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Abstract The preparation, spectroscopic characterization
and thermal stability of neutral complexes of uranyl ion,
UO,*", with phosphonate ligands, such as diphenylphos-
phonic acid (DPhP), diphenyl phosphate (DPhPO) and
phenylphosphonic acid (PhP) are described. The com-
plexes were prepared by a reaction of hydrated uranyl
nitrate with appropriate ligands in methanolic solution. The
ligands studied and their uranyl complexes were charac-
terized using thermogravimetric and elemental analyses,
ESI-MS, IR and UV-Vis absorption and luminescence
spectroscopy as well as luminescence lifetime measure-
ments. Compositions of the products obtained dependent
on the ligands used: DPhP and DPhPO form UO,L, type of
complexes, whereas PhP forms UO,L complex. Based on
TG and DTG curves a thermal stability of the complexes
was determined. The complexes UO,PhP-2H,O and
UO,(DPhPO), undergo one-step decomposition, while
UO,PhP - 2H,0 is decomposed in a two-step process. The
thermal stability of anhydrous uranyl complexes increases
in the series: DPhPO < PhP < DPhP. Obtained IR spectra
indicate bonding of P-OH groups with uranyl ion. The
main fluorescence emission bands and the lifetimes of
these complexes were determined. The complex of DPhP
shows a green uranyl luminescence, while the uranyl
emission of the UO,PhP and UO,(DPhPO), complexes is
considerably weaker.
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Introduction

Uranium binds two axial oxygen atoms to form the linear
uranyl species UO,?", which shows a good stability
and high solubility in a wide range of organic solvents [1].
In aqueous solutions, the hydrated uranyl entity is equa-
torially pectacoordinated by five water molecules as
[UO,(H,0)s]*". Hydrolysis and steric requirements of
equatorial coordination play an important role in studies of
uranyl complexes in aqueous solution [2].

The uranyl ion is a hard Lewis acid and has a high
affinity for hard donor groups [3]. This ion shows very
characteristic absorption and emission spectra. The UV-
Vis spectra of uranyl ion in solution are composed with 24
absorption bands (12 bands in the visible and 12 bands in
the ultraviolet region). The emission spectrum is a result of
energy transfer from two excited levels to five vibrational
levels in the ground state [4, 5]. Emission properties of the
UO,>" ion are characterized by a high quantum yield under
UV excitation. The luminescence of the uranyl ion is
influenced by several factors: such as dynamic quenching
of the non-dissociated ligand, static quenching due to the
complex formation, and water molecules surrounding the
uranium(VI) atom, as well as pH, counter ions and a
solvent type [6—10]. Compounds containing the P=O and
P-OH groups are known to possess excellent ligand
properties towards a wide range of metal centers and the
coordination properties these ligands has been extensively
studied [11]. In previous works the synthesis, complexation
and photophysical characterizations of UO,*" complexes
with phenylphosphonic acids have been studied [12-15].
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The complexes are layered, linear or tunnel types. Phe-
nylphosphonic acids were also used for complexation of
the 4f elements [16—18].

As a part of our research on the metal phosphonate
chemistry [19-22] we prepared of uranyl complexes with
phenylphosphonic acid, diphenylphosphonic acid and
diphenyl phosphate. The obtained solid complexes were
characterized using elemental and thermal analyses, IR and
luminescence spectra. The thermal decomposition of the
complexes has been also used to infer their structure.

Experimental

Chemicals of reagent grade quality were obtained from
commercial companies (Aldrich, Merck). Uranyl nitrate
hexahydrate, UO,(NO3), - 6H,0O, was recrystallized from
water and other compounds were used without further
purification.

Uranyl complexes were prepared by reaction of meth-
anolic solutions [UO,(NO3), - 6H,0O] with DPhP, PhP and
DPhPO ligands (molar ratio 1:3). The solutions were sep-
arately heated for a short time and then mixed together.
The reaction mixtures were refluxed for 2 h at temperature
323-330 K. Next day light yellow and yellow precipitates
were removed from the solutions by suction, washed with
methanol and dried under laboratory conditions.

