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Abstract

During the past decade many studies on speciation of actinides in natural and artificial environments have been carried out. High demands
on the sensitivity in speciation of actinides lead to the development of advanced detection methods. This is connected with intensive use of
laser systems as excitation sources. The laser can provide any wavelength from the near UV to the near infrared (NIR) wavelength range.
The development of tunable solid-state lasers overcame some disadvantages of dye laser systems. The application of low temperatures for
samples measured with fluorescence spectroscopic methods brought effort in the detection of carbonate species. The availability of modern
femtosecond laser systems in combination with intensified charge coupled device (ICCD) cameras provided the possibility to exploit the flu-
orescence properties of aromatic organic compounds for the study of their interaction with actinides, especially non-fluorescent metal ions.

∗ Tel.: +49 351 260 2306; fax: +49 351 260 3553.
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The fluorescence of some tetravalent actinides as Pa(IV) and U(IV) in aquatic systems have been described for the first time. The speciation
of actinides in arsenate and several carbonate systems was investigated. The interaction with ligands from life sciences as adenosine triphosphate
(ATP) and sugar phosphates became more and more important. Studies of the speciation of actinides in plants and microorganism also cannot be
neglected.

In the solid-state the speciation of uranium(VI) in several natural and synthetic minerals has been studied as well as the behaviour of depleted
uranium in the environment. The interaction of actinides with rock materials and minerals as well as their uptake is also of common interest in
actinide chemistry. Especially the sorption and inclusion of Cm into several minerals lead to an improvement in knowledge of minor components
in solids.

It is not possible to give a complete overview on the literature about the laser-induced spectroscopy of actinides. The restricted length of this
contribution allows only a relatively small and personally influenced selection.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Actinides; Laser-induced spectroscopy; Fluorescence; Photoacoustic

1. Introduction

In the field of laser-induced spectroscopy four main
methods are used: laser-induced photoacoustic spectroscopy
(LIPAS), laser-induced time-resolved fluorescence spec-
troscopy (TRLFS), ultra-short laser pulse-induced time-resolved
fluorescence spectroscopy (fs-TRLFS), laser-induced break-
down detection and spectroscopy (LIBD/LIBS). All of these
methods have been intensively developed during the last decades
[1–8]. They became powerful tools to study interactions in solu-
tions and at the solid–liquid interface. LIBD/LIBS concerns
especially studies in colloidal systems. This theme is the aim

for the dependence on temperature at least the concentration
ratio ([AmCO3

+]/[Am3+] could be calculated from the spec-
tra obtained. The absorption maximum for Am3+ is located at
503 nm and shifts to 505 nm for the AmCO3

+ complex. The
agreement of the calculated stability constant at 25 ◦C with data
in the database [10] is within the error limits. Applying the van’t
Hoff relation for the temperature dependence of the stability
constants the enthalpy change for the formation of AmCO3

+

could be derived. The determined equilibrium constants for the
reaction:

Am3+ + CO3
2− ⇔ AmCO3

+ (1)
of another contribution; therefore, it would be pardonable that
LIBD is not treated here.

2. Recent development of methods

2.1. Laser-induced photoacoustic spectroscopy

Laser-induced photoacoustic spectroscopy (LPAS or LIPAS)
and laser-induced thermal lensing spectroscopy were introduced
in research on actinides in the eighties [3]. However, the thermal
lens spectroscopy has not been applied very often due to its

range from log β1 = 6.26 ± 0.12 to log β1 = 7.54 ± 0.43 in the
temperature interval 25–75 ◦C. From these data the reaction
enthalpy was estimated to be 37 ± 11 kJ/mol.

Several studies have been done on the interaction of ameri-
cium with humic substances by LIPAS [11–13]. However, as the
structure of the humic substances is much less known than with
other ligands, these types of compounds will be not considered
here.

During the last years only a few publications using laser-
induced photoacoustic spectroscopy as detection method were
used. This may be caused by the limited wavelength range of
additional expenditure of a probe laser system for the detection
of the thermal lens by light dispersion.
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each single dye. During the last 15 years solid-state lasers have
been developed. These systems allow tuning the laser wave-
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A very instructive overview on LIPAS is given by Kim [5].
esides a general description of the method, information about

he instrumentation and data processing is given. The solvent,
ostly water, also generates a photoacoustic signal. Therefore,

f measurements near the detection limit were carried out the
pectra should be compensated with the spectrum of the solvent.
he sensitivities of this method for various actinide elements

n different oxidation states are also summarized. They depend
n the molar absorbance. The speciation sensitivity is found to
e α = 3 × 10−6 cm−1. With this value and the mostly known
olar absorbance the concentration ranges for the lowest possi-

le detection of actinides species in solution can be assessed.
Wruck et al. [9] used the collection of photoacoustic spec-

ra at elevated temperature to estimate thermodynamic data in
he system americium(III)-carbonate. As the photoacoustic sig-
al depends on the temperature in the system a more lavish
reatment of the data is necessary. Assuming that the absorp-
ion of all Am species in solution have the same factor function
ength over wide ranges without large changes in the optical
etup of the laser system [7]. Here LIPAS was used to validate
he stability constant of UO2(CO3)3

4− at low concentrations.
s this complex does not show fluorescence properties at room

emperature LIPAS is the only choice in spectroscopic methods
o decrease the concentration of species in the solution.

