ELSEVIER

Journal of Alloys and Compounds 323—324 (2001) 18-21

Journal of

ALLOYS
AND COMPOUNDS

www.elsevier.com/locate/jallcom

Uranyl nitrate complexes with lactams

A.R. de Aquino®*, PC. Isolani®, J. Zukerman-Schpector®, L.B. Zinner®, G. Vicentini®

®Ingtituto de Pesquisas Energéticas e Nucleares, C.P. 11049, CEP 05422-970, S3o Paulo, SP, Brazl
°Instituto de Quimica, Universidade de SAo Paulo, C.P. 26077, CEP 05513-970, S0 Paulo, SP, Brazl
“Departamento de Quimica, Universidade Federal de Sdo Carlos, C.P. 676, CEP 13565-905, S30 Carlos, SP, Brazl

Abstract

The preparation, characterization and spectroscopy of complexes of uranyl nitrate with the lactams: 8-valerolactam (8-val, C;HGNO),
e-caprolactam (e-capro, C4H,,NO), 2-azacyclononanone (2-aza, C;H,,NO) and 2-azacyclotridecanone (2-actd, C,,H,,NO) are
described. They were prepared by reaction of hydrated uranyl nitrate with the ligands in ethanolic solution (molar ratio 1:2) and presented
the general composition UO,(NO,),.2L, except for the e-capro complex that is dimeric, with composition: (UO,),(NO,),(0,)(e-capro),.
The peroxo bridge was introduced when 2,2-dimethoxypropane contaminated with peroxide was used to precipitate the crystals. They
were characterized by CHN microanalyses, IR spectra, TG and DSC analyses and emission spectra in the visible region. The structure of

the e-capro complex was determined by X-ray single crysta anaysis.
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1. Introduction

The most common uranium salt is the yellow uranyl
nitrate which may have 2, 3 or 6 water molecules
depending on whether it is crystallized from fuming,
concentrated or diluted nitric acid. The UO2" ions (5°6d°)
are trans-linear. Their most important property is the high
solubility in a wide range of organic solvents [1]. This
permits the solvent extraction of uranium from agueous
solutions, aided by metal nitrates as ‘ salting-out agents' to
make the extraction more effective by increasing the
partition coefficient.

The spectroscopy of uranium compounds, particularly in
the case of the uranyl ion has been studied since 1940.
Photoexcitation of the uranyl ions leads to a very strong
oxidizer, and this fact allowed the operation of a well-
succeeded actinometer [2]. Other applications of uranyl
photoprocesses include solar collectors [3]; photochemical
conversion of solar energy [4], and photocatalysts [5].
Severa reviews describe its spectroscopy [6], photophysics
and photochemistry [7,8]. Analytical applications of the
UO2" luminescence resulted in very sensitive and selective
methods of the determination of this ion in the environ-
ment and geological samples [9].

*Corresponding author.

This paper describes the synthesis, characterization and
spectroscopy of uranyl nitrate complexes with the lactams:
e-caprolactam  (e-capro), d-vaerolactam (3-val), 2-
azacyclononanone (2-aza) and 2-azacyclotridecanone (2-
actd). The crystal structure of the e-caprolactam complex
was determined by single-crystal X-ray diffraction.

2. Experimental

The compounds were prepared by reaction of hexahy-
drated uranyl nitrate with the ligands. &-valerolactam,
e-caprolactam, 2-azacyclononanone and 2-azacyclo-
tridecanone in ethanolic solution (molar ratio 1:2). The
solutions were left overnight to crystallize. The crystals
were separated and dried in vacuo over anhydrous calcium
chloride.

They were characterized by CHN elemental analyses
using a Perkin-EImer 240 elemental analyzer; IR Spectra
were recorded on a Perkin-Elmer 1750 FTIR spectrometer
in Nujol mulls between KBr plates. Emission spectra were
recorded on a Hirachi-Perkin-Elmer MPF-4 spectrofluori-
meter at room temperature and 77 K. TG and DSC analysis
were performed on TGA-50 and DSC-50 Shimadzu ap-
paratus, using sample weights of ca. 3—7 mg, nitrogen
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Table 1
Summary of analytical results (%) of the compounds with composition
UO,(NO,),.2L and (UO,),(NO,),(O,)(e-capro),

L Carbon Hydrogen Nitrogen

Theor. Exp. Theor. Exp. Theor. Exp.
d-va 20.3 20.5 31 29 9.5 9.1
2-aza 284 285 45 45 8.3 83
2-actd 36.3 36.6 5.8 55 71 6.9
£-capro 251 253 39 35 7.3 7.1

atmosphere (50.0 ml min~') and heating rate of 10°C
L1
min~".

