol. Stock solutions (2
x 1074 or 104 M) of europium(lll) in nitric acid were prepared at
pH 4.6 by dissolving high-purity crystals of Eu(NJg6H,O (M =
446 g/mol) (Sigma) in appropriate solution of nitric acid (Sigma).
All chemicals used were reagent grade, and Millipore water was
used throughout the procedure. The study was carried out with
nitrates since the extraction process takes place in nitric acid
solutions.

Solutions for the ESI-MS measurements were prepared from 2.5
mL of stock metal ion solution mixed with a precise volume of

propyl (DiPTP), in nitric acid water/methanol (1:1 v/v) stock ligand (L) solution required to give ligand-to-metal ratios L/Eu
solutions is investigated in this study to check the solution in the range 0.1 to 5. Then, the appropriate amount of methanol
stability of the Ln(L}** ions identified in the solid state. =~ was added to obtain water/methanol (1:1 v/v) mixtures. Experiments
This paper also focuses on the applicability of electrospray Were directly performed_in nitric acid with thg ionic strength fi_xed
ionization mass spectrometry (ESI-MS) as a rapid Screeningmamly by the nltrlc.a0|d and europium nitrate concentrgtlons.
method that may assist in the design of useful extracting He"Ce: among a series of samples, where the pH was adjusted to
. . . the same value by addition of nitric acid, the ionic strength remained

agents. Europium(lll) was chosen because, first, it possesses . 7 _
o - . . roughly constant. For solutions containing 1® of europium and
'O_n'c radii and chemical properties that C'OSG'Y share featuresa fixed ligand-to-metal ratio, the ionic strength varied from &.2
with those of th_e An(lll) and Ln(lll) of interest in the nuclear  15-4 \ at pH 4.6 to 2.2x 1072 M at pH 2.8.
fuel reprocessing and, second, to take advantage of the 5 apparatus and Conditions. The mass spectrometric
luminescent properties of this ion for comparison purposes measurements were recorded in positive ion mode using a Quattroll
between data obtained by ESI-MS and time-resolved laser-triple-quadrupole spectrometer equipped with an ESI interface
induced fluorescence (TRLIBJESI-MS has been previously — (Micromass, Manchester, U.K.). The spray needle voltage was set
applied to the study of Ln complexation by a variety of to 3.5KkV, and nitrogen operating at 300 L/h was employed as both
ligands providing the structures, stoichiometries, and oxida- the drying and nebulizing gas. Freshly prepared samples were
tion states of ligandmetal complexe€192327as well as for analyzed by flow injection ESI-MS using the sample solvent as
studies on the speciation of actini@® and lanthanidég ~ the carrier. A syringe infusion pump (Harvard Apparatus, Cam-
in solution. It appears also that ESI-MS can be used as ab”dge’ MA) delivered solvent at 15L/min to a Rheodyne 9725

. . . . . - multiport rotary valve (2Q<L loop) connected to the ESI probe by
reliable technique for direct determination of solution binding . : ) .

3 . a fused silica tubing. Samples were introduced using al5@tass
constants for noncovalent comple%és”. Here, by studying syringe with a stainless steel needle (Hamilton Co., Reno, NV).
Eu(ll) complexes as a function of pH (pH range 246) The source temperature was set to €0 and the sample cone
and ligand-to-metal ratio, it was possible to show not only yjtage was set within the range 260 V. Spectra were acquired
the competition occurring between protonation and com- at 6 s/scan over a mass rangens 50—1800 with an acquisition
time of 3 min. For MS/MS measurements, collision-induced
dissociation of cluster ions was performed with argon; the collision
gas pressure wasx2 10~ mbar. Spectra were obtained at different
collision energies ranging from 10 to 40 eV. Europium species are
seen in their natural abundance, i.e. 52.%%u and 47.85Eu.

The isotopic distributions are not well resolved for the triply and
doubly charged complexes because the quadrupole mass spectrom-
eter only allows nominal unit resolution. High-resolution mass
spectral data were obtained by using a Q-Tof Il mass spectrometer
(Micromass, Manchester, U.K.) that was operating in the electro-
spray mode. In the data given, and for simplification purposes, only
the m/z peaks corresponding to the most abundant isotopic mass
have been indicated.

Measurement Procedure. The pH of the solutions were
measured with a conventional pH meter (model PHN 81, Tacussel,

(24) Lide, D. R.CRC Handbook of chemistry and physi¢éth ed.; CRC
Press: Boca Raton, FL, 1993.

(25) Tanaka, F.; Kawasaki, Y.; YamashitaJSChem. Soc., Faraday Trans.
11988 84, 1083-1090.

(26) Colette, S.; Amekraz, B.; Madic, C.; Berthon, L.; Cote, G.; Moulin,
C. Unpublished work, 2002.

(27) Blades, A. T.; Jayaweera, P.; lkonomou, M. G.; Kebarleln®.J.
Mass Spectrom. lon Procesk99Q 101, 325-336.

(28) Moulin, C.; Charron, N.; Plancque, G.; Virelizier, Bppl. Spectrosc
200Q 54, 843-848.

(29) Moulin, C.; Amekraz, B.; Hubert, S.; Moulin, \Anal. Chim. Acta
2001, 441, 269-279.

(30) Stewart, I. I.; Horlick, GAnal. Chem 1994 66, 3983-3993.

(31) Jergensen T. J. D.; Roepstorff, P.; Heck, A. JARal. Chem1998
70, 4427-4432.

(32) Kempen, E. C.; Brodbelt, J. @nal. Chem200Q 72, 5411-5416.