Much less data exist about tetravalent actinide species. Some
ffort may be expected in the near future as some of these species
how fluorescence properties (see also next section). However,
ere also the laser-induced photoacoustic spectroscopy may pro-
ide a way to obtain better thermodynamic data. Therefore,
IPAS was applied to the uranium(IV) phosphate and arsen-
te system [14]. Due to the strong hydrolysis of uranium(IV)
nly measurements in acid solutions could be carried out. As
ranium(IV) shows at least three broad absorption bands in the
avelength range 620–680 nm a spectroscopic range of about
0 nm has to be scanned. Here the advantage of a tunable solid-
tate laser system with its wide tuning range is of importance as
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no change of the laser setup is necessary during the measurement
of the spectra. The absorption maxima of uranium(IV) at 629,
649 and 672 nm are shifted by the formation of the complexes
to 645, 657 and 667 nm in the phosphate system. In the arsenate
system absorption maxima are located at 645 and 663 nm. The
complex formation equilibrium was assigned to be

U4+ + 2H+ + XO4
3− ⇔ UH2XO4

3+

X = P; As
(2)

The stability constants were derived to be log β0
121 = 25.23 ±

0.12 for the phosphate system and log β0
121 = 23.94 ± 0.08 for

the arsenate system, respectively.
One of the latest contributions on LIPAS was published by

Mesmin et al. [15]. In this paper a very detailed description
about the necessary equipment and possible data handling is
given. The detection limit of this method is about two orders
of magnitude lower if compared with conventional absorption
spectrophotometry. However, the authors mention that the use
of a joulemeter gives a value averaged over several laser pulses.
This seems not to be correct, as modern powermeters can read the
energy of each single laser pulse. The problem of these devices
is in some cases the response time of the powermeter, and it can
arise that only each second or third laser pulse is collected dur-
ing the experiment. LIPAS was used to identify the mechanism
of the precipitation of uranium(VI)–dioxalate–hexahydrate. The
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UO2(HPO4)2
2− complex species, the fluorescence lifetime is

listed at LHe temperature to be 560 �s and at room temperature
to be 47 �s. As this species is not listed in the NEA database
update [23] and in the NAGRA database [24,25] it is question-
able that this species really does exist.

Also it could be shown that this method can be applied to
solid samples. For example Wang et al. [26] has studied the
inclusion of uranium in calcite. The observed spectra lead to
the conclusion that the uranium(VI) is located in two distinct
chemical environments. These spectra are in agreement with
those obtained from uranium in calcite and aragonite. Fluores-
cence spectra obtained from sediments at the Hanford site have
the same peak positions and intensities as these where calcium is
substituted by uranium in calcite and aragonite. It was concluded
uranium was co-precipitated within these carbonates. This may
have implications for the solubility of uranium in contaminated
areas.

The uranium(VI) speciation at elevated temperatures by
TRLFS has been studied by Kimura et al. [27] and Kirishima
et al. [28]. Fluorescence measurements were carried out in the
temperature range 25–100 ◦C. The fluorescence decay constant
(1/τ) follows the Arrhenius equation. The activation energy for
the several studied species were derived, but in some cases large
variations were observed from other data in the literature.

2.3. Time-resolved fluorescence spectroscopy with fs-laser
s
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uthors noted that the uranium(VI)–dioxalato complex is first
ormed in solution.

.2. Fluorescence spectroscopy at low and elevated
emperatures

Fluorescence properties are known to be dependent on the
emperature of the system under investigation. Temperatures
elow the freezing point may decrease dynamic quenching
ffects. Samples can easily be cooled down to temperatures of
7 and 4.2 K by use of liquid nitrogen and liquid helium.

The uranium(VI)–carbonato complexes (UO2(CO3)2
2− and

O2(CO3)3
4−) do not emit any fluorescence light at room tem-

erature. The quenching effect of carbonate hinders the obser-
ation of the fluorescence spectra in these compounds [16].
he alkaline earth uranium(VI)–carbonato complexes are one
xception to this rule [17–20]. Also it is known that the water
olecules in the solvation shell contribute to the quenching

ffect [21].
However, at temperature of liquid nitrogen (LN2) or liquid

elium (LHe) the intensity and resolution of fluorescence spec-
ra can be significantly improved due to the decrease of the
uenching effect. Wang et al. [22], has shown that besides the
ilicates and phosphates the carbonates also show intense and
ell-resolved fluorescence spectra at LHe temperature. A strong

ncrease in the fluorescence lifetime is also observed. For exam-
le, the fluorescence lifetime of the uranyl ion increases from
.8 �s at room temperature to about 270 �s at LHe temperature.
he fluorescence lifetime of the UO2(CO3)3

4− species reaches
80 �s. For the Ca2UO2(CO3)3 complex, an increase of the flu-
rescence lifetime of 40 ns to 1280 �s was found. Also for a
ystems

It is known that neptunium and plutonium in all oxidation
tates as well as thorium does not show fluorescence properties.
n the environment organic ligands (like humic and fulvic sub-
tances and wood degradation products) can often interact with
ctinides. Most of these organic systems contain benzene rings
ith delocalized �-electrons. These compounds show intense
uorescence properties. However, the fluorescence decay con-
tant is rather high corresponding to a short fluorescence lifetime
n the nanosecond and picosecond time-scale.

In order to exploit these properties for the study of the inter-
ction of actinides with organic ligands a fluorescence spec-
rometer was developed, especially designed for the observation
f short fluorescence lifetimes [8]. Normally, the complexes
ormed between heavy metal ions and organic ligands do not
how any fluorescence. Therefore, only one fluorescent compo-
ent in the solution can be expected. This behaviour is named
tatic quenching effect. By use of the mass balance the concen-
rations of the non-fluorescent components can be calculated.
s result the Stern–Volmer equation leads to the formation con-

tant of the complex. Usually no time-resolved measurements
re necessary for this. However, if a simultaneous dynamic
uench effect occurs, the fluorescence intensity is addition-
lly decreased. This would result in stability constants that
re too high. The dynamic quenching effect influences both
he intensity and the fluorescence lifetime. In order to elimi-
ate this possible effect, time-resolved measurements should be
arried out.