3. Crystal structure determination

Data were collected on a CAD-4 Mach 3 Enraf-Nonius
diffractometer in the w/20 scan mode with scan width
0=0.80+0.35tan ¢, using graphite monochromated Mo
Ka radiation (A=0.71073 A) at room temperature (291
K).

Cell parameters were determined on the basis of 25
reflections in the range 9.59<9<20.87°. During data
collection the intensity of three standard reflections were
monitored every 30 min of X-ray exposure time. Data were
corrected for Lorentz and polarization effects.

The structure was solved by the standard heavy-atom
Patterson method followed by difference Fourier maps. H
atoms were located on stereochemical grounds and refined
with fixed geometry, each riding on a carrier atom with an
isotropic displacement parameter amounting to 1.2 times
the value of the equivalent isotropic displacement parame-
ter of the atom to which they are attached. The programs
used were sHELxs-86 [10], sHeELxL-97 [11] and zorTep [12].

4. Results and discussion

Table 1 presents a summary of analytical results for the
compounds. The compounds presented the general com-

position UO,(NO,),.2L except for the e-caprolactam, that
is (UO,),(NO;),(0,)(e-capro),. The peroxide was intro-
duced when 2,2-dimethoxypropane contaminated with
peroxide was used to precipitate the crystals.

Table 2 contains the IR spectra data and shows that vCO
is shifted to lower frequencies as compared with the free
ligands, indicating coordination through the carbonyl oxy-
gens. The UO, symmetric stretching bands were found at
ca 935 cm ™ *. The frequencies attributed to the nitrate ions
in al complexes indicate a C,, symmetry and suggest
bidentate coordination.

For al complexes TG and DSC experiments showed the
liberation of the ligands and decomposition of uranyl
nitrate yielding U,0, as the final residue.

The emission spectra of all complexes consist of a series
of bands which are vibronically structured. Fig. 1 presents
the emission spectrum of the 2-actd complex at 77 K. This
band spectrum is a common feature in uranyl compounds.
It is believed that the emitting state is one in which an
electron has been transferred from an UO5" molecular
orbital to a 5f U atomic orbital (charge transfer) [2,13]. A
strong argument in favor of this excited state is the
pronounced radical like reactivity of these excited mole-
cules [7].

The 2-actd and e-capro complexes present at 77 K
well-defined vibronic structures, whereas the 3-val and
2-aza complexes display broad bands, probably an en-
velope of vibronic structures. At room temperature, all
emission spectra are broad bands. The most intense lines,
attributed to zero-phonon transitions [2], at 77 K, appear:
in the 2-actd complex, at 490, 512, 535 and 560 nm; in the
e-capro, at 495, 512, 535 and 560 nm; the maxima of the
broad peaks in the 8-val complex are at 488, 510, 533 and
558 nm; for the 2-aza complex, the vibronic structure is
poorly resolved, with the most intense peaks at 492, 509,
533 and 558 nm. The average separations are 837 cm™*
(2-actd), 837 cm™* (e-capro), 843 cm™* (3-val) and 840
cm™ ' (2-aza). The different values for the energy sepa-
rations suggest some difference in the uranyl immediate
environment in these complexes. The zero-phonon lines
are magnetic dipole allowed when the U atom is situated in
a centrosymmetrical environment [14]. The excitation

Table 2
IR data (cm™*) for the compounds of formula UO,(NO,),.2L and (UO,),(NO,),(0,)(s-capro),*
L vNH vCO NO, bands

v, v, Vs Vv, Vg vuo,
d-val 3344s 1623s 1276s 1028m 755m 1528s 807w 934s
(ligand) 3461s 1664s - - - - - -
2-aza 3347m 1607s 1289s 1035m 732m 1515s 812w 942s
(ligand) 3310s 1650 - - - - - -
2-actd 3358 1601 1282s 1026m 746m 1520s 806w 934s
(ligand) 3345 1668s - - - - - -
&-capro 3344s 1618s 1277s 1028m 755m 1526s 808w 934s
(ligand) 3295s 1695s - - - - - -

s, strong; m, medium; w, weak.
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Fig. 1. Emission spectrum of the 2-actd complex in the solid state at 77

K.