Elemental analysis of carbon and hydrogen in the pre-
pared complexes was carried out on a Perkin Elmer 2400
CHN microanalyzer. Mass spectra of UO,(DPhPO), in
methanolic solutions ( ~ 107 M) were determined with the
use of a Waters Micromass ZQ spectrometer. Scanning was
performed from m/z = 200 to 1,000. All luminescence
spectra of solid samples were recorded with the use of
Perkin Elmer MPF-3 spectrofluorimeter. The IR spectra of
the ligand and UO,>" complexes were registered over the
range 4,000-400 cm™' on a infrared spectrophotometer
FT-IR IFS 66v/S, Bruker, using KBr pellets. Thermo-
gravimetric (TG) and differential thermalanalysis (DTA)
curves were obtained in a SETRAM sets 12 system ther-
moanalyser. The 10 mg samples of the studied complexes
were heated in the air atmosphere (in Al,O5 crucibles) to
1,073 K at a heating rate 10 K min~! with a full scale. The
X-ray diffraction patterns were measured on a Bruker AXS
D8 Advance diffractometer with Cu K,; radiation
(4 = 1.5406 /&) in the 20 ranges from 10° to 60°, using
powder XRD method.

The luminescence lifetime measurements of U022+
were carried out with the use of the detection system
consisting of a nitrogen laser, as described in details earlier
[23]. The luminescence decays were recorded on a Tek-
tronix TDS 210 oscilloscope. Luminescence lifetimes were
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obtained by fitting the time curves to a single exponential
function with correlation coefficients of 0.99-0.999.

Results and discussion

A schematic presentation the ligands studied is shown in
Chart 1. Results of the microanalysis (C, H, N) of the
compounds studied and their molecular formulae proposed
are presented in Table 1. The results are in a very good
agreement with the theoretical values obtained for the
structures proposed. The complex compositions were also
confirmed by the ESI-MS study. This method is very
sensitive and generally applied for characterization of large
molecular architectures occurring in solutions. For the ESI-
MS study the UO,(DPhPO), complex was used in metha-
nol solution at the concentration of 10™* M. The ESI
spectrum reveals the peaks corresponding to the species of
mlz =799 ({UOy(L),CH30}7), 519 (UO,{L}"), 551
({UO,LCH;0H} ™), 301 ({UO,CH30}™") and 249 ({L}").
The results implied that the complex dissociation takes
place in the experimental conditions applied.

IR study

The main IR bands of the ligands studied and their com-
plexes with uranyl ion (in KBr pellets) were divided into
three groups according to the wavelength ranges of
occurrence. The absorption bands were assigned to the
vibrations of the groups O-H, P=0O, P-O-H, P-O-U and
U=O0. Also characteristic bands corresponding to vibrations
of C—C and C-H bonds from the aromatic rings present in
the complexes were observed.

The spectra of the ligands (Fig. 1) in the range 4,000—
2,000 cm™' show broad bands with the maxima in the
range 2,759-2,567 cm_l, assigned to the formation of
hydrogen bonds between OH groups of the ligands’ mol-
ecules [24]. In the range 2,349-2,148 cm~! these spectra
reveal the bands assigned to the vibrations of the P-O-H
groups. The lack of these bands in the spectra of complexes
1-3 (corresponding to: UO,PhP - 2H,0, UO,(DPhP),, and
UO,(DPhPO),, respectively) points to the absence of
PO3;H, groups in the solid state samples, which is in
agreement with the chemical formulae proposed (Table 1).

The other region taken for analysis covered the range
1,250-950 cm™" in which a few bands assigned to the

p_OH @ @ @»o—ﬁ—o@

DPhP DPhPO

Chart 1 Schematic presentation of the ligands studied
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Table 1 Analytical data of the studied uranyl complexes

Compound Formula Calculated Colour Found (calculated) (%)
molar mass
C H N P 1§
1 [UO,PhP] - 2H,0 CgHo0,PUO, 462.20 Light yellow 15.88 2.11 - -
(15.60) (1.97) (6.70) (51.51)
2 UO,(DPhP), Cs,H004P,UO, 704.49 Light yellow 41.18 3.01 - - -
(40.92) (2.86) (8.79) (33.79)
3 UO,(DPhPO), Cs4H,0sP>U0, 768.49 Yellow 37.82 2.91 - - -
(37.52) (2.83) (8.06) (30.98)

