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Abstract
Electrospray ionization mass spectrometry (ESI-MS) has quickly become a versatile method of qualitative
analysis of a wide variety of species in solution. This technique (with positive and negative ionization modes) is
used to analyze organic solutions in the frame of the DIAMEX process. Degraded solvent had been studied
without any preliminary sample treatment (separation or derivation) and neutral complexes 'uranyle nitrate -
malonamide' had been observed.

I. Introduction
Electrospray ionization mass spectrometry (ESI-MS) was introduced by Yamaita and Fenn in 1984 '•2 and its
development has established it as a method of outstanding importance and particularly so for biochemical
applications. The ESI-MS has been widely used for the measurement of molecular masses of non volatile and
thermally unstable compounds because the ionization occurs under very mild conditions. More recently
electrospray ionization mass spectrometry has been used for the study of metal-ligand complexes 3'4l 5. Colton
and al5 showed that there is complete correlation between the observed ions and the species known to be present
in solution.
This paper deals with the apply of the ESI-SM technique to analyze organic solutions in the frame of the nuclear
fuel reprocessing, particularly in the DIAMEX process. DIAMEX process concerns the first step of the SPIN
program launched by CEA, which the objective is to separate minor actinides from high level liquid waste, and it
consists in extracting trivalent minor actinides and lanthanides with a malonamide molecule.
The objectives for these studies were to establish potentiality offered by the use of direct infusion electrospray
mass spectrometry:

to the qualitative analysis of a degraded solution of malonamide,
to the qualitative analysis of cation-malonamide complexes in solution.

II. The electrospray ionization technique
The process of electrospray ionization can be summarized in four steps: formation of ions, nebulization,
desolvation and ion evaporation.
A sample dissolved in the appropriate solvent is injected as a fine spray at a low flow rate from a capillary held
at a high voltage (e.g. 3500-4000V) into a chamber at atmospheric pressure. The nebulization begins when the
sample solution enters into the spray chamber. The combination of strong shear force generated by the
nebulizing gas and the strong electrostatic field in the spray chamber draw out the sample solution and break it
into droplets. As the droplets disperse, ions of one polarity are preferentially attracted to the droplet surface by
the electrostatic field. As a result, the sample is simultaneously charged and dispersed into a fine spray of
charged droplets. Before the ions can be mass analyzed, solvent must be removed. A counter flow of neutral,
heated drying gas (nitrogen) evaporates the solvent, decreasing the droplet diameter. When the force of the
coulomb repulsion equals that of the surface tension of the droplet (the Rayleigh limit) the droplet explodes,
producing charged daughter droplets that are subject to further evaporation. This process repeats itself, and
droplets with a high surface-charge density are formed and ion evaporation occurs. The process of ion formation
has been the subject of many scientific investigations, yet differences of opinion still exist regarding the specific
physical process. The dessolvated ions are pushed into the low pressure region of the source through a sampling
orifice (glass capillary). Skimmers, an ion guide, and exit lens transfer ions into the mass analyser. The
ionization depend on nature of the species present in solution.

Apparatus: Analysis were performed using an ion trap instrument model Esquire-LC (Bruker) spectrometer.
Electrospray was used in positive and negative mode. The sample was introduce into the source at a rate of about
100 mL/h with a syringe pump. The nitrogen gas was usually set at 6 psi, 6 L.min"1 and 170°C. Standard
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electrospray ionization conditions were as follows: capillary: 4000V, endplate: 3500V, capillary exit: 90 V,
skimmer 1: 30V, skimmer 2: 10V.

