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Electrospray ionization (ESI) quadrupole ion trap mass spectrometry (QIT-MS) and collisionally activated dissociation
(CAD) were used to evaluate the rare-earth binding properties of two hydrophobic carbamoylmethylphosphine
oxide (CMPO) ligands, the normal bidentate variety, (t-BuC6H4)2P(O)CH2C(O)N(i-Bu)2 (A), a new potentially tridentate
extractant, (t-BuC6H4)2P(O)CH[CH2C(O)N(i-Bu)2]C(O)N(i-Bu)2 (B), and tributyl phosphate. The mass spectral results
obtained from analysis of 1% HNO3/methanol solution containing the ligands and dissolved lanthanide salts reveal
that the favorable stoichiometries of the ligand/metal/nitrate complexes are 2:1:2 for the bidentate ligand A, 1:1:2
for the tridentate ligand B, and 3:1:2 for the monodentate tributyl phosphate. These observed stoichiometries
correlate with the number of available binding sites on each ligand as well as with potential steric effects. Energy-
variable collisionally activated dissociation experiments showed that for the 2:1:2 complexes involving ligand A or
B, as the ionic radius of the bound metal decreased, the removal of nitric acid required less energy and resulted
in less extensive spontaneous solvent coordination. This experimental trend suggests that, as the ionic radius of
the lanthanide ion decreases, a pair of the carbamoylmethylphosphine ligands is able to more completely solvate
the bound metal ion thereby weakening the nitrate−metal interaction.

Introduction

Nuclear waste reprocessing requires the nearly quantitative
recovery of uranium and plutonium from fission products,
such astrans-uranium (TRU) actinides and lanthanides, and
safe disposal of the radioactive fission products.1-4 The first
stage in nuclear fuel reprocessing introduces high concentra-
tions (3-4 M) of nitric acid to solubilize uranium oxide.4,5

Subsequent reprocessing involves the liquid-liquid extrac-
tion of uranium(VI) and plutonium(IV) from the aqueous
waste streams with tributyl phosphate diluted in some type
of aliphatic hydrocarbon mixture and is known as the
PUREX (plutonium and uranium reduction extraction)
process.2-6 After this extraction, the radioactivetrans-
uranium (TRU) actinides still in the aqueous effluate can be
separated from the stable lanthanide ions via the TRUEX
(trans-uranium extraction) process.3,4,6,7 This can be ac-
complished with several different types of ligands, and many
have been designed and studied to increase the effectiveness
of this process.3,6-12 Given the highly acidic extraction
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environment and the very similar ionic radii and chemical
properties of the lanthanides and actinides, the design of
ligands that differentiate via metal-ligand interactions is
difficult.13

Carbamoylmethylphosphine oxide (CMPO) ligands, R2P-
(O)CH2C(O)NR′2, were developed with a goal of reducing
the amount of necessary extractant and volume waste
generated in thetrans-uranium extraction process. In this
report, we focus on the study of a very hydrophobic CMPO
ligand, (p-t-BuC6H4)2P(O)CH2C(O)N(i-Bu)2 (A) (Figure 1),
which has been applied at Los Alamos National Laboratory
in a hydrochloric acid version of the TRUEX process and
tested for similar use in nitric acid separations.13 In addition,
we investigated a new, potentially tridentate, derivative of
A in which a second carbamoyl group, (p-t-BuC6H4)2P(O)-
CH(CH2C(O)N(i-Bu)2)C(O)N(i-Bu)2 (B), has been intro-
duced (Figure 1). Furthermore, because the modified TRUEX
process uses tributyl phosphate as an additive to the CMPO
ligands, we also evaluated this ligand.

There is extensive literature of the use of the CMPO
ligands for separations and extractions of lanthanide ions.14-16

There are several structures illustrating modes of lanthanide-
CMPO binding in which predominantly bidentate binding
(via PdO and CdO groups) is observed;17,18but, monoden-
tate systems in which the CO group is not directly bound to

the metal ions are also known.18 Quantum mechanical
calculations have modeled the metal-ligand interactions
responsible for such properties and shown that the energy
difference between the two forms, mono- and bidentate, are
not large but increase in the sequence of La ions from La3+

to Yb3+.19 In general, two molecules of the CMPO lanthanide
ions are found in the resulting complexes.

