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A. INTRODUCTION

A wide range of actinide nitrate complexes has been recently character-
ized by X-ray or neutron diffraction techniques. Few anhydrous compounds
have been prepared but hydrated nitrates are known for thorium(IV) and ura-
nium({IV) and for protactinium, neptunium and piutonium in various valence
states (Table 1). Nitraie complexes with a variety of neutral donor ligands
have been prepared for all these elements,

Solid nitrates do not appear to have been characterised for the elements
beyond plutonium and there are very few publications dealing with protacti-
nium, neptunium and plutonium nitrates, the vast majority of the published
information pertaining to thorium{IV) and uranium(VY) compounds. Nitrate
ion is a poly-atomic ligand and can have several modes of coordination to a
metal 1on; it has a very short O---O distance and an obvious comparison can
be made with the carbonate and acetate ions.

Several good reviews have been published on various aspects of the chemis-
try of actinide nitrate compounds and more generally on the coordination
chemistry of the compounds containing the nitrate ion [7,15,51,89,96,117,
231—244].

The aim of the present article is to give an extensive review of the work
done in the field of the preparation and physicochemical properties of solid
nitrate compounds of actinides.

B. MODES OF CQORDINATION OF THE NITRATE GROUP

The simpie nitrate anion NOj belongs to the point group Djyp. On coordina-
tion to a metal the symmetry of this ion is lowered and several modes of coor-
dination have been proposed (Fig. 1).

Structural studies have identified the following types of nitrato group: un-
identate, bidentate and bridging. The local symmetry of the ion is lowered to
C,, in both types cf bidentate and bridging coordination; for unidentate bond-
ing it may be either C,, or Cg depending an the orientation of the nitrate ion
to the metal (assuming always that all five atoms are coplanar). It is accord-
ingly not possible to distinguish these modes of coordination by means of the
selection rules alone, The correlation between D3, and C,, is given in Table 2.

The nitrate ion has four fundamental frequencies of absorption; the coor-
dination of the ion results in the removal of the degeneracy of the E’ modes,
and all modes become active in both Raman and IR. In ali cases the number
and the uctivity of the fundamental modes are the same. The use of IR and
Raman spectroscopy therefore offers a useful method for determining the
presence of coordinated nitrate ions and a considerable amount of work has
been concemed with such analyses. The following means of identifying the
mode of coordination of nitrate groups have been proposed:

{a)} The number of bands exhibited in the far IR region [1,2].
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Fig. 1. Modes of coordination of the nitrate ion.

(b} The positicns of the two highest frequency N—O stretching vibrations
[3.41.

(c) The depolarisation ratios of the three highest N—Q stretching vibra-
tions in the Raman spectrum {5,6].

(d) The sequence of relative intensities of the three highest frequency Ra-
man shifts attributable to nitrate fundamentals [7].

{a) Since a bidentate nitrato group invoives two metal—oxygen bonds
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whereas a unidentate group involves only one, it has been suggested that
bidentate nitrato groups should exhibit two metal—oxvgen frequencies
whereas unidentate nitrato groups should only exhibit one. According to this
criterion it has been reported [2] that the far IR spectra of nitrato complexes
of the type M(NO;),L, (L = 2-picoline, quinoline or triphenyiphosphine
oxide, M = Co, Ni, Zn and Cu) show two strong bands assigned to M—O fre-
quencies arising from metal—oxyger (nitrato} interaction. Similar frequencies
have been observed for Rb]UQO,{NO;),] at 262 and 223 cm™!, and assigned

10 bidentate nitrates [1]. These assignments rest largely upon three invalid
assumptions [8]. First, it is assumed that one or more of the normal vibration
modes of the molecules involve almost exclusively stretching of the M—O
bonds; in such molecules the mechanism of the system should be carefully
considered, particularly when assigning a metal—ligand vibration, for it has
been shown [9,10] that even in simple systems mixing of vibrations can occur
to such a degree that the assipnment of metal—ligand stretching vibrations has
little meaning. Secondly, even if one of the fundamental modes were shown
to correspond to an M—O stretching vibration, then in a con: s:dex containing
two or more coordinated nitrato groups, unless the complex were of very high
svmmetry, at least two M—O stretching modes would be expected, even if the
groups were monoJdentate in their coordination. Thirdiy, the unit cell compo-
siticn must be considered; if the lattices contain more than one molecule per
unit cell then iwo or more bands may be observed where only one would be
predicted from consideration of an isolated molecule. These considerations
show thai mono and bidentate nitrato groups cannot be distinguished by the
use of far [R spectroscopy. The uranyl nitrate complexes, which have biden-
tate nitrate groups, have up to nine IR and Raman active bands which could
be assigned to U—O vibrations [11,12]. It is tempting therefore to assign
bands in the region 235—190 cm™! to U—O stretching modes. However, struc-
turally related ions, as in the trinitrato compiexes, do not have identical spec-
tra or the same total number of bands or bands of corresponding activity.

(b) Normnal coordinate analyses {10,13] have been carried out for symme-
trically bidentate sud unidentate nitrato groups in order to indicate the prob-
able changes in "requency which would result from an increase in the polariza-
tion of the nitrate ion by the metal ion and/or an increase in the metal—oxy-
gen covalent bonding (Fig. 2). Distinction between symmetrically bidentate
and unidentate nitrato groups on the basis of this criterion requires the separa-
tion of the two highest frequency bands to be characteristic of the mode of
coordination, symmetrically bidentate attachment giving rise to a greater
separation than unidentate coordination [3). In addition it has been suggested
that the occurrence of two strong bands, one at a frequency greater than
1570 cm™! and the other at a frequency of less than 1280 cm™* might indi-
cate the presence of bridging nitrato groups [41.

The nature of the metal cation and the other ligands coordinated to it will
also influence the positions of these two bands and it is not surprising that a
wide range of frequencies is observed for symmetrically bidentate, unidentate
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Fig. 2. Frequency shift in symmetrically bidentate and unidentate {C3, ) nitrato groups as
the degree of polarisation increases with a fixed metal nitrate covalent interaction.

and bridging nitrato groups. Distinction between nitrato groups on the abovwe
basis must therefore be made with caution {14]. However it does appear that
if the vibrational spectrum of a nitrate group coordinated to a2 metal atom

has its highest frequency at about 1600 cm™! and is separated by about 350
cm™! from the next highest band, then coordination as a symmetrically biden-
tate or bridging ligand is likely.

{c¢) This criterion relies on the fact that A; and B, vibrational modes may .
be distinguished in the Raman spectrum since the former is Raman polarised
whereas the latter is Raman depolarised. The sequence of the polarisations
of the three highest frequency Raman bands expected {10,13] for symmetyi-
cally bidentate and unidentate nitrato groups are:

Unidentate Ca, B;(dp) A (p) A (p)
Symmetrically bidentate C,, A(p) B,(dp) Adp)

It has been found that there is good agreement between the predicted and
observed sequences and hence this technigue would appear to offer a con-
venient means of distinguishing between unidentate and symmetrically biden-
tate nitrato groups. However it must be noted that coupling between nitrato
groups may lead to complications.

Although these arguments have been developed assuming C,, symmetry
for unidentaie nitrato groups, the conclusions for C, are basically the same

[6].
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TABLE 3
Coorcination bands (em™!) of the nitrate proups in urany}( VI} nitrate complexes

Compiex Bidentate nitrate groups

Pat iy Paty, A PR N Vot Mg A Ref.
U {NO3) - 2 HyO 2580 2290 290 1767 1730 317 74
K{UO,(NO3)s1 2545 2288 257 1767 1733 34 74
RbiUD:{NO;,};] 2540 2288 252 1761 1730 31 T
Cs[UDL{NO;3}:1 2540 2262 283 1756 1724 a2 74
NH [UO;{NO3} | 2540 2262 283 1754 1724 30 T4
[{C: Hs s NI UO{NO5)3 ] 2545 2262 283 1751 1724 27 74
UO,{NO; 1{Ph;3P0): Z550 2300 250 1780 1730 50 T4
UQ3{NO3 1:{TEFP), 2550 2300 250 1780 1730 50 74
UO.{NO;}{U}. 2540 2300 240 1788 a 168
UQ{NOQ;)2{MU)3 2545 2310 235 1782 1740 42 168
TO4{NO; }1(DMU)2 2540 2295 245 1775 a 168
U0, {NO3 h{PhlJ}, 2545 228% 266 1775 1750 25 169
U0, (NO3){DPh1J}, 2558 2280 273 1775 1750 25 169
UQ2{NO3)1{EU), 2540 2305 235 1778 1743 3as 169
UO,(NO;){DEU}); 2547 2290 257 1772 1746 26 169
U0 {NO3 1, {PhEU}, 2552 2290 262 1771 1740 31 169
O (NO; {2(1-Phill), 2865 2270 295 1780 1748 32 189

1770 22

UQ:{NO1}:(Me3NQ), 2530 320 214 17940 1742 48 160
UO,;{NO3);{urea); 2545 2300 245 1780 a 154

Ionic nitrate groups

V’. + Uy U+,
[U02(Me3NO}, {NO3) 2385 b 1752 160
TUQ(urea ) (H, OYHNQ3), 2430 ¢ a 154

2355

{d) A reliable distinction between unidentate and symmetrically bidentate
modes of coordination has been found in the sequence of relative intensities
of the three highest Raman shifts attributable to nitrate fundamentals. The
sequence for unidentate species differs from that for symmetrically bidantate
species. It was found that for unidentaie nitrato compiexes, band 2 which is
due to N—O; + N—Ou symmetric stretchi.ng (Fig. 2), is genera].[y faj.rly strong
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most acceptable means of distinguishing between unident:ite and symmetric-
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TABLE 4

Combination bands of the nitrate groups in actinide{IV} nitrate complexes {em™ )

Complex Ve F Wy Py F g A Uy F Py Uy + Ug A Ref.
Cs, [U{NO3}¢] 2550 2300 250 1780 1738 42 134,
140
U(NOG;)q{Ph3PO}; 2550 2280 270 1775 1725 50 134
U(NO4)4(Ph3A50); 2540 2290 250 1771 1722 49 134
U{NO3 ){HMPA}, 2558 2300 258 1772 1732 40 134
U{NO;){PTPA), 2545 2290 255 1768 1729 39 134
Th{NO3)s - 3 MeyPO 2530 2320 210 1775 1740 35 140
U(NG;3)s - 3 Me3PO 2520 2320 200 1775 1740 35 140
Th{NO;}, - 3 HVMPA 2650 2310 235 1770 1728 42 140
[U{NO;); - 4 HWPAJ[BPh,] 2545 2310 235 1765 1725 40 134
Th{NO;3}; - 4 HMPA 2530 2380 150 1773 174} 32 140
2370 160 1718 55
Th(NQ3)s - 5 Me;PO 2395 2320 75 1770 1740 30 140
2275 120 1715 55
U{NO3); - 3 Me3PO 2510 2400 110 1765 1745 20 1240
2280 230 1715 50 w

ally bidentate coordination of the nitrate group to metals,

It has been found [74] that the separation of the v, + v; and v, + v, is grea-
ter in bidentate (about 30 cm ') than in monodentate {(about 10 cm™"}
nitrate complexes. The frequencies observed between 2300 and 2550 cm™
in the spectra of some monodentate and bidentate nitrate complexes have
been assigned to v, + v, and v, +¥, and the separation of these two frequen-
cies is greater for bidentate (about 200—300 em™!) than for monodentate
(about 50—200 cm™'} nitrate groups. Complexes containing ionic nitrate
groups show only one band in this region assignable tc v, + v;. For many
actinide(IV) and (V1) complexes the separations of v, + v, and »; + ¥4 and the
separations of v, + v; and v, + v, are of the order 250 cm™! and 30—50 cm™ !,
respectively, indicating that these complexes contain bidentate nitrate groups
{Tables 3 and 4}. For symmetrically bidentate nitrate groups (Fig. 3} the
terminal N—O distance r; is shorter than the N—O bonds involving the coor-
dinated oxygen atoms r, and r;, the latter being larger than those in the
nitrate ion {(Table 5).

1

ds ~
i ®
%3 % Oe
l‘z @ [

Fig. 3. The symmetrical coordination of the bidentate nitrate groups.
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TABLE 5

Interatomic distances and angles ® in actinide nitrato complexes

Compound Bord lengths (A) ® Angles (°} Ref.

a b ri ra r3 1 2 3

Th{NGQ3); -5 HO

NO; (1} 2.528 2.618 1.250 1.270 1.202 123.2 121.7 115.2 31

NG, (2} 2,554 2,573 1.264 1.275 1.206 123.0 122.5 114.5
MgThi{NO;z)e - 8 HO

NO; (1) 263 263 1.22 1.22 1.22 1197 1197 120.6 92
{NH4)e(NO3Js

NOj3 {1} 2.497 2,530 1.280 1.287 1.243 124.1% 120.7 115.2 97

NO; (2} 2.510 2.488 1.272 1.289 1.235 124.5 120.9 114.6

NO; (3} 2.514 2,512 1.280 1.286 1.225 115.6 120.5 113.9

UO,(lNO3), - 2H,0
NOj; (Molecule I) 2,513 2.508 1.269 1.253 1.213 121.7 123.0 115.3 184
NO; {Molecule II) 2,491 2.477 1.275 1.262 1.190 122.1 123.5 114.4

UO,(NO3); - 6 H,O

NO3 (1) 2504 2.504 1.271 1.271 1.208 122.7 1227 114.6 69

NO, (2} 2.547 2647 1.260 1.260 1.231 122.2 122.2 115.6
RbUOQ,(NO3);

NQG;3 (1} 248 248 1.26 1,26 1.23 121.2 121.2 117.5 107
RbzUQ,(NO;), ©

NO,; (1) 251 2,45 145 133 1.10 112

NG, (2} 2.48 1.22 1.23 1.1i5

a Apari from those in UQ,(NQ,); - 2 H; O the nitrate groups designated (1) and {2} are
bonded to the same metal atom, © The meaning of a, b, ry, 13, F3, 1, 2 and 3 is shown in
Fig. 3. ¢ NO3(2) in Rb,U0,{NO;), is monodentate, therefore r; refers to the coordinate
oxygen—niirogen distance and r; and r3 to the remaining distances.

C. ACTINIDE(III) NITRATES AND COMPLEXES

Solid compounds containing either covalent or ionic nitrate, or both,
have been characterized for the lanthanide elements in the trivalent state. In
contrast to this, no solid compounds appear to be known for the trivalent
actinide elements. The absence of trivalent actinide compounds for the ear-
lier members of the series is readily accounted for by the ease with which
this valence state is oxidized for the elements up to and including plutonium
i153. However, this valence state is appreciably more stable for americium
and the following elements and the present situation reflects a combination
of a lack of research and the very small quantities of many of these man-
made elements at present available.
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D. ACTINIDE(IV) NITRATES AND COMPLEXES
(i) Nitrates

In view of the ready oxidation of protactinium(IV) it is unlikely that a
tetranitrate or tetranitrate hydrates will be capable of existence. Although a
di-, tri- and hexahydrate of thorium tetranitrate have been reported the exist-
ence of these phases has not been positively established.

An investigation of the thorium({IV) nitrate—nitric acid-—water system has
revealed that only Th(NO,),; - 5 H,0 and Th({NO,), - 4 H,0 can be isolated as
stable phases at room temperature [16]. Thorium(IV) nitrate crystallizes
readily from aqueous nitric acid solution as the pentahydrate Th{NG;s); -

5 H,O while the tetrahydrate crystallizes only when the nitric acid concentra-
tion is very high [16].

There have been several unsuccessful attempts to isolate uranium{(iV}
nitrates from aqueous solufion which have all resulted in wranyl compounds
[19,20]. The compound UO(NO;}),, reported to be stabie to 100°C, has how-
ever been reported to precipitate during the photochemical reduction of an”
aquecus-ethanolic solufion of uranyl nitrate [211; more recently UO(NQ,}, -
4 H,O has been reported to form when uranium(IV) in 2 M nitric acid is
ireated with dioxan [22]. Attempts to repeat these preparations have been
unsuccessful [23). The preparation of uranium tetranitrate by reaction of
uranium fetrachloride in acetone with silver nitrate in acefonitrile has been
attempted [23]; the green solution, after remova) of silver chloride, was eva-
porated under vacuumn at room temperature, but as the green solid product
separated in the last stages of the evaporation it oxidized spontanzously to
uranium{VI). Similarly evaporation in vacuo of a solution of uranium(IV) in
2 M nitric acid yielded a green solid which oxidised spontaneously. Strong
cooling of solutions of the tetranitrate in acetonitrile did not lead to separa-
tion of a solid [23]). Azeotropic distillation of uranium(IV) in dilute nitric
acid with diethylether yielded a black sludge of oxide and removal of acid
and water by repeatedly shaking similar solutions with ethy! acetate ultima-
tely gave a 3% yield of a green solid of composition UO(NO3); g3—1.54 - 2.4—
4.9 H,0 which evolved oxides of nitrogen at 80°C and was oxidised to urani-
um{VI) at 100°C in air. It seems unlikely that the compound previously
reported {21] to be stable at 100°C was a uranium{IV) nitrate | 23].

Neptunium{IV) is fairly stable in dilute nitric acid at room temperature
whereas oxidation to neptunium(V) is quite rapid in 1 M nitric acid at 90°C
{241. On vacuum evaporation of a neptunium{IV) solution in dilute nitric
acid no oxidation is observed and thus the grey, moisture-sensitive dihydrate
Np(NQO;), - 2 H,O can be obtained on vacuum evaporation of a 0.1 M nitric
acid solution of neptunium{IV} [24]. Np(NO;),; - 2 H,O decomposes abhove
50°C at 107* mm to the dioxide, NpO,, with no evidence for intermediate
species. Np(NQO;)4 « xN,O5 (x = 1.2) has been prepared by reaction of neptu-
nium(IV) tetrachloride with dinitrogen pentoxide [24]. Prolonged pumping
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at room temperature does not completely remove the adduct (x = 0.2} and
slight warming on a water-ba. causes partial oxidation to neptunium(V).
Dried neptraium(IV) hydroxiu. reacts with N,O; to yield a similar product,
confirmed by X-ray powder diffraction results, but it also undergoes partiai
oxidation to neptunium(V) [24]. Thermogravimetric analysis [24] of this
preduct shows that decomposition starts at about 80°C at 10™? mm. From
about 190 to 210°C the decomposition curve indicates the presence of an
intermediate product which appears to be NpO,(NQO,},, although it could
not be isolated pure since it is stable over such a short temperature range.
The isolated sample hydrated in air and gives a2 weight increase correspond-
ing to the formation of NpO,-(NOs), - 6 H.O. A short plateau occurs in the
decomposition curve beiween about 310 and 340°C, possibly due to a higher
neptunium oxide, since a small weight loss was observed above 340°C to pro-
duce NpO, [24}.

Plutonium(IV) nitrate pentahydrate Pu(NQ,), - 5 H,O forms when a nitric
acid solution of plutonium{IV} is slowly evaporated at room temperature.
The product crystals are green if smaller than about 1 mm; larger crystals
appear to be black, They are fairly stable, both in humid and dry air [17]. A
thermogravimetric study of the hydrate reveals that it beging to decompose
at 40°C and {o meii or deliquesce at 95 to 100°C. After rapid decompuosition
around 100°C a fairly unstable intermediate product forms between 150 and
220°C. Decomposition above 220°C is very rapid; at 250°C conversion to the
dioxide is esseniially complete although there continues to be a slipht weight
loss above this temperature. The ignition of the nitrate at 1250°C produces
oxygen deficient plutoniwn dioxide [18]. Pu(NO3), - 5 H;O is readily soluble
in water, the stability of the solution being dependent on the concentration
of the salt. A dilute solution, initially brown, changes to green as colloidal
plutonium forms. Since the colioid does not form in solutions of high nitrate
ion concentration, the concentrated solutions of the salt remain brown. Solu-
tions of the nitrate in concentrated HNO,; are green due to plutonium nitrate
complexes; acetone and diethyiether solutions of the nitrate are also green.