At first as example, the interaction of uranium(VI) with
,3-dihydroxybenzoic acid was studied. In this case it is pos-
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sible to use the fluorescence of uranium to validate the data
obtained from the fluorescence of the ligand. The fluorescence
lifetime for the C6H3(OH)2COO− species was determined to
be 375 ± 32 ps. It was found that a 1–1 complex is formed at
pH values from 3.0 to 4.0. Examination of the pH dependence
of the conditional formation constants let to the conclusion that
two protons are removed from the ligand molecule during the
complex formation. The chemical reaction can be assigned to
be

UO2
2+ + C6H3(OH)2COOH

⇔ C6H3(O)(OH)COO(UO2)− + 2H+ (3)

From the measurements of the ligand a formation constant of
log Kc = −3.11 ± 0.16 was derived. This value is rather high and
may be explained by the formation of a chelate ring between
the ligand and the metal ion. EXAFS studies on the formed
complex give strong evidence for the formation of a complex
with the two neighboured phenolic OH groups. This would
also explain the release of the two protons, as studies with
other dihydroxybenzoic acids (for example 2,5-dihydroxybezoic
acid, [29,30]) show only a release of one proton. Analyzing
the fluorescence of the uranyl ion the same complex forma-
tion stoichiometry was found. However, the data result in a
formation constant of log Kc = −3.99 ± 0.44. The excited state
reactions of the non-complexed ligand may be the reason for this
d
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lead to a 2:1 complex stoichiometry. This stoichiometry was
also confirmed by applying the Stern–Volmer equation. Includ-
ing the dissociation constant of the ligand the stability constant
for the reaction:

2NpO2
+ + C6H3(O)(OCH3)COO2−

⇔ (NpO2)2C6H3(O)(OCH3)COO (4)

was derived to be log β201 = 7.33 ± 0.10 at an ionic strength of
0.1 mol/L and 21 ◦C.

2.4. Data treatment

An overview of the recommended methods for the analysis
of the fluorescence decay is given by Eaton [35]. Besides the
discussion of the non-linear least square method the method of
moments is described intensively. Some other methods (global
analysis, transform methods, maximum entropy method) are
only referred to shortly. For judgement for the goodness of the fit
parameters, additional statistical parameters must be included.
Additionally, we must also draw attention to some pitfalls. The
most important here seem to be the correction of light scattering.
This contribution must be removed by an appropriate subtrac-
tion algorithm. Of less importance seem to be effects caused by
the wavelength-dependent time response of the instrument and
p
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ifference.
This problem has also been pointed out by Billard and

ützenkirchen [31], especially with view to the excited states
f lanthanides and actinides. However, most of the fluorescence
easurements of uranium occur if the photochemistry is negli-

ible. Then the majority of the excited species has decayed to
he ground state before reactions in the excited state occur to
ny significant degree and the resulting decays are usually not
ono-exponential.
As the treatment of fluorescence spectra containing emissions

rom excited state reactions for the evaluation of complex for-
ation reactions has not been completely solved until now, this
ethod was applied to a ligand that does not show such a reaction

nder the experimental conditions selected. At pH values above
.0, 4-hydroxy-3-methoxybenzoic acid (vanillic acid) does not
ndergo excited state reactions. As evidence for the absence
f excited state reactions the Stokes shift between the absorp-
ion and the corresponding fluorescence maximum should be
bout 5000 cm−1 [32]. Stokes shifts of about 4500 cm−1 were
etermined for both the monovalent and the divalent anion of
-hydroxy-3-methoxybenzoic acid. Nevertheless in this work
33] the correction of inner filter effects [34], which may be
aused by absorption of the incident laser beam and by absorp-
ion of emitted fluorescence signal by the sample itself, must
e applied.

As uranium under these pH conditions is already partly
ydrolyzed, the complex formation of neptunium(V) was stud-
ed. From time-resolved measurements the lifetime of the ligand

6H3(OH)(OCH3)COO− was determined to be 290 ps. Graph-
cal analysis of the determined species concentrations obtained
rom the fluorescence intensity of the non-complexed ligand
olarization effects. The first one should be only of influence
f PMT tubes are used. The latter may occur predominantly by
xcitation with polarized light and if the emission is of the same
ime-scale as the molecular motion in the medium, i.e. about
00 ps.

The review by Billard and Lützenkirchen [31] should be used
s very important guide to handle the influence of physico-
hemical modifications of the solution on spectroscopic param-
ters. The influence of changing solvents, addition of supporting
lectrolytes as well as the temperature is discussed intensively.
dditionally problems of energy transfer (Förster mechanism)

re provided. The derivation of equilibrium constants from
RLFS measurements is described in a separate paragraph. As

mportant issue the order of decay in relation to the number of
pecies gives hints to the existence of possible changes of the
quilibria in the excited state.

. Studies of actinides in solution by time-resolved
aser-induced fluorescence spectroscopy

In the series of the lower actinides the fluorescence properties
f uranium(VI), americium(III) and curium(III) are well known
nd often used for speciation studies connected with coor-
ination chemistry [4,36–40]. The fluorescence properties of
rotactinium(IV) and uranium(IV) have been reported recently.
ublications dealing with the fluorescence of uranium(VI) and
urium(III) are numerous, and therefore, only a few can be
elected in order to show actual trends. Only little work has been
erformed on the fluorescence spectroscopy of americium. This
ay be due by the short fluorescence lifetime of this cation in

queous solution [40].
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3.1. Tetravalent actinides in solution

Recently the fluorescence properties of protactinium(IV) in
aqueous solution was observed [41]. For the excitation a XeCl-
Excimerlaser with a pulse duration of 24 ns was used with a
wavelength of 308 nm. However, the excitation maximum lies
in the range 278–290 nm depending on the used acid solution.
Therefore, the excitation optimum could not be reached. The
fluorescence lifetimes were observed in a range from 12.6 to
18.3 ns. It is rather complicated to deduce a fluorescence lifetime
in this range, if the duration of the excitation pulse is of about
the same value. Depending on the mineral acid added (H2SO4,
HCl) hypsochromic shifts of the fluorescence emission were
observed, if the spectra were compared with those in 5 M HClO4.
Detection limits of the order of 10−7 M were expected, so that
studies in a submicromolar concentration range seem possible.
As mentioned already for the fluorescence of uranium(IV) future
studies will be performed to evaluate the fluorescence property
for speciation measurements.