The evaluation of metal-ligand interactions with mass
spectrometry has been very successful since the advent of
electrospray ionization (ESI), which has the ability to
preserve and transport ligand-metal complexes from solution
to the gas phase.20 ESI mass spectrometry (ESI-MS) has been
applied to numerous investigations of host-guest complex-
ation and to the general field of molecular recognition.21-27

This research involved investigations of the stoichiometries,
relative stabilities, and conformations of peptide/protein
substrate,21,22 DNA drug,23,24 and macrocycle/metal com-
plexes.25-28 Furthermore, several studies have related the
results of ESI mass spectrometry experiments to the original
solution concentrations, binding interactions, and equilibria
active in molecular recognition.28-40

The exploration of metal-ligand complexes in the gas
phase by ESI-MS has expanded in recent years. Vachet and
co-workers have demonstrated that gas-phase ligand addition
reactions can be used to probe the gas-phase coordination
structures of metal-ligand complexes involving synthetic
ligands41-49 as well as to study copper-protein binding sites
in metalloproteins.50,51 For example, they have used ESI-
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Figure 1. Structures of ligands with molecular weights.
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MS to show an elegant correlation between the reactivity of
metal complexes with organic ligands in the gas phase and
the coordination numbers of the metals.41-49 The correlation
was based on the occurrence or lack of reactions between
the metal complexes and various molecules, such as CH3-
CN, H2O, CH3OH, NH3, and pyridine. Van Stipdonk et al.
have used ESI-MS extensively to examine the complexation
of uranyl ions with organic ligands, such as acetone,
methanol, H2O, and 2-propanol, and subsequent dissociation
of the resulting multiligated complexes.52-56 Spontaneous
solvation of the resulting multiligated complexes in the gas
phase was observed in some cases. This solvation depended
on the charge state and stoichiometry of the complexes and
was related in part to the coordination number of the uranyl
ion.52-57 In addition, ESI-MS has been applied to evaluate
the formation of gas-phase complexes involving rare-earth
metal ions and synthetic ligands, along with associated
counterions and/or solvent molecules.58-71 Many groups have
used ESI-MS, along with other techniques, as a tool to

evaluate the binding characteristics of ligands following their
synthesis,63-65,67 whereas others have studied gas-phase
reactions between rare-earth metal ions and volatilized
organic ligands in trapping mass spectrometers.62,69Recently,
the Colette group used ESI-MS to study the stoichiometries
and relative stabilities of various 2,6-bis(5,6-dialkyl-1,2,4-
triazin-3-yl)pyridine (DATP) ligands with trivalent lanthanide
ions.69,70In addition, the kinetic stabilities of these complexes
were studied via energy-resolved collisional activation,
providing useful binding and structural information.70 This
work, along with theoretical studies,19,72-74 has provided
valuable insight into binding modes, stoichiometries, and
relative energies of rare-earth/ligand complexes.

The present work describes the application of ESI-MS and
collisionally activated dissociation (CAD) tandem mass
spectrometry experiments in an effort to obtain an under-
standing of the relative binding affinities and stoichiometries
of carbamoylmethylphosphine oxide and tributyl phosphate
ligands with rare-earth ions (La3+-Lu3+) in the gas phase.

Experimental Section

Materials. The di(tert-butylphenyl)-N,N-diisobutylcarbamoyl-
methylphosphine oxide ligand (A) was synthesized using a recently
published procedure.75 The synthesis of ligandB is outlined below.
Tributyl phosphate and the lanthanide salts were purchased from
Aldrich Chemicals (St. Louis, MO) and used without further
purification.

Synthesis of (t-BuC6H4)2P(O)CH[CH2C(O)N(i-Bu)2]C(O)N-
(i-Bu)2, B. To a 100 mL THF solution of 4.84 g (10 mmol) of
CMPO A, in a 250-mL round-bottomed flask, was added 0.25 g
(20 mmol) of powdered NaH under an atmosphere of Ar. The
mixture was stirred at room temperature for 3 h and then filtered
under Ar. To the filtrate was added dropwise 2.06 g (10 mmol) of
ClCH2C(O)N(i-Bu2), and the resulting mixture was stirred over-
night. Removal of the solvent yielded a white solid that was
recrystallized from hexane to produceB in 50% yield, 3.3 g (5
mmol).

Analysis for C40H65PO3N2 (Galbraith Laboratories). Anal.
Calcd: C, 73.6; H, 10.03; N, 4.28. Found: C, 73.0; H, 9.95; N,
4.24. Mp: 156-8 °C. IR (cm-1, THF): C(O) 1649 (bd), P(O) 1197.
31P NMR (ppm, CDCl3): 32.1. 13C NMR (ppm, CDCl3): 171.06
(PCCO, d, 2JC-P ) 15.76 Hz), 170.108 (PCCCO, d, JC-P ) 2.1
Hz), 155.959 (para-C, d,JC-P ) 2.56 Hz), 132.89 (meta-C, d,JC-P

) 9.2 Hz), 132.46 (meta-C, d, JC-P ) 9.4 Hz), 129.75 (ipso-C,
JC-P ) 100.9 Hz), 128.79 (ipso-C, JC-P ) 100.9 Hz), 126.33 (ortho-
C, JC-P ) 12.1 Hz), 126.05 (ortho-C, JC-P ) 12.0 Hz), 57.75, 56.68,
55.0 (N-CH2), 43.1, (P-CH, JC-P ) 62.9 Hz), 35.7 (CMe3), 34.4
(CH2CO), 31.9 (CMe3), 29.9, 29.1, 27.6, 27.3 (CHMe2), 21.4, 21.2,
21.1, 20.8 (CHMe2). 1H (ppm, CDCl3): 7.98-7.43 (m, Ar), 4.40-
4.35 (P-H, m), 3.48-2.40 (m), 2.05-1.70 (CHMe2), 1.30-0.7 (m,
Me).