Anhydrous nitrates are not obtained by thermal decomposition of the vari-

ous hydrates although there is some evidence for the formation of nitrate-
deficient lower hydrates such as ThOg ;5{NO;3}; 7 * * H,O when Th(NO;), -
5 H.0 is heated at moderate temperatures [25]. ThO(NO,), - H,O is
reported to form when the pentahydrate is heated at 140°C and it is
suggested, on the basis of IR data, that Th—0O—Th groups are present in this
compound. An earlier report [28] that ionie nitrate is present in the lower
hydrate produced by thermal decomposition of Th(INO;)s - 4 H,O appears {o
be incortect {25,27]. Anhyvdrous Th(NQO,},, a white, moisture-sensitive comn-
pound, is best prepared by the vacuum thermal decomposition of Th{NQ3), -
2 N,0, at ca. 150°C [28] or Th(NO;),; - 2 N,04 at 90°C [29), the former
decomposes at higher temperatures (~190°C) to give the oxynitrate ThO-
(NO,),.

No structural data are available for Th(NQ; ), but the crystal and molecu-
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Fig. 4. The molecular structure of Th{NO;), - 5 H.0.

iar structure of Th{NO;),; - 5 H;O has been reported §30,311. Determinations
of the structure of Th(NO;), - 5 H,O by X-ray [30] and by neutron diffrac-
tion [31] are in excellent agreement. There are eleven oxygen atoms bound
to the thorium atom, eight from four bidentate nitrate groups and three from
the water molecules. The arrangement around the therium (Fig. 4) is com- -
plex and cannot be described in terms of a coordination polyhedron, but if
the nitrate groups are regarded as single units, {he geometry is approximately
that of a singly capped trigonal prism. The remaining two molecules of water
are not bonded to the metal. The Th—O(nitrate) distances range from 2.528
to 2.618 A and the Th—O(water) distances range from 2.438 to 2.473 A. The
hydrogen bond scheme is shown in Fig. 5. Two different types of hydrogen
bonding are present: two strong water—water hydrogen bonds with bond dis-
tances of 2.70 A (O(1)---H(1)--0(3) and O(2)---II(2)---O(3} in Fig. 5) and
three weaker water--nitrate oxygen hydrogen bonds with bond distances of
2.90- -2.95 A (O(2)---H(3)---0(22), O(3)---H(4)--0(22) and O(3)--H{5)"-
0(13) in Fig. 5). The water oxygen atom O(3), not bonded to the thorium
atom, has an approximately tetrahedral disposition of hydrogen bonds about
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Fig. 5. The hydrogen bonding system in Th{NO3)}s - 5 H,0.
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TABLE &

Crystallographic data for actinide nitrates and nitrato complexes

Compound Colour Symme- Lattice parameters Ref.

try;

space ag(A)  bo(&) co(B) B°

group
Th{NO;3}3 - 6§ E;0 White O; Fdd2 11.191 22.889 10.579 30,

31

Pu{NO3)s -5 H,0 Green O;Fdd2 11.14 2255 10.51 217
Thy(OH}(NO»)s - 8 H,O  White M;P2;/c 6.772 11.693 13.769 102.63 41
Th{OH),(NQ;); - xH;0 White M;C2jc 14.25 8.95 6.11 98.0 218
MgTh{NO;)¢ - 8 H,O 8 White M;P2,/c 9.08 8.75 13.61 97.0 92
{NH4),Ce(NO3)s ® M;F2;/n 13.061 6.842 8.183 91.34 97

a The analogous Mn, Co, Ni and Zn complexes are isostructural. ® The analogous Th and
Pu complexes are isomorphous {84 ].

it. The hydrogen bond scheme is in accord with the IR spectrum of
Th(NO;), - 5 H,0, in which a broad band at 3100 cm~! corresponding to
strongly hydrogen bonded water is present, with more weakly hydrogen
bonded water in evidence at 3440 em™'. Th(NQO;). * 5 H,O and Pu(NO;), -
5 I1,O are isostructural; the crystaliographic data are listed in Table 6.
Infrared §{23,27,32—34] and Raman {34—36] bands for Th(NQO,). - 5 H,O
have been assigned on the basis of the presence of bidentate covalently

TABLE 7

Infrared data (em™!) for tetravalent actinide nitrates and nitrato complexes

Compound v, P Ve Ve vsiva  vm o Rell
Th({NOs), 1620 1328 1010 800 740 244 27
1560 12410
ThiNO3)s - 5 H20O 1550 1350 1040 875 760 244 27
1510 1325 1030 815 745 211
1420 2293 808
Th{NOj3}; -4 H20O 1550 1320 1040 812 759 249 27
1500 1290 1030 8056 743 218
Np{NG3}q - 2 H,0 1524 1287 1034 804 765 24
749
Cs, Th{NO3 ), 1550 1276 1026 805 738 88
1527 702
Cs;Np{NO3),, 1523 1280 1028 802 742 88
702
MgTh(NO3)s - 8 H,O 1520 1313 10637 813 750 34
1293 727

1280
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Fig. 6. The molecular structure of Tha{OH}{NO;)s(H20);.

bonded nitrate groups and are consistent with the above structure. The [R
frequencies together with their assignments are shown in Table 7 together
with those of other actinide tetranitrate hydrates and Th(NQ;),. Although
no siructural information or Raman results are available to confirm the
presence of bidentate nitrate groups in these other compounds it is possible
that they are correct since such actinide compounds do tend to exhibit high
coordination number and the presence of monodentate nitrate groups has
only been demonstrated for some »vanyl compounds [112,224 226]. It is
interesting to note that the sequence of relative intensities of vy, v4 and v,
{medium, weak and strong) in the Raman spectrum §34,35] of Th{NO,), -

5 H,0 indicates the presence of bidentate rather than monodentate groups.
In addition the separation of v, and », in the IR spectrum is of the magni-
tude frequently associated with bidentate nitrate groups aithough this crite-
rion is admittedly less reliable than those based on either the sequence of
relative intensities or the depolarisation ratios of the three highest frequency
Raman shifts. Th—O stretching vibrations have been tentatively assigned at
244 cm~? for Th(NO;)s, 249 and 218 cm ™! for Th{NQO,), - 4 H,0 and 244
and 211 em ! for ThO{NO,),; -+ § H.O. Both IR and Raman studies have
demonstrated the existence in aqueous solution of the species Th(NQ;)**
and Th(NO;)3* [37] for which it was not possible to demonstrate unequivo-
cally the nature of the nitrate coordination but there was some evidence for
the existence of non-equivalent groups in Th{INQO;)3?*. A polarised band at
230 cm ™! was assigned to the metal—oxygen stretching mode. Addition of
hydrogen peroxide to thorium in agueous nitric acid results in the formation
of a polymeric peroxynitrate, Ths(00),0(NO;)s - 10 HO {38]. Hydrolysis
of agqueous thorium(IV}) nitrate solution leads to the formation of polynu-
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clear complexes and different suggestions have been made as to the com-
plexes really formed [392,40], but most investigations seem to agree that the
first step is the formation of a dinuclear complex. Crystals of composiiion
Th{OH):(NO;)s - 8 H;O containing discrete dinuclear complexes can be
obtained from weakly hydrolyzed thorium nitrate solution {41]. The struc-
ture (Fig. 6) is buili{ up from discrete complexes each containing two tho-
rium a2toms joined by two bridging oxygens (0,4, Og). The Th—Th distance
within a complex is 3,988 A, whereas the shortest distance between thorium
atoms belonging to different complexes is 6.77 A. Three nitrate groups, act-
ing as bidentate ligands, are coordinated to each thorium atom and a coordi-
nation number of eleven is achieved by coordination of three water mole-
cufes. The coordination around thoriun is rather irregular; if each nitrate
group is considered as a single ligand, however, the coordination polyhedron
may be described as a somewhat distorted dodecahedron. The two bridging
oxygens, which should be hydroxo groups, do not seem to be involved in
any hvdrogen bonding. There are two waters of crystallization; all the oxy-
gen atoms of the bonded and non-bonded waters are involved in short O---O
contacts (2.77—2.96 A} indicative of hydrogen bonding. The discrete units
building up the structure can thus be described by the formuia Th{OH),-
{NO,}s(H.0), - 2 H, 0. Each group is bound to other groups only by means
of hydrogen bonds and Van der Waals contact and different groups have no
oxygen atoms in common. The hydrolysis products of thorium nitrate have
been studied and an X-ray investigation has been made of sclutions prepared
by dissolving agueous thorium oxide in thorium nitrate solutions {411}. The
variation of the scattering curves with the hydroxy! number at a total con-
stant thoriurn concentration of 2 M has been measured, The coordination
number found for thorium in solution is close to the values found in crystal
structures, The nitrate group is coordinated to thorium as a bidentate ligand.
A do:ninating dinuclear complex is consistent with the data for low hydroxyl
numbers but for more than about 2 OH per thorium the average nuclearity is
four or iarger. The shortest distance between the thorium atoms in the poly-
nuclear hydrolysis products is 3.94 A, which is close to values found in

basic thorium salts.

(ii) Nitrato complexes

Hexanitrato complexes of the type MIMIV{NO;)¢ (M! = univalent cation;
M!V = acrinide element} are known for thorium(IV) [82—85,91], uranium-
(IV) [23,86,89], nepiunium(IV) [83,86,88] and plutonium(IV} [83,86,89,91]
there appears to have been no attempt to prepare analogous protactinium{IV)
complexes. The above compounds and those of the type M¥M'Y (NO,), -

8 H,O (M = Mg, Zn, Co, Ni and Mn; M!Y = thorium [34,92], uranium [87]
and plulonium [91]} are all conveniently obtained by mixing the appropriate
tetravalent actinide and the uni- or divalent cation nitrate is nitric acid solu-
tion. Cs,Th{N(),), has also been prepared by the reaction between CsNQO,
and (NOz)z [Th(NOa)e] [29}. Th(NO;g)q * 2 NgOs, formulated as (NO‘; )2 [Th-
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{NO,;)¢] on the basis of IR results (#!NO; at 2360 ¢m™?), is conveniently ob-
tained by the addition of N,0O; to Th{(NQO;)4 - 5 H,O in anhydrous nitric acic
[28]. Treatment with N,O, results in the formation of Th{NO3}4 - 2 N,O,
(the formuiation (NO),[Th{NO;)s] has been inferred from the presence in the
IR spectrum of a band at 2270 cm™! due to the NO* group [29]).

Uranium{IV) hexanitrato complexes undergo oxidaiion when heated in air
[87] decomposing at around 100°C to yield either uranyl(VI) trinitrato com-
plexes M'UQL(NO;)s (M? = NH,) or uranyl( VI) tetranitrato complexes MjUQ,-
(NO, ), (M' = Rb, Cs, PyH, QuinH) and M¥UQ,(NO,), (M'" = Mgand Zn). The
tetranitrates are unstable and decompose to the trinitrates at higher tempera-
tures.

[(C.H ) NLIM(NO;).] (M = Th, No, Pu) compounds have been prepared
[83] by the gradual mixing of solutions of actinide(IV) nitrate and
[{C.H;);,NINO,; in stoicheiometric amounts.

A tetrabutylammonium salt of plutonium(IV) has been prepared in an ana-
logous manner and was assumed from the method of preparation to be
[{C4Hs)aNLIPu(NO;),] [83]. Caesium and tetraethylammonium hexanitratos
uranate(IV) are precipitated when the appropriate nitrate in concentrated
nitric acid saturated with sulphamiec acid is added to uranium(¥V) in 8 M
nitrie acid—sulphamiec acid at 0° [23,86]. Cs,[U{NO,)s] can also be prepared
by treating solid Cs,[UCL] with an acetone solution of AgNQO; [23]; similar
procedures have been used for the preparation of Cs,[ Np{NO,; )s] [33].
[(C,H;)sNT{U(NO;)s] has also been obtained {23] by adding an excess of
[{C.Hs)NINOQ; in concentrated nitric—sulphamic acid to a solution of ura-
nium{IV) in perchloric acid at 0°C. [{C:H;)sN]:[U(NO;)s] is not hygro-
scopic and is stable at room temperature for many weeks; it decomposes at
120—125°C, oxides of nitrogen being detectable and at 150°C oxidation to
uranium(V1) is rapid. The oxidised product melts at 162—164°C, releasing
trapped oxides of nitrogen [23]. Cs,[U(NO,)s] decomposes very slowly at

O ce.Th.Pu
Oo
D N

Fig. 7. The arrangement of the hexanitratocerate anion in the complex (NHy ),iCe(NO3); 1.
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roem temperature, more rapidly when heated, oxides of nitrogen being
detectable at 100--105° C; decomposition is very rapid at 155--165°C with
oxidation to the hexavalent state [23].
Crystals of pale green K,]{Pu(NO,).] have been formed by cooling to 1°C

a 12 M HNO, solution containing the appropriate concentrations of KNO,
and plutonium{IV} nitrate [94,95]. The pale green Rb,[Pu{NO,)s] and Cs,-
[Pu(NO,)s] are formed when solutions of the respective nitrates are mixed
with plutonium{iV} nitrate solutions [94,95]. [{CsH,NH)]LIPu(NO;)s] -

14 H,0 and [{C,H,NH)].[Pu(NO,)s] are obtained by mixing the appropriate
nitrate solutions. The solubility of rubidium, caesium, pyridinium and quino-
linium plutonium{lV) hexanitrates is low enough feor crystallization without
cooling [94--96]. The compounds (NH,),[Ce(NO;}q], (NI, ),{ Th{NO;};] and
(NH,}:[Pu(NO;)] have been found by X-ray analysis to vz isomorphous {83]
and the crystal and molecular structure of (NH,);[Ce{INO,;)s] has been more
recently determined [97]. The structure (Fig. 7) is composed of ammonium
caticrns and hexanitratocerate anions. The hexanitratocerate anion resulis
from the bidentate coordination of six nitrate groups about each ceric atom;
the anion has a symmetry which closely approximates T, with a 3 axis
parallel to the crystallographic # axis. The bond distance for the nitrogen to
the noncoordinating oxygen is significantly shorter than the other N—O dist-
ances in each nitrate group. The average Ce—O distance is 2.50 A, the aver-
age N—O distance involving a coordinated oxygen is 1.28 A and the average
N—Q distance involving a noncoordinated oxygen is 1.23 A. X-ray diffraction
studies of concentrated agueous solutions of {(NH,}.{Ce{NO;),] indicate a
coordination number of twelve for cerium with an average Ce—0 distance

of 2.85 A and an average N—O distance of 1.35 A [98]; in the solid state the
structure is held together by a three dimensional network of hydrogen bonds
[971. Although there are no X-ray structural results available for actinide(I'V)
hexanitrato complexes of the type MIM'V(NO,), the relative intensities

Fig. 8. The coordination around the thorium ion in the complex [Mg{H,0}. 1{Th-
INO3):T- 2 H,0.
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Pig, 2. The molecular structure of [Mg{H;0¥J[Th(NO;3);]- 2 H; O in the (010) projection.

{m, w, 5) of the three highest frequency Raman shifts recorded for certain
thorium(IV) complexes (M! = Rb and Cs) indicate {34), as one might antici-
pate in view of the similarity in ionic radius of cerium({IV) and thorium(IVY),
that bidentate nitrate groups are present. Recent TR data [88] for Cs,[Th-
{NO;)s] and Cs; [ Np(NO,;),] are assigned on this basis in Table 7. X-ray strue-
ture analysis of magnesium thorium nitrate hydrate MgTh{NO;)s - 8 H,O has
been reported {92]. The compound is better formulated as [Mg(H,0)s1[ Th-
{NO;3)s] - 2 H,0; thus the magnesium atom is surrounded by six water mole-
cules disposed at the corners of a nearly regular octahedron. The average
Mg—OH,, distance, 2.12 A, slightly exceeds the sum of ionic radii. Each thori-
um atom is surrounded by twelve nitrate oxygen atoms. The lengths of the
Th—O bonds are from 0.1 to 0.4 A greater than the sum of ionic radii; the
variation of thorium to oxygen distances is appreciable, ranging from 2.50 to
2.80 A, the average distance being 2.63 A. These oxygen atoms are at the cor-
ners of an irregular icosahedron. Two water molecules do not participate in
the formation of the coordination polyhedra around the metal atoms and
can be regarded as isolated waters of crystallization. The icosahedron and the
cctahedron do not share either edges or corners. Connection hetween them
is effected through the weak hydrogen bonds. The other MUTh(NO,), - 8 H,O
complexes (MT = Zn, Co, Mn, Ni) crystallize in the same space group and
have similar lattice parameters, being isomorphous with [Mg(H;O)]iTh-
(NO3)6] 2 H,O (Figs. 8 and 9). Infrared and Raman results are also now avail-
able [34] for the compounds M*'Th{NQ,), - 8 H,0 (M = Mg, Mn, Ni, and
Co) the latter being consistent with the X.ray structural results,

There is evidence that solutions of the tetravalent actinides in concentrated
nitric acid solution also give rise to the hexanitrato anion. Thus, the results of
the extraction studies employing tri-n-octylamine in xylene are most readily
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interpreted on this assumption. When absorption spectra are compared, it is
found that the spectra for the amine solution and for the concentrated nitric
acid solution are identice® with those of a solution of the hexanitrato complex
and the solid. In addition, the spectrum of the metal ion in less concentrated
nitric acid solution is quite different [86]. It must be remembered that in the
case of uranium(IV) [99] the species present in solution will be influenced not
only by nitrate ion concentration but also by other factors, such as the acidity.

The unusual complex HK;Th(NO;),4 - 4 H,0 {34], contains both covalent
and ionic nitrate groups. This observation is not surprising but, nonetheless, it
would be of interest to have structural information on this complex since, like
the uranyl complex ML[UO,(NO;).1, it may contain both bidentate and mono-
dentate nitrates.

Papers [34,82] dealing with the preparation of a series of complexes of the
type M'Th(NO;), « xH,O (M! = NH;Me, NH,;Et and NH,Et, withx =7,8, 5
and 11, respectively} have appeared recently but although the older Literature
contains reports of the existence of complexes of the type M [Th,(NO3},] -

x H,O these results have not been confirmed.

E. ACTINIDE({V) NITRATES AND COMPLEXES
(i} Nitrates

Fuming nitric acid solutions of protactinium(V) are reasonably stable and
hydrolytic condensation of protactinium(V) is not observed after several days
at room temperature. No crystallisation takes place during this time and on
vacuum evaporation of the solutions obtained by dissolving protactinium
halides these initially become colourless and finally deposit a white, non-
crystalline compound of variable water content; the product invariably has a
3 : 1 nitrate to protactinium{V) ratio but the number of water molecules
ranges from 1.5 to 4.0. Accordingly the product has been designated PaO-
(NO,); - *H,0. Attempts to obtain the anhydrous compound by prolonged
pumping in vacuo at roomn temperature or by vacuum thermal analysis have
been unsuecessful. In the latter case the hydraied compound starts to decom-
pose at about 50°C at 10”2 mm with no evidence of stable phases befween
the hydrated oxyirinitrate and the pentoxide Pa,05 {42].

