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The 2,6-bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridines (DATPS) belong to a new family of extracting agents recently
developed in the framework of nuclear fuel reprocessing. These molecules exhibit exceptional properties to separate
actinides(l11) from lanthanides(lll) in nitric acid solutions. A previous work showed that electrospray ionization mass
spectrometry (ESI-MS) is a reliable technique to provide solution data such as stoichiometries and conditional
stability constants of various DATP complexes with europium and evidenced the unusual capability of DIPTP [bis-
(di-iso-propyltriazinyl)pyridine] ligand to form 1:3 complexes in nitric acid solution. This latter result is further investigated
by considering DIPTP complexation features with the complete lanthanide family. As a starting point of the experimental
procedure used for stability constant evaluation, the intensity distribution of ions detected by ESI-MS is studied for
solutions containing Ln(NOs)s in water/methanol (1:1 v/v) with the pH value set at 2.8 and 4.6 by HNO; additions.
At pH 2.8, the nitrate anions are found to prevent lanthanides from processes occurring within the ion source:
redox phenomena or gas-phase reactions with methanol which give species such as [Ln(MeO),]*. Thus, the total
intensity of MS signals from [Ln(NOs),(H20),(MeOH),]* ions is found proportional to the metal ion concentration. At
pH 4.6, with lower nitrate concentration, the nature of the species identified on mass spectra depends on the
electronic properties of the lanthanide elements. It is shown that Ln(lll) complexation with DIPTP leads to the
exclusive formation of 1:3 complexes with the whole lanthanide series which may be due not only to the hydrophobic
exterior of the ligand but also to the unusual electronic density distribution in DATP ligands as compared with other
aza-aromatic ligands. The conditional stability constants of the 1:3 lanthanide(lll) complexes with DIPTP have been
determined at pH 2.8 and are found to increase almost regularly from La (log 533 = 11.7 + 0.1) to Lu (log 3%
= 16.7 + 0.8). Moreover, the kinetic stability of the gas-phase 1:3 complexes obtained by electrospray has been
investigated by energy-resolved collision-induced dissociation and provides useful information on the bonding and
structure.

1. Introduction important task of actinide/lanthanide separation in highly
. . . . acidic effluents for the management of the radioactive wastes
The interactions between trivalent actinide (An(lll)) and coming from spent nuclear fuel reprocessiighe An(lll)/

lanthanide (Ln(l11)) ions and polydentate nitrogen ligands | ) separation process is intended to take place after the
have attracted great attention in recent years because of th?’UREX and DIAMEX processes, which involve concen-
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trated nitric acid solutionk.3 A future goal is to transmute  Chart 1. Ligand Codes
the long-lived minor actinides, such as americium, into short-
lived or stable nuclides by irradiation with neutrons. An-
(I/Ln(11) separation is an essential step to achieve prior
to the transmutation of actinides; otherwise Ln nuclides,

which absorb neutrons very effectively, may prevent neutron

capture by the transmutable actinidéghe trivalent ions of L R

the 4f and 5f series are known to be hard acids in the Pearson DMTP CH;
classification of acids and bast#s a consequence, hard DnPTP CH;-CH,-CH;
donor ligands such as oxygen ligands are preferred to soft DiPTP (CH3),-CH

N or S donor ligands. Thereby, these 4f and 5f trivalent ions

are strongly solvated in aqueous solutiéneight to nine Recent studies have shed light on a remarkable new family
water molecules are bound in the inner coordination sphereof extracting agents, the bis(dialkyltriazinyl)pyridines (DATPS)
of these trivalent metal iorfs” Furthermore, separation of (Chart 1)215-22 The alkyl moieties confer to these molecules
lanthanides from actinides by liquidiquid extraction has  hydrophobic properties required to prevent the solubility of
been revealed as a difficult task to achieve because of thethe ||gand in the aqueous phase, which may be responsib|e
great chemical similarity between these two cation famflies. for dramatic lowering in extraction efficiency. The DnPTP
However, it has been proven that the use of soft multidentate [bis(di-n-propyltriazinyl)pyridine] ligand is able to selectively
nitrogen ligands makes it possible to separate the two groupsextract Am(lil) toward Eu(l1l) from 0.3-0.9 M HNO; with

of elements$. In both families of trivalent f elements, the a Separation factor (ﬁﬁlEu) of 130-140 and a distribution
inner f orbitals are largely or completely unavailable for bond ratio D, between 20 and 68:23 other ligands, such as
formation and interactions between Iigands and trivalent f terpyridine, tri(pyridy|)triazine, and aminobis(pyridyntriazine,

ions are mainly electrostatfcThe nonparticipation of 4f
electrons and the implication of the 5d orbitals to the-Ihh
bonding in Ln(NH); has been demonstrated recently by
theoretical calculations.The better affinity of the soft

necessitate the use of a synergist to extract Am(lll) from
0.1-0.13 M HNG; with an Skpme, between 9 and 12 and

Dam < 1131424 The DATP extractants act as terdentate
ligands to form metal complexes with the coordination site

nitrogen ligands for 5f vs 4f trivalent ions is commonly  constituted by the nitrogen atom of the central pyridine ring
attributed to the weakly basic nature of these ligands, which and the nitrogen atoms at the 2-position of the triazinyl rings.

results in the formation of stronger actinigieitrogen bonds

with some covalent character thanks to a 5f orbital contribu-

tion.8 This is likely due to the slightly less hard character of
An(lll) compared to Ln(lll). Thus, various aza-aromatic

ligands have been shown to selectively extract actinides in
preference to lanthanides from a concentrated nitric acid

solution210-14
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It has been suggested from solvent extraction slope analy-
sist®20that the formula of the complexes with M Am or
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The DATP ligands extract trivalent actinides and lanthanides\M

from nitric acid medium as described by the following equilibrium:

(M3M)aq + 3(NOz )ag + 3(DATP)org = (M(DATP)3(NOs)3)org. The

reported DNPTP Sffey andDam values are obtained for extraction

of Am(Ill) and Eu(lll) nitrates by 0.0344 M of ligand in modified

TPH from 1.90 M (H,NH)NO;3 at room temperature.

The synergistic extraction of trivalent actinides and lanthanidés)(M

observed when combining tridentate planar ligands (L) such as

terpyridine, tri(pyridyl)triazine or aminobis(pyridyl)triazine witxbro-
modecanoic acid(-HBrCg) in TPH can be described by the following
equilibrium: (M?")aq + 3(a-HBrCig)org + Lorg = (ML(a-BrCio)3)org

+ 3(H")aq The SRmes andDam values reported here were measured

for the synergistic systems: For organic solutioa=HBrCig)initial =

1 M, [L]initiar = 0.02 M, TPH; for aqueous solution: [HNRquilibrium

=0.10—-0.13 M, T = 22°C.