X-ray Analysis of B. A colorless blocklike crystal of ap-
proximate dimensions 0.32× 0.26× 0.22 mm was mounted on a
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nylon loop and used for crystallographic analysis. The X-ray
intensity data were measured at 123(2) K on a Bruker SMART
APEX CCD area detector system equipped with a graphite
monochromator and a Mo KR fine-focus sealed tube (λ ) 0.71073
Å). The detector was placed 5.968 cm from the crystal.

A total of 2400 frames were collected with a scan width of 0.3°
in ω and an exposure time of 10 s/frame. The frames were integrated
with the Bruker SAINT software package using a narrow-frame
integration algorithm yielding the unit cell parameters reported in
Table 1. Data were corrected for absorption effects using the
multiscan technique (SADABS) and used for structure solution and
refinement with the Bruker SHELXTL software package. The final
anisotropic full-matrix least-squares refinement onF2 converged
at R1) 6.88% for the observed data and at wR2) 15.14% for all
data with a GOF of 1.160. A complete summary of collection and
refinement data are given in Table 1, the structure is illustrated in
Figure 2 , and selected bond lengths and angles are presented in
Table 2.

Instrumentation. All mass spectrometry experiments were
performed using 99% methanol/1% nitric acid solutions, 5.0× 10-5

M in lanthanide ions and 5.0× 10-6 M in ligands, on a Finnigan
LCQ-Duo ion trap mass spectrometer using the Xcalibur (Finnigan,
San Jose, CA) software package and an electrospray ionization
source. The ion trap was operated at a base pressure of nominally
5 × 10-6 Torr with helium. For ESI experiments, the sample flow
rate was 3µL/min, and upon sample introduction, the pressure in
the analyzer region increased to 1× 10-5 Torr. The electrospray
voltage used was 4.5 kV, and the heated capillary was set to 180
°C. Ionization and trapping conditions were optimized for maximum
intensity of the [2‚A + La(NO3)2]+ ion (m/z 1229) and were kept
constant throughout.

Results and Discussion

Ligand Synthesis and Characterization.The synthesis
of ligandA was recently reported75 as was its structure, along
with those of the uranyl and some organotin chloride
complexes.76 The presence of the potentially reactive P(O)-
CH2-C(O) methylene group suggests that a series of
derivatives could be forthcoming via substitutions at this

position. Indeed, the Paine group reported that treatment of
R2P(O)CH2C(O)NEt2 (R ) EtO, Ph) with NaH followed by
addition of substituted benzyl chlorides77 andN,N-diethyl-
chloroacetamide78 resulted in the formation of R2P(O)-
CHR′C(O)NEt2 (R′ ) CH2Ar and CH2CONEt2, respectively).
Thus, similar treatment ofA with powdered NaH followed
by addition of ClCH2C(O)N(iBu2) resulted in the formation
of the tridentate ligandB (eq 1). The formation ofB presents

an opportunity to investigate the efficacy of increasing the
multidentate character of CMPO ligands.

All NMR and IR spectroscopic data ofB are in accord
with the proposed structure and in keeping with related
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Table 1. Crystal Data and Structure Refinement for CompoundB

empirical formula C40H65N2O3P
fw 652.91
T 123(2)
radiation and wavelength Mo KR, λ ) 0.71073 Å
cryst syst triclinic
space group P1h
unit cell dimensions a ) 13.251(2) Å

b ) 13.426(2) Å
c ) 13.845(2) Å
R ) 104.155(3)°
â ) 112.198(3)°
γ ) 107.304(3)°

V 1992.1(6) Å3

Z 2
D (calcd) 1.088 Mg/m3

abs coeff,µ 0.105 mm-1

F(000) 716
cryst size 0.32× 0.26× 0.22 mm
max and min transm 0.9772 and 0.9671
θ-range for data collection 1.74° e θ e 28.42°
index ranges -16 e h e 17; -17 e k e 17; -18 e l e 18
reflns collected 23236
reflnsI > 2σ(I) 6116
final R indices [I > 2σ(I)] R1 ) 0.0688, wR2) 0.1433
R indices (all data) R1) 0.0864, wR2) 0.1514

Figure 2. Structure of tridentate CMPO ligand (t-BuC6H4)2P(O)CH[CH2C-
(O)N(i-Bu)2]C(O)N(i-Bu)2 (B).

