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ABSTRACT

A series of 18 new coordination compounds of dioxouranium(VI)

with semicarbazones of 4-aminoantipyrine, viz., 4[N-(p-dimethylaminoben-

zylidene)amino]antipyrine semicarbazone (DABAAPS), 4[N-(20-nitrobenzyl-

idene)amino]antipyrine semicarbazone (20-NO2BAAPS), and 4[N-(30-

nitrobenzylidene)amino]antipyrine semicarbazone (30-NO2BAAPS) of the

general composition [UO2L2X2] (X ¼ Br, I, or NCS), [UO2L2](ClO4)2,

[UO2L(NO3)2], and [UO2L(OOCCH3)2] (L ¼ DABAAPS, 20-NO2BAAPS,

and 30-NO2BAAPS) were synthesized in non-aqueous solution and
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characterized on the basis of elemental analyses, electrical conductivity,

magnetic moments, and IR spectral studies. In all of the complexes, these

ligands act as neutral tridentate (N, N, O) ligands. In all dioxouranium(VI)

complexes, the n1 and n3 modes are assigned to 845–825 cm21 and 930–

910 cm21, respectively. Wilson’s G-F matrix method was used to determine

the stretching and interaction force constants fromwhich the U–O bond dis-

tances were calculated using Badger’s formula. The probable coordination

number of U(VI) varies from 8–10 in these complexes. The thermal

properties of these compounds are also discussed.

Key Words: Dioxouranium(IV); Semicarbazones; Coordination com-

pounds.

INTRODUCTION

The uranyl ion is quite peculiar both in its own structure and in its coordi-

nation chemistry. The U–O bond distances in the linear O–U–O ion are very

short compared with the L–U distances in the equatorial coordination plane

and also to the size of the uranium atom. This means that the UO2
2þ group

roughly can be considered, from the geometric point of view, as a single particle.

Since coordination occurs in a plane normal to the O–U–O axis and the number

of ligands in the equatorial plane can be up to six, there is a large number of geo-

metric structures which are not found in the usual coordination chemistry of

d-group metal ions. This peculiarity could be of great interest not only from

the speculative point of view, but also because of the various possible appli-

cations involving the technology and the uses of uranium derivatives.

Uranyl(VI) is a typical hard Lewis acid, as shown by comparing the tendency

to coordination of oxygen and sulfur donors and also of nitrogen and phosphorus

donors.[1,2] Both oxygen and nitrogen have an appreciable tendency to coordinate

to uranyl(VI). In view of this, in the present work, we report a new series of 18

coordination compounds of dioxouranium(VI) with the semicarbazones of

4-aminoantipyrines viz., [N-(p-dimethylaminobenzylidene)amino]-antipyrine

semicarbazone (DABAAPS), 4[N-(20-nitrobenzylidene)amino]antipyrine semi-

carbazone (20-NO2BAAPS), and 4[N-(30-nitrobenzylidene)amino]antipyrine

semicarbazone (30-NO2BAAPS), as shown in Fig. 1.

EXPERIMENTAL

Materials and Methods

Uranyl nitrate and uranyl acetate were used as received from B.D.H.

Uranyl nitrate was dehydrated by keeping it over concentrated sulfuric
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acid.[3] Uranyl bromide was prepared from uranyl acetate by treating it with

aqueous HBr. After evaporating most of the solvent, the solution was kept

over concentrated sulfuric acid until yellow crystals were separated out,[4]

and uranyl iodide was obtained by treating uranyl nitrate with barium

iodide in dry ether.[5] Uranyl thiocyanate was prepared by mixing an alcoholic

solution of anhydrous uranyl nitrate and potassium thiocyanate.[6] Uranyl per-

chlorate was prepared by digesting uranyl nitrate with the calculated amount

of perchloric acid and evaporating the mixture to dryness.[7]

The chemical analyses and physico-chemical measurements were per-

formed as reported earlier.[8,9] Infrared spectra in the range of 4000–200 cm21

were measured on a Perkin Elmer Infracord Spectrophotometer model 521

in Nujol mulls at Department of Chemistry, Delhi University. Thermogravi-

metric analyses were carried out at Santon Red Craft Thermobalance Model

T-750 in open air.