(33) Whittal, R. M.; Ball, H. L.; Cohen, F. E.; Burlingame, A. L.; Prusiner,
S. B.; Baldwin, M. A.Protein Sci.200Q 9, 332—-343.
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22 °C) equipped with a subminiature combined electrode (model position for the complexation reactioffs®® For the special
PH XC161) filled with an aqueous solution and calibrated with case of kinetically labile species, Wang and Agié¥made
aqueous pH standards. No correction was made for the presencg very interesting investigation on the equilibrium shift

of methanol. Solutions were introduced in the spectrometer by tqward complex formation induced by the ESI process. The
increasing order of ligand concentration. Between each sample, theauthors illustrated possible application of ESI-MS to assess
instrument was rinsed with appropriate diluted nitric acid solutions

3 1 the solution-phase concentration of thé’'StEDTA complex

(103-10-5M). e : S

Equilibrium Concentration Calculation. The free Eu equilib- which is goyern(?d .by a fast formatioks ¢~ 10° M~ s7%)
fium concentration was derived directly from the total ion current and slow dissociationk( ~ 1.6 s*) rates?® Moreover, as
of the complexes coming from the free Eu in solution; then, the Noticed by Saito et aff lanthanide(lll) complexes are usually
equilibrium concentrations of the free ligand and each of the three classified as kinetically labile on the basis of the large rate
Eu(DATP)3* ions were calculated from the known amounts of constants for water exchange{*—10" M~ s %) and the
ligand and Eu added to each solution (T is the total concentration): dissociation processes for monodentate or bidentate com-
plexes. There are no reports yet dealing with the formation

S and dissociation kinetics of DATP complexes with lanthanide

3ty
(n: [Eu(BATP),™D = [Eul — [Eul @) ions. In fact, little is known about kinetics of multidentate
ligands containing nitrogen donors alone, while the formation
3 and dissociation kinetics of Ln(lll) complexes with polyami-
[Eu(DATP),*"] = %(Eu(DATP)*") x () [EU(DATP)*']) (2) nocarboxylate ligands have attracted much interest because
" of the application of these ligands in biomedical analy3¢8.
3 Thus, it has been shown by ChopfSithat bulk steric effects
[DATP] = [DATP]; — Z n[Eu(DATP).*] 3) in multidentate coordination lead to slower complex forma-
= tion as well as slower decomposition and, hence, greater

kinetic stability. Recently, the “chelate effect” contribution
to the inertness in solvolysis was illustrated by the dissocia-
The methods traditionally employed for determining tion kinetics for Ln(lll) complexes with polyaminocarboxy-
stability constants of Ln(lll) complexes rely on a change in lates in aqueous solutiod$.Furthermore, in the case of
the physicochemical properties of the ligand upon complex- DATP ligands which contain only nitrogen donors, the
ation, as in spectrophotometry or NMR experiments, or take reaction rates could be expected to be several orders of
advantage of the luminescent properties of the Ln(Ill), mainly magnitude lower than for the polyaminocarboxylates ligands
Eu and Tk?334 By contrast, ESI-MS reveals directly the as a consequence of the oxophilicity of the Ln(lll) aquo ions.
complexes as well as free europium or protonated ligand freelt has also been reported that the basicity of macrocyclic
of complexation. After passage through the electrospray ion ligands as well as the longer lifetimes for £iN bonds
source, species exist in the form of isolated ions swiftly relative to Ln—O bonds govern inertness in the proton-
detected by MS analys#.However, there is increasing assisted dissociation of the Ln compleXe3herefore, the
acceptanc® that noncovalent interactions in solution can be systems such as DATRF Ln(lll) are unlikely to undergo
maintained on the time scale of the ESI proces4éq0us) extensive change in species distribution in the evaporating
Recently, Votteo et al!® have analyzed by ESI-MS the droplet prior to desorption. Thus, it would be possible to
complexes coming from the attachment of nitrates as well assess an image of the speciation by ESI-MS with a sufficient
as triflates with the Eu(L¥" (n = 1—2) ions of cyclohex- reliability to justify the calculation of equilibrium constants.
anetriol in methanol and noticed that species observed on The analytical strategy presented herein involves Eu
the spectra were in agreement with the solution equilibrium speciation, i.e. determination of all free and complexed
deduced fromtH NMR investigations. species. Eu complexation by DATP ligands can be schemati-
Further, several studies have shown good agreementcally described by the following reaction, where for simpli-
between solution-phase and gas-phase ionic abundance fofication purposes, solvation and anion coordination have been
metal complexes present in thermodynamic equilibrium in omitted:
solution"-3% The difficulty in making ESI measurement
stems from two steps in the electrospray process (i.e.
electrolytic pH change and increased solute concentrations Europium speciation was divided into two categories: (A)
due to the evaporation of solvent from the droplets) which Eu complexes coming from the Eu¢) (n = 1-3) ions
could be suspected to induce possible shift in the equilibrium (40) Saito, S.. Hoshino, H.: Yotsuyanagi, fiorg. Chem2001, 40, 3819

Results and Discussion

E"+nL=Eu(),** n=1-3 (4)