(22)
(23)

(24)



ESI-MS of Lanthanide(lll) Interactions with DATP

Eu has to be written as M{NO3)3;*HNO;. However, no Am-
(I or Cm(lll) complex with DATP ligands has been
isolated and characterized. In 2001, Drew et®alemon-
strated that addition of lanthanide(lll) nitrates (Sku) to
the extracting agent 2,6-bis(5,6-dipropyl-1,2,4-triazin-3-yl)-
pyridine (DnPTP) in a 1:1 ratio in ethanol resulted in the
crystallization of complexes containing [Ln(DnPEP)

Bn2PP values for the Eu(Lf" (n = 1-3) complexes were

determined at pH 2.8. Further, ESI-MS measurements have
been validated by giving evidence that the stability constants
values are similar to that obtained by a complementary
technique. Indeed, the TRLIF values reported in the previous
study (logBs = 14.3+ 0.6 at pH 2.8 for DiPTP ligand and
log B1 = 3.0 at pH 4 for DMTP ligand) are in good

cations in which the lanthanide ions were shown to be agreement with those obtained by ESI-MS, providing some

9-coordinated. However, it proved impossible to obtain
crystals of complexes with [Ln(DATR]f" cations when
ligands with methyl, ethyl, ando-butyl substituents were
allowed to react with lanthanide nitrates (c8m)?1’” The

support for the reliability of the ESI-MS measurements.
These data, together with different observations made
previously either in extraction experimehts2! or in solid

state?1618 evidenced a mode of complexation leading to

lanthanide ionic radius decreases regularly along the seriesunusual aqueous Eu(DAT$) ions whereby the hydrophobic
because of the increasing nuclear electric field: the effective exterior, i.e., alkyl substituents, play a crucial role. This

ionic radius of L&t is 1.216 A for a coordination number
(CN) of 9 and that of L&" is 0.977 A for CN= 86 Thus,

phenomenon is enhanced wiglo-propyl substituents making
the complexation of DIPTP remarkably restricted to 1:3

it has been suggested that the formation of 1.3 complexescomplex in the pH range 2:84.6 whatever the ligand-to-

was limited to the later lanthanides (Sthu) as a result of
their smaller ionic radii, which make them more prone to

metal ratio between 0.2 and?5lt is thought that in the
structure of the type Eu(DiPTE) the complex core is an

form 9-coordinate complexes, and thereby the three terdentateenvironment which excludes itself from the solvent molecules
ligands could complete the coordination sphere of the metal probably due to the alkyl chains at the triazinyl rings.

ion.” It will be shown below that this assumption will not
be valid in the results presented here.

Recently, we reported the results of a study of Eu(lll)
complexation with three DATPsmethyl- (DMTP), n-
propyl- (DnPTP), andso-propyl- (DiPTP)}—by electrospray
ionization mass spectrometry (ESI-M3)Previous studies
have proved the potential of ESI-MS for determining the
speciation of dissolved metal spects® More recently,
studies have been carried out on the speciation of uradium
and thorium® by ESI-MS. DATP/Eu(Ill) mixtures with a
molar ratio in the range 0-25 have been prepared in nitric

It appeared then quite interesting to check if the DIPTP
complexation features were maintained within the whole
lanthanide series and to investigate the electronic complex-
ation mechanism leading to 1:3 complex formation. To date,
several rare-earth complexes of nitrogen terdentate ligands
of interest in liquid-liquid extraction have been characterized
by X-ray diffraction?10:11.14.3834 Although crystallographic
studies provide precious structural data on lanthanide and
actinide complexes, they give little information about the
mode of complexation. A theoretical doreacceptor model
of Ln(Ill) complexation with nitrogen ligands based on both

acid water/methanol (1:1 v/v) solutions, and ESI-MS has ab initio calculations and thermodynamic data has recently
been used to provide solution data such as stoichiometriesbeen proposéfl for the 1:1 complexes of Ln(lll) with
and stability constants for Eu(ll)/DATP complexes. Because hitrogen terdentate ligands.

the DATP ligands are little soluble or not soluble in water,

In this work, lanthanide complexes with DiPTP ligand

the use of methanol as an organic cosolvent was necessarywere studied by the same experimental procedure as previ-
However, in a 50:50 mixture of water and methanol, Eu is ously described? It was decided to carry out experiments
mostly surrounded by water molecules in inner sphere andat one value of the ligand-to-metal ratio since the study was
so the solution equilibrium should reflect that of an aqueous devoted to the DIPTP ligand with the whole lanthanide series.

solution®7:29

Investigations have shown the existence of stable B#(L)
ions with L = DnPTP (logfBs%*= 12.0+ 0.5) and DIPTP
(log B3?°°P = 14.0£ 0.6) in the pH range 2:84.6. The 1:3
stoichiometry obtained by ESI-MS is consistent with the

A molar ratio of DIPTP over the lanthanide iors 3 was
chosen (2-fold) to better establish the restricted 1:3 stoichi-
ometry for lanthanide complexation by the DIPTP ligand.
First, full-scan simple ESI-MS spectra have been used to
investigate (i) the composition of the solutions at pH 4.6

conventional solvent extraction slope analysis. Other com- and 2.8 and (ii) the conditional stability constant |Bg*°

plexes are observed, such as Egttnly for DNnPTP (log
B2PP = 6.7 + 0.5) and DMTP (log3,?** = 6.3 + 0.1) and
Eu(L)®** only for DMTP (log 5:2* = 2.9 + 0.2). The log

(25) Ross, A. R. S.; Ikonomou, M. G.; Thompson, J. A. J.; Orians, K. J.
Anal. Chem1998 70, 2225-2235.

(26) Agnes, G. R.; Horlick, GAppl. Spectroscl992 46, 401—-406. Moulin,
C.; Amekraz, B.; Hubert, S.; Moulin, \Anal. Chim. Acta2001, 441,
269-279.

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

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

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

for each 4f element trivalent ion at pH 2.8. The “free” Ln-
(1) (i.e., [LN(NO3)2(H20),(MeOH),)]*) equilibrium con-

(30) Berthet, J. C.; Riviee, C.; Miquel, Y.; Nierlich, M.; Madic; C.;
Ephritikhine, M Eur. J. Inorg. Chem2002 6, 1439-1446.

(31) Drew, M. G. B.; Hudson, M. J.; Iveson, P. B.; Madic, C.; Russel, M.
L. J. Chem. Soc., Dalton Tran$999 2433-2440.

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

(33) (a) Drew, M. G. B.; Hudson, M. J.; Iveson, P. B.; Madic, Axta
Crystallogr., Sect. @00Q C56, 434-435. (b) Wietzke, R.; Mazzanti,
M.; Latour, J.-M.; Peaut, J.Inorg. Chem.1999 38, 3581-3585.