Table 3

Summary of data collection and crystal parameters

Empirical formula

Formula weight

Crystal system

Space group

Cell constants

a (A)

b (A)

c (A)

a (%)

B ()

Q)

Volume V (A”)

Molecules per cell (2)

Density (calcd) D, (g cm ™)
Radiation A (Mo Ka) (A)
Crystal size (mm)

Linear absorption coeff. u (mm™*)
0 range for data collection (°)
hmin' hmax’ I(min' kmax’ Imin’ Imax
Number of reflections measured
Number of unique reflections
Number of reflections above 20(1)
Refinement method

Number of parameters refined
Goodness-of-fit on F?

Fina R indices [I >20(1)]

R indices (all data)

Max, min residuas p (e A%

C12 HZO N3 OB U
572.34

triclinic

P1

9.5162(4)

9.7702(5)

11.0076(4)

73.775(4)

73.685(3)

64.627(4)

872.42(7)

2

2.179

0.71073

0.25%x0.20%x0.15

9.346

2.35-25.49

—-11, 0; —11, 10; —13, 12
3447

3238 [R(int)=0.0196]
2790

Full-matrix |east-squares on F>
217

1.057

R, =0.0293, wR,=0.0728
R, =0.0429, R, =0.0780
0.49 and —0.64
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spectra show in all cases broad bands with maxima at 335
and 410 nm.

The crystal structure of the e-caprolactam complex was
determined. Table 3 presents a summary of data collection
and crystal parameters and Table 4 contains some bond
lengths and angles around the uranium atom. Fig. 2
displays an ZORTEP view of the structure. The coordina
tion polyhedra around both U atoms are identical hexagon-
al bipyramids. For each one, the RMS deviation of the

Table 4

Bond lengths [A] and angles (°) around the U atoms®

U-0(1) 1.764(5)
U-0(2) 1.771(5)
U-0(3) 2.312(5)
U-O(3)#1 2.317(6)
U-0(31) 2.409(4)
U-0(21) 2.475(4)
U-0(11) 2.511(5)
U-0(12) 2.537(4)
U-N(11) 2.974(6)
0O(3)-0(3)#1 1.473(10)
0O(3)-U#1 2.317(6)
0O(1)-U-0(2) 177.0(2)
O(1)-U-0(3) 91.2(3)
0(2)-U-0(3) 91.8(3)
O(1)-U-0(3)#1 92.1(3)
0(2)-U-0(3)#1 90.3(3)
0O(3)-U-0(3)#1 37.1(2)
O(1)-U-0(31) 93.5(2)
0(2)-U-0(31) 85.64(19)
0O(3)-U-0(31) 108.38(18)
O(3)#1-U-0(31) 71.30(17)

O(1)-U-0(21) 90.1(2)

0(2)-U-0(21) 90.90(18)
0(3)-U-0(21) 68.52(17)
0(3)#1-U-0(21) 105.61(17)
0(31)-U-0(21) 175.31(14)
0(1)-U-0(11) 88.8(2)
0(2)-U-0(11) 89.1(2)
0(3)-U-0(11) 133.33(17)
0(3)#1-U-0(11) 170.39(15)
0(31)-U-0(11) 118.21(15)
0(21)-U-0O(11) 64.81(14)
0(1)-U-0(12) 89.1(2)
0(2)-U-0(12) 87.9(2)
0(3)-U-0(12) 176.33(16)
0(3)#1-U-0(12) 139.23(17)
0(31)-U-0(12) 67.96(16)
0(21)-U-0(12) 115.14(15)
0(11)-U-0(12) 50.33(15)
O(1)-U-N(11) 88.8(2)
0(2)-U-N(11) 88.3(2)
0(3)-U-N(11) 158.72(18)
0(3)#1-U-N(11) 164.15(16)
0(31)-U-N(11) 92.85(16)
0(21)-U-N(11) 90.20(15)
O(11)-U-N(11) 25.40(14)
0(12)-U-N(11) 24.93(15)
0(3)#1-0(3)-U 71.6(4)
0(3)#1-0(3)-U#1 71.2(4)
U-0(3)-U#1 142.9(2)

@ Symmetry transformation used to generate equivalent atoms. #1—
X+2, -y, —z+1.
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Fig. 2. ZORTEP view of s-caprolactarh complex.

seven atoms, including U, from the best |east-squares plane
through them is 0.032. The uranyl O atoms occupy the
axial positions, that is, are the apexes of the bipyramid.
The peroxo group forms the shared edge uniting the two
bipyramids.
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