3823.
(34) Binzli, J.-C. G.; Andre, N.; Elhabiri, M.; Muller, G.; Piguet, Q. (41) Cossy, C.; Helm, L.; Merbach, A. Ehorg. Chem 1989 28, 2699—
Alloys Compound200Q 303304, 66—74. 2703.
(35) Kebarle, P.; Tang, LAnal. Chem 1993 65, 972 A—986 A. (42) Toth, E.; Bfeher, E.; Lazar, |.; Toth, Inorg. Chem1994 33, 4070~
(36) Nierengarten, H.; Leize, E.; Breuning, E.; Garcia, A.; Romero- 4076.
Salguero, F.; Rojo, J.; Lehn, J.-M.; Van Dorsselaer, JA.Mass (43) Burai, L.; Fabia, I.; Kirdly, R.; Szilagyi, E.; Bricher, E.J. Chem.
Spectrom2002 37, 56—62. Soc., Dalton Trans1998 243—-248.
(37) Andrew, R. S. R.; lkonomou, M. G.; Thompson, J. A. J.; Orians, K. (44) Szilayi, E.; Bricher, E.J. Chem. Soc., Dalton Tran200Q 2229-
J. Anal. Chem1998 70, 2225-2235. 2233.
(38) Wang, H. Agnes, G. RAnal. Chem1999 71, 3785-3792. (45) Chang, C. A,; Liu, Y. L.; Chen, C. Y.; Chou, X. Mnorg. Chem
(39) Wang, H. Agnes, G. RAnal. Chem1999 71, 4166-4172. 2001, 40, 3448-3455.
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Table 1. Complexes Detected by ESI-MS for 70M Eu(NOs)s with [DATP]+/ [Eu]r = 0.1-5 under pH Range 2:84.6 in Water/Methanol (1:1 v/v)
and Aqueous Nitrate Medium

complexes DIPTP DnPTP DMTP

Eu(L)s3* [Eu(L)3]3* m'z 456.2 [Eu(Ly)3* m'z 456.2 [Eu(Ly)3* miz344.1
[Eu(L)3(NOg)]2+ m/z715.3 [Eu(LX(NO3)]2* m/z715.3 [Eu(LX(NO3)]2* mz547.3

[Eu(L)s(H)-1]2* m/z 684.0 [Eu(LY(H)-1]2* m'z 683.9 [Eu(LY(H)-1]?* m/z515.8

Eu(L)3* [Eu(L)2(NO3)]2* mz512.7 [Eu(LY(NO3)] * m/z863.1
[Eu(L)2(NO3)]2+ m/z400.5

[Eu(L)z)?" m'z 369.5

Eu(L)3* [Eu(L)(NO3)] m/z569.9

and (B) Eu species coming from the “free” Eu in solution. as [Eu(MeO)(NQ@)]" are weakly observed at pH 2.8. The
As already mentioned, in water/methanol (1:1 v/v), the first same species are identified in the mass spectrum for& 10
coordination sphere of Eu is mostly constituted of water M Eu solution at pH 2.8 prepared without DATP addition
molecules’® moreover, at the experimental concentrations (Table 2).
and pH range, Eu complexation by nitrate (N{Da bidentate Concerning EerDATP complexes, monomeric species
oxygen-donating ligand, was considered negligible via [Eu(DATP)(NO3)]¢™* (n = 1—3; m = 0—2) are ob-
calculation in watef! Using the measured distribution of served. The high nitrate content of the solutions promotes
total metal speciation between A and B, it was possible to formation of complexes that retain either one nitrate anion,
quantify the percentage of the different europium species, such as the [Eu(DATRINO3)]?" (Figure la,b) and [Eu-
i.e. EFY, Eu(L)**, Eu(L)®*!, and Eu(L)**, and thereby to  (DATP)y(NO3)]?* (Figure 1b) complexes, or two nitrate
calculate complexation constants. anions, such as those seen for the complexes coming from
ESI-MS Measurements ESI mass spectra were recorded the Eu(DMTP)3* (n = 1-2) ions (Table 1). Typical
with a constant Eu(lll) concentration fixed at M under examples of the specific pattern obtained with high-resolution
pH range 2.8-4.6. It should be noted that, within these ESI for the multiply charged complexes are presented in the
conditions, europium precipitation is not likely to occur. The Figure 1b inset for [Eu(DnPTE]}" at nvz 456 and [Eu-
experiments were carried out in the presence of the DATP (DnPTP}(NOs)]?" atmvz 715. The complexes identified as
ligands at ligand-to-metal ratios up to 5. The setting voltage [Eu(DnPTP)(H)-;]?" at vz 684 originate from the desol-
of the first orifice encountered by the sample ions in the vation of the [Eu(DnPTRJNO3)]3" complexes (HN@
ESI source (cone voltage) was kept at 40 V; lower settings release) in the ESI source (MS/MS spectra confirmed that
led to loss of the spray stability due to the salt content of the HNG; release is the predominant fragmentation pathway
the solutions as well as reduction of the overall sensitivity, of these complexes). Unlike in DnPTP mass spectra, the
and higher settings led to fragmentation of the ions coming peaks from the [Eu(DATRJH)-1]?>" complexes are barely
from the complexes. observed in the case of DIPTP (Figure 1a). Vottero é? al.
The ESI-MS spectra generated from solutions containing have previously illustrated that [Eu((NOs),] * (n = 1—-2)
a 1-fold molar ratio of DIPTP and 3-fold molar ratio of complexes readily lost HN£in the ESI source to lead to
DnPTP over Eu at pH 2.8 are respectively shown in Figure [Eu(L),(H)-1(NOs)]™ complexes with trihydroxycyclohexane
la,b. They are typical of ESI-MS in that they reveal an array ligands.
of species, i.e. free protonated ligands, free Eu species, and For DMTP, ESI-MS spectra obtained are much more
metal-bounded ligands, which have different ESI response complexed since 7 different complexes are observed (see
factors. All the complexes coming from the different Eu- Table 1). Furthermore, the complexes coming from the Eu-
(L)r®" (n=1-3) ions with L= DiPTP, DnPTP, and DMTP  (DATP)s*" species are observed with a strong contribution
have been identified by high-resolution ESI utilizing a Q-Tof of the [Eu(DMTP)(H)-41]%* ions, suggesting that the presence
mass spectrometer and are summarized in Table 1. of labile hydrogen atoms on methyl substituents (see Chart
It can be noted that the basicity of DATP ligands is 1) makes the HN@release more favorable. Interestingly,
highlighted by the presence of great intensities of the these results have been correlated to the relative chemical
protonated molecules in the ESI spectra (here DiPTR* stability of the DATP in extraction experimerfts.For
or DnPTP— H* atm/z 406), since one would expect that, DMTP, desolvation in the ESI source was also found to
in both cases (3 ligands being expected to be associated wittpromote formation of small amounts of the charge-reduced
1 europium), most of the DATP would be associated with jons [Eu(DMTP}]2*. MS/MS experiments confirmed that
europium. these species are the result of the predominant fragmentation
Concerning free europium, the inset zoom seatz 00— pathway of the [Eu(DMTRINO3)]2* complexes.
400) in Figure la shows 6 main species assigned to [Eu- MS/MS experiments have also been used to assess that