Transmitance [%)]

4000 3500 8000 2500 2000 1500 1000 500
Wavenumber [cm ']

Fig. 1 The IR spectra of studied systems: (1) UO,PhP - 2H,0; (2)
UO,(DPhP),; (3) UO,(DPhPO), (the complexes are noted black
colour and suitable ligands grey)

vibrations of P=0O and P-O-H groups appeared [14, 25].
The P=0 group gives the absorption band at ~ 1,170 cm™'
[26-29]. Comparison of the positions of the bands assigned
to the vibrations of P=O (Table 2) has shown that the
spectra of the ligands and the complexes occur at the same
frequencies. This fact implies that the P=O group is not
involved in the complexation of the uranyl ion, so the
complexation of the UO,?" ion is realised only via the
P-O-H groups. The IR spectra reveal the bands corre-
sponding to the vibrations of P-O-U, involved in the
complex formation, at ~ 1,100 and ~970 cm™ L.

The third analysed range covered the frequencies 950—
400 cm™". This range comprised further bands attributed to
P-O-U at ~600 and ~ 540 cm™ ' and the bands assigned to
the asymmetric v,s, and symmetric v, vibrations of Uo,”™;
the asymmetric ones at 944-905 and 527449 cm™ !, while
the symmetric ones in the range 854-826 cm™'. The posi-
tions of these bands in the spectra of the complexes studied
are consistent with the relevant earlier reports [25, 30, 31].

Table 2 Characteristic IR bands of the ligands studied and their uranyl complexes

PhP UO,PhP DPhP UO,(DPhP), DPhPO UO,(DPhPO), Assignment
- 3,083 - - - - v O-H
2,759 - 2,615 - 2,567 - v P-O(H)
2,349 - 2,156 - 2,320 -
2,138 - 2,148 -
- 1,619 - - - 5 O-H
1,439 1,438 1,439 1,438 - - v P-Cp,
1,220 - 1,189 - 1,273 - v(P=0, P-O(H))
1,145 1,144 1,155 1,159 1,199 1,195
1,079 - 1,122 - 1,170 -
961 - 1,038 -

- 1,110 - 1,109 - 1,096 v P-O-U
- 968 - 997 - 940
- 605 - 542 - 533
- 944 - 930 - 905 Vas U=O
- 527 - 508 - -
_ 449 - 457 - -

839 854 826 v, U=0
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As follows from the IR spectra and results of the
elemental analysis, water molecules occur only in com-
plex 1. The presence of water in this complex is con-
firmed by the broad band with the maximum at about
3,083 cm~! and a narrow band at 1,619 cm™ !, assigned
to the vibrations of v(OH) and J(OH,), respectively
[13, 32, 33].

Thermal study

The thermogravimetric analysis of the compounds studied
was performed on heating them from 298 to 1,073 K. The
compounds are stable in the air at room temperature but on
heating they undergo decompositions along different
pathways (Fig. 2, Table 3), discussed below on the basis of
the mass loss noted. The TG curves of compounds 1-3 are
shown in Fig. 2, while Table 3 presents the mass loss
(found and calculated) for all the complexes studied as a
function of temperature.

Figure 2(1) presents results of the thermal analysis of
the UO,PhP - 2H,O complex that undergoes two-step
decomposition. The DTG curve shows two peaks in the
ranges 343-418 and 710-821 K, while the DTA curve
shows a small endothermic peak with the maximum at
383 K and a high exothermic peak at 763 K. At the first
endothermic stage of decomposition (343-418 K) the
observed mass loss was 7.68% (the calculated value was
7.78%) corresponding to elimination of two water mole-
cules, most probably occurring in the outer coordination
sphere of the complex (lattice water). The water eliminated
from the complexes below 423 K is considered as the
lattice water, while the water removed above this temper-
ature is treated as water coordinated to the central ion
[34, 35]. The second stage of decomposition of compound
1 started above 673 K and demonstrated a strong exo-
thermic effect. The corresponding mass loss of 6.23%
indicated elimination of two benzyl groups and hence the
total decomposition of the ligand.