(34) Mazzanti, M.; Wietzke, R.; Raut, J.; Latour, J.-M.; Maldivi, P.;
Remy, M.Inorg. Chem.2002 41, 2389-2399.
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centrations are deduced from the total signal response forvoltage was set at 30 or 40 V. Spectra were acquired at 6 s/scan
all complexes coming from the “free” Ln(lll) observed in over a mass range @iz 50—1800 with an acquisition time of 3
the ESI mass spectra. Consequently, as required by thismin. For ERMS measurements, collision-induced dissociation of
experimental procedure, preliminary determination of the Ln- cluster ions was performed with argon; the collision gas pressure
(Ill) speciation in nitric acid water/methanol (1:1 V/v) was 2 x 1073 mbar. Spectra were obtained at different collision
solutions as detected by ESI-MS has been investigated energies ranging from 0 to 60 eV. Lanthanide species are seen in

o . . ‘their natural abundance. In the data given and for simplification
Second, the kinetic stability of the gas-phase [Ln(DiRJFP)

. . purposes, only thevz peaks corresponding to the most abundant
and [Ln(DiPTP)(NO)]*" ions generated by electrospray has  isotopic mass have been given.

been studied by monitoring the fragments obtained from 2 3 Measurement ProcedureThe pH values of the solutions
variable-energy collision-induced-dissociation (CID) experi- were measured with a conventional pH meter (Model PHN 81,
ments, the so-called energy-resolved mass spectrometricTacussel, 22C) equipped with a subminiature combined electrode
(ERMS) techniqué®3’” CID experiments of Ln(lll) com-  (Model PH XC161) filled with an agqueous KG AgCl solution
plexes with ligands have been successfully used by Hopf- and calibrated with aqueous pH standards. No correction was made
gartner et al. to provide information on the bonding and for the presence of methanol. Between each sample, the instrument

structure®® was rinsed with appropriate diluted nitric acid solutions ¢t0
107° M).
2. Experimental Section 2.4. Equilibrium Concentration Calculation. The free lan-
2.1. Materials. The DIiPTP ligand was provided by CEA/DEN/  thanide equilibrium concentration was derived directly from the
DRCP (Bagnols-sur-Ce, France). Stock solutions 2 104 M) total ion current of the complexes coming from the free lanthanide

of DIPTP (M = 405 g/mol) were prepared by dissolution of a in solution; then the equilibrium concentrations of the free ligand
weighed amount in HPLC grade methanol. Stock solutions{10 ~and of the Ln(DiPTR§* ions were calculated from the known

2.8 by dissolving high-purity crystals of Ln(N@-nH,O (n = 5 concentration):
or 6) (Sigma) in appropriate solutions of nitric acid (Sigma). All

chemicals used were of reagent grade, and Millipore water was [Ln(DIPTP)**] = [Ln]; — [Ln] 1)
used throughout the procedure. The study was carried out with
nitrates since the An(Ill)/Ln(ll) separation process takes place in [DIPTP] = [DIPTP]; — 3[Ln(DiPTP)33+] 2
nitric acid solutions.

The water/methanol (1:1 v/v) solutions ([LA} 5 x 1075 M) 3. Results and Discussion

for the ESI-MS measurements were prepared from 5 mL of stock 3.1. ESI-MS of Lanthanide Nitrates in Water/Methanol

metal ion solution mixed with either 5 mL of methanol or 5 mL of . . .
stock DIPTP solution (the ligand-to-metal molar ratio of these Medlum. It has been recognized that the Ianthanlde(lll)_gquo
(n=8—9) undergo changes in the transition

solutions was 2 in order to check the exclusive formation of 1:3 10NS Ln(HO)x ¢ .
complexes even at a molar ratio lower than 3). Experiments were from the condensed phase to the gas phase for their detection

directly performed in nitric acid with the ionic strength fixed mainly by mass spectromet?j:they enter the gas phase with a
by the nitric acid and lanthanide nitrate concentrations. The pH solvation shell, and then desolvation process in the ESI
was first fixed at 4.6 in order to avoid formation of lanthanide interface® as well as redox reactions (at the ESI needle or
hydroxide species which may occur at higher pH values and also the counter electrode) may produce ions different from those
to limit competition between ligand protonation and Ln/DATP  present in the solution. Van Berkel and ZHbshowed that
complexation; then, the pH was lowered at 2.8 to get closer to the he ES| source can be considered as a controlled-current
process conditions. Among a series of samples, where the pH Wasg|q ool tic cell. Thus, hydrated trivalent metal ions have not
adjusted to a given value by addition of nitric acid, the ionic strength been observed in ESI spectra, so that only species such as
ined hl tant at d3XA04Mf H 4.6 and !
remained roughly constant at aroun orp an [(Ln(OH)(H,0).J* (M = La, Ce, Nd, S and [Ln(MeO)-

1.9x 10%M at pH 2.8.
2+ —
2.2. MS Apparatus and Conditions.The mass spectrometric (MeOH)]*" (M = La, Ce, Pr, Tm, Yb, LU} have been

measurements were recorded in positive ion mode using a Quattro'®Ported for methanolic (1%5% water) solutions. Besides,

Il triple-quadrupole spectrometer equipped with an ESI interface it has been proved that, as the ion-source energy was
(Micromass, Manchester, UK). The spray needle voltage was setincreased, [Ln(MeO)(MeOH|)** ions decomposed to give

to 3.5 kV, and nitrogen operating at 300 L/h was employed as both species such as [Ln(OH)land [Ln(MeO}]*. These results

the drying and nebulizing gas. Freshly prepared samples wereijllustrate that lanthanide cations behave as Lewis acids and
analyzed by flow injection ESI-MS using the sample solvent as hind most strongly to hard bases such as oxygen, and thereby
the carrier. A syringe infusion pump (Harvard Apparatus, Cam- |anthanide-oxygen bonds are readily observed. Recently,
bridge, MA) delivered solvent at 15L/min to a Rheodyne 9725  £g51.MS was used in negative mode for acidic methanol
multiport rotary valve (2Q<L loop) connected to the ESI probe by water (1:1 v/v) solutions of B metal cations such as i,

a fused silica tubing. Samples were introduced using al5@lass n T . .
syringe with a stainless steel needle (Hamilton Co., Reno, NV). Fe'", and ¥**, with an excess of nitrate or chloridéThese

The source temperature was set to °€) and the sample cone

(39) Colton, R.; D'Agostino, A.; Traeger, J. ®lass Spectrom. Re1995

14, 79-106.
(36) Harrison, A. G.Rapid Commun. Mass Spectrofr®99 13, 1663— (40) Kebarle, PJ. Mass Spectron200Q 35, 804-817.
1670. (41) Van Berkel, G. J.; Zhou, FAnal. Chem1995 67, 2916-2923.
(37) Gabelica, V.; De Pauw, B. Mass Spectron2001, 36, 397-402. (42) Blades, A. T.; Jayaweera, P.; Ikonomou, M. G.; KebarlelnB.J.
(38) Hopfgartner, G.; Piguet, C.; Henion, J.DAm. Soc. Mass Spectrom. Mass Spectromlon Process199Q 101, 325-336.
1994 5, 748-756. (43) Stewart, I. I.; Horlick, GAnal. Chem1994 66, 3983-3993.