(NO3)(MeOH)] ™ (n = 0-3) and [Eu(NQ)(MeOH)- the 1:1 complexes as well as the 1:2 complexes detected by
(H0)]" (n = 1—-2) complexes. Other complexes identified

(48) Hill, C.; Guillaneux, D.; Berthon, LProceedings of the International

(46) Choppin, G. RJ. Alloys Compound&997, 249, 1-8. Sobent Extract Conference ISEC 2Q08ole, K. C.; Cole, P. M.;

(47) Van der Lee J.; De Windt, ICHESS Tutorial and Cookbook, 2000 Preston, J. S. and Robinson, D. J., Eds.; South Africa Institute of
update for version 2.5; Users Manual No. LHM/RD/00-13; Ecole des Mining and Metallurgy, Chris van Rensburg Publications(Pty) Ltd.:
Mines de Paris: Fontainebleau, France. Johannesburg, 2002.
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Figure 1. (a) ESI-MS spectrum of an equimolar mixture of DIPTP and Eu{¥COnset: region fromm/z = 200 to 400. (b) ESI-MS spectrum with
[DnPTP}/[Eu]r = 3. Inset: High-resolution ESI-MS signals from [Eu(DnP3]P) and [Eu(DnPTPYNO3)]2+ species. [Eu(Ng)s] = 1074 M in water/
methanol (1:1 v/v) at pH 2.8 and aqueous nitrate medium.

ESI are present in solution and not formed by fragmentation triflate complexes coming from the Eu@)and Eu(L)}3"

in the gas phase of the related higher coordinated complexesions of L = cyclohexanetriol.

Similar experiments have been recently reported by Votte The Eu(DATP)*" (n = 1-3) distribution was obtained
et al!® to validate the relative abundance of the nitrate and by summing the intensities of all related complexes singly
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Table 2. Complexes Detected by ESI-MS for 0M Eu(NOs)s under pH Range 2:84.6 in Water/Methanol (1:1 v/v) and Aqueous Nitrate Medium

complexes pH 2.8 pH 3.7-4.6
Ew"  [Eu(NOs)o(MeOH)]*, n=0-3 m'z276.9, 308.8, 340.9, 372.9 [Eu(NAMeOH),*, n=0-3 m'z276.9, 308.8, 340.9, 372.9
[Eu(NO3)2(MeOH),(H0)]", n=1-2 m/z326.9, 358.9 [Eu(N@)2(MeOH)(H,0)]t, n=1-2 m/z326.9, 358.9
[Eu(MeO)(NQy)]* m'z245.8 [Eu(MeO)(NG)(MeOH),|*, n=0-2 mz245.9, 277.9, 309.8
[Eu(OH)(NG3)(MeOH)]*,n=1-2  m/z263.9, 295.8
[Eu(MeO)]* m'z214.9
Ewt [Eu(NOy)]* m'z214.9
[Eu(MeO)I* m'z183.8
[Eu(OH)I* m'z169.8

factor of 2 does not change the complexation observed in
the ESI spectra. Thus, at least for strong bindings such as
the ones occurring between Eu and terdentate DiIPTP ligands,
dissociation linked with desolvation does not occur. With
n-propyl moieties as substituents, the species coming from
the Eu(DnPTP$" ions are again predominant whatever the
ligand-to-metal ratio, but complexes coming from Eu-
(DNPTP)®" ions are also observed at low ligand-to-metal
ratio (<2). This 1:2 complex evolves from 5% for a 2-fold
molar ratio of ligand over Eu to 20% for a 0.1-fold ratio.
Although it is small, the 1:2 contribution to Eu complexation

T by DnPTP suggests thatpropyl moieties induce some

4 5 changes in the complexation properties comparetsdo
propyl moieties. Ther-propyl moieties seem thus to favor

0

0

2 3
[L1,/[Eu];

Figure 2. ESI-MS speciation diagram of Eu(@3y, n = 1-3, species in

solution, with L= DiPTP, DnPTP, and DMTP. [Eu(N@] = 10-Mwith  the stability of the Eu(DATRJ" ions but lead to a slightly
[LV[Eu] T = 0.1-5 in water/methanol (1:1 v/v) at pH 2.8 and aqueous nitrate lesser degree of specificity for the 1:3 stoichiometry com-
”E‘)‘?giT“F’)“-H'?iat:;’e gbgggag?euvaéie%wé’%;fgm Jun to run. 9 eu- pared to the bulkyso-propyl moieties. Concerning interac-
OIPTEY '3(+) u(ONPTRZ () Eu(DPTR™ (#) Eu( P ©) tions between europium and DMTP, the two complexes
Eu(DMTP)3.