Synthesis of Ligands DABAAPS, 20-NO2BAAPS, and

30-NO2BAAPS

These were synthesized in two steps by reported methods.[10,11]

(1) A solution of aromatic aldehyde (1mmol) in absolute ethanol (20mL)

was mixed with 4-aminoantipyrine (2.2234 g, 1.1mmol) in the same solvent

Figure 1. Structure of the ligands L.
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(20mL) and the reaction mixture was refluxed for 2–3 hr. On cooling, a

yellow crystalline product separated, which was filtered and recrystallized

in the same solvent.

(2) The semicarbazones were prepared by the following method. A 15 g

(0.134mol) of semicarbazide hydrochloride (H2NNHCONH2
. HCl) and 13 g

(0.15mol) of sodium acetate (CH3COONa) were dissolved in 60mL of dis-

tilled water and mixed with the corresponding Schiff base (0.1mol) [prepared

in step (1) in ethanol (25mL)]. The mixture was refluxed on a water bath for

1 hr. On cooling, the semicarbazone crystallized out. It was filtered and

washed with 50% ethanol. The product was recrystallized from ethanol. The

light yellow crystals were filtered and dried at �60 8C in an electric oven.

Synthesis of the Complexes

[UO2L2X2] (X ¼ Br, I, and NCS) (L ¼ DABAAPS, 20-NO2BAAPS, or

30-NO2BAAPS)

A methanolic solution (10mL) of UO2X2 (X ¼ Br, I, or NCS) (1mmol)

was added drop-wise to the respective ligand solution (2.1mmol in 20mL of

methanol). The reaction mixture was refluxed for 2 hr on a water bath. A solid

compound was obtained after partial evaporation under a fan. This was filtered

by suction, washed with methanol, and dried under vacuum over P4O10.

[UO2L2](ClO4)2 (L ¼ DABAAPS, 20-NO2BAAPS, or 3
0-NO2BAAPS)

To a solution of UO2(ClO4)2 (1mmol, 0.63 g) in isopropyl alcohol

(10mL) was added a hot solution of the corresponding ligand (2mmol) in

the same solvent (20mL). In case of DABAAPS, the desired complex was

obtained immediately. However, in the case of 20-NO2BAAPS and 30-

NO2BAAPS, refluxing of the reaction mixture for 1–2 hr was required. On

cooling to room temperature, the desired complex was obtained. The solid

product was filtered, washed with isopropyl alcohol, and dried in vacuo

over P4O10.

[UO2L(NO3)2] (L ¼ DABAAPS, 20-NO2BAAPS, or 3
0-NO2BAAPS)

To a solution of UO2(NO3)2 (1mmol, 0.56 g) in ethyl acetate (10mL) was

added the corresponding ligand (1.1mmol, 10mL) in the same solvent and the

reaction mixture was refluxed for about 1 hr and then the solution was left

overnight at room temperature. A fine-crystalline product was thus obtained;
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it was filtered by suction, washed with ethyl acetate, and finally dried in

vacuum over P4O10.

[UO2L(OOCCH3)2] (L ¼ DABAAPS, 20-NO2BAAPS, or

30-NO2BAAPS)

To a solution of UO2(OOCCH3)2 (1mmol, 0.66 g) in acetone (10mL) was

added a hot (ca. 50 8C) acetonic solution of the corresponding ligand

(1.1mmol in 10mL of acetone) with constant stirring. Stirring was continued

for 2 hr to complete the reaction. The solid product was filtered in a sintered

crucible, washed with acetone and diethyl ether, and finally dried in

vacuum over P4O10.

RESULTS AND DISCUSSION

The interaction of dioxouranium(VI) salts with DABAAPS, 20-NO2BAAPS,

or 30-NO2BAAPS results in the formation of [UO2L2X2] (X ¼ Br, I, or NCS),

[UO2L2](ClO4)2, [UO2L(NO3)2], or [UO2L(OOCCH3)2] (L ¼ DABAAPS, 20-

NO2BAAPS, or 3
0-NO2BAAPS) according to the following general equations.