The thermal decomposition of compound 2 was sig-
nificantly different from 1. The DTG curve (Fig. 2(2))
showed a single signal in the range 748-863 K with the
minimum at 808 K. This signal was assigned to the
elimination of four benzyl groups and decomposition of 2.
This process was accompanied by an exothermic effect,
similarly to those observed in the case of the compounds
1 and 3. The experimental (44.91%) and calculated
(44.71%) values of the mass loss are consistent each
other.

Compound 3 showed a little different pattern of the
thermal decomposition, which is similar to that of com-
pound 2. The DTG curve minimum was observed at 668 K;
the corresponding mass loss was related to the elimination
of organic molecules and exothermic effect on the DTA
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Fig. 2 TG, DTG and DTA curves of the complexes studied: (1)
UO,PhP - 2H,0; (2) UO»(DPhP), and (3) UO,(DPhPO),

Table 3 Thermogravimetric analysis results of the uranyl complexes

Compounds AT, K AT, K Mass loss %
Found Calc.
UO,PhP - 2H,0 343-418 710-821 7.68 7.78
16.23 16.90
UO,(DPhP), 747-863 4491 4471
UO,(DPhPO), 608-773 44.90 4481

T; Dehydratation, T, decomposition
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curve. The observed value of the mass loss, 44.90%, was in
a good agreement with the calculated value of 44.81%.

The experimental results indicate that the thermal
decomposition of uranyl complexes can be presented in the
following way:

UO,PhP - 2H,0 — UO,PhP
— (U02),P207 + (UO2)5(POs4),

-0.5H,0; (1)
UO,(DPhP), — UP,07; (2)
UO, (DPhPO), — UP,0;. (3)

The final products of thermal decomposition were
determined from the TG/DTG curves and based on the
XRD patterns obtained in the temperature range above
973 K (Fig. 3). The final decomposition product of 1 was a
mixture of (UO,),P,07 + (UO,);(POy), - 0.5H,0, while 2
and 3 give UP,0, as identified from their XRD patterns.
The XRD results are consistent with the data of the
calcination products [(UO,),P,0; and UP,0,] obtained
from the TG/DTG curves.

The temperature of the final decomposition of the
anhydrous complexes was found to be strictly correlated
with the structure of the ligands studied. The ligands
having the direct P-C 4, bonds formed complexes of greater
thermal stability. The decomposition of complexes 1 and 2
started at 710 and 748 K, respectively. Complex 3 in which
the phosphorus atom is bonded to the organic ligand
through the oxygen atom (P-O-C,,), was much less ther-
mally stable as its decomposition started at much lower
temperature of 623 K. Therefore the thermal stability

2 ﬂ —M» ﬂ
e | l |
o 10 20 30 40 50 60
26 [°]

Fig. 3 XRD patterns of the powdered samples: (1) UO,PhP - 2H,0;
(2) UO,(DPhP),

of the complexes studied show the following pattern:
DPhPO < PhP < DPhP.

Luminescence study

The emission spectra of uranyl compounds result from an
excited state in which an electron has been transferred from
the U022+ molecular orbital to the 5fU atomic orbital [36].
The luminescence spectra of U022+, as UO,(ClOy4), and
UO,(NO3), in aqueous solutions, are composed with six
and five emission bands [37, 38].

The emission spectra of uranyl nitrate hexahydrate
and the UO,(DPhP), complex, recorded in the solid state
at room temperature, consist of a series of bands, which
are vibronically structured, while the UO,PhP and
UO,(DPhPO), complexes display only broad bands (Fig. 4).
The spectra were recorded in the range 400—700 nm, using
the excitation wavelength 4 = 337.1 nm. This excitation
wavelength is longer than the maximum absorption wave-
lengths of the ligands (i.e. 271, 270 and 262 nm for DPhP,
PhP and DPhPO, respectively). Therefore, the observed
emission is a result of a direct excitation of the uranyl ion. In
such conditions the intramolecular energy transfer from
ligands to the metal ion does not occur [39].