It has also been reported that uranium(IV) does show flu-
orescence properties [42] in aqueous solution. The excitation
corresponds to the 5f–5f transition. The emission peaks could be
assigned to individual electronic transitions in agreement with
data derived from absorption spectra. The lifetime was deter-
mined to be shorter than 20 ns at room temperature. Shorter
lifetimes could not be determined with respect to the applied
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uranium concentration. Some intensive studies were carried out
by Meinrath et al. [44] and Kato et al. [45]. The stability con-
stant of the dimer species (UO2)2(OH)2

2+ is about 0.3 orders
of magnitude different than the data recommended in the NEA
database [23]. In the paper by Meinrath et al. and Kato et al.,
one discrepancy was found in the fluorescence lifetime of the
non-complexed uranyl ion. The fluorescence lifetime in 0.1 M
HClO4 was reported to be 1.9 ± 0.2 �s. While in the study of
the hydrolysis with different CO2 partial pressures, a lifetime of
0.9 ± 0.3 �s was derived. No explanation for this behaviour was
given. It is known that carbonate and probably also dissolved
CO2 quenches the fluorescence of the uranyl ion. However, if
this occurs in the carbonate containing systems the fluorescence
lifetime would depend on the concentration of the quencher.

Time-resolved fluorescence spectroscopy was also used by
Eliet et al. [46] to study the hydroxo complexes of uranium(VI).
The polynuclear species contribute appreciably to the fluores-
cence intensity in aqueous solutions. UO(OH)3

− predominates
in the pH range 10–12. By deconvolution, the single fluorescence
spectra of the several species and their fluorescence lifetimes
were derived. This work was later [47] completed by a study at
elevated temperatures in order to study the temperature depen-
dence of the fluorescence lifetime.

3.2.2. Sulfates
In the case of sulfate complexation of the uranyl ion [48] dif-
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aser source. Ten fluorescence emission bands were located at
89, 291, 318, 320, 335, 338, 345, 394, 409 and 525 nm. All of
hese emissions originate from the 1S0 state, which is reached
y absorbing light at 245 nm (40,820 cm−1). The detection limit
or fluorescence measurement of uranium(IV) is expected be of
he order of 10−6 M. This would be in the same order as the
etection limit of LIPAS measurements.

To confirm these results, additional measurements were per-
ormed [30]. By use of the Nd:YAG-pumped OPO tunable laser
ystem the fluorescence lifetime at room temperature in 0.1 M
erchloric acid was determined to be 2.7 ± 0.1 ns. Applications
f this behaviour can be expected in the near future [42]. More
etailed information about uranium(IV) fluorescence can be
ound in a recent contribution [43]. As by Kirishima et al. [42]
he fluorescence lifetime of the tetravalent uranium at room tem-
erature could not be determined; in this publication the lifetime
t LN2 temperature is 149 ns. The same measurements were per-
ormed in a solution of D2O. Here the fluorescence lifetime was
etermined to be 198 ns also at LN2 temperature. Also the first
esults on fluorescence properties with some inorganic ligands
re reported (Cl−: τ = 142.3 ns, SO4

2−: τ = 132.2 ns). In contrast
o the fluorescence of UO2

2+, chloride ions do not quench the
uorescence of tetravalent uranium.

.2. Hexavalent uranium species in solution

.2.1. Hydrolysis
The hydrolysis of uranium(VI) is one of the basic reactions

eeded for the derivation of complex reactions with other lig-
nds, especially in pH range above 3.5. uranium(VI) forms
everal mono and polynuclear species depending on pH and the
erent fluorescence lifetimes can be used to distinguish between
everal uranyl–sulfate species.

Moll et al. [49] have investigated the ternary UO2
2+–

O4
2−–OH− system. Unfortunately, the data derived were not

hecked by fluorescence measurements.

.2.3. Phosphates
Several studies have been performed on the interaction of ura-

ium(VI) with phosphate by fluorescence spectroscopy. Some
f the uranium(VI) phosphate species show very high quantum
fficiencies, and therefore, the uranium phosphate system can
e studied at very low concentrations.

Eliet et al. [46] reported about the fluorescence in alka-
ine solution. According to the change in the spectrum
hosphate species still exist under these conditions and a
evision of the thermodynamic data for phosphate species
t high pH is necessary. The possibility for the detec-
ion of the uranium(VI)–phosphate complexes (UO2H2PO4

+,
O2(HPO4)(aq.), UO2PO4

− in solution was reported by Scap-
lan et al. [50]. The spectroscopic data and fluorescence lifetimes
ere determined.
Brendler et al. [51] has studied the complex formation of

ranium(VI) with phosphate at low concentrations by TRLFS. A
avelength of 355 nm was used to excite the species in solution.
t this wavelength relatively low excitation of all uranium(VI)

pecies occur. Therefore, the sensitivity under these conditions
s very limited. Nevertheless the data, especially for the first
omplex UO2(HPO4)(aq.) is in excellent agreement with the
ata selected by the NEA database [23].

A very new study on phosphate complexation was carried out
y De Pablo et al. [52]. They studied the fluorescence proper-
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ties in the uranium(VI)–phosphate system in the pH range 1–5.
Five different species could be identified. Besides the UO2

2+

ion, spectra were assigned to the species UO2(H2PO4)2(aq.),
UO2H2PO4

+, UO2(HPO4)(aq.) and UO2PO4
−. The spectra of

UO2(H2PO4)2(aq.) and UO2H2PO4
+ could not be resolved.