Table 2. Selected Bond Lengths (Å) and Angles (deg) for Compound
B

P1-O1 1.485(2) P1-C7P 1.805(2)
P1-C1P 1.806(2) P1-C1 1.843(2)
O2-C2 1.236(2) O2′-C2′ 1.228(3)
N1-C2 1.350(3) N1-C3 1.466(3)
N1-C7 1.473(3) N1′-C2′ 1.349(3)
N1′-C7′ 1.470(3) N1′-C3′ 1.470(3)
O1-P1-C7P 112.42(9) O1-P1-C1P 111.00(9)
C7P-P1-C1P 108.43(9) O1-P1-C1 108.31(9)
C7P-P1-C1 106.68(9) C1P-P1-C1 109.89(9)
C2-N1-C3 116.5(2) C2-N1-C7 123.8(2)
C3-N1-C7 119.6(2) C2′-N1′-C7′ 123.7(2)
C2′-N1′-C3′ 117.4(2) C7′-N1′-C3′ 118.9(2)
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ligands.75-78 Because of the asymmetric center at the PCH
atom, many of the NMR signals are doubled, as noted above.
For example, theipso-aryl carbons are noted as a pair of
doublets (1JC-P ) 100.9 Hz) and the chemical shift between
the two sets diminishes progressively with the distance of
the C atom to the PCH atom such that thepara-aryl carbon
atom appears as a single doublet (4JC-P ) 2.56 Hz).
Similarly, the NCH2 andCHMe2 atoms of both acetamides
appear as a doubled set of two singlets because of the well-
established nature of the cis/trans orientation of acetamide
alkyl substituents on N. However, interestingly, for the two
distinct acetamide groups, one set of methyl groups shows
up as a doubled set of two singlets, and the other set exhibits
a single resonance. This latter situation is also noted for the
unsubstituted CMPO precursor andN,N-diisobutylchloroac-
etamide.

We were able to obtain crystals ofB suitable for X-ray
analysis, and the structure is illustrated in Figure 2. In
general, there are no surprises concerning the various bond
lengths and angles (Table 2). The PdO bond length ofB at
1.458(2) Å is somewhat shorter than that of the parent CMPO
ligand A, 1.481(2) Å, reflecting the electron-withdraw-
ing capacity of the additional carbamoyl grouping. The two
CdO bonds with distances of 1.236(2) (PCHC(O)) and
1.228(3) Å (PCHCH2C(O)) indicate the equivalence of the
PCC(O) groups inA (1.231(3) Å)76 and B, and the other
CO group is somewhat shortened. As expected, theN-C(O)
bonds for both carbamoyl groups, 1.350(3) and 1.349(3) Å,
are significantly shorter than theN-CH2 bonds (1.466(3)-
1.473(3) Å) because of the (C-O-)dN+ resonance contribu-
tion to the amide linkage. Furthermore, the trigonal planar

arrangement at the N atoms (sum of the bond angles at N)
359.9(2)° and 360.0(2)°) is a further illustration of this
bonding arrangement.

An interesting feature of the conformation of the ligand
B is that the two independent CdO groups, C2′dO2 and
C2′dO2′, align themselves to take advantage of the intramo-
lecular dipolar Cδ+-Oδ- stabilizing interaction. Thus, the
C2dO2′ and C2′dO2 internuclear distances are 3.22 and
3.66 Å, close to the sum of the van der Waals radii, 3.25 Å.
The actual energy of such an interaction is low. For example,
experimental results on the dimerization of acetone resulted
in ∼2 kcal/mol stabilization energy compared to that of two
noninteracting molecules.79 In the present case, modeling the
two amide groups as dimethylacetamide, a Me2NC(O)CH3

dimer resulted in a stabilization of∼2.3-3.3 kcal/mol with
inter C and O distances similar to those reported above.80

Such an interaction is clearly sufficient to direct the crystal-
lization process to incorporate such a dipole alignment.
Although this confirmation is not one that would facilitate
tridentate binding to a metal center, complexes of this ligand
are currently under investigation and any conformational
change needed for such binding is not great.

Stoichiometries of Complexes Detected by ESI-MS.
Analysis of solutions containing a 10:1 concentration ratio
of metal/ligand in 100% methanol by ESI-MS produced

(79) Park, S. M.; Herndon, W. C.Tetrahedron Lett.1978, 2363-2366.
(80) The calculations were kindly performed by Professor W. C. Herndon

using both a DFT/B3LYP/6-31G** (2.343 kcal/mol) and an HF
6-31G** (3.33 kcal/mol) level of theory. The latter approach is known
to give a smaller error in the basis set superposition problem, thus,
the overall stabilizing effect of the dipole-dipole alignment is not in
doubt.