III. Applications
Malonamide degradation studies
The hydrolytic and radiolytic degradation of the DMDOHEMA {N,N '-dimethyl yVyV'-dioctyl hexyloxyethyl
malonamide), which is the current reference molecule 6| 7 for the DIAMEX Process, has been studied to be able
to propose a treatment suitable for the elimination of the degradation products. Then, a degradation pathway in
presence of nitric acid aqueous phase had been proposed s and the figure 1 present the hydrolytic degradation
pathway of DMDOHEMA.
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Figure 1. Simplified hydrolytic degradation pathway of DMDOHEMA

These qualitative studies were carried out using GC-FTIR or GC-MS to identify the degradation products.
Because of the decomposition of MOCHOBA (amide-acid) during the analysis, a previous derivation by
methylation is required. Moreover, the amine is not detected by GC because in acidic media the protoned form
of the amine (MOA) is probably not volatile. Its presence has been detected by potentiometric titrations.
We test electrospray mass spectrometry to analyze degraded DMDOHEMA solutions. The aim is to optimize
analytical conditions to study this kind of solutions. This technique is already used in nuclear fuel reprocessing
to analyze quantitatively degradation product of tributylphosphate9.

Optimisation of electrospray conditions
The optimisation of the electrospray conditions is realised with the non degraded DMDOHEMA. The positive
and negative ionization mode are used.
The amide extractant are weak base and can be easily protonated using positive mode. The solvent will be
chosen in order to obtain the best sensitivity. Several solvent are tested: MeCN, MeOH and mixture of them with
H2O. It was observed that a change in the organic solvent (MeCN or MeOH) had no important effect. Most
significant improvements in sensitivity were obtained by adding 1 % of formic acid and lead to LH+ ion while
showing few sodium adducts. The chosen solvent was methanol-H2O (75/25) with 1% of formic acid.
The negative ionization mode was also tested and the best sensibility of (L-H)' is obtained with CH3OH-H2O
(75/25) containing 1 % of a base (TMAOH).

Degraded DMDOHEMA solution
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Organic hydrolysed DMDOHEMA solution were analyzed using positive ionization mode (by dilution in
CH3OH-H2O (75/25) with 1% of formic acid solvent) and using negative ionization mode (by dilution in
CH3OH-H2O (75/25) with 1% of TMAOH solvent). The figure 2 presents an example of spectra and the table 1
summarizes the attribution of the different peaks in positive and negative mode and compares the result with the
GC/MS analysis.
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Figure 2. ESI mass spectra of degraded DMDOHEMA solution in TPH in contact with nitric acid solution
(HNO3 3 mol/L) after 2 months at 45°C. [DMDOHEMA]inital = 0.65 mol/L.
a: positive ionization (dilution: l/10000c in CH3OH/H2O (75/25 %vol) +1% formic acid
b: negative ionization (dilution: l/100e in CH3OH/H2O (75/25 %vol) +1% TMAOH.

Table 1 . Comparison between ESI-MS and GC-MS analysis. Assignment of the different peaks observed in ESI
spectra.

Assignment of different peaks

QH13COOH
MOA

MONA
C6H13OC3H6COOH

?
MOHOBA
DMDOMA
MOHOCBA

Protoned adduct of MOA+MOHOBA
DMDOHEMA

Sodium adduct of DMDOHEMA
Protoned adduct of MOA+DMDOHEMA

Sodium adduct of (DMDOHEMA)2

GC-MS

*
*
*
*

*
*
*

*

ESI-MS
ESI (+)

144.2
173.2

314.3
355.6
358.3
457.4
483.6
505.5
626.6
988.8

(m/z)
ESI (-)
129.4

187.4
238.6
312.7

356.3

481.8

The positive ionization mode allowed to analyze basic molecule with amide and amine function and negative
ionization mode is adapted to acidic molecule like carboxylic acid. In positive ionization mode, several clusters
are detected [MOA+MOHOBA+H+ and MOA+DMDOHEMA+H+] and their stability are dependant of the
skimmers voltage value. An increase of the voltage leads to a decrease of the intensity of these adducts.
The advantage of ESI-MS compared by GC techniques is the sample preparation: ESI-MS do not require any
previous treatment except dilution. It allowed to analyze non volatile species (protoned salt of amine) and
thermally unstable compound (amide-acid). Moreover, the use of ESI-MS with direct infusion is a relatively
quick method and the structural identification of the species can be performed tanks to the ion trap analyser.