2218 Inorganic Chemistry, Vol. 42, No. 7, 2003



ESI-MS of Lanthanide(lll) Interactions with DATP

295.8

100 Ce(NO;),(MeOH)]"
] [CeMOs)( )] 3279 [Ce(NO;),(MeOH),]*
y 2328 ‘ %3 | @
o~ I a
263.9 | I 359.9
PR 1490 187 2019 JL Clase T ge1p 4B
f f T T Y T Trerer . R B e - T T T
100- [Sm(NO)(MeO)]” 307.9 [SmONO),(MeOH),
] | 33|99
304.8 | 341.9 433.4
| 334, :
o] o M 33 BH%‘. 4330 { (b)
: Co il 3721 4082 14368
113.1.120.8| 167. 2448 2759 M it I - |
Q- Huteghly MLJLM ‘M?J‘\m'gl «23?'9 MM el ‘*f;"’“l’ mw;w“twa J’"‘w‘\JU‘MML‘}J- M‘.M 1y r'"‘)" 421-14“\5 4558
- 308.9
100 3069 . augg [EYNOs:H(MeOH)]'
[Eu(NO;),(MeOH)]" i |
%- w“w 326.9”%
1129 1488 1850 213.1 246.02573 2767 1\ U (3729 3912 ©
0 b et 1987 L L M e L0 4050
T T T T T T ! i T
Gd(NO;),(MeOH)]"
100+ [GAMNOs:(Me )Q?B 3459  [GA(NO,),(MeOH),]"
1 310.9|/343.9 ki
i Ui
gt o
1132 1210 166.9 27900, 511 4 f‘w‘ W 4332
0 ‘*.AMLM MJJ‘VMM“110'9%07-021T1-0 25m10 .Mv\"wza‘h‘:i'8~ j‘., .‘“" ‘*vu‘k‘.“" M“ ._JL<.39‘.2-'1? I 4?’75 .
1001 [ToNO;),(MeOH)]" 3149 [Tb(NOL):(MeOH),]"
i I
] | |
(7= | 3328
" 102.0 “ L e ©
) 166.8 A
01 1488 O%ugn9 2010 2519 2828 1 391449094334
T T T T T T T T T B T T T T T
100+ [Yb(NO;);(MeOH)]" 2835?-9 361_V[Yb(N03)2(MeOH)Z]*
i 3509 |
] f 1363.8
% 148.8 8y 34‘7.9“;‘1' 339 434 g
L1431 | 180.9 206.9 o ;IL o § 3959 | K]
Dbt 1672 3 zese 287 L g f g 6O )

d : - ' i T m/z

100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500
Figure 1. ESI-MS spectra of 5< 1075 M Ln(NOg)3 in water/methanol (1:1 v/v) at pH 2.8, aqueous nitrate medium, cone voltage 40 ¥.C& (a), Sm
(b), Eu (c), Gd (d), Tb (e), and Yb (f).

latter anions, which were found to prevent reduction reac- (h = 2—3). For a 40 V voltage difference, the signal
tions, were used to produce [M(NWQ]~ and [M(Cly]~ distribution for the various peaks is [Ln(NMeOH),]*
negative ions, thus allowing the speciation of metal ions. (n=0-3) > [Ln(NO3),(H,O)(MeOH)}]* (n= 1-2) > [Ln-

The mass spectra of & 105 M Ln(NOg); in nitric acid (NO3)(MeO)(MeOHY)]* (n = 0—1), these latter ions being
water/methanol (1:1 v/v) at pH 4.6 and 2.8 have been more abundant for Lr= La—Sm (Table 1). Thus, there is
obtained for the whole lanthanide series (except for radioac- an apparent predominance of the solvate [Ln{N®1eOH),-
tive Pm). It could be noticed that the mixed aqueeasganic (H20)x]™ while, as stressed above, one can expefd kb
solvents used in this work can yield mixed-solvent clusters be the primary solvating species in water/methanol (1:1 v/v).
Ln(H20)(MeOH),™ in the early stages of ion evaporation  preyious measurements from solutions at pH 2.8 contain-
in the ESI interfacé® The extent of solvation and fragmenta- ing 2 x 10°5t0 4 x 104 M europium showed that the total

tion observed are selected by using voltage differences injyn apundance of [Eu(N»(MeOH)]* (n = 0—3) and [Eu-
the ESI interface of 30 or 40 V. Representative spectra take”(Nog)z(HZO)(MeOHL]Jr (n = 1—-2) species is proportional
at 40 V are shown in Figure 1 to illustrate the ions observed 4 the europium concentration (correlation coefficient 029).
at pH 2.8 for the lighter (Ce), intermediate (Sm, Eu, Gd, | the present work, for either 30 or 40 V voltage differences,
Tb), and heavier (YD) lanthanides. At pH 2.8, the spectra j; \as found also possible to evaluate Ln(lll) equilibrium
taken at either 30 or 40 V are quite similar throughout the ¢4 centrations of samples containing DIPTP ligands from
series, and the main peaks are singly charged ions involvingia total signal response of these singly charged ions in
two nitrate anions in which the central cation is in its initial spectra. Assuming that ion intensity is proportional to
+3 oxidation state. The likely cations [Ln(NR(MeOH),]* concentration, if we note [La]and [Lnkq the total ion

—1_ +(n=1— ’ .
(n = 1-3) and [Ln(NQ)(H-0)(MeOH)|" (n = 1-2) can  ,centration of the species corresponding to “free” Ln in
be identified when a voltage difference of 30 Vis used (data o £g spectra of solutions containing $ 1075 M

not shown); the main peaks are from [Ln(§@MeOH)] lanthanide and either 0 or 16M ligand, respectively, [Ln},

(44) Mollah, S.; Pris, A. D.; Johnson, S. K.; Gwizdala lll, A. B.; Houk, R. may be calculated .fror_n th_e Obser\(ed lon intensity rm‘@t/
S. Anal. Chem200Q 72, 985-991. lin- Then, the distribution of singly charged “free” Ln
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Table 1. Complexes Detected by ESI-MS at a Cone Voltage of 40 V for 50~° M Ln(NO3)z at pH 2.8 in Water/Methanol (1:1 v/v), Aqueous
Nitrate Mediun?

complex La Ce Pr Nd Sm Eu Gd Th Dy Ho Er m Yb Lu
[Ln(NO3)(MeO)]* mz 2319 232.8 233.8 235 2448 246.0 251.0 2519 257.1
% 49 60 63 39 25 15 11 10 10
[Ln(NO3)(MeO)(MeOH)]" m/iz 263.9 264.9 266 266.8 277 277.9 284 288.9 2899 294.1 298.7 300.0
% 18 26 27 17 19 13 11 15 10 10 15 13
[LN(NO3)7] " mz 263 263.9 265 265.8 2759 2769 2817 2828 287.9 288.9
% 33 29 24 30 29 19 18 12 9 8
[LN(NO3)2(MeOH)]* miz 2949 2958 2969 298 307.9 3089 313.8 3149 3199 3209 321.8 3249 3299 3310
% 100 100 100 100 100 100 100 100 100 100 100 100 100 100
[Ln(NO3)2(MeOH),] ™ mz 326.9 3279 3289 3299 339.9 3409 3459 3469 352 3529 3539 356.9 3619 362.9
% 84 74 78 80 81 80 87 76 79 84 89 93 93 100
[LN(NO3)2(MeOH)] ™ m/z 358.8 359.9 3609 362 3721 3729 3778 3789 384 384.9 386 388.9 3939 3949

% 22 23 25 27 29 34 32 30 29 32 37 40 38 38
[LN(NO3)2(MeOH)(H:0)]"  m/z 3129 3139 3149 3159 326.1 3269 3319 3328 338 338.9 339.9 343 3479 348.9
% 43 39 43 46 38 62 48 46 48 42 47 44 41 42
[LN(NO3)2(MeOH)(H,0)]*  m/iz 345 346 347 347.9 357.7 358.8 363.8 365 370 370.9 372 374.8 379.8 381.0
% 17 16 15 20 18 27 24 23 22 23 25 31 25 26

aThe abundance of each species has been normalized relative to that of Bs((W&DH)]", which is always the dominant species.
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Figure 2. ESI-MS spectra of 5< 1075 M Ln(NOg)3 in water/methanol (1:1 v/v) at pH 4.6, aqueous nitrate medium, cone voltage 40 ¥.C& (a), Sm
(b), Eu (c), Gd (d), Tb (e), and Yb (f).