Protactinium pentachloride and pentabromide react in anhydrous CH,CN
with gaseous dinitrogen tetroxide to give the white Pa,0(NQO;)g - 2 CH;CN
while vacuum evaporation of a dinitrogen pentoxide solution ebtained on
dissolution of protactinium{V) hydroxide, pentachloride, pentabromide or
the chloro-complex 30[{PaCly}, yields the white solid HPa(NO,)g, which is
immediately decomposed by water and aqueous ammonia [42]. HPa(NO3)s
is insoluble in anhydrous CH;CN and CH,Cl, and does not react with Ph,PO
dissolved in these solvents. Pa,O{NO:)s - 2 CH3CN and HPa(NO,), are
thermally unstable, starting to decompose above 50°C at 107> mm, and
vacuum thermogravimetric studies have failed to characterise the anhydrous
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TABLE 8

Infrared data for pentavalent oxynitrates and hexanitratoprotactinates{V}

Compound Vs Va vy Vg Vsfva YPam—o  Ref.
PaQ(NQ;); - xH,O 1524 1269 i021 804 746 773 42
Pa,O(NO;)s - 2CH3CN 1603 1299 1016 803 749 721 42
1558 1256 798
NpO{NO3); - 3 H,O 1495 1292 1040 803 750 961 24
1277 1022 739
NpO,{NO,}- H,0 1517 1308 1044 813 752 759 24
HPa(NO3 ) 1600 1299 1018 803 746 42
1563 1267 796
1536
CsPa(NQO; g 1694 1230 1015 799 751 42
1558 1262 792 744
1527 1220 786
NEt;Pa{NO3)s 1697 1277 1023 810 750 12
1567 1255 803 747
1541 799

Pa,O{NO;}; or to furnish any reproducible indication of stable nitrates inter-
mediate between the starting compounds and protactinium pentoxide §42].

Pink, deliquescent neptunium{V) oxynitrate hydrate NpQ(NO;}; - 3 H,O
was obtained by evaporating a solution of neptunium(V) in 1 M nitric acid
to dryness. Evaporation of a neutral solution of neptunium(V) in nitrate me-
dia, prepared by dissolving neptunium{V) hydroxide in the minimum volume
of dilute nitric acid, yields the green deliquescent compound NpO,NO; - H,O
[24]. An altermative formulation of NpO{NO;), - 3 H,O is NpO,(NO,), - 0.5
N,0O, - 3 H,O. However, the chemical behaviour of this product indicates
that the neptunium(V) formulation is correct [24]). NpO,NO, - H.O begins
to lose the water of crystallization at about 80°C at 107 mm and the anhy-
drous compound NpQO,NQ,, which is extremely moisture-sensitive and deli-
quesces in moist air, can be isolated in the temperature range 140—220°C
[247]; this decomposes above 220°C at 107% mm, yielding the dioxide. Both
dried neptunium{V) hydroxide and neptunium pentoxide, Np,QO,, dissclve in.
N;O; with partial reduction, the product isolated by vacuum evaporation con-
taining both neptunium(IV) and neptunium{V) [24]. Structural data are not
available for the actinide(V) nitrate compounds but IR results indicate the
presence of covalent nitrate groups only (Table 8) {24,42].

A band at 773 cm™! for PaO(NO;); - xH,0 and at 721 em™! for Pa,O(NO,)g
2 CH,CN suggests the presence of the Pa=Q--Pa group; the absence of IR
vibrations associated with the Pa=Q groups in PaQ(NO,), - xH;0 is indicative
of a dimeric or even polymeric structure [42).
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The metal—oxygen stretching vibration in NpO{NO, 1. - 3 H,0 is at 960
cm™! while in NpO,NO, - H,O0 it occuss at a much longer wavelength, 756
cm™ . The longer wavelength of the Np=0 vibration in compounds containing
the NpOj; species has also been observed in Cs;NpO,Cl, [24] (800 cm™!) and
in concentrated neptunium(V) solutions in dilute perchloric acid (824 cm™)
[24].

Although no americium{V) nitrates are known, the stability of americium-
(V) in aqueous solution suggests that at least the hydrate AmO,NQO, - xH,0
could be prepared [15],

(ii)} Nitrato complexes

Only protactinium is known o form pentavalent nitrato complexes [42].
Products of the type M'Pa{NQ;), (M! = Cs, NEt; and NMe,) are obtained by
treatment of the appropriate hexachloroprotactinate(V) with liquid dinitro-
gen pentoxice at room {emperature. The white hexanitrato complexes are
isolated by removal of excess dinitrogen pentoxide, The complexes are imme-
diately decomposed by water, aqueous ammonia and dilute acids but can be
handled in dry air [42]. The spectra do not contain ionic nitrate vibrations
{Table 8); the complexes appear to possess low symmetry. Oxides of nitrogen
are evolved at approximately 90°C at 107° mmHg,.

Attempts to prepare tetramethylammonium octanitratoprotactinate{V)
from (NMe,),{PaCls] have been unsuceessful; the product is a mixture of
{NMey)[Pa({NO,)s1 and NMe NOQ;.

F. ACTINIDE{VI)} NITRATES AND COMPLEXES
(i) Nitrates and nitrate hydrates

Hexavalent nitrates of the type MO,(INO;); are known for both uranium
and plutonium and a renge of hydrated compounds is known for each of
these elements (Table 1). Relatively little work has been done on the analog-
ous neptunium(VI) system and only the hexahydrate, NpQ,(NO;), - 6 H,O,
is known at present but it is likely that under the correct conditions other hy-
drates and NpO,{NQ;), will exist. A variety of methods has been reported for
the preparation of anhydrous urany! nitrate {19,43,44}. Easily the most satis-
factory is the thermal decomposition of the dinitrogen tetroxide adduct
UQO,{NO, ), * NoO4 [45] which is obtained from reactions involving dinitrogen
tetroxide and uranium metal, uranium oxides or uranium halides. The tem-
perature of decomposition appears to be critical, pure uranyl(V1} nitrate
being obtained at 163—165°C [43,44). The dinitrogen pentoxide adduct,
U0.,(NO,), » N.Og, provides an alternative stariing material; it is somewhat
less stable than the dinitrogen tetroxide adduct, decomposing at 125-—-130°C
[46]. UO,(NO3); - N,O, has alsn been altemnatively formulated as (NO){UQ,-
{NO;);] {45], largely on the basis of the appearence in the IR spectrum of
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frequencies attributed to the NO' ion. Others [44] concluded that ionic spe-
cies play little part in the structure of either the solid compound or ir: soiu-
tions. The electrical conductivity of solutions in nitromethane indicate little
ionization and electrolysis in the same solvent shows that the small degree cof
ionization which exists, resuits oniy in cationic uranium species. Furthermore,
the IR spectrum of the solid contains bands which can be attributed to mo-
lecular N,O,, while bands in the NO” region have been attributed to over-
tones or combinations of fundamental nitrate frequencies {44]. Anhydrous
uranyl(VI) nitrate has also been reported to form as an intermediate in the
thermal decomposition of the various uranyl{VI) nitrate hydrates [47—50]
but this type of reaction is less important than those mentioned above on
account of the possibility of hydrolysis oceurring. Contamination of the pro-
duct with UQ, has, in fact, been mentioned [501.

Conditions for the preparation of uranyl( VI} hexa-, tri- and dikydrate are
well established {27,51—54]. The hexahydrate is obtained by crystallization ,
from agueous nitric acid followed by drying over 35—40% sulphuric acid or
by evaporation of ethereal exfracts of uranium(VI). Crystallization from con-
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Fig. 10. DTA thermograms in dry nitrogen of UO;{NO3}); - 6 Hy0,UQ,3(NO;3),; - 3 HRO
and UO:{NOJ)Q -2 H2 Q.
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centrated nitric acid or vacuum dehydration of the hexahydrate over 60—
65% sulphuric acid results in the formation of UO,({INO,), - 3 H,O whilst dehy-
dration over 95% sulphuric acid yields the dihydrate UO,{NO,), - 2 H,0.

This last compound is also formed by the thermal decompasition of UQ,-
{(NO,),; + N,Os - 2 H,0.

Details of the dehydration and thermal decomposition of uranyl(VI)
nitrate hexahydrate have been published [50,51]. Previcus studies were prim-
arily concerned with the steps of the decomposition and with the oxides pro-
duced by the decomposition rather than with the steps of dehydration. UQ,-
{NO,), - 6 H,O was reported [51] to melt at 65°C when heated in a stream of
air and to lose four molecules of water at 110°C, another water molecule at
175°C and the last water molecule at 205°C. A more recent report gives differ-
ent results [50]; the differential thermal analysis of UO,(NOj;); - 6 H,;0, UO,-
(NO,), - 3 HyO and UQO,(NOQ,), - 2 H,O (Fig. 10) showed that transitions
which are common to the three hydrates occur at the same temperature.

No difference is apparent between dehydrations performed in nitrogen or
in air. X-ray, IR and analytical data have established that the following steps
occur in the thermal dehydration of uranyl nitrate hexahydrate, trihydrate
and dihhydrate respeciively. The dehydration is not dependent on heating rate

Scheme 1.
UO32{NO3}y - 6 Hy0 — UO2{NO4)s - 3 HyO =+ U0O,{NO3), - 2 H,0O
- U0 (NO3); - Hy O = U0 (NO,); > decomposition products (A)

UO,(NO31)s - 3 HyO = UO2{(NO3), - 2 HyO ~ UO,(NO3), - H,0
=+ UQ(NQ3 ;3 ~* decomposition products (B)

UO:(NO; ;- 2 HIO -+ UOQ(N03 }2 - Ho O UO;(NOg )2 - decomposition producu {C)

or sample size. No evidence was found for the formation of UO,(NO;); -

5 H,O and UO,(NO,), - 4 H,O. UQ,(NO,). + 6 H,O can also give, under con-
trolled conditions, the monohvdrate UO,{NO,), - H,O. The results for the
thermogravimetric analysis of the hexahydrate, trihydrate and dihydrate (Fig.
11) agree with those obtained by differential thermal analysis. The error in
the resuits occurs in the transition of the monohydrate to the anhydrous ma-
terial, due to the presence of a small amount of U0O; when thz last dehydra-
tion occurs [50]. The values for the 6 -~ 3 and 3 -~ 2 H,O transitions are also
close to those determined by measurements of the water vapour pressures
[56). An investigation of the self-diffusion of water in single erystals of UQ,-
(NO,), - 6 H,O at 35°C has shown {57] that four of the water molecules un-
dergo exchange but the remaining two do not. This observation is compati-
ble with the structure of the hexahydrate which is comprised of UQ,{NO;), -
2 H,O units, the remaining four molecules of water being weakly hydrogen
bonded to the nitrate groups and other water molecules, The temperature
dependence of the diffusive exchange can be expressed as D = 4 - 107 exp-
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Fig. 11. Thermal analysis of UO,{NO3); - 6 H;0, UO»(NO3); - 3 H,0 and UO,(NO3); -
2 H,0.

{(—7600/RT) for the approximate temperature range 227 to 300 K. Although
four water molecules undergo exchange at temperatures below —20°C only
three are lost at such temperatures when single crystals are maintained in
vacuo [58]. At higher temperatures further water is lost but at a somewhat
slower rate than the first three molecules. The activation energy for the iso-
thermal dehydration (—60°C to —30°C) UQ,(NO;), - 6 H,O - UQ,(NOQ;), -

3 H,0 is 40 + 4 kd(mole H,O) ', It appears [58] that the reactant-product
interface is not the seat of the reaction and the model envisaged for the mech-
anism requires the hexahydrate lattice to be able to accomodate a large den-
sity of highly mobile H,O vacancies, the high self-diffusion coefficient for
waler also being important. The slow step is the desorption of water from the
surface of the crystals. At higher temperatures, 313 to 343 K, under con-
trolled pressures of water vapour, the kinetics of dehydration are limited by

a three dimensional contracting volume process, the energy of activation
being appreciably higher than that recorded for vacuum dehydration [59].
With crushed crystals the rate of dehydration is controlled by diffusion of
water vapour through the powder bed, even for very shallow bed depths, Dur-
ing these latter studies an interesting observation was made concerning the
rate of dehydration of single crystals. Thus, this increases with temperature
up to the melting point of the hexahydrate (333 K) at which temperature
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Fig. 12. The conliguration about the uraninm atom for UG;{NO;),{(H,0}; - 4 H,O.

the dehydration ceases. This phenomenon is not observed for powder sam-
ples and it is suggesied that « cementing process occurs at the melt—dehydra-
tion product interface which seals the core of the crystal from continued
water loss. No value for the heat of formation of NpO,{NO,), - 6 H,O is
available but the free energy and heat of solution in water were recently
determined {601 to be —2.94 keal mo?™! and 5.06 kcal mol™}, respectivety,
the estimated entropy for this compound being 123.4 e.u. On the basis of IR
data [61} a structure of the type {UO.{H,0)s1{INO3)}, was suggested and such
a model was also proposed from an X-ray diffraction study [62]. Other IR
studies [27,44,54,64—67]1 have indicated covalent bonding of the nitrate groups;
this structure (UO,(NO;},(H,0),] 4 H,0 has also been proposed as a result
of a two-dimensional X-ray study {63]. Both X.-ray {68] and neutron diffrac-
tion [69] investigations have subsequently confirmed such interpretations.
The configuration about the uranium atom is shown in Fig. 12. The linear
uranyl group is equatorially surrounded by an irregular hexagon of six oxy-
gen atoms, two from two equivalent water molecules and four from two
bidentate nitrate groups. The uranium atom, the nitrate groups and the water
oxygen atoms are approximately coplanar. The urany! distances are not quite

Fig. 13. The hydrogen bonding system for [UO,{NO;3);(I1,0);] - 4 H;0.
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equivalent {(1.770 + 0.007 A and 1.749 + 0.007 A) and in addition the two
bidentate nifrate groups are also non-equivalert, although each itseif is sym-
metrically bonded to the uranium atom. In the nitrate groups the N—O bonds
involving coordinated oxygens are 0.03—0.05 A longer than the N—O bonds
involving the non-coordinated oxygen atoms; also the O—N—O angles differ
significantly from 120°. All hydrogens are involved in hydrogen bonding and
these may be divided into O{water)---O(water)} hydrogen bonds of length 2.68—
2.75 A and weaker O(water)---O{nitrate) hydrogen bonds of lengths 2.93 and
2,99 & (Fig. 13). The water molecules associate into sheets perpendicular to
the a axis.

Early IR studies [61] of UQ,{NO;); - 3 H,O were interpreted by assuming
that in this compound the nitrate groups and water molecules were coordin-
ated fo uranium; one nitrate group was regarded as bidentate and the other as
monodentate; the two varianis of the structure of U0,(NO,), - 3 H,O pro-
posed are shown in Fig. 14. Another IR investigation [64] indicated the non-
equivalence of the water molecules. The X-ray structure determination {70}
agrees with this conclusion. The linear uranyl ion is surrounded equatorially
by two bidentate NO; groups and two water molecules. The third water mole-
cule lies considerably further away from the sphere of the uranyl ion and is
attached to the oxygen of the nitrate group by a hydrogen bond. The struc-
ture is shown in Fig. 15.

An early X-ray diffraction study of the dihydrate U0,{NO,;),(H,0)}, gave
{713 U—0O bond lengths which were not in agreement with those found in
other compounds. Thus the U—0 (uranyl) bond distance was found tc be
1.9(1) A and the U—O (equatorial) distances 2.0 and 2.1 A, while for |UO,-
(NO;),;{H;0),] 4 H,;O the same distances are 1.77, 1.75 and 2.50, 2.55 and
2.40 A, Since the two compounds exhibit sixfold oxygen coordination aboul

Fig. 14. The two variants proposed, on the basis of earlier IR studies, for UQz{NQO;3}), -
3 H;O.
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Fig. 15. The molecular structure of UO0,{INO3); - 3 H40O.

the linear uranyl ion, the chemically similar bonds should be 2bout equal in
length.

More recently the crystal structure of this compound has been determined
accurately by neutron diffraction [72]. The coordination around the uranium
atom is shown in Fig. 16, The linear uranyl group is perpendicular to the
nearly planar hexagon composed of four oxygen atoms from the two equiv-
alent bidentate nitrate groups and two oxygen atoms from the equivalent
water molecules. Such a coordination had been previously proposed from IR
studies [73] and is identical o the basic coordination found in [UQ,(NO,),-
{H,0),] 4 H,O. The IR investigation [73] also indicated that no evidence
existed for loosely bound water molecules ouiside the first coordination
sphere and that the nitrate groups were bidentate since their symmetry was
C,,. There are two pairs of non-equivalent molecules (I and IT} in each unit
cell. The uranium—oxygen bond lengths for the uranyl groups in molecules
Iand I are 1.754 and 1.763 A, respectively, and those of the symmetrically
bonded nitrate groups are 2.513 and 2.508 (I} and 2.491 and 2.477 A (II).

It is seen from the N—O bond distances {Table 5) that the terminal N—O
distance {r;) is shorter than those involving the coordinated oxygen atoms
{r, and r,) as indeed is the case for other actinide compounds for which values

Fig. 16. The molecular structure of UO5;(NO;);{H,0),.
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TABLE 9
Crystallographic data for actinide nitrate hydrates and oxynitrato complexes

Compound Symmetry; Lattice parameters Ref.
space group
a(A} b(A}) c(A} pe
U05{NO,y}; - 6 H,O 0O; Cme2y 13.197 B.035 11.4867 €9
UO,(NO3), - 3 H,0a T; P1 5.73 6.99 7.21 119.5 0
UO,(NO3); - 2 H;0 M; P2,/c 14.124 8.432 7.028 108.0 b
NpO2{NO3), - 6 H,O 0; Cmc2, 13.25 8.00 11.40 LY
RbBUO,{NO, ), H; R3ec 9.26 18.88 107
CSUOz(NOg }3 H; R':Tc 9.64 19.51 148
{NH3 2 U02(NO3 )y M;P2,/c 6.39 7.74 12.87 107.89 132
Rby U0, (NO3), M P2/c 6.42 7.82 12.79 108.67 1132
Cs2UQ3{NO;})q M; P2/c 6.74 7.99 13.29 110 112

2 o =115, 7= 82°,

are also shown in Table 5. Water molecules associated with molecule 1 are
not involved in hydrogen bonding (U—O 2.457 A) whereas those in molecule
II (U—0O = 2.446 A) link the basic structural units by two distinct types of
hydrogen bonding which, respectively, involve the non-coordinated oxygen of
a nitrate (molecule IT} and a uranyl oxygen (imolecule I}. K is interesting to
note that the nitrogen—oxygen bond distance for the oxygen involved in the
hydrogen bonding (s, molecule II, Table 5) is shorter than the corresponding
distance in molecule I. It is not certain whether this is due to a hydrogen bond-
ing effect but, since it ocecurs in compounds not containing hydrogen bond-
ing, it is unlikely. Unit cell dimensions for U0,{NQO;),(H,0}; and UO,{NG,}-
6 H,O are listed in Table 9 together with those of NpO.(NO,), - 6 H,O which
is isostructural with the uranyl analogue. Infrared data for the uranyl{VI)
nitrate hydrate and NpO,(NO,); - 6 H,O have been interpreted on the basis of
coordinated bidentate nitrate groups in accordance with X-ray resulis [24,59].
The distance between the antisymmetric and the symmetric stretching of the
nitrate group is related to the tendency of the metal {o share electrons with
the nitrate ion in the solvent used [80]. An approximate value of 100 cm™*
has been set [81] as the boundary between spectra due to covalently bonded
and electrostatically bonded nitrates. Using this criterion lithium nitrate in
acetone solution with Ay = 80 cm™! is on the electrostatic side while UO,-
{(NQO;), - 6 H,O (Av = 249 cm™ ') shows a very high degree of covalency. The
Av value found in tributylphosphate (242 em™*) {811 and in tri-n-octylphos-
phine oxide solution in CCl, (227 cm™!) [82] are very close indicating that the
same structure is maintained.in all these media [78].

An interpretation of the nitrogen 14 NMR and PMR results of UQ,{NO;}, -
6 H,O {79], is in accord with the neutron diffraction results.