UO2X2

ðX ¼ Br; I; or NCSÞ
þ 2L ����������!

Methanol

Reflux for 2 hr and cool
½UO2L2X2� ð1Þ

UO2ðClO4Þ2 þ 2L ���������!
Isopropyl alcohol

Reflux for 1–2 hr
½UO2L2�ðClO4Þ2 ð2Þ

UO2ðNO3Þ2 þ L ����������!
Ethyl acetate

Reflux for 1 hr and left
stand over night

½UO2LðNO3Þ2� ð3Þ

UO2ðOOCCH3Þ2 þ L ����������!
acetone

Stirring for 1 hr
½UO2LðOOCCH3Þ2� ð4Þ

ðL ¼ DABAAPS; 20-NO2BAAPS; or 30-NO2BAAPSÞ

The analytical data of these complexes are recorded in Table 1. The com-

plexes are anhydrous, which is evident from the analytical, infrared, and

thermal studies. All of the complexes are quite stable and can be stored for

long periods. The complexes are generally soluble in common organic sol-

vents. All the complexes except [UO2L2](ClO4)2 are non-electrolytes

in PhNO2. For the perchlorate complexes, [UO2L2](ClO4)2, we suggest

ionic perchlorate groups, the presence of which was further confirmed by

the infrared spectra. Data on the molecular weight of the complexes in freez-

ing PhNO2 are also shown in Table 1 along with values calculated on the basis

of the established formula of the complexes. The ratio of molecular weight
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observed for [UO2L2X2] (X ¼ Br, I, or NCS) and [UO2LX2] (X ¼ NO3 or

CH3COO) to that calculated is �0.98, which shows that the complexes are

monomeric in solution. In case of [UO2L2](ClO4)2, the ratios are �0.33,

which indicates that three species are present in solution and the compound

is a 1 : 2 electrolyte. The dioxouranium(VI) compounds are diamagnetic

depending upon the diamagnetism of the other ions and the surrounding

ligand field. The magnetic susceptibilities are independent of field strength

and temperature.[12] The ground states of dioxouranium(VI) salts contain no

unpaired electrons; the compounds, therefore, are weakly diamagnetic as

observed by others.[13]

Infrared Spectra

The infrared spectra of the three semicarbazone ligands derived from

4-aminoantipyrine are too complex to allow definite band assignments.

Empirical assignments by referring to group frequencies may not be effective

as coupling between various modes of vibration are expected as a result of

resonance in the pyrazolone ring. Infrared absorptions of all three semicarba-

zones of 4-aminoantipyrine have been assigned by comparison of their spectra

with those of antipyrine, 4-aminoantipyrine,[14–16] and some previous com-

munications on semicarbazones.[17–19]

In the complexes, as expected, the n(NH2) band of the hydrazinic nitrogen

of semicarbazide (�1622 cm21) is absent in the infrared spectra of DABAAPS,

20-NO2BAAPS, and 30-NO2BAAPS.
[19] It has also been observed that the

amide-II band in the complexes is shifted towards the lower energy side com-

pared to that of the semicarbazones. This effect is due to the electron density

drift from the hydrazinic nitrogen[20] to metal ion. The characteristic absorp-

tion of the carbonyl group in DABAAPS, 20-NO2BAAPS or 30-NO2BAAPS is

observed in the 1700–1680 cm21 region.[21] In the complexes, these bands are

shifted towards lower energy in the 1650–1640 cm21 region (Table 2). The

amide-II band in the free ligands has been observed at �1565 cm21. In all

of the present complexes, this band is also shifted towards lower wave

numbers by �30 cm21. This observation suggests coordination through the

carbonyl oxygen atom. The strong bands at �1600 cm21 in the semicarba-

zones apparently have a large contribution from the n(C55N) mode of the

semicarbazone moiety.[22] This has been observed as a blue-shift in the

position of the (C55N) band in all the complexes as compared to the free

ligands. Another strong band was observed at �1610 cm21 due to the

azomethine (C55N) absorption. On complexation, this band is shifted

towards the lower frequency region, clearly indicating the coordination

through the azomethine N atom.[23,24] In the far-infrared region the bands
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due to n(U–M)/n(U–O) are also observed[11,25] (Table 2). From these facts, it

is clearly indicated that the ligands serve as tridentate ligands, coordinating

through the carbonyl-O; hydrazone-N and azomethine-N atoms.