Figure 3. ESI mass spectra of (A) ligandA, (B) ligandB, and (C) tributyl phosphate with HoCl3 in 99:1 methanol/HNO3.
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spectra that were difficult to interpret because of the number
of different ionic species observed. To obtain less complex,
more reproducible results, it was determined that the addition
of 1% nitric acid to methanolic solutions containing lan-
thanide ion/ligand concentrations of 5.0× 10-5/5.0× 10-6

M resulted in the observation of ions containing solely nitrate
counteranions and allowed the type of metal ligand com-
plexes formed to be readily evaluated. Because of the
superiority of these data, the same solution composition was
used for all of the studies reported herein. Holmium was
chosen as the representative lanthanide ion because it is
monoisotopic. Figure 3 shows that under these conditions
the spectra are simplified, with dominant ions due to [n‚L
+ Ho(NO3)2]+ complexes.

In the case of the bidentate ligandA, the only ion with
significant abundance appears atm/z1255, which represents
the [2‚A + Ho(NO3)2]+ complex (Figure 3A). ProtonatedA
is also observed (m/z484) at∼5% relative abundance. Under
these experimental conditions,A strongly favors the forma-
tion of the 2:1:2 (ligand/metal/anion) complex.

The potentially tridentate CMPO ligand,B, was analyzed
under the same conditions (Figure 3B). UnlikeA, the most
abundant ion (m/z 941) represents the 1:1:2 ligand/metal/
anion complex, [B + Ho(NO3)2]+, with the 2:1:2 complex
([2‚B + Ho(NO3)2]+, m/z 1593) present at∼50% relative
abundance. Both the lower abundance of the [2‚B + Ho-
(NO3)2]+ complex and the presence of the abundant singly
ligated complex, [B + Ho(NO3)2]+ (which is not observed
with A), can be attributed to the extra coordination site ofB
because of the additionalN,N-diisobutylacetamide substituent
which allows complete coordination of the metal ion by a

single ligand. The extra carbamoyl substituent onB may also
cause some steric hindrance to limit formation of the [2‚B
+ Ho(NO3)2]+ complex.

The monodentate tributyl phosphate was also analyzed in
the presence of holmium chloride under the same solution
conditions, producing abundant [2‚TBP + Ho(NO3)2]+ and
[3‚TBP+ Ho(NO3)2]+ species. The tributyl phosphate ligand
is smaller than eitherA or B, so three monodentate ligands
are able to arrange themselves in a stable complex around a
single metal ion without the steric constraints ofA andB.

Tandem Mass Spectrometry of Lanthanide/Ligand
Complexes.Further information about the relative stabilities
of the lanthanide/ligand complexes in the gas phase can be
obtained from collisionally activated dissociation experi-
ments. Dissociation of the [2‚A + Ho(NO3)2]+ complex
(Figure 4A) provides evidence for strong ligand-metal
interactions between each of the bound ligands and holmium.
Upon activation, this complex does not dissociate via the
loss of either of the bound CMPO ligands but rather by the
loss of nitric acid (-63 amu, resulting in an ion ofm/z1192)
or by the loss of a diisobutylamine substituent (129 amu,
resulting in an ion ofm/z 1126). The product ion at them/z
of 1192 from the loss of HNO3 undergoes rapid, spontaneous
addition of water or methanol, as verified by MSn experi-
ments (data not shown), producing the unusually broad
adduct peaks atm/z of 1209 and 1223 in Figure 4A. These
adducts are interesting because they suggest that upon
removal of a nitric acid molecule, i.e., the coordinating nitrate
ion, the holmium ion becomes insufficiently solvated and
therefore picks up a molecule of adventitious water or
methanol in the ion trap. This dissociation/association

Figure 4. CAD mass spectra of (A) [2‚A + Ho(NO3)2]+, (B) [2‚B + Ho(NO3)2]+, (C) [B + Ho(NO3)2]+, and (D) [3‚TBP + Ho(NO3)2]+. The precursor
ions are indicated by asterisks.
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reaction is depicted in Scheme 1. The two ions that result
from solvent adduction (nominallym/z ) 1209 and 1223)
have apparentm/zvalues that are 1-2 amu lower than would
be expected on the basis of their chemical formulas. Also,
the peaks are broader than normal and have non-Gaussian
shapes with lowm/z tails. These features are characteristic
of weakly bound solvent adducts in a quadrupole ion trap.81