obviously present in solution come from the Eu(DATP)

and doubly charged at each ligand-to-metal ratio. By doing @nd Eu(DATP** ions with this time no Eu(DATRJ* at

so, it was possible to assess the general trends in thePH 2.8. The 1:1 species is the major complex in solution
complexation of each DATP group ligand. The distribution that evolves from 75% at equimolarity to 55% at a 5-fold
plots for the different complexes at pH 2.8 as a function of molar ratio (the 1:2 complex percentage being complemen-
DATP/Eu molar ratio are shown in Figure 2. The first tary).

assumption is that the relative amounts of complexed ligand Evidence is given from the ESI-MS data for the presence
can be measured by assuming equal signal responses foff stable Eu(DATP#* ions with DnPTP and DiPTP ligands
triply and doubly charged complexes containing the same in hitric acid solution at pH 2.8, consistent with the structure
ligand and metal. The second is that a measurement of ionisolated in solid phase for Ln complexes of DnPTP ligéhd.
current in the gas phase quantitatively represents the solutionnder such acidic conditions, 1:3 complexes are not detected
equilibrium. It is worth noticing that these assumptions have at all for the DMTP derivative bearing methyl moieties
already been discussed in the literattfr€ach set of data  though U(L}*" and Ce(Ly*" structures prevail in solid
acquisition was carried out three times, and the conclusionsstate:® The anhydrous conditions used for crystals prepara-
are that the percent relative abundance of the Eu(DA&TP)  tion may account for the difference noticed in structures.
ions are reproducible within 5% from different sample  Stability Constants. Assuming an equivalence between
preparations run several weeks apart. Moreover, it is worth concentrations and thermodynamic activities, the following
noting that, for each h:(n = 1—3) complex, the relative ~ €quation can be used:

abundance of the related ions changed by no more than 20% 3t 3t n

for slight variations in instrumental conditions as the flow B, = [Eu(DATP)”"J/[Eu”"][DATP] (5)
_ratg of either the drying or nebulizjng gas. This ph.enomenon The values oK
is likely to be due to changes in the desolvation of the

complex ions which exert an influence on the appearance gqlibrium constants,. Thus, it is possible, for exemple,

of the ESI mass spectrum. _ to compare the log, values or the magnitude of lggy/n
Data shown in Figure 2 indicate that DIiPTP added to*10  jth one another. The latter gives the mean free energy of

M Eu forms exclusively complexes coming from Eu- addition of each ligané’

(DATP):*" ions whatever the ligand-to-metal ratio. More-

over, decreasing the total Eu and Iigand concentrations by a(50) Schwarzenbach, G. The general, selective, and specific formation of
complexes by metallic cations. ¥advanced in Inorganic Chemistry
and RadiochemistryEmelaus, H. J., Sharpe, A. G., Eds.; Academic
(49) Kebarle, PJ. Mass Spectron200Q 35, 804-817. Press: New York, 1961; Vol. 3, pp 25284.

n» Which are the constants for the formation
of individual complexes, may be assessed by mean of the
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Figure 3. Calibration curves for solutions containing<10-5—10-3 M Eu(NQ;)3 in water/methanol (1:1 v/v) under pH range 2486 and aqueous nitrate
medium: (a) wide range concentration plots, including nonlinear region; (b) plots of the lower concentration region®of §&).4(6; ) pH 3.7; () pH
2.8.

It was not recommended, with the different observations  All free europium species observed for 20M Eu
made above, to determine the equilibrium concentration by solutions at pH 2.84.6 are listed in Table 2. The species
using methods that solely involves direct comparison of either observed at pH 2.8 are those previously identified as free
the relative intensities of both free Eu and -Higand europium in the mass spectrum (Figure 1a) generated from
complexes or the intensities of both ligand species, i.e. free a solution containing a 1-fold molar ratio of DiPTP over Eu
protonated ligands and metal-bound ligands. Instead, by usingat pH 2.8. These complexes are mainly singly charge ions
the Eu concentration free of complexation and the percent haying a metatnitrate core Eu(Ng), with solvent molecules

relative abundance of the Eu(DATP) ions, it was possible  attached: [Eu(NG(MeOH)]* (n = 0—3); [Eu(NOs),-
to reach the conditional stability constants thanks to eq 5. (\MeOH),(H,0)]* (n = 1-2). At pH 3.7, can be seen

In the present study, the free Eu equilibrium concentration important contributions from methoxide and hydroxide
was derived directly from the total ion current of the species, [Eu(MeO)(N(MeOH)]* and [Eu(OH)(NQ)-
complgxes coming from the free Eu in solution (see (MeOH),]*, as well as charge-reduced ions Eu(Mé@jd
Experimental Section). Eu(OH)*. At pH 4.6, the dominant ions observed in the
It should be mentioned that the use of ESI-MS for the Spectrum are the Charge_reduceldimns Eu(MeO)‘ and Eu-
analysis of Ln(lll) has been previously repoe#but none (OH)*; methoxide and hydroxide species containing one

on europium and all in methanolic 5% water) solutions. pjtrate such as [Eu(MeO)(Ng{MeOH),]* are also detected,
These studies have indicated that the transfer of the solvated, hije the contribution of clusters having a metaltrate
ions from the liquid to the gas phase led to a variety of ion core, EUNQ),,
species which were dependent on the properties of the . . .
lanthanide metal, the solvent, and the counterion of the salt The total signal responses for the previously mentloned
used as well as the electrospray interface setup. In particular,compl,exes were plotted for each pH as a fgnctlon O,f the
the above studies outlined that the lanthanides are strongEUroPium added to water/methanol (1:1 v/v) mixtures (Figure
oxides formers and further exhibit high ionization potential ) together with the linear region of the calibration curve

values, and, thus, charge-reduced species are favored. Kebarlé-igure 3b). At pH 2.8, the total ion current and the Eu

becomes much smaller.