The IR specirum of anhydrous uranyl nitrate is somewhat unusual
[27,44,54,64—66,74] and it will obviously be of value to have X-ray or neu-
tron diffraction results for this compound. Since there are no other coordinat-
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ing groups, a planar arrangement of six oxygen atoms arcund the uranium
atom can only be achieved if some nitrate groups use all three oxygen atoms
in coordination, as occurs, for example, for solid copper(Il) nitrate {76]. The
spectrum gives an indication of the presence of both local D3p and Cp, symme-
try nitrate groups; strongly coordinated bidentate nitrate is indicated by
absorptions at 1625 and 1641 ecm™*, and the absence of nitrate ions by the
failure to observe the out-of-plane bending frequency in the 830 em™ region.
1t is possible that the D3, nitrates are coordinated through all three oxygens
[771.

Neptunium({VI) nitrate hydrate can be isolated by vacuum concentration
of a 1 M HNO; agueous solution as NpO,{NO;), - 1—2 H,0, which is trans-
formed into the hexahydrate NpO,(NOs), - 6 H,0 on exposure to moist air
[24]. Concentration of a solution of NpO, + H,0 in N,Oq results in the forma-
tion of NpO,(NO,), + N,O4 - H,O; since the IR spectrum of this compound
shows the typical absorption band of the nitronium ion, it should be formu-
lated as NO,[NpO,(NO,});] - H;O [24]. Although it has not been isolated,
NpO,(NC,), appears to be formed at 190°C during the vacuum thermal
decomposition of Np{NQ,}), - xN,O, [24].

Pink to brown plutonyl{ Vi) nitrate hexahydrate, PuQ,{NQ,}, + 6 H,;O, has
been obtained by evaporation of a HNO; solution containing plutonium{VI)
over P,O, at room temperature [65]. The pink crystals ftun brown or dark
red when allowed to stand in air. When Pu,{NQ), - 6 H;O is heated at
130°C, water of crystallization is gradually evolved with the successive forma-
tion of the tetra-, tri- and dihydrate. Anhydrous PuQO,(NO;), can be obtained
by heating the hexahydrate at 150°C for 76 h. The last two molecules of
water are much more difficult to remove than the first four, which indicates
thaé¢ they are bound in the inner coordination sphere of the molecule. When
PuQ,(NQC,;), or its hydrates are stored in air for about four months, compiete
reduction to plutonium(IV) occurs; further reduction to plutoninm{III)
takes place after storage for an additional 18 months. Such changes in oxida-
tion states have not been observed on storage over PO [98).

{ii) Nitrato complexes

Solid uranyX VI) complexes of the type M[UO,(NQO,);] (M! = for example,
K, NH,, Rb, Cs, NEt,, NH,Et,, NMe,; [12, 61, 75, 86, 100—102]) and Mi[UO,-
{NO;),] (M? = for example, Nil4, NEtH;, Rb and Csj are obtained [100—105]
by reaction in either aqueous nitric acid or N,O4. Analogous neptunyi(VI)
[86,102,106] and plutonyl [86,102] trinitrato complexes are known although
they have not been so extensively studied, but tetranitrato complexes appear
not to have been characterized. Uranyl(VI} tetranitrato complexes of the
type ML{UO»(NOz)s] (M! = Rb, Cs, PyH and QuinH) and M'[UO2(NO3).]
(M = Mg and Zn) are also formed duting the thermal decomposition of hexa-
nitratouranates{IV) [87].

X-ray and nectron diffraction studies have demonstrated the presence of
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bidentate nitrate groups in Rb[UO,{NO;3},] [1071 and Cs{UO,(NO,);] [108,
109]. The configuration of oxygen atoms about the uranium atom in Rb{U0,-
{NO3);] is shown in Fig. 17. The uranyl ion is symmetrical and linear (U—0 =
1.79 A). A hexagon of six oxygen atoms from three bidentaie nitrate groups
surrounds the O—U—O group eguatorially. The hexagon is slightly puckerect
as the oxygen atoms are alternately 0.09 A above and below the plane. The
three nitrate groups are symmetrically distributed around the uraniwm atom,
the U—O(nitrate) distance being 2.48 A in Rb[UO,(NO;);] [107]and 2.50 A
in the isostructural caesium salt [108). The configuration around the uranium
atom is thus an irregular hexagonal bipyramid, each nitrate group i.cting as a
bidentate chelate forming a four membered ring system. The rubidium atorn
has twelve oxygen atoms as its near neighbours. Infrared data are consistent
with the presence of only covalent nitrate groups in the trinitrato complexes
{12,61,74,110]. It was rveported that [UO.{(NO;);]1*" ions do not exist in
appreciable concentrations in non-aqueous media [100] and earlier IR studies
{104] are stated to indicate the presence of ionic nitrate in the solids. On the
basis of other spectral studies [102] discrete [UO,{NO;);]1* ions were reported
to exist in nitromethane solution in the presence of high concentrations of
NEt;NO, and some recent polarized IR studies [111] are interpreted on the
basis of the presence of this ion with both mono- and bidentate nitrate groups
in certain solid complexes. These deductions have been recently confirmed by
single crystal X-ray investigations {112]. The crystals of the isomorphous
uranyl{ VI) tetranitrates Mz{UO;(NO;3}41 (M = NH4, Rb and Cs}) [112] consist
of cations M* and the complex anion [UO,(NO;),}? . The structure of the
uranyl tetranitrate anion is shown in Fig. 18. The centrosymmetric complex
anion consists of a linear uranyl group and four nitrate groups, two of which
are bonded to the uranium atom through fwo oxygen atoms and two others
which are linked through one oxygen atom; this represents the only reason-
able arrangement of four nitrate groups linked to a uranyl group. The un-
symmetrical U—O bonds to the chelate nitrate are attributed to an interac-
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Fig. 18. The molecular siructure of the uranyl{ VI) tetranitrate anion [UD;(NO;)412%".

tion between the NHj cation and the oxygen atom involved in the longer
bond.

The IR and Raman spectra of ammonium, potassium, rubidium and caesium
uranyl trinitrate NH,[UQ,(NO;),], K[UO,(NO;3):}, Rb{UO,(NO;};] and Cs-

TABLE 10
Fundamental nitrate and actinyl frequencies (¢m™') for actinide(VI} oxynitrates

Compound ¥y vy V3 Vg Vs Vs viO— v30— Ref.
M0 M-O

UO2{NQ;); - 6 H;O 1530 1050 748 1337 806 871 959 11, 53,
1480 1038 1303 T4
1452

NpO.{NO3}; -6 H,0 1520 1045 746 1308 741 799 952 24,74
1489 1031 1282

UQL(NC, ), - 3 HaO 1535 1041 743 1303 B0O 952 &3
1501 1028 1277

UO,(NO3). - 2H,0 1536 1023 751 1263 708 801 949 53
1505

U0,iNO;}; - HO 1618 1028 755 1270 698 802 960 219
1540 1008 1240 787 845

KUO3(NO4)3 1530 1025 741 1272 715 805 871, 950, 74

878 960

RbLUG,(NOz2)s 1535 1021 738 1272 710 806 890 956 74

CsUQ,(NOa )y 1518 1021 740 1270 712 B08 B8S5 956 74
1545

NH4UO3(NO3)s 1525 1020 735, 1265 711 804 895 952 T4

739

(C2H35)aNUO,{NCQs); 1540 1018 747 1257 723 800 895 936 74
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[UO,(NO;);] have been reported [11,74] and normal coordinate analyses
have been made as a six body problem {UQ,(X3)] (X = NO3) neglecting the
outer cations [113,114). The fundamental vibrational modes of the nitrate
group in the complexes have been determined from the assumption of the
C,. point group, for which the nitrate group has the six IR and Raman active
fundamental vibrations (Table 10). In the Raman spectra the B,{r,) and the
B,(vg) bands are absent for all the complexes and even the B;(r5) band for
Rb[UQ.(NO,),]; it has been suggested that these bands are not observed
clearly {114] because their Raman intensities, i.e. the changes in polarizabili-
ties of the complexes, may be very small. The non-degenerate asymimetric
stretching frequency v, of the O—U—O group is IR- allowed and occurs in the
region of 950 ¢m™!; this vibration is Raman-forbidden whereas the degener-
ate v,0—U—O symmetric stretching frequency is IR forbidden. Moreover,
the latter has been reported as a weak absorption in the region 870—880 cm”
in the IR. Thus K{UO,(NQO;);] displays a weak doublet at 871 and 878 cm™ |
in the IR which corresponds to a strong Raman band at 870 cm™!; the others
have only one weak shoulder on the low-frequency edge of ;. From a con-
sideration of the fact that this band occurs only in the crystal, it seems most
reasonable to conciude that its appearence results from the crystal field effect
which causes the symmetry lowering of the whole ion. It has been deduced
on the basis of IR and Raman results {111,115] that two different orienta-
tions of {UO,(NO,;),] ions are present in the unit cell of K[UO,(NO;);].
Thus v, for the O—1U—O group is split into three bands at 930 cm™!, 952 cm™
and 966 cm™! for this compound whereas it occurs as a single band at ca.
970 cm™? for the ammonium, rubidium and caesium analogues. It has also
been reported [11] that v, is split into a doublet for K{UO,(NQ,);] in the
solid IR spectrum. It was suggested [11] that as v; is non-degenerate, Fermi
resonance could account for these observations. Conductance measurements
in nitromethane (102 27! cm?) show that this complex does not dissociate in
this solvent and the IR spectrum of the solution has only one v3 band which
suggests that the double absorptions observed are due to unit cell coupling
[11] rather than to Fermi resonance. The values of v; are shown in Table 10
together with the positions recorded for the Raman active mode »,; bond
lengths within the linear uranyl{VI) group, calculated on the basis of these
values, are in the range 1.72 to 1.73 A compared with 1.78 A obtained for
Rb[UO;(NO,);] by neutron diffraction studies [1071. In connection with the
latter compound it is interesting to note that there is some evidence, based
on NMR studies [79] and also on X-ray data [116] (cell dimensions and space
group only) that a second crystal modification exists. It would be interesting
to have confirmation of these observations.

Values for the symmaetric stretching frequencies », O—U—O of the uranyl

jons in uranyl nitrate di- and hexahydrate have recently been published [74]
together with similar values for a range of other uranyl nitrate complexes
and the corresponding values for the asymmetric stretching frequencies
v,0—U~—0. Earlier studies [27,44,54,64—66,74] have assigned bands in the
range 249—260 cm™! to the U—O (nitrate) vibration and have assigned the
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Fig. 19. The schematic D3}, representation of [IJO.(NO3j)31".

bending mede of the O—U—0O (»;) to bands observed below 152 em . This
last assignment of the y;O0—U—0O mode in the IR spectrum of the uranyl
nitrate hydrate have been shown {12,75] to be in error by recent comparison
of the spectra of a wide range of uranyl{VI) nitrato-, halogeno-, perchlorato-
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occurs in the range 248 to 260 cm™}, being observed for UQ,{NO;), - 6 H,O
at 248 cm™! [12]. More recent work has indicated that the uranyl nitrate
species present in acetone solution contain bidentate nitrate groups [781.

It was suggested that bands in the region 235—190 cm! could be attrib-
uted to U—0O(NO;) stretching modes; however such assignments must be con-
sidered tentative at present. In the region below 200 em™?, three bands have
been observed at near 150, 120 and 90 cm™! for each of the trinitrato com-
plexes. The 150 cm™ band is somewhat arbitrarily assigned to the equatorial
X—1UJ—X bending vibration and the band at 120 em™! to the X—U—0O bending
vibration assuming that the fUO,(NO,);] complex possesses a Dj; symmetry
of the type iilustrated in Fig. 19. The weak band at near 90 cm™! may be
assigned to the lattice vibration resulting from the interaction between the
{UO0,X;]7, and M* (NH,, K, Rb, Cs) {113,114].

Spectral results and the absorption and fluorescence spectra of uranyl(VI)

nitrats carmnlaveas hova hanm sarrdasrnd ji dhio mned F1177 WMavn monantd mashizaa
leldeis CLHNIRCRES LHAVO OCCTI ISVIOWEO Jfl LI JFaSv |2 £ 4 §. YIOIe IO pPpuoilica-

tions contain spectral data for uranium, neptunium and plutonium complexes
In non-aqueous media such as nitromethane or dinitrogen tetroxide
{83,86,100]; solid state spectral data for a variety of uranyl( VI) trinitrato and
tetranitrato complexes [118,120] have also been reported. The PMR spec-
trum of NpO3* doped Rb[UQ;{NO;);] and the optical absorption spectrum
of NpQ2* doped Cs[UQO,{NO,);] have been reported [119,121]. The latter
results lead to the assignment of four pure elecironic excitations within the

5f' configuration (6458, 9420, 17841 and 20815 cm™!) and the assignment

Panntimnm ~f fhAamaammmd T Y nidrntas herdenta aath 1 1IN nhononfheralizsa fodos )
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in ethylacetate yields the complex Th{NQ3;),4 - 2 phen while in nitric acid the



217

hexanitratothorate{iV) complex {Hphen),[ Th{NQ;);] has been obtained
[227]. The ring vibrations of the 1,10-phenanthroline in the 1600—1400
em™ ! region shift to higher frequency on complexing with thorium{IV} and on
protonation [227]. The ligand 2-{2"-pyridyl)benzimidazole (PBH) is structur-
ally similar to 2,2"-bipyridyl and 1,10-phenanthroline in containing the group-
ing —N=C—C=N. It reacts with thorium{IV) nitrate in ethanolic sclution to
give the white complex Th{NO;);{PBH),, which is stable at room temperature
for several weeks [211]. The IR specira show the ligand is coordinated in a
bidentate manner through the unsaturated nitrogen atom and the nitrogen
atom of the pyridine ring; no absorption band near 1380 em™! is present while
the bands at 1505, 1295, 1030, 820, 749 and 725 cm™! correspond to the
presence of bidentate nitrate groups. Thus the coordination number of thori-
um seems to be twelve. In solution considerable dissociation occurs. The ther-
mogravimetric studies of the free ligand show it is stable up to 120°C and
then loses weight very rapidly, volatilizing completely at 240°C. In the thori-
um complex loss of the ligand cccurs at about 350°C; the final product is
ThO,.

There appears to have heen no further work done recently on nitrogen
donor complexes with actinide tetranitrates.

H. ACTINIDE (V1) NITRATE COMPLEXES WITH LIGANDS CONTAINING NITROGEN
DONORS

It has been shown | 74,212-—2141 that the composition of uranyl{VI} com-
plexes with neutral bidentate ligands (NN) is UO,(NO,),(NN) while the com-
position of the complexes with neutral monodentate ligands (N) is UQO,-
{NO,),{N},; the complexes previously reporied as UO,{NO;),{INN), appear
to be incorrectly formulated [74]. The various complexes have generally
been preparec by mixing uranyl nitrate hexahydrate and the appropriate neu-
tral ligand in a suitable organic solvent. The IR spectra for all the nitrato com-
plexes show the presence of bidentate nitrate groups; thus the coordination
nwnber of uranium is eigh§. It has also been reported [216] that there is a
linear relationship between the v, asymmetric and the v, symmetric O—U—0
stretching frequencies in a range of uranyl complexes, several of which con-
tain nitrogen donor ligands. A similar relationship is also reported for v, and
the magnetic susceptibility of the uranyl ion in the various complexes. How-
ever the linear relationships illustrated [216) leave much to be desired; it
must be realised that the identification of v;O—U—Q symmetric stretching
frequency as a weak band around 800—870 cm™! in the IR spectra of com-
plexes containing both nitrate and organic ligands can only be considered
tenuous. UO,(NO;),(H.O)(py) is prepared by addition of dry pyridine to an
n-pentanol solution of UQ,{NO,}, - 6 H,O and by washing the precipitate
with CHCI, or ether {214). The a-picoline and a-benzylpyridine uranyl com-
plexes UO,{NO,),(H,0)«a-pic) and UO,(NO,).(H,0Xa-benzylpy) have been
prepared similarly [214]. UQ.{NO;)(py). was prepared by dissclving UQO,-
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TABLE 11

Infrared spectra of uranyl{ V1) nitrate complexes with neutral ligands containing nitrogen
donor atoms

Compound 2 vy vy Vi vy Vs Vg v30—  Ref.
uU—0
U0,{NO;)2(H2O) DY) 1540 1025 741 1270 720 807 928 74
U0O,;{NO3):(H,O){a-pic) 1530 1276 924 214
U0-{NO3);(H,O)- 1530 1275 9921 214
(c-benzylpy)
UO0z(NO3)2(p¥)2 1500 1028 741 1285 725 812 930 74
UO0,(NO3);(bipy) 1539 1278 940 214
UQ,{NQO3);{phen} 1530 1030 1235 805 940 74
15156

2 py = pyridine, a-pic = a-picoline, &-benzylpy = a-benzyipyridine, bipy = bipyridyi,
phen = 1,10-phenanthroline.

"(NO;),{py)(H,0) in pyridine and precipitating by cooling after the addition
of ether £219,228]. If a saturated solution of 1,10-phenanthroline hydrate in
ethano!l is added to a solution of UO5(NO,), - 8 H,0 a yellow solid of UO,-
(NO;),(phen) is produced [74]. A previous paper [229] stated the product
contains 2 2 : 1 mole ratio of 1,10-phenanthroline to uranium but reporied
no analytical data. The nitrate groups are bidentate (Table 11) and the »,0—
U—O increases when the unidentate pyridine and its derivatives are repiaced
by bidentate bipyridyl and phenanthrolme. Thermogravimetric data on UD ;-
(NO;),{H,0)(py) show that at 125°C the water molecule is lost, at 195°C the
pyridine molecule is lost and that at about 550°C the decomposition is com-
plete, giving rise to U;0,. For U0.(NO,).(dipy) the bipyridyl molecule is

06800,
fZ o a

Fig. 20. The molecular structure of UOz(NO; L {THF);.
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lost at 310°C and further decomposition to U,04 takes place at about 500°C.
For UQ,{NO,.),(PBH)} {PBH=2-(2'-pyridyl}benzimidazole), loss of the organic
lipand takes place at about 400°C [211].

I. ACTINIDE(VI) NITRATE COMPLEXES WITH ETHERS

The etherate UQ,(NO;),{Et,0), has been prepared by dissolving anhydrous
uranyl{VI) nitrate in ethyl ether at reduced temperature (—40 to —20°C)
{215]. The bidentate nature of the nitrate ion in this complex is confirmed
by the six IR active vibrations at 1530, 1510 cm™! (v}, 1250, 1270 cm™! (v,),
1025 em™t {v,), 808 cm ! (¥}, 750 em ™ (r;) and 735 em™! (v;). v,O—U—0O
fies at 935 cm ™! and »,0—U—Q at 863 cm™?, but bands at 1124 cm™!

(Vaeym COC) and at 1077 em™! (v,,,, COC) characteristic of the liquid ether
are absent [215]. The solubilities of the ternary systems uranyl nitrate -iso-
propyl ether—water and uranyl nitrate—n-propyl ether—water have been mea-
sured [223}. The following solid phases have been isolated: UO,{NO;), -

3 H,0 - 3 PAO, UO,(NO;), - 2 H,0 - 4 Pri0, UO,{NO,), - 2 PriO in the sys-,
tem with isopropy? ether, and UQ,(NQO,); - 6 H,OQ, UQ{NQ;}, - 3 H,O - Pr20,
UO,{NO,;), - 2 H,O - 2 Pr0, UO,(NO,), - 2 Pr30 in the system with n-propyl
ether. The solubility of uranyl{VI) nitrate in isopropyl ether on the whole is
much lower than in ethers with a normal carbon chain {223].