However, by lifetime analysis the two species could be clearly
detected. In this work the authors use a different procedure
to determine the fluorescence intensity of different phosphate
species in solution. The delay range was divided into several
step ranges. Due to this it was possible to determine species
with short lifetimes in the first measurement and species with
long lifetimes in a separate measurement with a later start time
after the laser pulse and also with a second longer exposure time
of the CCD camera.

3.2.4. Organic phosphates
Fluorescence measurements were used to study the com-

plex formation between uranium and adenosine 5′-triphosphate
(ATP) [53]. The increase of fluorescence intensity is of the same
order as for diphosphate ions. The emission bands also show
a strong bathochromic shift. This indicates that the phosphate
chain of the ATP molecule is responsible for the complex forma-
tion. However, the organic part of the ATP acts as a quencher for
the fluorescence of the uranyl ion. Therefore, the fluorescence
intensity detected and lifetime as function of the ATP concentra-
tion runs through a maximum. For the determination of stability
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is in good agreement with data obtained from potentiometric
titrations (log β11 = 6.23 ± 0.09). The fluorescence lifetime for
the complex formed was 155 ± 30 ns, which seems to be rather
short for phosphate containing species. However, as the other
complexes of the uranyl ion with organic monophosphates also
did not show fluorescence properties, it seems that the fluo-
rescence properties of uranium(VI) with organic phosphates
depend on the structure of the ligand. In a third study, fluo-
rescence spectroscopy was applied to obtain the interaction of
uranium with sugar phosphates in solutions [56]. Glucose 6-
phosphate and fructose 6-phosphate were used as ligands. In
case of the glucose 6-phosphate a decrease of the fluorescence
intensity was observed. The conclusion was drawn that the com-
plex formed does not show fluorescence properties, as is also the
case for the �-d-glucose-1-phosphate complex. In contrast if the
fructose 6-phosphate complex is formed fluorescence properties
can be measured. Compared to the non-complexed uranyl ion
a bathochromic shift of about 325 cm−1 was measured in the
wavelength range 480–545 nm. However, the fluorescence life-
time is again very short and amounts to 130 ± 50 ns. This is of
the same order as for the glycerol 1-phosphate complex and also
the shift in the fluorescence spectrum is comparable. Consider-
ing a uranium–phosphate bond the short fluorescence lifetime
can be explained only by quench effects of the organic strain of
the ligand.

The formation constants from fluorescence measure-
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onstants the fluorescence intensities have to be corrected for
he dynamic quenching effect by use of the Stern–Volmer equa-
ion. The stability constant for the UO2ATP− complex was
og β11 = 7.44 ± 0.44.

Recently complex formation between uranium(VI) and �-d-
lucose-1-phosphate has been studied [54]. In contrast to ATP
omplex formation here it was concluded that the formed �-d-
lucose-1-phosphate complex does not emit any fluorescence.
owever, this behaviour seems to be in agreement with observa-

ions from adenosine-monophosphate (AMP) [53]. Due to this
t was only possible to follow the 1:1 complex formation of ura-
ium with �-d-glucose-1-phosphate. By potentiometric titration
xperiments it could be shown that a 1:2 complex is also formed
t higher pH values. The stability constant of the 1:1 complex
ccording to the reaction:

O2
2+ + C6H11O6PO3

2− ⇔ UO2(C6H11O6PO3) (5)

as log β11 = 5.72 ± 0.12. This value is somewhat
igher than that derived from potentiometric titrations
log β11 = 5.40 ± 0.25). This difference leads to an increase
or the fraction of the UO2(C6H11O6PO3) complex in the
peciation diagram of about 15% at the maximum by use of
he TRLFS data. However, the fraction of the complex formed
ominates the speciation diagram, if the concentration of the
igand reaches the 10-fold excess compared to the metal ion.

Additionally the complexation of uranium(VI) with glycerol
-phosphate was studied by Koban and Bernhard [55] at pH 4.0
y use of TRLFS. The complex stability of log β11 = 6.15 ± 0.05
ionic strength 0.1 M) for the reaction:

O2
2+ + C3H7O3PO3

2− ⇔ UO2(C3H7O3PO3) (6)
ents at an ionic strength of 0.1 M and 25 ◦C yielded
og β11 = 6.35 ± 0.28 for the glucose 6-phosphate complex and
og β11 = 5.66 ± 0.17 for the fructose 6-phosphate complex,
espectively.

.2.5. Arsenates
Uranium forms several complex species with phosphate ions

n solution. It can be expected that the homologous element
rsenic form complexes in the same manner. Time-resolved flu-
rescence spectroscopy shows that several of these complexes
xist [57]. The species UO2H2AsO4

+, UO2(HAsO4)(aq.) and
O2(H2AsO4)2(aq.) were detected in solution with stability

onstants derived by deconvolution of the fluorescence spectra.
he fluorescence lifetimes of the several species are also differ-
nt from each other so the fit of the data to obtain the fluorescence
ecay value is multi-exponential. To assign the fluorescence
pectra to the solution species in case of the UO2(HAsO4)(aq.)
pecies a comparison with the fluorescence spectrum of the
ineral troegerite was used and the fluorescence spectrum of
O2(H2AsO4)2(aq.) by comparison with the synthetic com-
ound UO2(H2AsO4)2·1H2O.

Comparison of the UO2(HAsO4) species is shown in Fig. 1.
ithin the error limit of the fluorescence measurements the

greement of the emission maxima between the several species
s good.