AR

species was apparently unaffected by phenomena such athe data are detailed for the lanthanides for which ESI-MS
mass-dependent transmission by the quadrupole an&lyzer speciation is representative of the variation of the ion
and differences in the response factors. abundance profiles across the series. Indeed, La, Pr, and Nd
The situation is somewhat different at pH 4.6 (Figure 2). are close to Ce, and Dy, Ho, and Er are similar to Th. At
The main lanthanide species identified on the ESI-MS spectralower nitric acid concentration, the cluster ions involving
and their relative percentage with regard to the most abundantwo nitrate anions are much less abundant and triply charged
species are gathered in Table 2. For simplification purposes,metal cations react with the organic cosolvent (methanol
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Table 2. Complexes Detected by ESI-MS at a Cone Voltage of 40 V for 50> M Ln(NO3)z at pH 4.6 in Water/Methanol (1:1 v/v), Aqueous
Nitrate Mediun?

complex Ce Sm Eu Gd Tb m Yb Lu
Ln2+
[Ln(OH)]* m'z 169.8
% 40
[Ln(MeO)]* m'z 182.8 183.8 204.8
% 15 100 39
[Ln(NOg)] * m'z 214.8
% 10
Ln3*t
[Ln(H)(MeO)]* m'z 189.8 190.8 200.8 205.8 206.8
% 14 11 12 48 13
[Ln(MeO),]* m'z 201.8 213.8 214.8 219.8 220.8 230.8 235.9 236.9
% 100 100 10 100 100 100 100 100
[Ln(MeO)y(H:0)1* m'z 219.8 231.8 237.8 238.8 248.9 253.9 254.8
% 10 20 26 31 42 39 44
[Ln(NOz)(MeO)]* m'z 232.8 244.8 245.8 250.9 251.8 261.8 266.9 267.9
% 35 49 40 43 27 16 40 13
[Ln(MeO),(MeOH)I* m'z 233.9 245.8 251.9 252.8 262.9 267.9 268.9
% 14 25 26 27 34 45 43
[Ln(NOs)(MeO)(H0)]* m'z 251 262.8 263.8 268.8 269.8 279.9 284.9 285.9
% 8 15 13 10 11 8 10 7
[Ln(MeO)x(MeOH)(H0)]* m'z 269.8 270.9 280.9 285.9 286.9
% 9 11 21 24 31
[Ln(NO3)(MeO)(MeOH)I m'z 264.8 276.8 277.8 282.9 283.8 293.9 298.9 299.9
% 15 32 35 29 31 37 74 47
[Ln(NO3)(MeO)(MeOH)(HO)]* m'z 295.8 300.9 301.8 311.9 316.8 317.9
% 13 12 15 22 31 26
[Ln(NO3)2(MeOH)I* m'z 295.8 307.8 308.8 313.8 314.8 324.9 329.8 330.8
% 14 27 35 37 30 35 74 41
[Ln(NO3)(MeO)(MeOH)] * m'z 309.8 314.8 315.8 325.9 330.8 331.9
% 19 17 19 25 36 35
[Ln(NO3)2(MeOH)(H0)]* m'z 325.8 326.9 3317 332.8 342.8 347.8 348.8
% 10 13 11 12 14 23 16
[LN(NO3)2(MeOH),] m'z 327.8 339.8 340.8 345.8 346.8 356.9 361.8 362.8
% 10 19 23 21 24 30 47 39
Ln4+
[Ln(O)(MeO)I* m'z 186.8
% 30

aThe abundance of each species has been normalized relative to the most abundant one.

d Table 3. Lanthanide Complex Characterization by MS/MS with a Cone

molecules), so most of them produce mainly singly charge Voltage Set at 30 V

species [Ln(MeQ]". These latter ions are the major peaks

for Ln = La—Sm at voltage differences of either 30 or 40 lanthanide complex mz__ daughteriomz __loss
V. For other lanthanides such as n Gd—Lu, the [Ln- [Ce(MeO}] " 201.9 117816': gl-lfo
(MeQ),]* ions are observed along with signals from [Ln- 169.9 CHOH
(NO3)(MeO)(H0),(MeOH),]* ions which decompose as the  [Tb(MeO)]* 221 190.9 CHO
. e ! 189 CHOH
ion-source energy is increased. The [Ln(Mg®)ions are  [Yb(MeO)]* 2359 205.9 ChO
precisely the same as those reported by Stewart and Horlick 204.9 CHO
from an ESI-MS spectrum of Pr(N{3 in methanol® These 173.9 2CHO
species have been identified by MS/MS (Table 3) in the case [EUMeOr™ +[EU(NOII™ 215 1188;'5 ggg
of Ce, Tb, and Yb. 169 NO,
At pH 4.6, the Eu spectrum differs from those of the other 152.9 2CHO
[Eu(NOz) ™2 215 169 NQ

lanthanides in that the [Ln(Meg}) ions are not the species
induced by low nitrate concentration and high ion-source @ The cone voltage has been set at 60 V.

energy. Instead, two singly charged species [Eu(Méan . ) ] o
[Eu(OH)]* are observed as previously notic&dn fact, the of europium is very closg to_ zero, so the tnvale_znt ion is
presence of these ions, characteristic of charge reductionr€@dily reduced to the-2 oxidation state because this confers

reaction at the ESI interface could be attributed to the O the cation the very stable electronic configuration ofGd
europiumEsy, redox potential V,El|L|eHs/2 = —0.35 V)% s0 with half-full 4f orbitals. Other LA™ ions such as Y& and

the solvated ions are likely converted to charged reduced S also produce the [Ln(MeO)]species (Table 2) to a

species by electrochemical reduction. Eag redox potential lesser degree as the ion-source energy is increased. One must
keep in mind that, for the whole series, the lanthartide
(45) Wang, G. D.: Cole, R. Bl. Am. Soc. Mass Spectroi896 7, 1050 redox potential is lower thar1.55 V, except for SmHs/,
1058. = —1.55V), Yb B3 = —1.15 V), and Eu s, = —0.35
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Figure 3. ESI-MS spectra of 5< 1075 M Ln(NO3)3 with a 2-fold molar ratio of DIPTP in water/methanol (1:1 v/v) at pH 2.8, aqueous nitrate medium.
Cone voltage 30 and 40 V, L Er (a), Lu (b).