The preparation of the tetrahydrofuran complex UQ;{NO;}{THI), has
been recently reported and its crystal structure determined [123];a1:1 com-
pound had been previously reported [123]. UO,{NO,),(THF), is obtained Ly
dissolving UQ,{NQ;); - 6 H;O in tetrahydrofuran at room temperature and
allowing the resulting solution to stand for two days. Due to the high ether
vapour pressure, the crystals had to be mounted in a glovebag with an atmos-
phere saturated with tetrahydrofuran. The crystals are monoclinic, space
group P2,/a and Z = 2 witha = 9.412, b = 12.649 and ¢ = 7.237 &; 8 = 117.1°.
The molecuiar structure is shown in Fig. 20. It consists of a uranium atom on
a centre of symmetry cocrdinated to eight oxygen atoms. The two uranyl
oxygen atoms are perpendicular to the plane of the remaining oxygen atoms
and with them form a hexagonal bipyramid about the uranium atom. The
tetrahydrofuran molecule in this structure appears disordered as it does in
most crystallographic determinations {124-—127] presumably as a result of
pseudorotation [128); therefore interatomic distances in this ligand do not
represent the true values for a single conformation.

J. ACTINIDE(IV) NITRATE COMPLEXES WITH CROWN ETHERS

The synthesis and some spectroscopic studies of the thorium(IV) nitrate
complexes with the ligand 18-crown-6 have been reported [190].

Th(18-crown-6)(NO,), - H,0 and Th{18-crown-6)}(NO;), - THF - 3 H,0
have been obtained by mixing in solution Th{NQO;), + 6 H,O and 13-crown-6.
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The first complex was obtained from methanol and the second from tetrahy-
drofuran.

It has been suggested from the IR data that the distortion of the nitrate
groups from the D3, symmetry is quite strong and a description of the local
symmetry of the niirate groups as Cy, appears to be more appropriate.

K. ACTINIDE(VI} NITRATE COMPLEXES WITH CROWN ETHERS

The chelating ability of the crown ether with respect to uranyl{VT) nitrate
salt has been studied [190--1981. The complex UQ,(18-crown-6)(NO;), -

4 H,0 has been obtained by mixing at 0°C the 18-crown-6 ligand and UO,-
(NO,), - 6 H,O in absolute ethanoi. On the basis of spectroscopic data it has
been suggested that the uranyl(VI) ion is located at the centre of the cyclic
ligand, the two nitrate ions being ionic [190]. The same complex of the
uranyl( VI) nitrate with two water molecules instead of four has been obtained
from UQ,(NO3), * 6 H,O and 18-crown-6 in tetrahydrofuran {190,191].
Again it was reported from IR and Raman spectra, that ionic NO; was pre-
sent {190,191].

UO0,(18-crown-6){NO;), - 5 H,O has been prepared by the same procedure
and the existence of an additional hydrate, possibly the hexahydrate, has
been confirmed but not well characterized [191]. Alternative syntheses and
the molecular structures of UO;(18-crown-6}NQ;), - 4 H,0 [192] and UO,-
(18-crown-6)(NO;), - 2 H,0 [193,194] have recently been reported. UO,-(18-
crown-6(NO,}, - 4 H,O has been prepared by dissolving UQ,{(NQO,}, - 6 H,O
and the cyclic ligand in warm acetonitrile and allowing the resulting solution
to stand overnight at —10°C [192]. The crystals are triclinic, space group P1
witha =7.526,b=11.27and ¢ = 7.802 A, «a = 27.51, § = 95.22 and
7 = 105.95°, Z = 1. The uranyl group (Fig. 21) is not located within the
crown ether group. The structure consists of neutral UO,(NO;),(H.,0), mole-
cules and 18-crown-6 molecules connected into infinite chains via hydrogen
bonding through intermediary water molecules. Thus the crown ether is not
bound directly to the urany! group as previously suggested [195]. The linear
uranyl(VI) group occupies a crystallographic inversion centre and exhibits
characteristic coordination, forming an angle of 86.6° with the least-squares
equatorial plane containing the six donor atoms. The six equatorialligand

Oou
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Fig. 21. View of the UGo{NO3);{H;0); unit in the complex UO,(18-crown-68)}(NO3), -
2 H,O.
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atoms, which are copianar and alternate above and below the UQO, least-
square plane are provided by two water molecules (U--O = 2.434 A ) and by
two symmetrically bidentate nitrate groups (U—0O = 2.482 and 2.486 A). In
UQ,(NO;),(H,;0), - 18-crown-6 the uranyl oxygen is not involved in bonding
to any atom other than waniuwm and the U—O distance is 1.693 A. The coor-
dinated water molecule is connected by a moderately strong hydrogen bond
to a lattice water molecule. The ether molecule itself has a customary

crown conformation with normal internal distances and angles [199—201].
The ring is slightly puckered, the six oxygen atoms being alternately 0.23 A
above and below the six-atom least-square plane, As reported above this com-
plex was isolated from acetonitrile, whereas the previous synthesis used etha-
nol [195]; nevertheless, the X-ray powder patterns, IR mull spectra and decom-
position temperatures are indistinguishable for products from the two prepara-
tions. The IR bands generally correspond, with small shift, to a superposition
of the spectra of UO,{NO;), - 6 H,O and 18-crown-6. The observed minor
shifts in the crown ether bands have been attributed to slight conformational
changes including those due to the hydrogen bonding with the oxygen of a
lattice water molecule {195,201—203].

The compound UQO,(18-crown-6}{NOs), - 2 H,O crystallizes in the triclinic
system with @ = 9.073, b =9.144 and ¢ = 8.323 A, « = 64.53, § = 104.23 and
v =110.72°, space group P1 and Z = 1 [193,194]. Again the structure con-
sists of UQ,(NO,).(H,O), units packed with crown molecules in 1 : 1 ratio,
but with hydrogen bonds between coordinated water molecules and the
etheric oxygens. The cyclic ether molecules assume two statistically non-
equivalent sites in the crystal (occupancy factor 0.7 and 0.3 respectively)
related to each other by a 180° rotation about O(7)--0(7"}, (Figs. 22 and 23).
The whole hexaether molacule is devoid of a strong conformational stress.
Nevertheless the conformation adopted is different from the one observed

Fig. 22. Molecular models of the 18-crown-6 maolecule in the two observed orientations
for the complex UQ;(18-crown-6){NO3}; -4 H0O.
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Fig. 23. The molecular structure of UO3{18-crown-6)(NO,}; - 4 H;0.

for the isolated molecule [204] and from the one observed in the hydrated
form, UO,(NO;)(H,0), - 2 H,O - 18crown-6 [192]. The uncomplexed crown
molecule adopts in the crystal a centrosymmetric conformation with an inter-
nal cavity of a non-circular shape: oxygen to centre distances are 2,13, 2.64,
and 3.57 A. In UQ,{NO;),{H,O), - 18-crown-6 the weak crown—water inter-
action suffices to induce a more circular shape and in the hydrated form
UQ,(NO,}.(H,0), - 2 H,0 - 18-crown-6 the additional lattice water molecules
cause an even more symmetric conformation very close to the one observed
in alkali thiocyanate crown ether complexes {205—207].

It was alsc concluded from NMR results that the 18-crown-8 also forms
complexes of 1 : 1 stoicheiometry in solution, the cation being inside the ma-
crocyclic cavity [195,208]; further studies led to the conclusion that there
is no direct bonding between the uranyl cation and the ligand [198,209].

The complexes UO,(dicyclohexyl-18-crown-6)(NO,),; - 2 H,O have also
been prepared [191}. These complexes are soluble in polar solvents such as
acetone and aicohols and are insoluble in non-polar solvents such as benzene
and cyclohexane. The preparation of the uranyl (VI} nitrate-15-crown-5 com-
plex has also been reported but no physicochemical data other than meiting
point are available [121].

The synthesis and the characterization of the uranyl{VI) nitrate complexes
with the cyclic polyethers dibenzo-18-crown-6 (L, ) and benzo-15crown-5
(Ly) have been reported [209]. The yvellow complexes have the compositions
UOL(L 4 }(NO3): - 2 HyO and UO,(Lg}(NO;), - 5 H>O and are soluble in ace-
tonitrile and light alcohols. The visible spectra show the vibronic structure
of the bands in the 350—500 nm range to be essentially d=termined by thé
trianionic O—U—O entity. The spectra are basically similar to those of the
corresponding uranyl(VI) nitrate salt in the same solvent; vome peaks appear
to be slightly shifted. No ligand—uranium charge-transfer bard is observed.
Infrared data indicate that both the nitrate groups remain coordinated to the
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uranyl ion. The conductivity values are about 25 ohm™! ¢cm? M™! in acetoni-
trile solution; these indicate the non electrolytic behaviour of the complexes,
confirming the coordination of both the nitrate groups.

The thermogravimetric and differential thermal analysis curves for UJO,-
(LA)NO3); - 2 HyO and UO,{Lg}{NQ,); - 5 H;O show mass-loss in the tem-
perature range 90—140°C corresponding to the loss of all the water mole-
cules; the dehydration of both complexes begins endothermically, but two
exothermic processes immediately follow before the first is completed; rear-
rangements probably occur in these two complexes with the contribution of
the nitrate groups. After the dehydration process, hoih complexes are more
or less stable in a temperature range 30—50°C, after which an exothermic
decomposition begins; this behaviour suggests the possibility of a ligand
decomposition process with the contribution of the nitrate groups during
the thermal dissociation [209].

The crystal and molecular structure of uranyl(VI) nitrate dihydrate-
1,4,7,10-tetracxacyclododecane has been reported [1977; the complex is of
the form 1 : 1. The crystals are monoclinic, space group P2,/c with a = 9.048,
b =14.366 and ¢ =6.720 A, § = 99.38° and Z = 2. It is reported that the mo- "’
lecule has a crystallographic centre of symmetry which is occupied by the
uranium atom. The proposed structure is shown in Fig. 24. The uranyt ion is
said o be surrounded equatorially by a near planar hexagon comprised of
four oxygen atoms from the ether ring and two water oxygen atoms; inter-
molecular binding would be the result of the hydrogen bonds between nitrate
oxygen atoms and the water molecule. It seems unlikely that the structure is
correct.

L. ACTINIDE(IV} AND ACTINIDE(VI) NITRATE COMPLEXES WITH CRYPTATES

1 :1 thorium(IV) nitrate and uranyl(VI) nitrate hexaoxadiamine macrobi-
cyclic complexes have been prepared by direct combination of 4,7,13,16,21,
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Fig. 24. The proposed structure of the complex uranyl(VI) nitrate dihydrate 1,4,7,10-
tetraoxacyciododecane.
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24-hexaoxa-1,i-diazabicycio-{8,8,8}-hexacosane (crypt) with the hydrated
metal nitrate {208]. The thorium{IV) complex Th{crypt){NO;), - 4 H,O is
white, whilst the uranyl{ VI) complex UQ;(crypt)(NQ;); - 4 H,O is golden
colourad. On the basis of IR and 'H NMR data coordination was supposed to
oceur in solution and in the solid state. A potentiometric study of the interac-
tion between urany}(VI) and the ligand in aqueous sclution has shown [210]
that the UD2" group is not complexed by these diazapolyoxamacrocycles.
These results are confirmed by the fact that the electronie spectra of soiu-
tions with and without ligand are identical. It is not impossible that com-
plexation of actinide ions could cccur. However, more physicochemical data
are necessary to resolve the probiem.

M. ACTINIDE(IV) NITRATE COMPLEXES WITH UREA

Displacement of nitrate by urea is observed in the series of complexes
formed by thorium(IV) tetranitrate; thus thorium complexes of the general
type Th{NO,), - x urea - yH,O which precipitate from aqueous ethanol {(x = 6
and 4 with ¥y = 2 and 4, respectively} or are obtained by grinding together
Th{NO,;), - 5 H,O and the appropriate quantity of ligand (x = 10, 7, 6 and 2
with ¥ = 0.1, 2.5 and 2 respectively} contain both ionic and covalent nitrate
groups whereas Th(NO,), - 2 urea - 6 H,O and Th{(NO;), - 11 urea - 2.5 H,O
contain only covalent and ionic groups, respectively {180]. The increase
in urea: thorium ratio is accompanied by the gradual displacement of nitrato
groups from the coordination sphere by urea. The IR spectra of Th(NQO;), -

2 urea - H,0 and Th{NO,}, - 2 urea * 6 H,O do not show absorption in the
range 1370—1390 cm ™!, but an intense band at 1300 cm™!, due to a cova-
lently bound nitrato group; the IR spectrum of Th({NO;), - 4 urea - 4 H,O
shows the presence of both coordinate and ionic nitrate groups. In the com-
pound Th(NQ;), - 10 urea the inner coordination sphere of thorium probably
contains one bidentate nitrato group while the compound Th{NQO,), - 11 urea -
2.5 H,O apparently does not contain coordinated nitrato groups or free urea
molecules. For the complexes MgTh(NQ,), + 6 urea - 4 H,O and NiTh({NO;);, -
5 urea - 3H,0, in addition to the absorption bands of urea coordinated
through the oxygen atom, there are bands due to the coordinated nitrato
groups and the nitrate anions. It was proposed also that especially in the com-
plexes with a low urea : thorium ratio, thorium may achieve a high coordina-
tion number as a result of the coordination of water molecules, but no fur-
ther evidence besides the IR data have been published [180].

N, ACTINIDE{VI} NITRATE COMPLEXES WiIiTH UREA

Solid state interaction between vrea and uranyl nitrate hexahydrate or
urany) nitrate diures, results in the formation of a series of complexes with
metal tourearatios 1 : 2,1 : 3 and 1 : 5 [181]. The physicochemical data
suggest the complex “UQ,(NO;) (urea);” is a mixture of [UO,{NO;}-

(urea); INO; and [UOs(urea): ] {(NO;}),. Two modifications of UQ,(urea),{NQO,},
have been prepared {181]. The a-form, the more stable of the two modifica-
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tions, is converted to the 8-form at temperatures above 145°C. The latter is
stable in vacuo for one month whereas exposure to the atmosphere for a week
affects a {fransition to the e-form. The &« modification has been also obtained
from UQ,(NO;}, - 6 H,0 and urea in alcoholic solution by slow evaporation
overnight in the dark; if rapid crystallization is induced by continuous stirring,
the $-form is obtained [181]. The coordination of the uranyl{VI} ion in [UO;-
{H,O)} urea),}{NO;), has been a matter of some disagreement. On the basis
of IR results, it was postulated {182] that the complex should be formulated
as [UQ,{H, O} urea),{NO;}INO, with the uranyl ion surrounded by six oxy-
gen atoms, four from urea ligands, one from a water ligand and one from a
monodentate nitrato group. A polymeric structure with sixfold coordination
about the uranyl ion, consisting of four oxygen atoms from urea ligands, orne
oxygen atom from a water ligand and a uranyl oxygen from a neighbouring
complex was also postulated [183]. A neutron diffraction study [184] shows
that the complex is carrectly formulated as [UQ,{H,0)(urea),] (NQO;)s. The
compound is monoclinic with space group P2,/cand Z = 4 witha =993, 5 =
14.99 and ¢ = 13.18 A, 8 = 100.08°. Preliminary X-ray data have been used to
locate the approximate positions of the uranium and non-hydrogen atoms of
the urea and water ligands, utilizing the heavy atom method. The uranyl(VI)
ion is almost linear with a O—U—O angle of 177.7°, with the oxygens occupy-
ing the apical positions of the pentagonal bipyramid polygon of the heptacoor-
dinated uranium atom (Fig. 25). Five oxygen atoms, four from urea moile-
cules and one from a water molecule, lie in the equatorial plane forming a
slightly irregular pentagon. The oxygens in the pentagon are slightly puckered.
Both nitrate ions are bound to the water oxygen by hydrogen bonds. In such
a situation the deviation of the ion from D3, symmetry would not be as
large as that which occurs in bidentate nitrato groups [185]. The resuits of
the diffraction experiment support this view. The average N—O hond length
was found to be 1.22 A and none of the O—N—O angles differed significantly
from 120°. The atoms of each nitrate ion are coplanar.

In a recent study [154] only two complexes, UQ,({NO,},(urea), and [UQ,-
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Fig. 25. The molecular structure of {U0,(H,0){CO(NH, }2 13 KNO3 ).
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Fig. £6. The molecular structure of {U0;{CO{NH>}:1s HNO3);.

(H,O)urea)I(NQ;), were obtained. In the IR spectra of the complex {UQO,-
(H,O}urea),;(NO;), (Table 17) the separation (v, —v,)} is 80 cm™’ whilst the
corresponding A in UO,(NO;),(urea), which contains bidentate nitrate groups
is 240 cm™!. The interaction of the nitrate ions with the water molecule of
[UO,(H,C)}urea), |{NO,), via hydrogen bonds should explain a symmetry
lower than Dg,. The ionic nitrates in [ UO,{(H:O){ureaj}{INO;), cannot be
replaced by the tetraphenylborate or perchlorate anion, the reactions leading
to decomposition {154].

Spectral results suggest {186—188] that the complex [UO,(urea};}J{NO;),
contains only ionic nitrate groups; no splitting is observed in the v; of the
ionic nitrate groups, due to distortion of this group in the crystal lattice.

The crystal structure of [UQO,{urea);]{NO;), confirms the presence of the
ionic nitrates [230]. The crystals are monoclinie, space group P2,/nand Z=4
with cell parametersa = 15.944, b = 8.952 and ¢ = 15.394 A, 8 = 106.3°. The
molecular structure (Fig. 26) consists of a uranium atomn at the centire of a
pentagonal bipyramid with two uranyl oxygens at the apices and five urea
oxygen atoms on the equator. The complex is thus monomeric and not a po-
lymer as suggested earlier [181]. The average U—O(urea) distance is 2.38 A.
Hydrogen bonding in the structure is mostly rather weak.

Only one nitrate ion in UOQ,(H,0)(urea),(NO,); is replaced with sodium
halide in agueous solution; the iodide nitrate and the bromide nitrate form
mixed complexes with the composition [UO.{H,O}urea),] X{NO,) where
X =1 or Br [186]. With chloride nitrate the two compounds [UO,{H,O}-
(urea), 1CI{NO,) and [UQO,(H,O)urea)4jCly (NO3),.s [186] have been pre-
pared. In alcoholic solution [UO,{H,O){(urea}, {NQ,), reacts with I to form
[UO,{H,0)(urea),J(I), and [UO,(H;0){urea)s)1,(NO3)2_ 5 (n = 1.4—2). In
both alcoholic and aqueous solution [UQO,{urea);](NO;), gives with I" [UQO,-
{urea};](I); and also non-stoicheiometric iodide nitrate complexes of compo-
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sition {UO(urea);11,{NO3}._, (n = 1.43—1.27). The compound [UO,-
(urea)JCI{NO,} has also been isolated [186]. The IR and luminescence spec-
tra of [UO.(H,O)}urea),1X,, (NO,)» . (X=1",n=11,1.7;:X=Br,n=1;
X =CI', n = 0.5) and [UO;(urea);}X(NQ,) (X =I or CI") show that urea is
always present in the inner sphere and the nitrate ions in the outer sphere
{188]. Uranyl{ VI) nitrate complexes with the substituted ureas N,N,N',N'-
tetramethylurea (dmu), the cyclic propylene urea 2(1 H)-tetrahydropyrimidi-
none {pu) and the cyclic ethylene urea 2-imidazolidinone (eu) have been prep-
ared by mixing uranyi{VI) nitrate hexahydrate and the appropriate ligand in
hot ethanol; the complexes are of the type UO,(NO,},(L); {189]. IR spectra.
have demonstirated that in all cases the ureas are monodentate via the oxy-
gen atom and that only bands attributable to the C,, symmetry of the
nitrate groups are present {189]. The appearence of two groups of combina-
tion bands at 2560 and 2300 cm™* and at 1780 and 1730 cm™*, assigned
respectively to the v, + vy, v + v;, ¥» + V3and v, + vs modes, undoubtedly indi-
cate bidentate nitrate groups. The complexes behave in nitromethane—
ethanoi (9 : 1) soluticn as non-electrolytes.