The stability constants derived from TRLFS measurements
re somewhat smaller than for the corresponding phosphate
pecies. Comparison of the fluorescence spectra obtained by pH
itration of a tailing water from a uranium mining facility gave
vidence for the existence of these species under slightly acid
nvironmental conditions [58].
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Fig. 1. Comparison of the several species of the UO2(HAsO4) type.

3.2.6. Carbonates
Several papers have been published in the past decade con-

cerning the interaction of carbonate with uranium(VI). Espe-
cially since the first description of the fluorescence properties of
the Ca2UO2(CO3)3(aq.) species [17] several other publications
followed [18–20,59,60]. The alkaline earth uranyl carbonates
show relatively slight fluorescence emission with a short flu-
orescence lifetime in the range below 100 ns. The emission
maxima show a hypsochromic shift compared to the uranyl ion.
If compared to the spectrum of the UO2(CO3)3

4− species at low
temperatures [20] the shift remains slightly bathochromic.

3.3. Trivalent species in solution — americium

Few studies of the fluorescence of americium have been per-
formed. To determine the number of water molecule in the first
solvation shell the fluorescence decay time can be used. This was
already shown by Horrocks and Sudnick [61] for lanthanides.
They found a direct proportionality between the luminescence
decay constant and the number of coordinated water molecules
in several europium(III) and terbium(III) complexes. Kimura
and Kato have published an equation that connects the fluores-
cence decay constant (1/τ) with the number of water molecules
in the solvation shell of Am(III) assuming a number of nine
water in pure aqueous solution [62]:

N

3

m
d

N

3

a
c
s

log β12 = 12.06 ± 0.28 for the reactions:

Cm3+ + OH− ⇔ Cm(OH)2+ (9)

Cm3+ + 2OH− ⇔ Cm(OH)2
+ (10)

These data differ significantly from those reported earlier by
other authors, who exploited conventional techniques such as
extraction and electromigration. This may be due a shift in the
equilibrium of the excited species [31].

Emission spectra of the hydrolysis products of curium have
been obtained by deconvolution [64]. The emission maxima for
Cm(OH)2+ and Cm(OH)2

+ are 598.7 and 603.5 nm, respectively.
From the fluorescence intensities the formation constants are
log β◦

11 = 6.38 ± 0.09 and log β◦
12 = 12.3 ± 0.2. However, for

the same reasons as mentioned above there may be differences
with other methods.

3.4.2. Sulfates
By time-resolved fluorescence spectroscopy three curium–

sulfate species could be identified [65]. The species are assigned
to be Cm(SO4)+, Cm(SO4)2

− and Cm(SO4)3
3+. Fluorescence

emission maxima of these species are located at 596.2, 599.5
and 602.2 nm, respectively. At an ionic strength of 3 mol/kg the
formation constants for

Cm3+ + SO4
2− ⇔ Cm(SO4)+ (11)
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H2O = 2.56 × 10−7 kobs (Am) − 1.43 kobs in s−1 (7)

.4. Trivalent species in solution — curium

Similar to Am the correlation between the number of water
olecules in the hydration shell of Cm and the fluorescence

ecay constant is [63]:

H2O = 6.5 × 10−4 kobs (Cm) − 0.88 kobs in s−1 (8)

.4.1. Hydrolysis
The hydrolysis of curium has been studied by TRLFS,

s this technique is the most applicable method at low con-
entrations. Wimmer et al. [38] report the hydrolysis con-
tants in 0.1 M NaClO4 solution to be log β11 = 6.67 ± 0.18 and
m3+ + 2SO4
2− ⇔ Cm(SO4)2

− (12)

re log β11 = 0.93 ± 0.08 and β12 = 0.61 ± 0.08. The third
pecies is estimated only at a high sulfate concentration above
mol/kg sulfate.

.4.3. Phosphates
Several inorganic ligands such as OH−, CO3

2−, H2PO4
−,

SiO4
−F−, HCO3

−SO4
2− and Cl− can be found in brine solu-

ions. Fanghänel et al. [66] gives an overview on the complex
ormation of Cm(III) with inorganic ligands. The ion-interaction
oefficients to estimate the formation constants according to the
itzer equation are included in this summary. This model can be
sed up to high salt concentrations of 6 mol/kg.

.4.4. Organic phosphates
The interaction of curium with adenosine 5′-triphosphate was

tudied recently by Moll et al. [67] and performed at trace con-
entrations of curium (3.0 × 10−7 M), demonstrating the advan-
ages of TRLFS methods. By deconvolution of the spectra at least
hree different solution species could be identified. These species
iffer only in the number of protons in the complex formed. The
hemical reactions were assigned to be

m3+ + 2H+ + ATP4− ⇔ CmH2ATP+ (13)

m3+ + H+ + ATP4− ⇔ CmHATP (14)

m3+ + ATP4− ⇔ CmATP− (15)

he stability constants derived from the fluorescence
ntensities for the species CmH2ATP+, CmHATP and
mATP− are log β121 = 16.86 ± 0.09, log β111 = 13.23 ± 0.10
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Fig. 2. Species distribution in the system Cm–ATP as function of pH
(3 × 10−7 M Cm3+, 3 × 10−6 M ATP, I = 0.1).

and log β101 = 8.19 ± 0.16, respectively. A calculated species
distribution in the system Cm3+–ATP as function of pH is shown
in Fig. 2. The concentration of Cm3+ was set to be 3 × 10−7 M
and the total concentration of ATP was 3 × 10−6 M. The ionic
strength was 0.1 M. The speciation calculation was performed
with the program “Species” [68]. Comparing this species dis-
tribution with a calculation performed for the NpO2

+ system
using the formation constants published by Rizkalla et al. [69],
a similar behaviour is observed, where with increasing pH, com-
plexes with a decreasing number of protons are formed and the
amount of complexes increases, indicating a stronger complex
formation in the series CmH2ATP+ < CmHATP < CmATP−.