LigandB produces two abundant complexes: [2‚B + Ho-
(NO3)2]+ and [B + Ho(NO3)2]+. Collisional activation of the
[2‚B + Ho(NO3)2]+ complex results in two distinct dissocia-
tion pathways (Figure 4B). The first is the loss of nitric acid
from the precursor complex (resulting in am/z of 1531), as
was seen for the analogous [2‚A + Ho(NO3)2]+ complex.
This product, however, does not react with adventitious
solvent molecules to form other secondary adduct species.
The other major fragment ion (m/z ) 941) involves the loss
of an entire CMPO ligand. The fact that the [2‚B + Ho-
(NO3)2]+ complex loses an intact ligand, whereas the
analogous complex forA does not, suggests both that the
second ligand is more weakly bound than the first and that
the first ligand can function as a polydentate ligand that
effectively solvates the lanthanide ion.

Dissociation of the other complex, [B + Ho(NO3)2]+

(Figure 4c), results in behavior that is somewhat similar to
that observed for the [2‚A + Ho(NO3)2]+ complex. The first
fragmentation route involves the loss of a diisobutylamine
portion of the ligand (givingm/z 812), which may be
followed by rapid, spontaneous solvent adduction, leading
to the secondary products atm/z of 829, 843, and 857 via
addition of water, methanol, or water and methanol, respec-
tively. The formation of intense adduct peaks following
dissociation could suggest that the nitrogen atom in the
diisobutylamine portion of the ligand is involved in the
coordination of the metal ion in the precursor complex and

that removal of this ligand substituent results in insuf-
ficient solvation of the metal ion, thus promoting solvent
adduction.41-49 Certainly, the loss of this N group will
eliminate the presence of the more basic-C-(O-)dN+R2

form of this grouping, thereby increasing the need for further
coordination at the metal center. The second dissociation
route of [B + Ho(NO3)2]+ is the loss of HNO3, as was
observed for the [2‚A + Ho(NO3)2]+ and [2‚B + Ho(NO3)2]+

complexes.

Dissociation of the [3‚TBP+ Ho(NO3)2]+ complex (Figure
4d) yields a single dominant fragmentation pathway: the loss
of an intact TBP ligand (resulting in am/z of 821). The loss
of one of the ligand molecules leaves the metal ion
insufficiently coordinated, resulting in the spontaneous
formation of a methanol adduct at am/z of 852. The
formation of this adduct is interesting because it provides
further evidence that at least three monodentate tributyl
phosphate ligands (as well as two nitrate anions) are
necessary to completely solvate the holmium cation in the
gas phase.

(81) Wells, J. M.; Plass, W. R.; Patterson, G. E.; Zheng, O. Y.; Badman,
E. R.; Cooks, R. G.Anal. Chem.1999, 71, 3405-3415.

Scheme 1

Table 3. Electrospray Mass Spectral Data of 10:1:1 Mixed Ligand
Solutions in 99:1 Methanol/HNO3

ligands in
solution

observed
m/z complex identity

relative
abundance

(%)

A, TBP 772.3 [A + Ho(NO3)2]+ 1
1038.1 [A + TBP + Ho(NO3)2]+ 35
1086.9 [3‚TBP + Ho(NO3)2]+ 5
1255.3 [2‚A + Ho(NO3)2]+ 100

B, TBP 941.3 [B + Ho(NO3)2]+ 56
1086.9 [3‚TBP + Ho(NO3)2]+ 3
1207.1 [B + TBP + Ho(NO3)2]+ 7
1593.5 [2‚B + Ho(NO3)2]+ 100

A, B 772.3 [A + Ho(NO3)2]+ 0.1
941.3 [B + Ho(NO3)2]+ 22

1255.3 [2‚A + Ho(NO3)2]+ 63
1424.3 [A + B + Ho(NO3)2]+ 100
1593.5 [2‚B + Ho(NO3)2]+ 37
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The involvement of tributyl phosphate in the PUREX and
TRUEX processes4,6 makes it interesting to probe the intrinsic
lanthanide-binding properties of tributyl phosphate relative
to those of the CMPO ligands. Thus, solutions containing
two of the ligands (A or B and TBP) and HoCl3 were
analyzed by ESI-MS and the resulting heteroligand com-
plexes were subjected to CAD. ESI of solutions containing
each of the ligand combinations resulted in the formation of
the expected homoligand complexes (see Table 3) as well
as the formation of relatively low-abundance heteroligand
complexes containing Ho(NO3)2 and either TBP andA or
TBP andB. Upon CAD, the loss of tributyl phosphate was
the dominant fragmentation pathway regardless of the
identity of the CMPO ligand (see Table 4). This suggests
that the interaction of TBP with holmium in each of these
complexes is less energetically favorable than the CMPO/
holmium interaction, which is an expected result when mono-
and multidentate ligands are compared.