O. ACTINIDE({VI) NITRATE COMPLEXES WITH CARBAMATES

Monomeric complexes of formula UO,(NO,),L, (L = N-substituted ethyl-
carbamates) have been synthesized by dissolving uranyl( VI) nitrate hexahy-
drate in the corresponding substituted ethylcarbamate followed by sublima-
tion of excess ligand under vacuum [166,167] or by extraction of the com-
plex with diethyl ether and precipitation with n-hexane [168].

A series of uranyl(VI) nitrate complexes with substituted ethylcarbamates
has been prepared more recently by dissolving uranyl(VI) nitrate hexahydrate
and the ligand in a 1 : 2 molar ratio in diethyl ether. The yeliow oils initially
formed crystallise in about half an hour [169]. The crystal and molecular

Fig. 27. A view of the complex UO,(NO;):(EU),.
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trt_l ture has been determined for bis-(ethylcarhamate}-dinitrato dioxourani-
(V1I}, UO;(NO, Y. (EU), [167]; the crystals are monoclinic, space group
PZ,!a witha =12.176, » = 8.364and ¢ = 7.847T A,3=90.42°and Z = 2. A
view of the molecule UQ,(NO,),(EU), is shown in Fig. 27. Eight coordination
of the uranium atom is realised by an irregular hexagon of six oxygen atoms
bonded in the equatorial plane which is normal to the linear uranyl{(VI)

group (U=0, 1.73 A). The two nitrate groups, crystallographically equivalent,
are bidentate and lie approximately in the base plane, together with the two
oxygen atoms from the equivalent ethylcarbamate groups so that the symme-
try of the immediate coordination of the uranium atom is D,y . The six oxygen
atoms are copla.nar. The D, symmetry of the free nitrate group is lowered to
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nitrate group is perfectly planar and is tilted 4.5° with re5pect to the eguatorial
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the amidic oxygen atom. The U—Q{carbamate) distance of 2.40 A is very simi-
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TABLE 12

Infrared spectra of uranyl{ VI) nitrate complexes with carbamates (em ¥} 2

Compound v Vs vy V4 Vg Ve vC—0 v30— Ref
U—0
UQ(NO3)12{U} 1525 1028 740 1290 800 167
1270
UOx(NO;3)2 (MU}, 1500 1040 742 1280 715 802 1640 940 168
1020
U0, (NO; )2 (DMU), 1530 1010 745 iz270 7ib BOS i635 940 168
1030
UO3{NG3 12 {EU) 1500 1027 741 i275 805 1633 $35 169
930
U0, {NO; L {DEUY, 1520 1028 744 1298 720 209 1620 945 169
1500 1275 938
U0 (NQ4 ) (PhU): 1514 1018 1275 720 800 18662 940 169
UO3(NO3):{PPhU}, 1528 1028 743 1280 843 163Q 945 169
938
UO;(NO3)2(P!1_EU)2 1528 1025 741 1268 719 802 1610 932 169
1016
UO:{NO;3)2{1-PhU}; 1940 1920 742 1230 800 1621 930 169
1006
Rl
2 Abbreviations used for the carbamates :;‘N—-C/__ are: Rl=R?=H (Ul R!=H,
[ 2 UL:,HS
R2 = Mo (MU); R = R? = Me (DMU}; R! = H, R2 = C,H (EU}; R} = R?2 = C;H; (DEUY};
Rl = H, R2 = CcH; (PhTI); R! = R?2 = C H; (DF .....} R‘ = CgHs, R2 = C;H, (PhEU};

R! = H, R? = C,Hs(CH;)CH (1-PhU).
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lar to that found for U—O(water) in [UQO,(NO;),(H,0),] - 4 H,O (2.39 A)
i[69].

A similar structure can be suggested for the other N-substituted ethylcarba-
mate uranyl(VI) nitrate complexes. The IR spectra of all these complexes
exhibit bands characteristic of bidentate nitratie groups (Table 12). The value
of the antisymmetric stretching frequency »;0—U—0O, in the range 930—940
cm™ !, suggests that N-substituted ethylcarbamates are weaker donors than tri-
methylamine-, triphenylphosphine- or t{riphenylarsine-oxide {160,170,171]
and have a donor ability comparable to that of urea [74,154,167]. Coordina-
tion of carbamates to the uranium atom through the carbonyl oxygen is con-
firmed by the lowering of the »C=0 stretching frequency relative to that of
the free ligands.

In the case of the monosubstituted carbamates (methy! methane and ethyl
methane) hindered rotation leads to the possibility of cis—frans isomerism
and the presence of the ligand coordinated in both its isomerie forms has
been sugpested for the complexes UQO,(NQ,),{BU), and UO,{NO;),{MU),
[168,169]. The signals in the *H NMR specira of the free ligands due to the
O—CH,—CHj, protons are near 1 ppm {CH;) and 4 ppm(CH.); on complexa-
tion the CH, resonance shifts downfield, whereas the CH, resonance remains
practically unchanged. The I NMR spectrum of dimethyl methane in CDCl,
at 27°C shows one signal for the N—CHj; protons suggesting free rotation about
the C—N bond [172—174]. Its specirum in benzene is similar, except that all
the resonances are shifted upfield. The complex UQ,(NO;),{(DMU), shows in
CDCl; two 1 : 1 signals for the N—CHj, protons, shifted downfield with respect
to the single free ligand signal. The coordination of the carbonyl group to the
central metal leads to hindered rotation about the N—C bond. In benzene the
separation is larger than in CDCL; and all the resonances are shifted upfield.
Both these effects can be attributed to interactions with the solvent. The
N—CH, signals tend to get closer on increasing the temperature, but are far
from coalescence at 70°C, indicaiing in the adduct a free energy of activation
for the hindered intemal rotation substantially higher than that in the free
ligand [168]. The same behaviour has been found for UQ,(NO,),(DEU},
{169]1. Neither complex dissociates in benzene.

P. ACTINIDE(IV} NITRATE COMPLEXES WiTH AMIDES

Thorium(IV) tetrachloride forms a complex with N,N-dimethylacetamide
(DMA) of composition ThCL, - 4 DMA from which fthe corresponding nitrate
Th{NO3), - 2.5 DMA has been prepared [175]; this complex melts with
decomposition at 126—128°C. A hydrated complex of composition Th-
{NO,),; - 3 DMA - 3 H,0 has been reported to be formed from hydrated tho-
rium(IV) tetranitrate by treatment with an excess of dimethylacetamide
[176]. The nitrate groups are covalently bonded and a shift towards lower
frequency of the C=0 stretching of the monodentate ligand has been ob-
served (Avc—p ~ 44—37 cm™) [175] (Tables 13 and 14).
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TABLE 13

Infrared spectra of the actinide{IV} nitrate complexes with amides (cm )&

Compound 1 Yy Py Vq Vs Ve rC—O  Ref.
Th(NO3)s - 2.5 DMA 1500 1027 744 1306 702 809 1610 175

739 1286
T(NO3) - 2.5 DMA 1517 1020 T43 1277 702 807 1610 23
739
Np{NO3)s - 2.5 DMA 1515 1033 761 1278 807 24
1025 744 1253
Th(NQ3)s - 3 EAPD 1510 1030 741 1300 720 810 1615 179
U(NO3), - 2.6 EA 1560 1030 741 1275 715 809 1600 179
Pu{NO3), - 2 EA 1530 1415 740 1275 8040 1610 179
Th{NO,}; - 3 NMA 1500 1035 743 1285 725 810 1618 177
Th{lNGj;)s - 2.5 DEA 1515 1028 741 1280 710 808 1590 177
U(NOj3J}a - 2.6 DEA 1522 1040 750 1290 718 812 1608 177
Th{NO3}; - 2.5 DMPA 1500 1033 746 1280 722 812 1610 177
U(NO3), - 2.5 DMPA 1525 1035 751 1285 725 815 1610 177
Th{NO,)s - 2 DPHA 1495 1035 748 1283 720 814 1608 177
U(NO3)s - 2.0 PVA 1520 1035 748 1275 720 813 1583 177
Th{NC;), - 2.5 DIPA ¢ 1516 1035 748 1294 680 814 1570 179
U{NQO3})4 * 2.5 DIPA 1525 1039 755 1295 726 B1l5 1585 179
Pui{NO,y)s - 2 DIPA 1530 1030 738 1273 715 800 1560 179
1515 1010

8 Abbreviations used for the amides RICONRZR? are: R! = Me, R? = R% = Me {DMA);

R! = Me, R? = H, R? = Me (NMA}); R! = Me, R? = R? = Et (DEA); R! = Me, R2 = R? = Ph
{DPHA); Rf = Et, R? = R® = Me (DMPA); R! = Me3C, R? = R? =Me (PVA), R! = Me, R? =
R? = i-Pr {(DIPA); R! = Me, R? = H, R? = Et (EA). ® The Raman spectrum of this complex
shows the folowing nitrate bands: ¢y = 1525, 1450, P, = 1036, V'3 = 750, ¥4 = 1312, ¢5 =
705. © The Raman spectrum of this complex shows the following nitrate bands: ¥; =

1516, 1480, 1465, V2 = 1036, ¥y = 749, b5 = 705, 697.

The pale green complex U(NO;), - 2.5 DMA has been prepared by treating
an acetone solution of UCl, - 2.4 DMA, in the presence of an excess of ligand,
with the calculated quantity of AgNO; in CH3CN. The complex can also be
prepared, but in poor yield, from Cs,U{NQO,)s and DMA in hot acetone or
cold ethanol [23]. U(NO;), - 2.5 DMA is non-hygroscopic and soluble in ace-
tone, acetonitrile, N,N-dimethylacetamide, dioxan, ethanol, methanol and
nitromethane, slightly soluble in ethylacetate and insoluble in benzene, diethyi-
carbonate, diethylether and diisobutylketone. It is not very stable, the evolu-
tion of oxides of nitrogen being detectable at 85°C; it melis to a green liguid
at 80—82°C and oxidation to uranium(V1) is complete at 90--95°C. It is
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TABLE 14
Raman spectra of some thorium{IV) nitrate complexes with amides {em™139 §177)

Compound vy Va2 v Yy Vs Vg
Th(NO;}4 - 3 NMA 1523w 1038vs 750w 1315w T05vw
Th({NO3}4 - 2.5 DEA 1490s 1031vs T747Tm 1290w 114s
1455s 1026vs
Th(NO,;), - 2.5 DMPA 1500w  1033vs 745w 720w Bl5w
1460w T05vw
Th{NO;3); - 2.5 PVA 1509w 1040vs 750w 722m 830w
1449w 1030vs
Th{NO;}s - 2 DPHA 1490m 1029m 745w 712
1470m

a Abbreviations used for the amides are: R! = Me, R? = H, R? = Me {(NMA}; R! = Me,
R2 = R3 = Et {(DEA); R! = Et, R?2 = R? = Me (DMPA); R! = Me;C, R? = R? = Me (PVA);
R! = Me, R? = R? = Ph (DPHA).

slowly oxidized on storage (about 6% in one month). Nitrate bands have been
observed in its IR spectrum at 1517, 1277, 1020, 807 and 702 cm ™ with a
doublet at 743, 739 cm™! indicating covalent nitrate groups [23].

A nale green neptunium(IV) tetranitrate—DMA complex of composition
Np(NO, ), - 2.5 DMA, is formed by the reaction of tetrachloride complex
with AgNOQO; in dry CH3CN as in the case of the uranium analogue 23], but
the compiex is more conveniently prepared by treating Np{NO;); « 2 H;O
with a mixture of DMA and acetone [24]. X-ray power data show it to be isc-
structural with U{(NQO,;), - 2.5 DMA [24]. Np(NO;), - 2.5 DMA evolves oxides
of nitrogen at about 65°C and melts at 85—90°C to a greenish-yellow solution
which evolves more brown fumes with frothing at 105°C [24]. Although Np-
{NO,), - 2.5 DMA appears to show Curie-Weiss dependence at higher tempera-
tures, deviations appear below about 200 K and no accurate assipnment of the
Weiss constant has been reported [23,24].

The thorium tetranitrate complexes with the amides of the general formul:z
RICONR2ZR? {R! = Me, R? = H, R® = Me (NMA); R' = Me, R? = R? = Et (DEA)},
Ph (DPHA);and R® = Et {DMFA), Pr® (BA), Me,CH (IBA), Bu® (V A), Me,CHCH,
(IVA), Me,C (PVA), R? = R? = Me) have been prepared by treating the hy-
drated nitrate with the ligands in acetone or ethanol [177]. In some instances
{BA, IBA, VA and IV A) the products were oils that could not be solidified.
The uranium teiranitrate complexes with DEA and DMPA have been prepared
in the same way from Cs,[UG{NO;)s1, but ai 0°C to minimise oxidation to
uranium(VI); DPHA does not react with Cs,[U(NO;)s] and PV A reacts only
slowly, no pure products being obtained. With NMA the tris complex
Th{NO, ), - 3 NMA was obtained in contrast to the 1 : 2.5 stoicheiometry of
the DEA, DMPA {thorium(IV), uranium(IV)) and PVA (thorium) complexes.
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The behaviour of PV A with thorium(IV) tetranitrate is surprising because
DPHA forms only the bis-complex with thorium tetranitrate and PV A, a
bulky ligand, is known to form only bis-complexes with thorium and urani-
um tetrachlaride [178].

One possible formulation of the compiexes of 1 : 2.5 stoicheiometry would
be an ionic species of the type [M(NO3),(L)s1** {M(NO1)¢]*"; the molar con-
ductivities (A,000) Of the complexes in nitromethane at 20° C ranged from
25.0 for U(NOs), * 2.5 DEA to 57.5 27! cm? mol™ for Th(NO,), - 3 NMA,
most of them being below 47 27 em? mol™', The plots of A against +/c are
moderately linear, but no conclusions as to the ionic species present, 1f any,
coutd be drawn from the results. The thorium(IV} complexes are not hygro-
scopic; they are solubie in common organic solvents, such as acetone, etha-
nol, methyl cyanide and nitromethane and insoluble in hydrocarbons, diethyl-
ether and carbon tetrachloride. The monodentate ligands are coordinated to
the metal atom via the amide carbonyl oxygen atom, the shifts to lower fre-
quency in the C=0 stretching mede ranging from 32 to 77 cm™'. Ionic nitrate
groups are absent and although the features of the Raman spectra of the tho-
rium({IV) tetranitrate complexes were badly obscured because of fluorescence,
vy usuaily being too weak to be discerned, v; could be seen easily as a very
strong feature. In these complexes the nitrate groups are considered to be
Faentate 1 177]. The uranium{IV} compounds were toc thermally unstable
for Raman spectra to be obtained [1'7'7].

The interaction of thorium(IV), uranium(IV) and plutonium(IV) tetrani-
trate with N-ethyl and N,N-diisopropylacetamide (EA and DIFPA, respec-
tively) has been reported [179]. The thorium(IV) tetranitrate complexes
have been prepared from the hydrate nitrates, and uranium and plutonium
tetranitrate complexes from Cs,{M{INO3)s] (M = U, Pu} [177]. The
attempted preparation of a complex of plutonium tetranitrate with the more
bulky ligand N,N-dimeéthyl-2,2-dimethylpropanoic acid amide (PVA) by this
latier method was unsuccessful {179]. The uranium tetranitrate complexes
are unstable with respect to oxidative decomposition to uranyl(VI) species;
the DIPA complex decomposes above 110°C and the EA complex decom-
poses at room temperature within 24 h of preparation. Pu{iNQO;), - 2 EA iso-
lated as an oil, becomes crystalline after grinding under 2-methylbutane for
14 days. All the complexes are soluble in hydrocarbons; they are not notice-
ably hygroscopic. The molar cotiductivities (A;ep0) in nitromethane range
from 29.2 for U(NO,), - 2.5 EA to 68.1 ! em? mol ™! for U(NO;), - 2.5
DIPA but no conclusions as to the ionic species present, if any, have been
drawn from the results. Again the ligands are coordinated to the metat atom
via the amide carbonyl group oxygen atom, the shift, 40—70 cm™, to lower
frequency in the C=0 streiching mode being comparable with those in other
amide complexes. Al the nitrate groups are covalently bound (Tables 13 and
14).
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Q. ACTINIDE( Vi) NITRATE COMPLEXES WITH AMIDES

Uranyl{ VI) nitrate forms bis complexes with amides of the type UO,(NOs},-
{L}, {Table 15) [177, 172]. They are yellow, non-hygroscopic, soluble in
common organic solvents suvh as acetone, ethanol, methy! cyanide and nitro-
methane but insoluble in hyd.-ocarbons, diethylether and carbon tetrachloride.
The ligands are coordinated to the urany}(VI) ion through the amide carbonyl
oxygen atom, the shift to lower frequency in the C=O streiching mode rang-
ing from 40 to 77 cm™}. From the IR data it may be concluded that the
nitrates are bidentate, the uranyl(VI) ion being hexacoordinated in the equa-
torial plane (Table 15).

TABLE 156

Infrared spectra of uranyl{VI) nitrate complexes with amides (cm—1 ya

Compound vy v 2 Vs g Vg vC—0O  Ret.
U0,(NO,3 ). ({DEA), 1515 1030 742  12B5 710 Bi1Q 1600 177
UO{NO;3):{DMPA}> 1510 1023 743 1270 710 810 1585 177
U0, ({NO; L {PVA); 1500 1025 740 1275 703 BOG 1592 177
U053 (NO3)(IVA); 1500 1025 740 1270 710 804 1590 177
U0,{NO1}2{VA)2 1500 1025 740 1270 700 808 1596 177
UO;(NO,y ), (DPHA), 1530 1030 742 1280 710 805 1605 177
U02(NO3)(BA)z 1515 1028 741 1275 718 804 1595 179
U0, (NO;3):(IBA), 1505 1028 740 1280 715 808 15841 177
UO0,{NO;}:,(DIPA), 1510 1025 740 1274 715 805 1668 179

a Abbreviations used for the amides RICONR2R? are: R! = Me, R? = R? = Et (DEAY);

R! = Et, R? = R? = Me (DMPA); Rl= Me;C, R? = R® = Me (PVA); R! = Me, CHCH,,

R? = R?® = Me (IVA); R! = n-Bu, RZ = R? = Me (VA); R! = Me, R? = R? = Ph (DPHA),

R! = n-Pr, R?2 = R® = Me (BA); R! = Me,CH, R? = R> = Me (IBA); R' = Me, R? = R3 = i-Pr
(DIPA).

R. ACTINIDE(IV} NITRATE COMPLEXES WITH AMINE N-OXIDES

The reaction of thorium(IV) tetranitrate with the aromatic amine oxides,
pyridine N-oxide (pyO), lutidine N-oxide (lutO), collidine N-oxide {colO},
2-picoline N-oxide (2-picO), 4-picoline N-oxide {4-picO) and quinoline
N-oxide (QuQ), has been studied {157]. With the exception of pyO, all the
ligands form 1 : 3 complexes with Th(NO;), and complexes with higher
metal : ligand ratios could not be obtained. Pyridine N-oxide alone forms the
1 : 8 complex, Th{NO,), - 8 py0, and attempts to form the 1 : 3 complex
with this ligand always lead to the 1 : 8 complex even with excess metal pre-
sent.