The observed emission bands in [UO,(NOj3), - 6H,0]
(Fig. 4) correspond to the S|y — Sy, electronic transition
for v = 04 (Anax = 491, 511, 535, 561 and 587 nm) [4, 5,
25] and are related to the transitions from the first excited
electronic level to the symmetric and anti-symmetric
vibrational levels of the uranyl ion [40]. In the case of the
DPhP complex the emission intensity is one order of
magnitude lower then for UO,(NO3), with a red shift of the
uranyl emission signal (Fig. 4), which is attributed to the
UO,?"/DPhP complexation. The solid-state emission
spectrum of this complex reveals characteristic emission
bands lying at 515, 538, 565 and 592 nm. These bands are
located in about the same positions as observed in other
uranyl—containing compounds [41-44]. The most intense
luminescence bands were observed for uranyl nitrate and
the UO,(DPhP), complex at A.,, = 511 and 538 nm (green
emission), respectively. The UO,(DPhPO), and UO,PhP
complexes show only a very weak luminescence in room
temperature, which is observed together with the emission
of the ligands used (Fig. 4). The weak U022+ lumines-
cence observed in the case of the UO,PhP complex is in
a good agreement with earlier reports by Grohol and
Clearfield [15].

Figure 5 presents the luminescence decay of the uranyl
ion in different coordination environments, recorded using
excitation wavelength 4 = 337.1 nm in room temperature.
The calibration of our system for luminescence lifetime
measurements [23] we used the luminescence lifetime of
uranyl nitrate hexahydrate. The light source was a nitrogen
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Intensity (Arbitrary Scale)

T
400 450 500 550 600 650 700
A [nm]

Fig. 4 Emission spectra of solid powder samples of UO,(NOs), -
6H,O (0), (1) UO,PhP - 2H,O, (2) UO,(DPhP), and (3) UO,
(DPhPO),; Aex = 337.1 nm

laser (KB 6211 Cobrabid). The luminescence from the
solid powder samples passed through green filters (SiF 510
or 535, VEB Carl Zeiss JENA) and then was detected by a
photomultiplier (M12 FVCS51). For the determination of
each lifetime 128 luminescence decays were averaged. The
luminescence lifetimes of the U022+ ion were calculated
with the use of ORIGIN 7, obtained values are shown in
Table 4. In the case of the UO,(NO3), - 6H,O salt the
calculated value of the lifetime from the luminescence
decay at 510 nm was 750 ps with a standard deviation of
12 ps, while for the UO,(DPhP), complex the decay
measured at 535 nm gave the lifetime of 70 us with a
standard deviation of 6 ps.

The decay time measured for UO,(NOs), - 6H,O is very
close to the values reported earlier [4]. For the UO,PhP -
2H,0 and UO,(DPhPO), complexes it was impossible to
measure the lifetimes because of very weak luminescence
signals observed in these cases.
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Fig. 5 The luminescence decay curves of the solid powder samples:
(1) UO,(NO3), - 6H,0 and (2) UO,(DPhP),

Table 4 Luminescence lifetime data of the emitting uranyl
compounds

Compounds T (us) R?
UO,(NO3), - 6H,O 750 £ 12 0.998
UO,(DPhP), 710+ 6 0.993
Conclusions

Synthesized complexes of uranyl with: phenylphosphonic
acid, diphenylphosphonic acid and diphenyl phosphate
ligands were photophysically and thermally characterized.
Based on the results of elemental and thermogravimetric
analyses and IR spectra the following compositions
UO,PhP - 2H,0, UO,(DPhP), and UO,(DPhPO), of the
obtained complexes were formulated. Thermogravimetric
analysis (TG, DTG and DTA) enabled to determine a range
of the thermal stability and decomposition pathways of
these complexes. The complexes UO,(DPhP), and
UO,(DPhPO), undergo one-step decomposition, while the
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complex UO,PhP - 2H,O is decomposed in a two-step
process. The thermal stability of anhydrous uranyl com-
plexes increases in the series: DPhPO < PhP < DPhP.

Studies of the emission spectra revealed that the uranyl
emission observed in room temperature is effective in the
case of the UO,(NO3), - 6H,O salt as well as for the
UO,(DPhP), complex. The complexes UO,PhP and
UO,(DPhPO), show very weak emission properties. In the
case of the UO,(DPhP), complex a batochromic shift of
the emission bands was observed comparing with the
UO,(NO3), - 6H,O salt. The U022+ emission lifetime
measured for UO,(DPhP), is one order of magnitude
shorter than that obtained for UO,(NOj3), - 6H,0.
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