V).%6 Also interesting is that the peak mfz 214.8, which is ments as previously stress&dlhus, it has been shown that
poorly observed in europium spectra, has been proven byion current and concentration are linearly related in a much
MS/MS (Table 3) to result from both isobaric [Eu(NP narrow range (i.e., % 107°to 104 M) when measurements
and [Eu(MeOj]* species; the central cation is reduced from were made at pH 4.6 from the charge-reduced ions Eu-
+3 to +2 oxidation state in the first species and remains at (MeO)" and Eu(OHJ, as well as methoxide and hydroxide
the +3 oxidation state in the second one. Hence, the species containing one nitrate, such as [Eu{{{@eO)-
fragmentation follows two major pathways: one leading to (MeOH)]".
a loss of 30 amu (CpD) and the other to a loss of 46 amu 3.2, Complex Stability Constant Determination in
(NO,). At 60 V, formation of [Eu(NQ)]* is enhanced and  Water/Methanol Medium. Acidic solutions (pH 2.8 and
thereby fragmentation of the complex leads to a unique 10ss 4.6) containing 5x 105 M Ln(NOs); and a 2-fold molar
of 46 amu. ratio of DIPTP have been analyzed by using voltage
Furthermore, it must be pointed out that, although the differences in the ESI interface of 30 or 40 V. The ESI mass
cerium mass spectrum taken at 40 V consists mainly of the spectra taken at an extraction cone voltage of 30 and 40 V
peaks representative of the [Ce(Me[d)complex, it differs and obtained with solutions at pH 2.8 that contain Er and
from all other lanthanide spectra by exhibiting a complex Lu ions are depicted in Figure 3. At both pH values, the
[Ce(O)(MeO)} with Ce at thet-4 oxidation state. The high  likely cations [Ln(DiPTP}]3* and [Ln(DiPTP}(NOs)]?* can
E4s redox potential value of cerium compared to that of all be identified in every spectrum throughout the series. For a
other elements in the serfésnay account for the presence voltage difference of 30 V, the doubly charged species
of an oxidized species only on the Ce MS spectrum. Indeed, [Ln(DiPTP)(H)-1]*" are also barely observed in the spectra
all 4f elements have By redox potential higher than 3.1V of the later lanthanides Lsx Er—Lu (Table 4). As previously
except Ce, for whictEss is equal to 1.74 VW In fact, it is demonstrated in the case of Eu, [Ln(DiPTRIO3)]?" ions
well established that, although the lanthanide elements exhibitreadily lose HNQin the ESI source to lead to [Ln(DiPTP)
a marked trivalent oxidation state, the tetravalent ion§"Ce (H)_;]2* complexes. Then, the 30 V setting appears as an
and the divalent ions Sth, EW?*, and YIB+ may exist in optimum voltage difference strong enough to remove solvent
aqueous solutions as a consequence of small energy differmolecules without abundant fragmentation reactions. The
ences between the 4f and 5d electrons of these elefhents.tendency of [Ln(DIiPTRYNO3)]2" ions to fragment in the
Then, at pH 4.6, the lower nitrate concentration as comparedESI source was illustrated by the data obtained for a voltage
with pH 2.8 results in formation of species that depend on difference of 40 V (Figure 3, Table 4). Under such energetic
the electronic properties of the lanthanide elements, and thisconditions, it was found that complexes of the heavier
situation was found to make difficult quantitative measure- lanthanides L= Th—Lu show an increasing tendency across
the series to produce both [Ln(DiPBR)-4]?" and [Ln-
(46) Nugent, L. J.; Baybarz, R. B.; Burnett, J. L.; Ryan, JJLPhys. (DIPTP)(NOs)]?" ions. Previous studies demonstrated that
Chem.1973 77, 1528-1539. fast and moderately fast reactions may result in fragments

(47) Nugent, L. J.; Baybarz, R. D.; Burnett, J. L.; Ryan, JJLInorg. . ) g . ; .
Nucl. Chem1971, 33, 2503-2530. formed in the ion source (the residence time in an ion source
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Table 4. Complexes Detected by ESI-MS for>6 10> M Ln(NOg)s with [DIPTP)/[Ln] = 2 at pH 2.8 in Water/Methanol (1:1 v/v), Aqueous Nitrate
Medium

1:2 1:3
[Ln(DIPTP)(NO3)]2* [Ln(DIPTP)(NOs)(MeOH)* [Ln(DIPTP)]3* [LN(DIPTP)s(H)-1]2* [Ln(DiPTP)(NO3)]?*
% % % % %
m'z 30V 40V m'z 30V 40V mz 30V 40V  mz 30V 40V  mz 30V 40V
Pr 4524 43 43 709.5 57 57
Nd 4535 47 47 710.6 53 53
Sm 456.2 48 47 715.7 52 53
Eu 456.2 49 50 715.5 51 50
Gd 4578 51 50 717.6 49 50
Tb  516.0 2 458.4 47 45  687.1 3 718.5 53 50
Dy 517.9 2 459.6 49 49  689.2 5 720.6 51 44
Ho 5189 4 460.3 49 49 690.1 7 721.5 51 40
Er  520.0 4 536.0 2 4612 52 49  691.1 2 9 722.7 46 36
Tm  520.9 8 536.9 2 4619 50 46 692.0 2 14 723.6 48 30
Yb  523.0 10 538.9 2 463.2 57 53  694.3 4 15 725.8 39 20
Lu 5239 15 539.9 3 463.7 51 46 6952 6 19 726.6 43 17
Table 5. Calculated LA-N; and Ln—N; Bond Distances (in A) in 20
[LnL]3* Complexes (Ln= La, Eu, Lu) in Vacuum (from Reference 35) Ho Tm Lu
ligand bond La Eu Lu Tb E_ 6y ﬁ- -K- é
I nooga g8
Tpy Ln—N; 2.49 2.36 2.23 15 & D b
Ln—N| 2.47 2.38 2.29 o o, ..EE=E Y F
Tptz Ln—N¢ 2.41 2.29 2.17 a-a- & & sm
Ln—N, 2.52 2.42 2.33 < Nd
Adptz Ln—Ne 2.42 2.29 2.17 o 101+  Ce
Ln—N, 2.52 2.43 2.33 L
BTP Ln—N¢ 2.59 2.46 2.32
Ln—N, 2.45 2.36 2.27
PyrPym Ln—N 2.47 2.35 2.22 5t
Ln—N; 2.50 2.40 2.31
Bzimpy Ln—N¢ 2.57 2.44 2.30
Ln—N, 2.45 2.35 2.26 o
is ~400 us)*® This was confirmed by MS/MS experiments 56 57 58 59 60 61 62 63 624 65 66 67 68 69 70 71 72