In addition, the MS/MS data allow comparison of the
relative stabilities of the complexes in the gas phase based

on the energy required to remove tributyl phosphate from
each of the complexes and dissociate 50% (an arbitrary
quantity) of the parent complexes. After correction for
degrees of freedom to account for the different number of
vibrational modes in each complex,82 a significantly greater
CAD voltage is required for a comparable extent of dis-
sociation of the [A + TBP + Ho(NO3)2]+ complex (2.93
V) relative to that of the [B + TBP + Ho(NO3)2]+ complex
(1.77 V), indicating that the tributyl phosphate ligand is more
strongly bound to holmium in the [A + TBP + Ho(NO3)2]+

complex than in the [B + TBP + Ho(NO3)2]+ complex as a
direct result of the tridentate capacity ofB.

A solution containing both of the CMPO ligands was also
analyzed. The heteroligand complex corresponding to [A +
B + Ho(NO3)2]+ was detected at am/z of 1424 (Table 3).
Upon collisional activation, this heteroligand complex dis-
sociated by two dominant fragment pathways (Table 4): the
loss of nitric acid and the loss ofA. The dominance of the

(82) Jones, J. L.; Dongre, A. R.; Somogyi, A.; Wysocki, V. H.J. Am. Chem.
Soc.1994, 116, 8368-8369.

Table 4. Electrospray Tandem Mass Spectral Data of Mixed Ligand Complexesa

precursor complex
precursor

m/z
fragment

m/z processb product identity

relative
abundance

(%)

[A + TBP + Ho(NO3)2]+ 1038.1 831.5 -TBP,+ACN, +H2O [A + Ho(NO3)2 + ACN + H2O]+ 6
812.4 -TBP,+ACN [A + Ho(NO3)2 + ACN]+ 53
803.3 -TBP,+MeOH [A + Ho(NO3)2 + MeOH]+ 100
789.0 -TBP,+H2O [A + Ho(NO3)2 + H2O]+ 24
772.3 -TBP [A + Ho(NO3)2]+ 16

[B + TBP + Ho(NO3)2]+ 1207.1 941.3 -TBP [B + Ho(NO3)2]+ 100
[A + B + Ho(NO3)2]+ 1424.3 1361.5 -HNO3 [A + B + Ho(NO3)2 - HNO3]+ 100

941.3 -A [B + Ho(NO3)2]+ 10

a ACN is acetonitrile and TBP is tributyl phosphateb “Process” indicates the dissociation and possible solvent adduction pathway.

Figure 5. CAD mass spectra (95% fragmentation) of the (A) [2‚A + La(NO3)2]+, and (B) [2‚A + Lu(NO3)2]+ complexes. Insets are 50% dissociation
CAD spectra (A) at 2.60 V and (B) at 2.34 V. The precursor ions are indicated by asterisks.
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first dissociation pathway, the loss of nitric acid instead of
the loss of either ligand, confirms the intrinsic stability of
this complex. The lack of solvent adducts formed upon the
loss of nitric acid suggests that the combination of these two
ligands more effectively solvates the lanthanide ion than do
two molecules ofA.

Metal-Dependent Dissociation Trends.Collisionally
activated dissociation was also used to probe the metal-
dependent trends in the fragmentation behavior of the
complexes containingA or B. Such trends are evident by
examination of the threshold dissociation energies and the
relative efficiencies of the solvent coordination process. An
example of the differences in dissociation behavior for the
[2‚A + M(NO3)2]+ complexes, M) La and Lu, is shown
in Figure 5. The primary dissociation pathway for both of
the complexes is the elimination of HNO3, which may be
followed by spontaneous solvent coordination of either water
or methanol. The extent of the solvent adduction varies
substantially for the two complexes, with far more occurring
for the lanthanum complexes than for the lutetium complexes.
These adducts arise because the product formed via the loss
of nitric acid is sufficiently unstable and reactive such that
subsequent solvent attachment stabilizes the complex. The
greater extent of solvent addition to the La3+ ion presumably
reflects the weaker coordination of the larger metal ion by
the CMPO ligand, a phenomenon that is associated with its
lower electrostatic potential (q/r).