The spectrum of Tit{NO;3}4 - 8 pyO shows no evidence of coordinated

nitrate: a strong band centered at 1352 em™*, corresponding to the ionic
nitrates, is present while the bands corresponding to coordinate nitrate
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TABLE 16

Infrared spectra of thorium {IV) nitrate complexes with aromatic amine N-oxides (cm'*)
f1571%

Compound y vy 1 Us Vs Vs vN—O
{Th{pyO}sl{NO3)s ® 1266
Th{NO,); - 3 LutO 1500 1032 744 1301 812 1210
Th{NO;3)4 - 3 ColO 1505 “1030 741 1274 809 1209
Th{NOQ;); - 3(2-PicO) 1499 1030 741 1316 721 811 1215
1028 1295 1225

Th(NO;)q - 3(4-PicO} 1494 1029 745 1282 722 BG9 1217,
1231
Th{NGO;); - 3 Qul 1500 1027 T43 1295 1231

4 pyQ = pyridine N-oxide; LutQO = lutidine N-oxide; ColO = coltidine N-oxide; 2-PicO =
2-picoline N-oxide; 4-PicO = 4-picoline N-oxide; QuO = quinoline N-oxide. ¥ IR spacirum
shows no evidence of coordinated nitrate; a strong band centered at 1352 em~! occurs,
corresponding to ionic nitrate.

groups are ahsent. The specira of the remaining complexes are all consistent
with coordinated nitrate groups. The spectral data of the fundamental vibra-
tions of the nitrate groups do not allow one to distinguish between uniden-
tate and bidentate bonding of nitrate; however the separation of the combina-
tion bands (v, + v3) and (¥, + ¥5) suggests that the nitrate groups are biden-
tates. The frequencies of the N—~O stretching are consistent with oxygen-
bonded amine oxides. Th(NOg)f- 8 pyO is thus eight coordinated and can be
written [ Th{pyO}}{NO;)q while the remaining complexes are eleven coordi-
nate (Table 16).

5. ACTINIDE{V1) NITRATE COMPLEXES WITH AMINE N-OXIDES

It is known that in Me;NO the oxygen is linked to the nitrogen atom by a
single bond [158], the lack of n-bonding in the N—O bond as compared with
the P—O or As—O bond accounts well for the greater donor properties ot
Me,;NO compared with the substituted phosphine or arsine oxide {159].

The pale yellow complex UQO,(NO;),(Me;NO}, was isolated by concentrat-
ing an acetone solution of UO,{NO;), - 6 H,O and Me;NO (1 : 2 molar ratio);
with a molar ratio of 1 : 5 the green yellow complex [UJ0O,{Me,NO),J{NO;),
can be obtained [160]. UQ,(NO,),(Me;NO), is monomeric and on the basis
of the IR fundamental and combination bands due to the vibr:tional modes
of the nitrate group, an eight coordinate compiex is probable. The resulting
configuration of UQ,(NO,},{Me;NO}, is expected to be quite similar to
those of the PhyPO and Ph3AsO analogues. In the IR spectrum of {UO,-
(MeNO Y, (NG, ); only two fundamental bands have been assigned to the
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vibration modes of the nitrate icn: v, at 328 em™! and the v; at 1350 cm™* of
the D3, nitrate group. The combination bands at 2385 em™ and at 1752

cm”! have been interpreted in terms of a likely ionic structure for the solid
(Tabie 17). [UO,(Me3NO).](NO;}, behaves in solution as a bi~-univalent elec-
trolyte and the nitrate ion can be substituted by tetraphenylborates indicating
the existence of the species [UQ,{Me;NO),]*".

T. ACTINIDE(IV} NITRATE COMPLEXES WITH PHOSPHINE AND ARSINE OXIDES

The thorium tetranitrate phosphine oxide complexes have been prepared
by treating Th{NQ,), - 5 H,{ with the appropriate ligand in a suitable solvent.
The uranium{IV) and neptunium{IV) analogues were obtained in a similar
manner from the hexanitrato complexes Cs,[M(NQO;),]. A serious problem is
the ready oxidation of several of the resulting uranium{(IV} complexes to the
corresponding uranyl(VI) compounds. To date only Pu{NQO;)4(Ph;P0O), has
been prepared by reaction of plutonium(IV) nitrate and triphenylphosphine
oxide in methanol [130]. The stoicheiomelry of the complexes obtained
depends to a considerable extent on the size of the ligand. Thus, with the
smallest of the ligands, Me, PO (trimethylphosphine oxide), thorium and
uranium tetranitrate form the tetrakis {931 and the pentakis {129} com-
plexes. Although the mother liquor from the recrystallization of the thorium
complex Th(NO;), - 4 Me;PO yields a small amount of the corresponding
tris complex; the uranium tris complex could not be isolated. In contrast, un-
der similar conditions, neptunium tetranitrate forms only the tris compiex.
The IR spectra of the {ris complexes indicate all the nitrate groups are
bonded whereas additional modes, assignable to the ionic nitrate, are present
in the spectra of {he tetrakis complexes (Tables 18—20) suggesting that they
are of the form {M(NQ,):(R,P0),1"(NO,) . The molar conductivities in nitro-
methane are consistent with 1 : 1 electrolvte behaviour. It has been reported,
on the basis of Raman spectra, that in the complexes the nitrate groups are
bidentate whereas some or all of the nitrato groups appear to be unidentate
in Np(NQ;)4 - 3 Me,PO. Oxidation of the uranium(IV) complexes occurs in
the laser beam.

With the ligand PriPO (tris-n-propylphosphine oxide) complexes of com-
position M{NO;}, - 2.67 Pr3PO (M = Th, U, Np) have been obtained. IR and
Raman spectra indicate all the nitrate groups are bidentate. It is likely that
the complexes are ioniec but the conductivity results are inconclusive and do
not allow one to assign a correct stoicheiometry to the complexes; a struc-
tural investigation of these complexes is clearly desirabile. Partial X-ray pow-
der diffraction photographs indicate that Th{(NQO;), - 2.67 Pr3PO and Np-
(NO,)s - 2.67 Pr5PO are isomorphous [931. Only the bis complexes
M(NQO;)s - 2 L (L. = PhyPO, Ph3AsQ) have been obtained with the more bulky
ligands [93,130,133]. Th{NQ;), - (Ph;P0), has been prepared by treating
thorium nitrate hydrate with Ph;PO in acetone, evaporating {o dryness the
resulting solution and extracting the crystallineresidue with benzene. This
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TABLE 18
Infrared spectra of actinide(IV} nitrate complexes with phosphine and arsine oxides
Compound vy 278 vy Vs vs Vs p(P—0} Ref.
Th{NO3)s - 3 MePO 1500br 1037 742 1290 710 820 1083 93, 14¢
U{NQO3)4 - 3 MePO 1500br 1030 <746 1290 705sh 810 140
Np({NO3)s - 3 MesFO 1502 1024 760 1278 820 1073 93
1495 752 805
Th{NO3), - 4 MesPO 1512 1035 760 1287 820, 1085 921
313
U(NO3), - 4 MesPO 1510 1035 764 1292 820 1087 4
750
Th(NO3)4 - 5 Me;PO 1390 a 740 1300 b 827 140
1470
U(NO3)s - 5 MeyPO 1470 a 740 1295 b 820 146
1390
Th{NO3)s * 3.67 Me3PO 1515 1037 743 1285 710 ¢ 1084 129.
Th(NOQOj)4 - 2.67 MesPO 1515 1037 763 1300 710 * 1091 129
1495 750
{1548)
Th{NO4)4 * 2.33 Me3 PO 1510 1035 745
1485 1031 738 1300 705 ¢© 1087 129,
{1545}
PPh,Th{NO;)5(MezP0), 1520 1038 756 °© 708 <© 1088 129
1031
Th(NQ3)(Me3P0Q)5[BPhy 12 1510. 1031 1310 700 *© 1075 129
(1559)
U(NO3),(MesPO)s [BPhs ), 1508 1033 © 1310 «© < 1073 129
1499
U(NO3)4 - 3.33 Me3PO 1515 1036 745 1318 706 °© 1094 129
1028 741 1290 1077
Th{NO;), - 2.67 Pr3PO 1520 1042 745 1289 815 1162 93
1496 1282 1695
U(NO;), - 2.67 Pr3PO 1515 1029 747 1208 809 1092 93
1485 1285
Np{NQ;), - 2.67 P3P0 1518 1031 744 1292 805 1086 a3
1496 1282
Th{NQ;); - 4 Bu5PO 1509 1032 740 1295 815 1102 93
1504 1032
Th{NGO3}, - 2 Ph;PO 1540 1627 1283 808 1062 93
1530
U(NO3)q - 2 PhyPO 1530 4 755 1275 700 815 134
Np(NO3)s - 2 Ph3PO 1546 1020 1744 1277 800 1058 93

1528 1014 1268
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TABLE 1E {(Continued)

Compound vy Py 3 Pa Vs Vg #(P—0) Ref.
Pu{NO;)s - 2 PhyPO 1520 1032 1295 809 1067 130
1137
U(NO3z}a - 2 PFh3AsO 1510 d e 1280 © 808 134
Th{NO3)s - 2 HMPA 1528 1027 767 1286 812 1066 93
U(NO3)s - 2 HMPA 1545 1024 1293 814 1050 a3
1525
1510
Np{NO1)4 - 2 HMPA 1548 1057 760 1300 805 1052 93
1524 1024 1280
1505 1253
Th{NO3)4 - 3 HMPA 1510 b b 1300 71% 820 140
Th{NO3); - 4 HMPA 1500 b b 1310 712 818 140
1480
U(NO3)4 - 2 PTPA i525 d c 1280 *© 808 134
U{NO3)s - 4 HMPA 1490 1308 705 811 134
U(NO;)q - 4 HMPA 1540 772 842
750 1305 813 134
U(NO;)3 - 4 HMPA - BPhy 1500 765 1312 715 818 134
Th{NQ3},; - 2.5 OMPA 1510 1029 760 1289 807 1174 93
Th(NO3;)s - 1.5 OMPA 1513 1028 750 1290 813 1166 a3
U(NO3)s - 1.5 OMPA 1513 1029 745 1285 808 1155 93
Np(NO3); - 1.5 OMPA 1515 1030 744 1283 805 1154 a3
Th{NO3}s - 1.5 PPM 1546 1027 1293 810 1160 93
1526 1282 1150
1516 1140
Th{NO;}4 - 2 PPE 1536 1025 1290 808 1182 93
1515 1280 1142
1131

solution deposits weil-formed crystals on standing. Infrared results (Table 11)
indicate the presence of covalent nitrate groups, confirmed by an X-ray struc-
ture determination carried out on the isostructural cerium(IV) and thorium-
(IV) compiexes M(NO;).(Ph;PO), (M = Ce and Th) [131]. In these complexes
cerium{(IV) and thorium(IV} are ten-coordinate, two oxygen atoms from

each nitrate group being bonded to cerium, together with two oxygen atoms
from Ph,PO molecules. The coordination observed in Ce(NQ;).(Ph;PO), (Fig.
28) may be described as a distorted trans octahedral arrangement of two phos-
phorvl oxygen atoms and four nitrate groups, each nitrate group heing con-
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TABLE 19
Raman spectra of some actinide{IV} nitrate complexes with phosphine oxide [92]
Compound vy Vq vy Vg U3, Us
Th(NO3)s - 4 MesPO 1500vw  1300vw  1056s 775m
10455 728m
Np(NO3); - 4 Mey PO 1296ms 1048w, sh 810s 795m, sh
Th{NQj3), - 2.67 Pr3PO 1520w 1216w 1040vs 753w
1282vw
Np{NOj), - 2.67 Pr3PO 1520w 1300w 810
1260w
Th{NO3), - 4 BujPO 1510w 1310w 1040
1270w
Th{NO;). - 2 HMPA 1545m 1320vw 1034s 762w
1539w 1290vw
1496m
Th{NO;}; - 1.5 OMPA 1625w 1040vs 760w, sh
1552m 710w
1520m
Th{NQ3)s - 1.5 PPM 1590w a a
1530w
1510w
Th{NQ3)3 - 2 Ph,aPO 1540w a 752w
1563w 740w

2 Ohbscured by ligand absorptions.

sidered to occupy a single coordination position [14]. The phosphoryl oxygen
atoms are not colinear with the cerium atom but subtend 155.0°, while the
four nitrate ions have their planes inclined in the approximate shape of a four-
bladed propelier. The Ce—O distances are 2.437—2.518 A for the nitrate
group oxygens and significantly shorter 2.216 and 2.222 A for the phosphoxyl
Ce—O contacts. The N—Q distance r3, is somewhat shorter than the ry, and r,
distances {Table 5).

More recently the crystal structure of Th(NO;)¢(Ph;P0), has been deter-
rained [245]. The crystals are monoclinic, space group P2,/n and Z = 4 with
a=12.08, b =17.59 and ¢ = 16.57 A, § = 91.0°. The structure is obviously
identical to that found for the isosiructural cerium(IV) apnalogue. A typical
negative IR shift relative to the free P—O stretching frequency (Table 18) is
observed for Th{NO;),{Ph;P0)}, indicating coordination of the ligand via the
oxygen atom. The shift to low frequency is much greater in this complex than
observed for lanthanide{III) complexes {137,138] and similar to that observad
for uranium(IV) {139]. The green Pu(NO;),(Ph,P0); and the pink Pu(NO;),-
{PhyAsQ), have been obtained by reaction of plutonium nitrate and the
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TABLE 20

Vibrations arising from ionie nitrate (cm"l) and molar conductivities of some actinide
{IV) nitrate complexes with phosphine oxide in nitromethane at 20°C {93].

Compound E'(v3) AZ(v2) Asao Arage Elee-
(21 (2t trolyte
em? em? type

mol 1} mol~t}

Th(NO;}s - 4 Me,; PO iR 1365sh 830w 72.4 75.6 1:1
Raman 1365vw
U{(NO;)s - 4 MeyPO IR 13505, 1365m,sh  832vw 63.5 67.7 1:1
Th{NOQ3)4 - 4 BujPO IR 1343s 830w,sh 555 56.9 1:1
IR 2 1355m 835w, sh
Raman 1360w, 1310m
Th(NQ3z)s - 2.5 OMPA IR 1352s, 1334s, 83zw
1314s
Th({NQ3)s - 2 HMPA 11.2 12.1 Non-
elec-
trolyte

2 Carhon tetrachloride solution.

O Ce
P
oo
O N
ocC

Fig. 28. The molecular structure of Ce(NO3)4{Ph;PO);.
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appropriate ligand in methanol [130]. The IR spectra show the nitrate groups
to be bidentate {130]. The P—O stretching vibration is shifted to 1067 cm™!
by complex formation (1195 cm™! for the free ligand); for the arsine oxide
complex the As—O stretching vibration is lowered by complex formation and
a single strong band at 850 cm™! has been observed {130]. A band at 420 cm™*
for Pu(lNO;)4(Ph;P0), has been assigned to the Pu—O stretching of the Pu—
O—P group. Pu(NO,).(Ph, AsQ), exhibits a band at 377 em™? assigned to the
Pu—O stretching of the Pu—0O—As group. Additional bands observed at 224
and 226 cm* for the Ph,PO and Phy AsO complex respectively have been ten-
tatively assigned to the Pu—O stretching of the Pu—QO(nitrate) group [130].

Tributylphosphate (TBP) has been widely employed as an extracting
agent for actinide nitrates. If forms with actinide(IV) ion complexes of the
type Th{NO;)(MDPP), (M = Th {5,132,133], Np {135], Pu {136]). The Ra-’
man spectrum of the liquid Th(NO;);(TBP), shows all the nitrate ions are
bidentate {5].

Thorium nitrate forms the complex Th(NQ;3){MDPP), when a saturated -
agueous solution of the actinoid sait is equilibrated with MDPP (MDPP =
methyldiphenyiphasphata) [220]. The complex is insoluble in mineral acids
or bases but some organic solvents such as benzene, methyl isobutyl ketone,
dioxan and chlorobenzene decompose it. After the decomposition the
organic phase contains MDPP, the solid phase left being Th{NO;),;. No other
physicochemical data have been reported, but very probably the compound
has a complex and ionic structure.

Th{NQO;)s - 2 HMPA and U(NO,); - 2 HMPA (HMPA = hexamethyiphos-
phoramide) are probabty similar in structure to Th{NO;)4(Ph;PO},. The Ra-
man specirum of Th(NO3), - 2 HMPA, like those of Th{NO;}4(Ph;PO), and
Th(NO;)4(Ph3AsO), (Table 19), is consistent with the presence of bidentate
nitrate groups [93] and the molar conductivity is low, indicating non-elec-
trolyte behaviour {93]. Although U(NG,),(HMPA). behaves as a non-elec-
trolyte in nitromethane solution, ionisation occurs in the presence of excess
ligand. In a conductometric Litration of a nitromethane solution of
U(NO;)s(HMPA), containing exactly one mole of excess HMPA with a nitrc-
methane solution of NaBPh,, NaNO; was precipitated and a sharp endpoint
was obtained at a U(NOs), to BPhg ratio of 1: 1. Inan exactly similar titra-
tion with no excess HMPA, only a small amount of NaNQO; was precipitated
and a weak endpoint was obtained at a U{INQO,),; to BPh ratioof 1 : 0.1. The
IR spectrum of the U(NO;),{HMPA}, + NaBPh, system indicates a very smzll
amount of free HMPA; in addition all the nitrato groups in the complex seem
to be bidentate. It has been suggested that U{(NO,),(HMPA}, reacts in solu-
tion with one additional HMPA to form mainly U(NQO,;), - 3 HMPA which is
ionized to some extent into {U{NO;); - 3 HMPA]™ + NOj. All efforts to iso-
late solid [U{NO;);s - 3 HMPAIX (X = NO3, C10;, BPh3) have failed.

The complex U{NO,), - 4 HMPA has been prepared by dissolving U(NO;},-
(HMPA), in HMPA and acetone and precipitating the light green solid with
isopentane. The existence of [U(NO;), - 4 HMPA]" species in solution has



242

been suggested when [U(NO,;), - 4 HMPA ]BPh, was prepared by reacting
NaBPh, with U{NO,), - 4 HMPA. The conductometric titration of U(NO;},
with HMPA in acetone solution is in agreement with earlier observations,
that an unionized U(NO,),(HMPA), complex is formed and that ionization
takes place at higher HMP A furanium ratios {134,140].