Oxocation (O55U55O) Vibrations

The uranyl ion UO2
2þ is quite peculiar both in its own structure and its

coordination compounds.[26–28] The ion retains its identity over a wide

range of vibrations under the experimental conditions and may be considered,

from the geometric point of view, as a single particle. It has four fundamental

vibrations.[28] The non-degenerate symmetric stretching vibration, n1, nor-

mally IR-forbidden, occurs in the range 900–800 cm21. The non-degenerate

asymmetric stretching vibration, n3, which is IR-active, occurs at �1000–

900 cm21. The doubly degenerate O–U–O bending vibration, n2, which is

IR-active, appears at �250 cm21.

In the present investigation, n(U55O) in all the complexes (Table 3) has

been assigned in the 930–920 and 840–825 cm21 region as n3 and n1 frequen-

cies, respectively (Table 3). The infrared absorption spectra of dioxo-

uranium(VI) compounds give valuable information regarding the various

vibrations due to the uranyl ions, anions, and crystal lattice. The available

structural data indicate that the uranyl bond length is not constant in the

various uranyl compounds. In general, single crystal x-ray or neutron diffrac-

tion studies are required to determine accurate bond lengths. Because of the

poor x-ray diffracting power of oxygen as compared with uranium, only a

few compounds have been studied by these techniques. Hence, alternate

methods have become essential to have an idea of the bond lengths from

force constants, which can be calculated from the vibrational data. Although

both linear (D1h) and bent (C2n) structures have been suggested for the uranyl

ion, it is generally conceded that in the ground state the uranyl ion has a linear

structure in the solid phase and probably in the solution phase.[29,30]

In the present studies of Schiff base complexes of uranyl ions, it has been

observed that the n1 mode of the uranyl ion is of weak intensity and the n3
mode is of strong intensity in the IR spectra (Table 3). A group theoretical

consideration[29,30] shows that a linear and symmetrical triatomic UO2
2þ ion

possessingD1h symmetry gives rise to three fundamental modes of vibrations.

Wilson’s GF matrix method[31,32] has been used to determine the stretching

and interaction force constants. The results were in turn used to evaluate

U–O bond distances following Badger’s formula.[33] The force constants,

bond distances, and spectral data used herein are summarized in Table 3.

It is apparent from Table 3 that the bond length decreases with the

increase in the value of the symmetric stretching frequency (n1).
[29] Another

observation is that a plot of (n1þ n3) vs. the force constant gives a straight
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line with the increase in the symmetric stretching vibration on complexation.

The U–O force constant and the force constant due to the interaction between

the bonds have also been found. Further, the U–O bond distance of uranyl

salts generally varies from 1.60 to 1.92 Å depending on the equatorial

ligands.[28] The calculated values of the U–O bond distances of the present

complexes are well[29,30] within the range of 1.736–1.7423 Å.

Anions

The detailed proposals for the assignment of infrared bands of uranyl

nitrato complexes were first reported in 1958 by Gatehouse and Comyns.[3]

Although several authors[27,34,35] reported the IR of a series of complexes of

uranyl nitrate, no satisfactory explanations have been given for deciding

between monodentate and bidentate nitrate complexes. Many infrared data

on uranyl complexes can be found in the work of Bullock;[36] they are consist-

ent with the presence of bidentate nitrato groups. The fundamental vibrational

modes of the nitrato group for the complexes studied in the present work have

been identified. It is clear that a weak band at �710 cm21 may be assigned to

n5 while n3 occurs near 745 cm
21. The separation of these two frequencies is

of the order �35 cm21 and similar values were reported previously.[36] Other

frequencies such as n1, n2, n4, and n6 are comparable to these reported biden-

tate complexes. Thus, it can be said that in the present complexes the nitrato

group behaves as a bidentate ligands.