Second, the collisional energy needed to achieve the same
extent of dissociation (i.e., such that 50% of the precursor
ions are converted to fragment ions) is significantly different
for the two complexes. Greater collision voltages are required
to dissociate more stable metal-ligand interactions. A
collision voltage of 2.60 V is needed for the [2‚A + La-

(NO3)2]+ complex as compared with 2.34 V needed for 50%
dissociation of the [2‚A + Lu(NO3)2]+ complex. Less energy
is required to cleave HNO3 from the corresponding lutetium
complex because the two CMPO ligands more strongly
coordinate the smaller lutetium ion (rLu3+ ) 1.00 Å cf. with
rLa3+ ) 1.17 Å) thereby labilizing the nitrate ligand.83

For the complete lanthanide series, the trend in the
collision voltages needed to dissociate the complexes are
examined and are summarized in Figure 6. For each of the
[2‚A + Ln(NO3)2]+ complexes, the dominant dissociation
route is the loss of HNO3 with subsequent solvent adduction
and the collision voltage decreases steadily across the series
of lanthanides. A similar trend was observed by the Colette
group for DATP (lanthanide complexes based on energy-
resolved dissociation in a triple quadrupole mass analyzer).70

Equivalent studies on the tridentate ligandB produce a
similar trend when the dissociation thresholds of the [2‚B
+ Ln(NO3)2]+ complexes are compared for each of the
lanthanides. In this case, there are two dissociation pathways
available: the loss of nitric acid and the loss of an entireB
ligand. A single multidentate ligandB forms more stable
complexes with Ln(NO3)2

+ as the size of the lanthanide ion
decreases. In contrast, energy-variable dissociation of the [3‚
TBP + Ln(NO3)2]+ complexes does not convey any signifi-
cant trend across the lanthanide series. This is a counterin-
tuitive result. The expected increase in steric interactions
between bound ligands with a decrease in the metal radii
and the general increase in electrostatic potential of the Ln3+

ions seem to have no systematic effect on the dissociation
of tributyl phosphate from the lanthanide complexes.

(83) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, M.AdVanced
Inorganic Chemistry, 6th ed.; John Wiley & Sons: New York, 1999.

Figure 6. CAD voltages required for 50% dissociation of [2‚A + Ln(NO3)2]+ complexes.
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The ratios of the areas of the peaks due to the loss of nitric
acid upon CAD of the [2‚B + Ln(NO3)2]+ complexes to the
sum of the areas of the spontaneous solvent addition peaks
are compared for each of the lanthanide complexes at the
50% dissociation level (Figure 7). The ratios increase across
the lanthanide series, indicating that solvent adduction
becomes less prevalent as the size of the metal ion decreases,
paralleling the data shown in Figure 6. Clearly, as the size
of the lanthanide ion decreases, the CMPO ligands more
efficiently solvate the metal, resulting in more facile cleavage
of HNO3 and lower probability of subsequent solvent
addition.

Conclusions

ESI-MS of nitric acid solutions containing the CMPO
ligands (t-BuC6H4)2P(O)CH2C(O)N(i-Bu)2 (A), (t-BuC6H4)2P-
(O)CH[CH2C(O)N(i-Bu)2]C(O)N(i-Bu)2 (B), and tributyl
phosphate with dissolved rare-earth salts allowed determi-
nation of the favorable gas-phase stoichiometries of lan-
thanide complexes with each ligand. It was found that ligand
A most favorably forms [2‚A + M(NO3)2]+ complexes,
ligandB favors formation of [1‚B + M(NO3)2]+ complexes,
and tributyl phosphate favors formation of [3‚TBP +
M(NO3)2]+ complexes. These results parallel the bidentate,
tridentate, and monodentate capacity of the three ligandsA,
B, and TBP, respectively.

Tandem mass spectrometry of the [2‚A + Ho(NO3)2]+ and
[2‚B + Ho(NO3)2]+ complexes provided results indicating
that the ligandA complex requires both ligands for complete
solvation of the metal ion, whereas a single ligandB (along
with two nitrates) is able to effectively solvate the metal ion.
Removal of a ligandA molecule from the [2‚A + Ho-

(NO3)2]+ complex results in an insufficiently solvated metal
ion, evidenced by the spontaneous adduction of solvent
molecules to the [A + Ho(NO3)2]+ product ion. In contrast,
removal of a single ligand from the [2‚B + Ho(NO3)2]+

complex produces the [B + Ho(NO3)2]+ product ion which
does not react with solvent molecules, illustrating its relative
stability compared to that of the analogous ligandA product
ion.

Threshold collisionally activated dissociation experiments
allowed investigation of the relative stabilities of the [2‚A
+ Ln(NO3)2]+ and the [2‚B + Ln(NO3)2]+ complexes formed
with different lanthanide ions, both by the energy required
for 50% dissociation and by the extent of post-dissociation
solvent adduction. Both the collisional energy required for
the removal of an HNO3 molecule from the complex and
the extent of subsequent solvent adduction decreases as the
ionic radius of the metal ion decreases. These results suggest
that the carbamoylmethylphosphine ligands more effectively
solvate the smaller, more charge dense lanthanide ions.
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Figure 7. Extent of solvent adduction to fragment ions upon CAD of [2‚A + Ln(NO3)2]+ complexes: ratios of peak area for loss of HNO3 from parent
complex/peak areas for all subsequent solvent adducts.
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