et al?’ have found that no triply charged hydrates L3+ concentration are linearly related (correlation coefficient of
could be produced by ESI-MS:; the species seen in the mas$-99) in arange of Z 107°-4 x 10~* M Eu concentration,
spectra were the charge-reduced complexes Ln(Q@)f . while when the pH is increased, these two data are linearly
Stewart and Horlic¥ found that a variety of ion species, related in a much narrow range (i.e,210°-10"* M at
bare metal ions (Lhor Ln?"), oxides (LnQ), and hydrox- pH 4.6). These results may be connected to the electrolytic
ides (LnOH) as well as charge-reduced clusters such as [Ln- effects evidenced above. Therefore, it was decided to carry
(MeO)(MeOH)]?" and [Ln(MeO)(X)(MeOH)]* (X = CI~ out quantitative measurements at pH 2.8 within the linear

or NO;7) as a result of ion pairing are produced and range, and studies at higher pH were restricted to the
demonstrated that ESI-MS can be used for the analysis ofinvestigation of the pH-dependent differences in the binding
uncomplexed lanthanides in solution. stoichiometries of the three DATP ligands.
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Figure 4. Calculated fraction of free Eu concentration vs [DATEu]r
for the ligands studied in solutions water/methanol (1:1 v/v) containing 10
M Eu(NOs)s and [DATP}/[Eu]r = 0.1-5 at pH 2.8 and aqueous nitrate
medium. () DMTP; (x) DnPTP; ) DiPTP.
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Figure 5. Stability constants at pH 2.8 obtained by undertaking multiple
measurements of solutions containing4® (and 5x 107> M for DiPTP)
Eu(NGs); and [DATPY/[Eulr = 0.2-5 in water/methanol (1:1 v/v) and
aqueous nitrate medium.

Figure 4 compares the variation of free europium as a 0.2—5. As shown in Figure 5, the average values for the log

function of DATP/Eu molar ratio at pH 2.8 for 10M Eu.
The error bars representiad x 10°% M variation in the Eu

of the stability constants show standard deviation values
range betweer-0.1 to 0.6. These relatively small uncertain-

concentration free of complexation. Several comments shouldties on logg; values highlight the gas-phase stability of the

be made: At a 3.5-fold molar ratio of DIPTP, it could be

multiple interactions between Eu and the terdentate ligands.

directly observed that no free Eu remains in solution, and It is important to point out that, with DiPTP, it has been

total Eu added in solution is in the Eug) form. Under

found that measurements performed with total Eu and ligand

the same conditions, there is still 45% of Eu free of concentrations twice lower led to calculated |8gvalues
complexation in the presence of DnPTP, while 52% and 3% (Figure 5) lying within the standard deviation of those
of Eu is complexed in the 1:3 and 1:2 complexes, respec- evaluated with [Eu] = 10% M.

tively. For DMTP, still 70% of Eu is free, while 19% and

Stability constants determined by ESI-MS show that the

11% of Eu is complexed in the 1:1 and 1:2 complexes, gy(DiPTP)3* ion (log s = 14.0+ 0.6) is somewhat more
respectively. Further, when up to 5-fold ratios of DnPTP and staple than its counterpart with the DnPTP ligand (fag=
DMTP ligands are added in solution, there is still 35% and 120+ 0.5). It is important to notice that a TRLIF study of
58% of Eu free, respectively. These results combined with eyropium complexation with DIPTP is now underway and
the restricted 1:3 stoichiometry for Eu complexation of nas provided a logs value of 14.3+ 0.6 at pH 2.88 The

DIPTP contend thaiso-propyl moieties induce unusual

gap between DnPTP and DIPTP I8gvalues is unexpected

changes in the complexation properties of the ligand asn-propyl andiso-propyl moieties are unlikely to induce

compared ta-propyl and methyl moieties. It is interesting

large differences in the basicity of the coordinating nitrogen

to notice that the first protonation constant of DMTP was ztoms or the ligands internal cavity size. Thus, the alkyl

found to be aroundkoa; = 1.5 in mixed water and methanol
(1:1 v/iv)? thus, DMTP is likely to be partially protonated
at pH 2.8, which may inhibit its complexation with Eu(lll).

substituents may influence the degreeme$tacking inter-
actiong352-56 petween the ligand units and, thereby, probably
assist in the assembly process. However, it is also possible,

Nevertheless, propyl moieties having a greater inductor donor gjnce solvent coordination is important to the ligand exchange

effect than methyl substituents, DnPTP and DIPTP are
expected to have nitrogen atoms more basic than DMTP and

thus to interact more efficiently not only with*Hout also
with EW®* ions. Hence, in the case of DnPTP and DiPTP

appears to turn in favor of complexation.

The conditional stability constants extracted from ESI data

process, that bulkyso-propyl substituents interfere to a
greater extent with solvent coordination, affording a more
hydrophobic environment around the complex core as

s ) " compared with the Eu(DnPTgJ ion. The enhancement of
the competition between protonation and complexation

this phenomenon with thieso-propyl moieties thus makes
the complexation of DIPTP remarkably restricted to 1:3
complexes, while a contribution from 1:2 species (fhg=

are presented in Figure 5. The reproducibility is quite good g 7 0.5) is seen for DnPTP. These results are likely to
as is evident from the small discrepancies seen for the IogSupport the assumption made by Drew etdtom solid-

fi values determined by performing multiple measurements

of solutions containing 1¢ M [Eu]t and [DATP}/[Eu]r =

(51) Franois, N. Vers une interptation des meanismes de |la’ paration
actinides(lll)/lanthanides(lll) par extraction liquide-liquide synergique
impliquant des ligands polyaZasteTowards an interpretation of the

mechanism of the actinides(lll)/lanthanides(lll) separation by syner-
gistic solvent extraction with nitrogen-containing polydendate ligands.