(discussed below)_ which showe(_j that both [Ln(DiP3#P) Figure 4. Conditional stability constants logs*"? of the formation of
(H)-1]?" and [Ln(DiPTP)(NO3)]?" ions can be formed by Ln(DiPTP) complexes in water/methanol (1:1 v/v) at pH 2.8, aqueous
collision-induced dissociation of [Ln(DiPTENO3)]?" ions nitrate medium, cone voltage) 30 and ©) 40 V, 25°C.
in the hexapole collision cell of the mass spectrometer.
Then, the stoichiometry of complexes in solution as
deduced from the ESI spectra show that, while it proved
possible to obtain crystals of 1:3 complexes only with the
latter lanthanide nitrates (Saiu),'%’ the ligand DiPTP
forms 1.3 complexes with trivalent lanthanide cations
throughout the 4f series. The exclusive formation of the 1:3
complexes in nitric acid solution was surprising as previously
noticed!* and no other examples could be found in the
lanthanide literature. As already mentioned, changes in the
alkyl substituents greatly affect solution complexation; thus,
among substituents such as mettmypropyl, oriso-propyl,
only iso-propy! substituents on DATP result in exclusive
formation of 1:3 Ln/DATP complexes in nitric solutions at
pH 2.822 This was taken as reflecting an important role of
the hydrophobic exterior of the DATP ligands in the complex
formation. Presumably, a combination of hydrophobic,
electrostatic, and stacking interactions are involved in the
formation of the 1:3 complexes in solution, as noted for other
noncovalent complexe$8.Recently, ab initio calculations
provided some insight into the electronic structures of 2,6-
bis(pyridin-2-yl)-4-amino-1,3,5-triazine (Adptz) and 2,6-bis-

(1,2,4-triazinyl)pyridine (BTP) and simple model systems
corresponding to their 1:1 complexes with lanthanid&he
central ring appears negatively charged in the “free” Adptz
ligand, but positively charged in BTP. Due to the positive
charge borne by the central ring of BTP, the cation is pushed
away from the nitrogen cavity of the ligand; consequently,
the Ln—N; interatomic distance becomes larger relative to
that observed with the Adptz ligand (Table 5). Then, in the
nitrogen cavity of the BTP ligand, only the lateral rings
appear to be donors relative to the Ln cation. It follows that
[Ln(BTP)]*" was found to be less stable compared with the
Adptz analogues. Therefore, 1:3 complex formation is
thought to be promoted by either the hydrophobic exterior
of the ligand or the unusual electronic density distribution
in DATP ligands. Evidence of the electrostatic nature of the
metal-ligand interaction in the 1:3 complexes is shown by
the monotonic increase of the conditional stability constant
log 5:2PP with the metal ion atomic number (Figure 4). The
values (Table 6) have been evaluated from the ESI data
according to the method used previou&yComplexation

of lanthanides by DiPTP ligand can be represented by the
equation

(48) Kebarle, P.; Tang, LAnal. Chem1993 65, 972A—986A. 3+ . _ . 3+
(49) Loo, J. A.Mass Spectrom. Re1997, 16, 1—23. Ln"" + 3DiPTP= Ln(DiPTP), 3)
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Table 6. Conditional Stability Constants Igs?°? of Ln(DiPTP) Complexes in Nitric Acid Water/Methanol (1:1 v/v) at pH 2.8, Average Values of
Those Presented in Figure 4 at Cone Voltage 30 and 40 V, Temperatife 22

Z(Ln) 57 (La) 58 (Ce) 59 (Pr) 60 (Nd) 62 (Sm) 63 (Eu) 64 (Gd)
log Bz2P 11.7+£0.1 11.9+ 0.2 123+ 0.2 12.6+ 0.3 13.9+ 0.3 14.2+ 0.3 14.5+0.2
Z(Ln) 65 (Th) 66 (Dy) 67 (Ho) 68 (Er) 69 (Tm) 70 (Yb) 71 (Lu)

log Ba2P 15.4+ 0.2 15.6+ 0.2 175+ 1 15.8+ 0.6 17.0+0.6 16.0+ 0.6 16.7+ 0.8

The corresponding equilibrium constant is equivalent to DnPTP and DIiPTP in octan-1-ol by using UVis spec-
the conditional stability constant of the complex: troscopy and microcalorimetry. The two ligands were found
to form 1:3 Eu/DATP complexes with lofs around 12;
moreover, the enthalpy was shown to be the driving force
for the complexation reaction. Furthermore, Orvig et al.

B2 = [Ln(DIPTP). > )/[Ln*"]DIPTPJ? (4)

where [Li#"] and [DiPTP] are the concentrations of uncom- - X
plexed metal and ligand, respectively. For solutions contain- "ePorted the stability constants Iffg of complexes in water

ing 5 x 105 M lanthanide nitrate and a 2-fold molar ratio with N4Os tripodal amine phenol ligant:the values reported

of DIPTP, the free lanthanide equilibrium concentration was ncreased from 12.78 0.03 for Nd to 18.26+ 0.03 for
determined directly from the total ion current of the Yb. I.S.unzh et al. determined, in anhydrous 'acetonltrlle, the
complexes coming from the free lanthanide in solution (see Stability constants logss of complexes with 2,26',2"-
section 3.1). Then the equilibrium concentration of the free t€rpyridine (logfs = 18.3+ 0.5, 18.4=+ 0.9, and 20.1
ligand and the Ln(DiPTR)complex are deduced from the 0-4 forLa, Eu, gnd Lu,'respectlve%’/')fand its der|vat.|v'e Wlth
known amounts of ligand and Ln initially present in solution. {e€rt-butyl substituents in the 4-position of the pyridinyl ring
The data presented in Figure 4 and Table 6 show that the(l09 3 = 18.4+ 1.1, 19.1+ 0.4, and 20.&= 1.0 for La,
log 85" of the 1:3 lanthanide(lll) complexes increases almost EU, and Lu, respectively). In these systems, the increase in
regularly from La (logBs2°° = 11.7+ 0.1) to Lu (logBs*® either the overall stability constant Igy or log 3 in going
= 16.7 + 0.8). Such an increase in stability of lanthanide from large to small lanthanide ions was attributed to the
complexes throughout the series is in agreement with anincreased electrostatic attraction of the latter Ln(lll) ions and
electrostatic bonding model in which the formation constants Steric effects were suggested to be of only minor importance.
increase with the effective nuclear charge of the lanthanide Interestingly, the values proposed by Orvig et al. and8iu
ion. Further, one can expect that thetN interatomic et al. are in the range of those proposed for 1:3 complexes
distances for 1:3 complexes decrease on traversing thewith DiPTP ligand.
lanthanide series as observed in Ln(L) crystalline compounds 3.3. Kinetic Stability of the Gas-Phase Complexeslo
(Table 5). investigate the gas-phase kinetic stability of the 1:3 com-
Recently, Charbonnel et #l.have determined the ther- plexes, energy-resolved CID experiments have been per-
modynamic values linked to Eu(lll) complexation with formed on the series of the [Ln(DiPT#)" and [Ln(DiPTP}-
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Figure 5. (a) MS/MS spectra of [Ln(DiIPTB)** with a collision energy of 30 eV. Lr= Er, Lu. (b) MS/MS spectra of [Ln(DiPTRINO3)]2+ with a
collision energy of 10 eV. Ln= Er, Lu.
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ESI-MS of Lanthanide(lll) Interactions with DATP