Including data from the fluorescence lifetime of the detected
species and comparing this to the Eq. (8) derived by Kimura
and Choppin [63], the number of water molecules in the solva-
tion shell could be estimated. For the species CmH2ATP+ and
CmHATP, a fluorescence lifetime of around 90 �s was found.
This lifetime corresponds to six water molecules in the solvation
shell. As the fluorescence lifetime is found to be in the range of
inorganic phosphate complexes it was concluded that curium
is bond in these two species to the partly deprotonated phos-
phate group. For the CmATP− species, a fluorescence lifetime
of 187 �s was determined, which corresponds to an average of
2.6 coordinated water molecules. As this value is very low it is
suggested that interactions to the nitrogen and the –NH2 group
of the adenine occur besides the phosphate chain. Comparing the
s
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studied intensively. The species CmCO3
+, Cm (CO3)2

− and
Cm(CO3)3

3− can be quantified by peak deconvolution of flu-
orescence spectra. However, there is also evidence for species
formed with hydrogen carbonate ions [66,71]. For the reaction:

Cm3+ + H+ + CO3
2− ⇔ CmHCO3

2+ (16)

the formation constant was log β◦
111 = 1.9 ± 0.2 for the

Cm(HCO3)2+. The formation constants for the other carbonate
species CmCO3

+, Cm(CO3)2
−, Cm(CO3)3

3− and Cm(CO3)4
5−

according to the equation:

Cm3+ + nCO3
2− ⇔ Cm(CO3)n

(3−2n)+ (17)

where n ranges from 1 to 4 are log β◦
101 = 5.9 ± 0.1, log β◦

102 =
10.27 ± 0.3, log β◦

103 = 13.18 ± 0.45 and log β◦
104 = 14.18 ±

0.65, respectively. The data show that hydrogencarbonate com-
plex is formed to a small extent. As the study is performed in
1 mol/kg NaCl direct comparison with other data is not possible,
also the formation of mixed hydroxo-carbonate species cannot
be confirmed.

3.4.6. Other ligands
As mentioned already in the section on LIPAS of amercium

the interaction of curium with humic substances will not be
included in this contribution.

Organic ligands may show energy transfer reactions from
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tability constants with those derived for UO2
2+ [53] and NpO2

+

69], complex formation between actinides and ATP decreases
n the following order:

m3+ > UO2
2+ � NpO2

+

ccording to the effective charge of UO2
2+ of 3.2 [70] uranium

hould form the strongest complex in this series. However, steric
ffects of the uranyl ion may hinder the interaction of the metal
on with the ATP ligand [67].

.4.5. Carbonates
Due to the excellent fluorescence properties of this actinide

on in solution, the chemistry of curium with carbonate has been
he excited metal ion and vice versa if studied by fluorescence
easurements. Such an intramolecular energy transfer in Cm3+

omplexes is reported in [72]. At an excitation wavelength of
08 nm the fluorescence yield was increased by 77% for the
hthalate and by 30% for the salicylate complex.

Klenze et al. [73] has studied the complex formation of
-sulfosalicylic acid (H3SSA) with Cm(III). The complex for-
ation of two complexes according to

Cm3+ + nO3SC6H3(O)COO3−

⇔ Cm(O3SC6H3(O)COO)n
3(n−1)−) (18)

ith n = 1 and 2 was found. At ionic strengths of 0.15 and
.3 M the formation constants were log β101 = 6.44 ± 0.03 and
og β102 = 11.99 ± 0.04 for the Cm(SSA) and Cm(SSA)2

3−
omplex, respectively. The formation constants did not show
dependence on the ionic strength of the solution.

. Fluorescence spectroscopy of actinides in plants and
icroorganisms

Laser-induced fluorescence measurements were conducted
o study the interactions of metal ions with living matter [74].
anak et al. [74] studied the interaction of U(VI) with vegetative
ells, heat killed cells, spores and decomposed cells of Bacillus
phaericus. The cells were decomposed in order to study the
peciation of the uranium and additionally U(VI) was precipi-
ated as UO2(H2PO4)2. The decomposed bacterial suspension
howed the same fluorescence spectrum as UO2(H2PO4)2. Inner
phere complexes with organo-phosphate groups on the cell sur-
ace are formed.



852 G. Geipel / Coordination Chemistry Reviews 250 (2006) 844–854

Acidobacillus ferrooxidans is one of the most studied types
of bacteria. The interaction with uranium(VI) was studied by
Merroun et al. [75]. By measurement of the fluorescence life-
time of the bound uranium, three different fluorescence lifetimes
were obtained. From this it was concluded that one complex
should be stronger than the other two. However, no struc-
tural differences could by observed by EXAFS spectroscopy.
The interpretation of these observations points to the fact that
the same functional groups are implicated in the complex
formation.

Günther et al. [76] published the first contribution on the
direct determination of uranium species in plants. By use of
TRLFS the change in the uranium speciation from the pore water
of the soil of hydroponic solution to root, shoot axis and leaf of
lupines was studied. However, due to the lack in fluorescence
spectra of several phosphate compounds for comparison a clear
distinction between inorganic and organic phosphate complexes
could not yet drawn. The fluorescence spectra of the hydro-
ponic solutions and the species detected in the plants differ
significantly. In the hydroponic solutions uranyl hydroxo species
dominate the speciation. This speciation is changed clearly to
phosphate containing species proven by a shift in the fluores-
cence emission maxima.