Thesis UniversitéHenri PoincareNancy |, 1999.

(52) Lehn, J.-M. InFrontiers in Supramolecular Organic Chemistry and
PhotochemistryVCH: Weinheim, Germany, 1991.

(53) Sabbatini, N.; Guardigli, M.; Lehn, J.-MCoord. Chem. Re 1993
123 201-228.

(54) Lehn, J.-M.Supramolecular Chemistry. Concepts and Perspesti
VCH: Weinheim, New York, Basel, Cambridge, Tokyo, 1995.
(55) Lindoy, L. F. The Chemistry of Macrocyclic Ligand Complexes

Cambridge University Press: Cambridge, U.K., 1989.
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state studies that the ability to form Eu(DATP) ions is tion due to statistical, electrostatic, and steric fact6?&The
due not only to the different electronic properties of the observation thak, > K; probably arises from a gain in
nitrogen atoms in the DATP ligands but also to the entropy due to a lowering of coordination number on going
hydrophobic exterior of the ligands. The phenomenon from the 1:1 to the 1:2 complex. Hence, such an exception
provided here by the ESI-MS data may contribute to the high in lanthanide complexation has been reported by Caravan et
stability of the Eu(DIPTPR$" ions at low pH condition and,  al®” on a water-soluble )Ds tripodal amine phenol ligand
hence, would have a significant effect on the extraction equilibrium whereK, > K;. The trend was attributed to an
properties’814 entropic effect due to the desolvation of the 1:1 complex
For the DnPTP ligand, the 1:1 complex was not detected because of steric hindrance. The coordination number of Ln-
and thereby th&, values o= 1, 2) could not be evaluated. (Ill) aquo ions has been the subject of numerous investiga-
However, it is possible to compare the magnitude of3gg@ tions, with 8 or 9 being the generally accepted number.
and logB4/3. The mean free energy of addition for the second Caravan et al’ have shown that, when a first tripodal ligand
ligand is found to be lower than for the third ligand (log binds to a lanthanide(lll) ion in a tridentate fashion, 3 water
Bal2 < log B3/3). This trend may probably be connected with molecules are displaced from the aquo ion, while a second
DnPTP mechanism of complexation, but the link has not ligand displaces 5 water molecules due to a steric effect.

been established yet. The authors stated that the second equilibrium likely
The complexation constants calculated for the two equi- increases the entropy of the system more than the first, as
libria of DMTP are logB:, = 2.9+ 0.2 and logB; = 6.3+ determined by calorimetric measurements, and thereby leads

0.1. It is interesting to notice that the only other binding 0 @ largerks value.
constant value previously reported for the DATP group  PH Dependence of the Complex StoichiometryThe pH
ligand was log3; = 3 for DMTP ligand obtained by TRLIF  dependence of the stoichiometries of the complexes of great
titration®® in perchlorate aqueous medium at pH4; the importance in the framework of further extraction experi-
two values are in very good agreement. ments has been investigated. Figures 6 show the pH-
The stability constants of the 1:2 complexes containing dependent differences for Eu(DAT®) species of DnPTP
DnPTP or DMTP ligands are thus quite similar. However, and DMTP ligands as a function of the ligand-to-metal ratio.
DnPTP ligand favors formation of Eu(DAT® species, The r.esulting .data .ogtline. a strong .effect due to alkyl
while for DMTP itis not seen at all on the ESI spectra. These Substituents with striking differences in the DATP group
results suggest that Eu(DAT®) ions arise from specific ligands u_nder pH 2:84.6. First, with theso-propyl chains
interactions and, hence, give strong support for a mechanism@S Substituents, the only complex observed by ESI-MS
whereby the propy! substituents play an important role. The Whatever the pH is Eu(DIPTE’Y. Second, withn-propy
1:1 complexes found only for the DMTP ligand (Igg = moieties as substituents, Eu is always bounded predominantly
2.9+ 0.1) may probably be due to the lesser hydrophobic to th_ree DnI_DTP, but the trend when the p_H goes from 2.8 to
character of the DMTP ligand exterior compared to DnPTP 4-6 iS the increase of complexes coming from the Eu-
and DIPTP. It has been reported that the tridentate ligands(PnNPTP)*" ions at ligand-to-Eu ratios 2 (Figure 6a). For
2,6-bis(5-alkyl-1,2,4-triazol-3-yl)pyridifté and 4-aminobis- example, at a 1-fold molar ratio, the abundance of Eu-

(2,6-(2-pyridyl))-1,3,5-triazin led only to 1:1 complexes ~ (PNPTP)*" reaches the value of 8% at pH 2.8, 13% at pH
and probably failed to form Eu(k3" ions (1 = 2—3) since 3.7, and 26% at pH 4.6. These results are in agreement with

they contain NH and Nkigroups respectively that can form ~ the assumption made above that theropyl moieties lead -
extensive hydrogen bonding, the net effect being further t0 @ slightly lesser degr_ee of SpE‘CIfIC.Ity. for the 1:3 st0|ph|-
stabilization of 1:1 complexéd Clearly, the role of the alkyl ~ OMetry compared to thiso-propyl moieties. Moreover, in
substituents is important in terms of the maximum stoichi- contrast to the formation of Eu(DnPTFjomplexes, forma-
ometry. On the other hand, it was found from solid-state tion of Eu(DnPTPjcomplexes is likely to be pH-dependent,
studies that distances in the coordination sphere occupiedProbably because of a competition between complexation

by the two ligands DnPTP and DMTP in the analogous Ce- @nd protonation. This gives further support for a structure
(DATP)#" ions are quite similar arguing that the alkyl Of the type Eu(DATPF" where the complex core is an
substituents do not have significant effect on the metal €nvironment which excludes itself from the solvent thanks

coordination spher#. to the alkyl chains at the triazinyl rings.