(NO3)]?" ions (Figure 5). In this approach, the studied (a)
complexes are selected by the first quadrupole mass analyzer,
accelerated to kinetic energies in the @ eV range and 100
introduced into the rf-only collision cell containing argon
collision gas at a pressure of 2 102 mbar. The ionic :
fragmentation products were detected using the final mass- 75 4
analyzing quadrupole. The kinetic stability of the complexes i
should be considered instead of the gas-phase stability,
because in MS/MS experiments the fragment ion abundances
depend on both the time window of experiment and the rate
constants of the fragmentation pathways which are dependent
on either the internal energy of the ions or the activation I
barrier E, of the fragmentation routé$.This is illustrated 25 1
by the CID mass spectra presented in Figure 5. [
Figure 5a shows, for example, the CID mass spectra of
the [Ln(DiPTP}]** complexes (Ln= Er and Lu) obtained 0
when the ions selected by the first quadrupole are accelerated 0 5 10 15 20
at 30 eV kinetic energies. All the 1:3 gas-phase complexes C.E (eV)
were observed to be stable against dissociation, as suggeste&))
by the observation of fragmentations of the ligands with
almost no complex dissociation. This would indicate the great 100
strength of the interactions between the cations and the
ligand. Furthermore, the CID mass spectra of the [Eu-
(DMTP)g]* and [Eu(DnPTRJ3" complexes showed that
changes in the length of the alkyl substituents, although
greatly affecting solution binding as previously noted, did
not appear to affect the stability of the 1:3 gas-phase
complexes (data not shown). As noted by Loo et%ithe
type of interactions that govern noncovalent binding in
solution can be distinguished by the gas-phase stabilities of I
the complexes investigated by MS/MS studies. They stressed 25 1
that electrostatic interactions are greatly strengthened in a [
solventless gas-phase environment, so complexes held to-

X 50

75 4

gether by such interactions are extremely stable in the gas o1& —
phase. By contrast, interactions that are largely governed by 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72
hydrophobic interactions in solution appear to be weakened z

in a vacuum. Then, the noncovalent forces that hold 1:3 _ )
Figure 6. (a) Breakdown curves of [Ln(DiPTENO3)]2", cone voltage

complexe_s FOgethe_r are “ke|¥ to be largely goveme_d bY 30V, Ln= Nd-Lu. (b) Fragmentation rate of [Ln(DiPTRNO3)]2" along
electostatic interactions even if the hydrophobic exterior of the Ln series for a collision energy of 10 e®) [Ln(DiPTP);(NO3)]2*,

the ligand may play a crucial role in the complexation () [LN(DIPTPR(NO3)]", (@) [Ln(DIPTP)(H)-1]?".

mechanism. The presence of a nitrate anion as counteranion

([Ln(DIPTP)(NO3)]?" ions) in the cluster results in a the DIPTP molecules. However, it introduces new fragmen-
decrease of the kinetic stability of the complex ion, and the tation pathways with energy barriers that are accessible from
metal center was found to drive the observed CID patterns.the internal energy of the ions.

The CID mass spectra of the [Ln(DiIiPTENO3)]?" com- Figure 6a shows the [Ln(DiIPTENOs)]?* complex per-
plexes (Figure 5b) display two fragment ions, [Ln(DiPFP) centage in the spectra plotted as a function of kinetic energy
(NO3)]?" and [Ln(DiPTP)(H)-4]?", and thus evidence that of the selected ions before their introduction into the collision
the complexes dissociate by losing one molecule of DIPTP cell. In Figure 6b are plotted the percentage of the ion
or fragment by losing HN@ Assuming that the nitrate anion  abundances versus the atomic number of the lanthanide; these
is retained in the coordination outer sphere of the lanthanide,values are measured in spectra obtained for a kinetic energy
it does not influence the interactions between Ln(lll) and value of 10 eV. The rate of one DiPTP loss increases on
going from Nd(Ill) to Yb(Ill) (Figure 6a and 6b). This is
(50) Giroux, S.; Charbonnel, M. C., Scientific Report Atalante 2002, CEA/ certainly due to a steric effect, if this can be interpreted as

DEN-Valrhd France, to be published. i i inati i i
(51) Caravan, P.; Hedlund, T Liu, S.-8jerg, S.: Orvig, CJ. Am. Chem. a change in L?i*_lnner sph.ere coordination. The nitrate Snlon
Soc.1995 117, 11230-11238. may act as a bidentate ligand, so the [Ln(DiPJ{RDs)]

(52) g/lilmer,lr-R-:Ch'o}sszsoég, Ez;ég&ugémgl, R. Pirl, J.-C. GJ. Chem. formation should lower the coordination number of lan-
(53) siﬁ'ai?ES&;?”K. A..QMei H._Y..ll_'oo 3. Ant. J. Mass Spectrom,  thanide ions from 9 to 8. This can be correlated with the

1999 193 115-122. coordination number change of the Ln(lll) aquo ions, as it
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has been demonstrated that the preferred lanthanide coordiAt pH 4.6, the lower nitrate concentration compared to that
nation number evolves from 9 to 8 from the beginning to at pH 2.8 results in formation of species that depend on the
the end of the series due to the contraction of the ionic electronic properties of the lanthanide elements. Moreover,
radii: the probable species is for the light cations Ly@g>" ESI-MS has allowed acquisition of solution data such as
and for the heavy ones LngB)g**.>~7 Consequently, the  stoichiometries and conditional stability constants of Ln(lll)
increase in logs across the Ln series was taken as reflecting complexes for the entire lanthanide family. By use of ESI-
purely electrostatic effects with little evidence for a steric MS, it has been shown that the DiIPTP ligand likely acts as
factoP* associated with the contraction of the ionic radii, a multidentate ligand toward lanthanide ions in nitric acid
also indicating the capability of the Ln(lll) ions to expand selutions, binding through the soft N atoms to form 1:3
their coordination shell when requiréd. complexes. The formation of 1:3 complexes is likely to be
Further fragments produced by cleavage of a cafbon exclusive, and this is thought to be due either to the
hydrogen bond of the ligand with a neutral loss of HNO  pyqrophobic exterior of the ligand or to the unusual electronic
are observed. It is proposed that the lanthanide centergensity distribution in DATP ligands as compared with other
stabilizes the anionic [DIPTP(H)] "~ ligand in the transition 5,5 aromatic ligands. ESI-MS also allowed confident deter-
state corresponding to the resulting ion [Ln(DiPFR)-4]*" mination of the conditional stability constant Ig2®? for

through its empty 5d orbitals.. Thus,'the increa;ing rate of the whole lanthanide series. Then, the DIPTP was found to
HNO; loss across the lanthanide series can be linked to thebe selective for the heavier lanthanides. which has been
electronegativity of the lanthanide ions, and thereby the '
activation energy of this fragmentation pathway is expected
to decrease across the series.

proposed to stem from the electrostatic nature of Ln(lll)

bonding. In addition, the kinetic stability of the gas-phase

complexes [Ln(DiPTRJ* and [Ln(DiPTPYNO3)]2* has

4. Conclusion been correlated with the predominantly ionic character of
the bonding in these complexes. 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.

Electrospray ionization mass spectrometry has provided
quantitative analysis of uncomplexed lanthanide(lll) metal
ions in nitric acid solutions. At pH 2.8, complexation with
nitrate anions prevents redox phenomena and the total
intensity of signals from ions [Ln(N§,(H.O),(MeOH),]*
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