Curium shows one of the highest fluorescence efficiency of
the f-elements. Therefore, this property can be used to study
the interaction of curium species with bacteria. The interaction
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5. TRLFS on solids, minerals and synthetic minerals

Many of the uranium minerals show intense fluorescence
properties. This can be used to identify these minerals by their
fluorescence characteristics. Fluorescence spectra of synthetic
liebigite and andersonite were published by Vochten et al. [80].
Later, spectra of synthetic soddyite and boltwoodite were mea-
sured [81,82]. The fluorescence properties including fluores-
cence decay times of some uranium phosphate and arsenate
minerals were published by Geipel et al. [83]. The most intensive
fluorescence emission is located between 500 and 530 nm and
between the several differ minerals, differences are relatively
small within about 5 nm. Larger differences have been found
for the fluorescence lifetimes. Besides this, the spectra obtained
from a mineral and its solution species are comparable.

In the case of some alkaline earth uranium(VI) carbonate
minerals TRLFS was also used to identify spectroscopic dif-
ferences between the several minerals species [20,84,85]. The
minerals bequerelite and swartzite [84] differ completely from
each other. As the bequerelite contains hydroxo ions the fluores-
cence is more comparable to the uranium(VI) hydroxo species
than to alkaline earth uranium(VI) carbonates. The fluorescence
spectrum of swartzite is very similar to the spectra of bayleyite,
liebigite and andersonite as well as to the synthetic mineral
Ba2[UO2(CO3)3] × 6H2O [20]. The spectrum of the synthetic
mineral Sr2[UO2(CO3)3] × 8H2O shows some deviations espe-
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f Cm(III) with Bacillus subtilis and Halobacterium salinarum
hows Kd values from 1000 to 10,000 in the pH range 3.0–5.0
77]. From the fluorescence lifetime, a change in the number of
ater molecules in the coordination sphere was derived. In the

ase of Bacillus subtilis a decrease was found with increasing
H, and in the case of Halobacterium salinarum an increase of
he number of water molecules with increasing pH was shown.
he authors conclude that the sorption on Halobacterium sali-
arum occurs in a more outer sphere fashion than for Bacillus
ubtilis.

The interaction of Cm with microorganisms has been stud-
ed by Moll et al. [78] by use of time-resolved laser-induced
uorescence spectroscopy. As excitation source the second har-
onic of a flash lamp pumped Ti-sapphire laser was used.
he fluorescence emission was measured with an intensified
CD-camera. The sulfate reducing bacterial strain Desulfovib-

io äspeöensis forms by biosorption in an inner sphere sur-
ace complex. The parameters of the complex formed are an
mission wavelength at 600.1 nm and a fluorescence lifetime
f 162 ± 5 �s. Under the chosen experimental conditions no
vidence for the incorporation of Cm into the bacterial cells
as found. The complex formation already starts at a pH
alue of 3.0 and is reversible that could be shown by desorp-
ion experiments. The fluorescence lifetime in the pH range
here the complex and free Cm3+ ions coexist in the solu-

ion follows biexponential decay behaviour. This indicates that
o shift in the complex stability occurs in the excited state
79]. By use of Eq. (8) derived by Kimura and Choppin [63]
he fluorescence lifetime of 162 �s indicates that three water

olecules remain in the first solvation shell of the bound
urium.
ially in the lower wavelength range. The fluorescence lifetimes
f all these minerals are longer than 16 �s, whereas the solution
pecies show lifetimes in the nanosecond range.

Time-resolved laser-induced fluorescence spectroscopy was
sed to study the surface of a depleted uranium (DU) disc
mmersed in a Ca–phosphate solution for 182 days [86]. The
eathering solution contained, among others, 2.49 × 10−3 M

alcium and 1.05 × 10−3 M phosphate, representing pore water
oncentrations of agricultural soils. By comparison of the
RLFS spectra it was shown that meta-autunite, a uranium(VI)
hosphate, has formed during the low temperature alteration
n the DU disc. This secondary uranium(VI) mineral phase
as identified, at least in a fingerprinting procedure, by com-
aring it with TRLFS-spectra from an in-house uranium(VI)
RLFS database, including uranium(VI) oxides, uranium(VI)
ydroxides, uranium(VI) sulfates and also uranium(VI) phos-
hates. Six fluorescence emission bands at 486, 501, 522, 546,
73 and 601 nm, and two fluorescence lifetimes of 50 ± 5 and
00 ± 25 ns characterize the TRLFS-spectrum.

Stumpf et al. [87] reports the sorption of curium onto
mectite and kaolinite. At low pH an outer sphere com-
lex was detected by fluorescence spectroscopy. With increas-
ng pH an inner sphere adsorption via aluminol edge site
ccur. The species detected on the surface of clay min-
rals were assigned to be a Al O Cm2+ (H2O)5 and at
igher pH a Al O Cm+(OH) (H2O)4 or a bidentate species

(Al O)2 Cm+ (H2O)5. The sorption behaviour of Cm(III)
nto �-alumina was also studied [88]. Here the same types of
pecies were detected. However, the peak maxima for the first
pecies differ slightly (598.8 and 601.2 nm, respectively). In the
ase of the interaction with calcite it was shown that curium is
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incorporated into the crystal lattice of calcite [89]. The authors
came to this conclusion by studying the spectroscopic shift of the
fluorescence signal and the increase of the fluorescence decay
time of the curium species formed. As clearly multi-exponential
fluorescence decays were observed, changes of the equilibria
between the several species in the excited state are not expected.
Some structural suggestions on the environment of the curium
ion on the surface and inclusions in the calcite lattice are given,
explained by the increase of the fluorescence decay time to
314 and 1302 �s. These fluorescence lifetimes correlate to Cm
species with one and no water molecules in the solvation shell.

6. Outlook

Laser-induced spectroscopic methods have been widely
established in actinide chemistry due to their extreme high sensi-
tivity. New applications such as low temperature measurements,
spectroscopy of interactions with organic ligands as well as
the possibility to detect short living fluorescent actinide species
(protactinium(IV), uranium(IV) and americium(III)) are expres-
sions of great interest in actinide chemistry at very low concen-
trations and in direct speciation techniques.
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