The overall stability constants obtained for the DMTP With methyl moieties as substituents, the distribution of
ligand are indicative of stepwise equilibria in which lig the complexes coming from the Eu(DMTP) ions ( =
= 2.9+ 0.2 and logk, = 3.4+ 0.3; the logB, values (1 = 1-3) is highly dependent on both solution pH and ligand-
1, 2) are also indicative of a trend in the mean free energy {0-metal molar ratios. Under pH 3.7 and 4.6 (Figure 6b,c),
of the addition of the first and the second ligand with log there is :;mmture of complexes coming from the three Eu-
Bi1 < log Ba2. The trendK, > K is unexpected; the (DMTP):*" ions (W = 1—3) unlike pH 2.8 where complexes

formation constants for consecutive addition of ligands to €0Ming from Eu(DMTP¥" ions are not observed at all
the same metal ion usually decrease with increasing substitu- - — -
(57) Caravan, P.; Hedlund, T.; Liu, S.;"8grg, S.; Orvig, CJ. Am. Chem.
Soc 1995 117, 11230-11238.
(56) Blake, A. J.; Champness, N. R.; Hubberstey, P.; Li, W. S.; Withersby, (58) Ringbom, A. InLes complexes en chimie analytique-Complexes in
M. A.; Schrader, M. Coord. Chem. Re 1999 183 117-138. Analytical ChemistryDunod: Paris, 1967.
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Figure 6. ESI-MS speciation diagrams of Eu(DATP), n = 1—3, species
in solutions of water/methanol (1:1 v/v) containing M Eu(NOs); and

[DATP]{/[Eulr = 0.1-5: (a) DnPTP (£) Eu(DnPTP)*; (®) Eu-

(DnPTP)}3") at pH 2.8 (), 3.7 (- - -) and 4.6 +¢*); solutions with DMTP
((©) Eu(DMTPP*; (a) EU(DMTP)Y3"; (W) Eu(DMTP)2") at pH 3.7 (b)
and pH 4.6 (c). Relative abundance varigtb¢o) from run to run.

(Figure 2). Furthermore, the Eu(DMTP) (n = 1-3) ions
are formed in acidic aqueous/methanol solution with relative

maximum of 67% at 5-fold molar ratio, whereas the 1:1 ions
diminish from 60% to 6% of the total. A significant shift in
the Eu(DMTP)3* distribution toward species Eu(DMTR)

and Eu(DMTP*" is observed with increasing pH from 2.8
to 4.6 (Figure 6¢). Indeed, at pH 4.6, the 1:2 ions reach a
maximum of 45% at 0.4-fold molar ratio while the 1:3 ions
reach a maximum of 85% for a 5-fold molar ratio whereas
the 1:1 ions diminish from 56% to 5% of the total at a 2-fold
molar ratio.

In summary, these different features reflect a shift in the
Eu(DMTP),3* distribution toward 1:2 and 1:3 complexes
across the ligand-to-metal molar ratios range when increasing
the pH from 2.8 to 4.6. This behavior suggests that the
presence of methyl moieties results in lower stabilization of
the EUu(DATP)®* (n = 2—3) ions at low pH conditions while
the lesser hydrophobic character of the DMTP ligand exterior
increases the stability of the 1:1 complexes that can form
hydrogen bonds with solvent molecules unlike their coun-
terparts with the DnPTP or DIiPTP ligands.

Conclusion

It is the first time to our knowledge that metal ion
complexes of DATP group extracting agents have been
studied in agueous/methanol acidic solutions. The ability of
ESI-MS to provide solution data such as stoichiometries and
stability constants for these complexes has been demon-
strated. An unusual role of the hydrophobic exterior in the
action of a new range of extracting agents has been evidenced
by ESI-MS, and strong support for these results comes from
the different observations made previously either in solid-
state or in extraction experiments. The data obtained for the
DATP group ligands are the first to implicate a mechanism
whereby alkyl substituents make a contribution to a self-
assembling process leading to unusual aqueous Eu(RQATP)
ions. This phenomenon is enhanced wi#bpropyl substit-
uents making the complexation of DIPTP remarkably
restricted to 1:3 complex under pH range-2486. Further-
more, the pH dependence of the stoichiometries contends
that, in the structure of the type Eu(DAT#), the complex
core is an environment which excludes itself from the solvent
molecules probably thanks to the alkyl chains at the triazinyl
rings. Hence, the DIPTP ligand can be expected to exhibit
good kinetic stabilization against decomplexation, which for
the partitioning purposes represents a significant advantage
over simple chelating ligands. The resulting better under-
standing of the metal ion complexation mechanism should
assist in the design of more efficient and specific self-
assembling ligangdmetal complexes. Further efforts are
being directed toward quantification of factors such as ligand
basicity and steric hindrance.
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percentage depending on the ligand-to-metal ratios. Hence MS spectra at pH (2) 2.8, (b) 3.7, and (c) 4.6 of 1M Eu(NOs)s
at pH 3.7 (Figure 6b), the 1:2 Species reach a maximum ofIn water/methanol (1:1 v/v) and aqueous nitrate medium.
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