Uranyl complexes with malonamides
ESI-SM was also used for direct measurement of cations in solutions. Several studies have been carried out on
the speciation of metal by ESI-MS such as alkali cations , lanthanides , uranium ' and zirconium as well
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12 G. R. Agnes, G. Horlick, Appl. Spectrosc. 46 (3) 401-406 (1992)
13 C. Moulin, N. Charron, G. Plancque, H. Virelizier, Appl. Spectrosc. 54 (6) 843-848 (2000)
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as very interesting reviews showing the potentiality of the technique but also the limitation and cares that should
be taken in interpreting the data3'5.
The purpose of this part is the qualitative study of metal-ligand complexe by ESI-SM. Solid complexes already
studied by X-ray crystallography have been chosen, the formula of the complexes in solid state is LUO2(NO3)2

(L represent the ligand malonamide). The solids are dissolved in methanol-water (75-25) solution. Several
malonamides were studied: DMDBMA (N,N'-dimethyl JV,W-dibutyl malonamide), TEMA (N,N,N',N'-t&tvaeXhy\
malonamide), TEEEMA (7V,vV,7V',./V'-tetraethyl ethyloxyethyl malonamide).
The positive and negative ionization modes are used and exhibit the species: UO2L2

2+, UO2L3
2+, UO2L2(NO3)

+

with ESI(+) mode and UO2(NC>3)3~ with ESI(-) mode. The figure 3 presents a spectra obtained with the TEEMA-
UO2(NO3)2 complexes.

Figure 3. ESI-MS spectra of TEEMA- UO2(NO3)21CT mol/L in CH3OH/H2O (75/25) solvent.
a: ESI (+) b: ESI (-)

CH3CN was also tested but no significant effect had been observed. The formation of these ionic species can be
explain by a partial dissociation of the complex in solution and the occurrence of chemical reaction between
different species during electrospray ionization. It had been shown that chemical reaction exist under ESI
conditions and convert a neutral species to a cationic one 5. Then, the displacement of an anionic ligand (NO3~)
by a neutral ligand (malonamide) convert a neutral complex UO2(NO3)2L to a cationic one UO2(NO3)L2

+, A
second exchange reaction lead to a formation of UO2L3

+. These species are detected in positive ionization mode.
The displacement of a neutral ligand (malonamide) by an anionic one (NO3~) converts the neutral complex
UO2(NO3)2L to UO2(NO3)3" which is observed in negative ionization mode.
The intensity of the ions UO2L2 and UO2L3 were found to be highly dependent on the cone voltage of
electrospray ion source. The increase of the voltage (skimmer 1: 10 V to 40V) leads to an increase of the
intensity of the species UO2L2

2+, and the decrease of the intensity of the species UO2L3
2+. These can be attribute

to the dissociation of UO2L3
2+ leading to UO2L2

2+. This was confirmed by MS/MS experiments.

IV. Conclusion
These initial studies showed the use of ESI/MS to the qualitative analysis of degraded malonamide solution and
complex formed between uranyl nitrate and malonamide ligand.
Analytical conditions have been optimize to studied degraded solutions: the positive ionization mode allowed to
analyze basic molecule with amide or amine function and negative ionization mode is adapted to acidic molecule
like carboxylic acid. The advantage of ESI-MS compared by GC techniques is the sample preparation: ESI-MS
do not requires any previous treatment except dilution.
The qualitative analysis of neutral complexes shows that neutral species can be observed by ESI/MS tanks to
chemical reactions between molecules. The observed species are closely related complex.
The investigation of other cation-ligand complexes will be carried out, and an estimation of the stability constant
of complexe will be undertaken.
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