The C–N stretching frequency in the present thiocyanato complexes of

dioxouranium appears in the 2070–2040 cm21 range, which lies on the

borderline for distinguishing between sulfur and nitrogen bonding in the thio-

cyanate,[37–39] although the high relative intensity of the band in these cases

suggests that the thiocyanate groups are N-bonded.[40] The frequency of the

C–S stretching vibration has also been used to diagnose the bonding mode

in thiocyanates.[38,39] The C–S band, identified in the 840–780 cm21

region, further confirms that the thiocyanate group is almost certainly

N-bonded,[40] the N–C–S bending (n2) has also been identified in these

complexes.

The occurrence of two strong bands at�1070 and 620 cm21 in the spectra

of the [UO2L2](ClO4)2 complexes and attributed to n3 and n4 vibrations of

ionic perchlorate confirms[41,42] the presence of perchlorate groups outside

the coordination sphere of the complex.[41,42]

Similar to the nitrato ion, the acetato ion is also potentially a bidentate

ligand towards the uranyl group. In these complexes, the acetato ion

behaves as a covalent bidentate and the coordination number is found to be

seven or eight depending on whether the complexes are monomeric or

dimeric.[43] In the present case, all of the uranyl acetato complexes of the
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semicarbazones are monomeric and the infrared spectra of these complexes

show two bands in the 1560–1545 and 1475–1460 cm21 regions attributed,

respectively, to the antisymmetric and symmetric stretching vibrations of

COO2.[42,44]

Thermal Studies

The thermal results of UO2(VI) complexes of DABAAPS and 20-

NO2BAAPS are summarized in Table 4. The TG curves of the complexes

clearly indicate the absence of water molecules in the complexes. The

entire pyrolysis curves of both complexes behave similarly and show that

decomposition of the complexes starts at �230 8C and ends at �490 8C.
The break in the curves in the 325–340 8C region indicates that at this stage

only one molecule of organic ligand molecule has been lost. In the tempera-

ture range of 410–470 8C, there is an additional decrease in weight due to

loss of both organic ligand molecules. The oxide U3O8 is formed at 625 8C
via the formation of UO3, following which there is no measurable change in

weight.[45] In brief, these changes can be summarized as follows:

½UO2L2X2� �! ½UO2LX2� �!UO2X2 �!½UO3� �!U3O8

ðX ¼ Br or NCS; L ¼ DABAAPS or 20-NO2BAAPSÞ

½UO2L2�ðClO4Þ2 �!½UO2L�ðClO4Þ2 �!UO2ðClO4Þ2 �!½UO3� �!U3O8

ðL ¼ DABAAPS or 20-NO2BAAPSÞ

Stereochemistry

In the halo and thiocyanato complexes, both anions are covalently

bonded. The [UO2L2X2] complexes (X ¼ Br, I, or NCS; L ¼ DABAAPS,

20-NO2BAAPS, or 3
0-NO2BAAPS) may be considered to have a 10-coordi-

nate uranium atom. In the complex [UO2(NO3)2(H2O)4], Glueckauf and

McKay[46] suggested that dioxouranium(VI) nitrate forms covalent com-

plexes possibly involving the 5f-orbitals. The IR data of all the dioxoura-

nium(IV) nitrate complexes of semicarbazone also suggest a bidentate

nature of the nitrato groups in theses complexes. Thus, tridentate organic

ligand (DABAAPS, 20-NO2BAAPS, or 30-NO2BAAPS) complexes of

dioxouranium(VI) nitrate may be considered to have a nine-coordinate

uranium atom with five oxygen atoms (four oxygen from the two bidentate

nitrato groups and one oxygen from amide) and two nitrogen atoms of azo-

methine groups in a plane perpendicular to the linear O–U–O group.

Similar to the nitrato complexes, the dioxouranium(VI) acetato complexes

with tridentate organic ligands and bidentate chelating acetato groups
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have a nine-coordinate structure. In [UO2L2](ClO4)2 (L ¼ DABAAPS, 20-

NO2BAAPS, or 30-NO2BAAPS), both perchlorato groups are ionic in

nature and uranium has a coordination number of 8. The probable structures

of these compounds are represented in Fig. 2.
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