In the initial stage of the conductometric titration of HMPA against Th-
{NO,)4 the increase in conductivity must be ascribed to enhanced autoioniza-
tion (formation of {Th(NO;); - 2 HMPA - 81" and [Th{(NO,),81; S = solvent).
After this period the most important reaction wili be that of complex forma-
tion (Th(NQ3)4 - 2 HMPA - Me,CO). Further addition of HMPA leads to 2
gradual increase in the extent of ionization. The percentage ionization of Th-
(NO;), - 4 HMPA is greater than that of Th(NO;),; - 2 HMPA when an excess
of HMPA is present. No solid Th(NO,), - 2 HMPA has been prepared from
acetone solution, even when a Th(NO;),: HMPA ratio of 1 : 2 was used, only
Th(NQO,;); - 3 HMPA formed. The molar conductivity of Th{NO3), - 3 HMPA
in nitromethane indicates it is & weak alectrolytfe although stronger than
I{NC,),; + 2 HMPA. Th(NO,), - 4 HMPA is very similar to the corresponding
uranium(IV) complex with respect to its melar conductance and IR spectra
{134]. When Th(NO,;); - 4 HMPA is warmed in vacuo at 50°C Th{NO;), -

3 HMPA is formed, which on heating to 150°C in vacuo gives Th{INO;), -

2 HMPA. Similarly U{NO;}, -+ 2 HMPA can be prepared by warming U(NO,), -
4 HMPA in vacuo at 80°C: oxidation of the former starts only at about 115°C.
The minimmum at a Me;PO : U(NO;)4 molar ratio of 2 : 1 in the conductome-
tric titration of an ice-cold solution of U(NO;), in acetone with Me PO
suggests that U(NOj)4 - 2 Me;PO is formed although it was not isolated; even
at molar ratio 2 : 1 U(NO,), - 3 Me,yPO crystallizes instead. It has therefore
been assumed that the species in sofution is U(NO,), + 2 Me,PO - Me.CO.
U(NOs}s * 3 Me;PO is a weak electrolyte in nitromethane solution and when
treated conductometrically with Me;PO in acetone, the conductivity increases
until precipitation of U(NO,}, - 5 Me,PO occurs at a molar ratio of 1 : 5. The

Scheme 2
U(NO3z)s - XOC{CH3); + Me3;PO ===—=U(NO3}s - 2 Ma;PO - OC(CHa):z
Me 3PO JI“ Me PO

[U(NO;)s - 3 MesPO1*+ [NO; ['S===U(NO; ), - 3 Me;PO

[ Me PO 2Me3PO
(G(NG3)3 - 4 MesFOY + [NO3 | Me3PQ ((NO3)a - 5 Me;PO
behaviour of the U(NO,)./Me,PO system has been interpreted according to
the scheme. Conductometric titrations of Th{NQ;); with Me;PO in acetone
solution show that Th{NOs), reacts differently from U{NO;).. The initial

increase in conductivity to a maximum at a Me; PO : Th(NO;),; molar ratio
2 : 1 has been interpreted in terms of enhanced autoionization according to

2 Th(NO,), + 4 MesPO - [Th(NO,); 4 MePO}* + [Th(NO;);Me,COJ
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This is followed by a decrease in conductivity and a minimum at a molar
ratio of 3 : 1 occurs which suggests that complexes of composition Th{NO;), -
3 Me,PO are formed. The very rapid increase in conductivity in the region
3—4 mol MeyPO added can only partly be explained in tenms of ionization.
The formation of the species {Th{NO,), - 5 Me;PO]" and {Th{NO,); - Me;POT
must make a significant contribution to the conductivity. When a molar ratio
of 4 : 1 is exceeded, ionization again becomes relatively more important.

It has been shown {1407 that in these complexes Me, PO is a stronger ligand
than HMPA; this is very probably due to the smaller size of Me,PO, which
can lead to more intense metal—phosphoryl-oxygen donor atom interaction
compared with that of HMPA. This effect will Jead to greater metal—nitrate
bond weakening and, therefore, ionization in complexes with Me,PO, even
where the stoicheiomeiries of the Me;PO and HMFP A complexes are the same.
The higher molar conductivity of Th(NO;), - 3 Me;PO as compared to Th-
(NQO,),; - 3 HMPA is in agreement with this. In addition a larger Me,PO :
M(NO,)4 molar ratio is possible in lattice-stabilised complexes than for HMPA;
thus M{NQ;)4 - 4 IMPA but not M{NQ;}; - 5 Me;PO can be isolated.

Products with non iniegral M : Me,;PO ratios have been obtained by vary-
ing the preparative conditions, inclzding the solvent, or mixture of solvents,
used for recrystallisation {1259]. With a 1 : 3 molar ratio (metal : ligand) in
ethanol (thorium} or dichloromethane (uranium) the products are of compo-
sition Th{NQ;), - 2.67 Me,PO after recrystallisation from MeCN and U(NO,}, -
3.38 Me,;PO. The former complex is analogous to the previously reported
M{NO3), - 2.67 PrfPO (M = Th, U and Np) formulated as [M{NO:L/{PrPO},1.-
[M{NO;)s] [94]. Additionai thorium phases of composition Th({NO,),; - 2.33
MeyPO and Th(NO3), - 3.67 Me,PO have also been obtained, the former by
slow evaporation of an ethanol solution of the components {Th : Me,PO =
1: 3) and the latter from an ethanolic solution of hydrated thorium tetrani-
trate and 2 nitromethane solution of the ligand {Th : Me PO =4.3 : 1) fol-
lowed by recrystallisation from ethanol : nitromethane: n-hexane : diethyl-
ether (1 :1 :2: 10}, but these products could not be obtained reproducibly
and were probably a mixture.

The reaction of sodium tetraphenylborate with the pentakis complexes
M(NO;}, - 5 Me3PO, 3 : 1 molar ratio in ethanol (thorium} or acetone (urani-
um}, yields the complexes [M{INO1),(Me;PO)sjIBPh, ) [129]. The anionic
complex [ Th{NO,;);{(Me;PO),]™ has been obtained as the sait from an acefonsz
solution of Th{NQ;), - 2.33 Me;P0O and [PPh,4]NQ,. Direct preparation of
[Th({NO,;);{Me;P0O), 1 from hydrated thorium tetranitrate, Ph,PO and
fPPh,INO, vields precipitates of variable composition and the corresponding
uraniem{IV) complex could not be isclated. The formation of these two
ions may indicate that the tris complexes M(NQ,)4 * 3 MezPO should be for-
muiated as | M(NQ,;),(MesPO}sJITM(NQ,)s{Me, PO),1,.

The crystal and molecular structures of [ Th(NO,;);(Me;PO), ]z[Th(N03}5]
and [PPh,] [Th(NO,);(Me,PO),] have been determined by X-ray diffraction
{1291. The colourless prismatic crystals of [Th{NO;);{Me;PO),3: I Th(NO;)s)
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Fig. 29. The coordination around the thorium in the individual ions of the complex [Th-
{NO;}3{Me3PO)}, 12 [Th(NO.:-\ Yo 1-

Fig. 30. The coordination spheres of the three thorium atoms in the complex [Th{NO;};-
{Me3P0O); 12I Th(lN©O;3)s 1. The cations are represented by the polyhedra {a) and {c) and the
anion by (b). The cxygens of the unidentace ligands are stippled.

are rmonoclinic and the crystal parameters are: space group Pn, a = 9.523,
b=14.507 and ¢ = 27.302 A, § =.95.32° and Z = 2. The coordination around
the thorium in the individual ions is illustrated in Fig, 29. All the nitrate
groups are bidentate and the coordination number is therefore 10 for the ca-
tions and 12 for both the anions. The packing of the crystals appears to
involve only electrostatic interaction between the pseudo-spherical ions. The
thorium in the anion [Th{NO,;)s}*~ has the characteristic icosahedral geome-
try {1417 shown in Fig. 30(b), with six bidentate nitrate groups as found in
[Ce(NO;)s1>". The two ten-coordinate cations are very similar. They can be
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Fig. 31. The molecular structure of [PPha J[Th{INO21)s{MeaPO}: ]. (The disorder in the
anion does not allow one to descrihe its geometry.}

described as 1 : 5 : 4 geometry of the type in Fig. 30{c). This has a closely
planar base, but an atom in the 5 layer most nearly opposite one in the base
is out of the plane. An altemative description is 1 : 6 : 3 geometry (Fig. 30(a}).
This has a puckered 6 layer with the nearly eclipsed atoms close to the apex.
The colourless crystals of {PPh,][ Th(INO;)s(Me;P0O).: | are orthorhombic with
space group Pnma, a = 24.626, b = 12,922 and ¢ = 12.777 A, Z = 4. The mo-
lecular structure is shown in Fig. 31. The thorium atom is 12 coordinate, ail
the nitrate ions being coordinated but the disorder in the anion means that
nothing useful can be said about its geometry. The crystals contain discrete
ions and the packing appears to involve only electrostatic interactions
between the pseudo-spherical ions. The Th—O coordination distances are in
the range 2.24—2.53 A for Th—0O(Me,;PO) and 2.46—2,94 A (av. 2,61 A) for
Th—O(NO;) in [Th{NO3);(Me;PO),][Th(NO;)s] and 2.34—2.42 A (av. 2.38
A) for Th—O(Me,PO) and 2.52—2.75 A (av. 2.64 A) for Th—O(NO,) in [Th-
(NO;3).(MeyPO) ;1 [BPh,],. There is a significant difference between the Th—()
distance and those found for La{NO3}; * 4 Me,SO {La—0O{NO,;) 2.65 A; La—0-
(Me,S0) 2.48 A [142]). )
Complexes of stoicheiomeiry M{NQO;), - 1.5 L have been obtained with the
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bidentate phosphine oxides octamethyipyrophosphoramide (OMPA) and bis-
(diphenylphosphinyi)methane {PPM}; a second OMPA complex Th{NO;), -
2.5 OMPA was also obtained [93]. The Raman spectra of Th{NG;), - 1.5 L,
are consistent with the presence of bidentate nitrato groups and the IR spec-
trum (Table 18} of Th{NQO;},- 2.5 OMPA shows that ionic nitrates are also
present in this complex. The {wo thorium tetranitrate--OMPA complexes
behave as electrolytes (Table 20) aithough there is no ionic nitrate in solid
Th(NO;}, - 1.5 OMPA, In contrast bis(diphenylphosphinyl)ethane (PPE)
forms the bis complex Th(NC,}, - 2 PPE in which covalent nitrato groups are
probably present (Table 18); there is, however, no evidence to show whether
PPE is behaving as a uni- or bidentate ligand in the complex [93].

The shifts in the P=0 stretching frequencies in the IR spectrum are shown
in Table 18; Me; PO, Pr;PO and Bu;PO all exhibit similar shifts on coordina-
tion as might be expected from the similar elecironegativities of the substitu-
ent groups. The effect of electron withdrawal from the P=0 group by the me-
tal atom is felt throughout the small Me;PO molecule and this is reflected in
the IR spectra of its complex<s, in which all of the ligand skeletal modes are
shifted or split compared with those in the free ligand; this effect is much less
marked in the longer chain Pr3PO and Bu3PO. There is very litile diff{erence
in the magnitudes of the shifts in a set of complexes (Th, U, Np) or between
the complexes M(NQ;),; - xL and M{NQ3), - {x + 1)L. A small splitting of the
P=0 mode in Th(NO,),s - 4 BujPO was observed both for the solid and for
saolutions in carbon tetrachloride; this may indicate maore than one environ-
ment of the ligands. The shifts in the P=0O stretching frequencies for the
HMPA and Ph;P0O complexes are very much larger than those for the trialicyl-
phosphine oxides, as has been observed for the corresponding complexes of
the tetrachlorides [143,144] (Table 18). According to the Raman spectra the
covalent nitrato groups in the tetrakis actinide(IV} nitrate complexes are
bidentate, whereas some or all the nitrato groups appear to be unidentate in
Np(NO3})s - 3 Me,yPO (Table 19). The vibrations arising irom ionic nitrate in
some actinide(IV) nitrate complexes and their molar conductivities in nitro-
methane at 20°C are given in Tabie 20.

U. ACTINIDE{VI) NITRATE COMPLEXES WITH PHOSPHINE AND ARSINE OXIDES

A range of uranyl(VI) nitrate complexes of the type UQ,(NO;),(L), (for
example, L, = phenacyldimethylphosphine oxide [145], methyldiphenyiphos-
phate [146], triphenylphosphate [147], triphenylphosphine or arsine oxide
[148], and trimethyl or triethylphosphine oxide [93]) have been prepared
by direct reaction of uranyl{ VI) nitrate and the monodentate ligand in sol-
vents such as ethanol.

The phase diagram of the UQ{NQ;),—(EtQ);PO—H.O system has also
been studied [149] between 25 and 90°C. Complexes with other actinyl(VI)
nitrates do not appear £o have been studied. The interaction of triphenyiphos-
phine (Ph,P) with urany}(VI) nitrate was previously reported to yield UQ,-
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{(NO;3)2(Ph3P); [150] but a subsequent investigation [110] has unequivocally
demonstrated that the product is UO4{INQ; )2 (FhiF0),.

The IR bands at 270 cm™! for UQ,(NQ;),{Ph,P0),and at 274 em™ for
UQ,{NQ;),(Ph3As0); have been assigned to the uranyl deformation mode
(v2) [12,90]. In addition the positions of the Raman active stretching vibration
(v;) of the uranyl group in these complexes and in the UO,({INO;),(EtO),PO
have been reported [11].

UO,(NQ3), - 6 H,O in ethanol reacts with the ligand phenacyidiphenyi-
phosphine oxide (Ph,FOCH,COFh) in a 1 : 2 ratio to give the anhydrous
crystalline complex UQO,(NQ,),(Ph,POCH,COPh), which is soluble in ethanol
and acetone and slighily soluble in benzene and toluene. For the ligand the
IR spectrum shows the C=0 stretch at 1680 cm ™! and that for P=0 at 1180
cem™!; the uranyl(VI) nitrate complexes give a sharp band at 1680 ¢m™! indicat-
ing that the carbonyl group is not affected while the P=0 stretch is shifted
to 1160 cm? so that the UQ2"* ion probably has two nitrate ions and two
phosphine oxide ligands coordinated to it, the phosphine oxide coordinating
as unidentate ligands. With ratios of uranyl nitrate to lipand 1:1, 1 : 3 and
1: 4, the compound obtained is identical to that obtained using a 1 : 2 ratio
[145].

UO,(NO;),(MDPP), has been prepared by equilibrating methyldiphenyl-
phosphate (MDPP) with an agueous solution of uranyl nitrate. The complex
is soluble in CHCY;, dioxan, CH,OH, C¢Hjg, and Bu'COCH;, but almost insolu-
ble in H,0Q, dilute mineral acids, PriO and hydrocarbons {146]. It probably
has the same structure as U0O,(NO;)(TEFP) (TEP = triethylphosphate) {63].

The reaction of UO{NO5}. - 6 H,O in ethyl ether, in dioxan or in ethanol
with Ph,PO gives UQ3(NO,),(Ph;PO),; in a 32%, 90% and 5% yield respec-
tively [148]. The same reaction with Ph3AsO gives UOQ,(NQ;3}.(PhyAsO); in
ethyl ether with a 20% vield, and in dioxan with a 99% yield. In ethanol

06000
2o 7T &=

Fig. 32. A perspective view of U0,(NO;3),{PhsPQ)s.
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Ph;AsO was found to be inert towards uranyl nitrate; in butanol the yield is
less than 0.2% and in cyclohexanol is 10% [148]. The crystal and molecular
structures of the complexes UQ{(NO;){PhPO),, UO,(NO3),(Ph; AsQ), and
UO0,(NO;}1;(TEP), have been reported [63,148). The structures of the Ph,PO
and Ph;As(Q complexes are the same as shown by the similarity in composi-
tion, by the IR spectra and by X-ray single crystal diffraction [151]. The
uranjium atom is eight coordinate and the uranyl ion is surrounded equatori-
ally by an irregular hexagon of six oxygen atoms. A perspective view of the
U0,{NO,;),;(Ph, PO}, molecule is reported in Fig. 32. The two nitrate ions,
which are erystallographically equivalent, are coordinated as bidentate groups
and are tilted with respect to the equatorial piane. The 17O bond length of
the uranyl group, which is symmetrical and linear, is 1.71 A, the two U—0-
(nitrate) distances, 2.56 and 2.60 A, are slightly longer than in UQ,{NO,), -
6 H.O [68,69]. The U—0O hond is 2.36 A; within the limits of the estimated
standard deviations in the bonds and angles, the chromophore UOjg has D,
symmetry. The very short As—O length {1.65 A) has been ascribed to the
strong character of this bond. Crystals of UQ,(NO;),(TEP),, grown from
CHC1, have been found to be triclinic with cell dimensions: a = 9.14, b = 8.66
and ¢ =9.06 A;« = 98.2°, § = 95.9°, v = 95.6° and Z = 1. The structure (Fig.
33) is cenirosymmetric and the uranium atom is eight coordinated with
bidentate nitrate groups and unidentate phosphate ligands, With uranyl{VI)

s 0080 60

Fig. 33. The molecular structure of T0O.{NO; )}, {TEP),.
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nitrate, hexamethyipho:iphoramide forms the complex UO,(NO;),(HMPA}),
[152—154]. All the vit:ration modes due to the nitrate groups of C,, symme-
try have been found active. The assignment of the fundamental frequencies
are: v, 1505, v, 1050, vq 1285, vs 720, vs 820—810 cm™. Because of the
broad absorption of the ligand the v, mode of the nitrate was not ob-

served. In addition, the weak absorption at 2530 and 2305 cm™* could be
assigned to the combinations v, + v, and v, + v,, respectively, with a separa-
tion of 225 cm™ !, comparable to the A{y; — v4}). The bands at 1770 and
1730 cm ', probably arise from the combinations v, + v; and v; + vg, Tespac-
tively. The separation of these bands (40 cm™!) and the difference (v, + v,) —
(v, + v4) are in agreement with the values found for bidentate nitrato groups
[74] (Table 9). Therefore the IR spectrum of UQO,(NO,),{HMPA), confirms
the nitrate anions are bidentate in the solid state. The PO bond stretching
frequency in the IR spectrum of UO,(NO;};{HMPA}, has been reported to
be 10—20 cm™! lower than the corresponding frequency in the free ligand
£152,153]; shifts of the order 100—120 em™! toward lower frequencies
appears to be more correct. Moreover even larger shifts (160—180 cm™?) have
been found in complexes of uranium(IV) with the same ligand [144]. For
the urany! complex with Ph;PO the shifts are of the order 60—80 cm™*. The
larger shift observed for the HMPA compiex probably arises {rom resonance
effects induced by the electron releasing dimethylamino groups. The ;00—
U—O lies at 928 cm™! or 932 cm™! [155], and the »,O—U—O at 845 cm™'
while a strong band in the region 260—270 cm™! arises from v,0-U—0 {160}
The Raman spectrum of UO,(NO;),(HMPA), contains a weak line at about
510 cm™! and a stronger one at 480 cm™', whereas only the latter is present
in the spectrum of HMPA; a similar situation has been observed in the IR

TABLE 22

Raman spectra of some actinide {VI} nitrate complexes {cm !} with phosphine oxide [93]

Conipound ¥y Vs 'y v3fvs

UO,(NO3); - 2 Me3PO 1500vw 1275vw 1040m 770w
1028w

UO;{NO;); - 2 Pr3PO 1520w 1041s

UD,{NO3}s - 2 Bu3PO 1510w 1030w

UO2{NO3}; - 2 HMPA 1505w, sh 1035vs 750w

1490s
UO,(NO;), - OMPA 1535w 1280vw 1033w 755w
1320vw
UO02(NO3}; - 1.5 PPM 1530w 1034vs a

(?)2

2 Obscured by ligand absorptions.
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spectrum. It has been suggested that the band at 510 cm™! is due to a U—0O-
(HMPA) mode [156). Infrared spectra of the dioxouranium(VI) nitrate cora-
plexes with phosphine oxides indicate that all the nitrate groups are ccvalent
(Tahle 21) and Raman spectra are consistent with the presence of bidentate
nitrate groups {Table 22). The molar conductivities in nitromethane are lovs,
indicating non-electrolyte behaviour.

V. ACTINEDE(IV} NITRATE COMPLEXES WITH SULPHOXIDES

Two series of complexes are formed with dimethylsulphoxide [88],
M(NO,)4 * 6 Me,SO (M = Th, Np and Pu) and M(NO,;), - 3 Me,S0 (M = Th,

U, Np and Pu), the 1 : 5 <“omplexes decreasing in stability along the series
from thorium to plutonium (cf. the 1:7,1:5 and 1 : 3 complexes formed
by actinide tetrachlorides [1611). All the ligand molecules are coordinated in
botk series of complexes, the shift in S=0 frequency {96 to 119 cm™!) rela-
tive to the frae ligand position inereases with the atomic number of the
actinide element in each series and is consisten{ly greater for 1 :6than 1:3
complexes. Infrared results indicate that both ionic and covalent nitrates are
present in the 1 : 6 complexes but their structures are unknown.

Reaction between Th{NO;), - 5 H,O and a large excess of dimethylsulpho-
xide in acetone followed by recrystailization of the precipitate from acetone—
dimethylsulphoxide results in the formation of the complex Th{NO;}, -

6 Me,S0O whereas recrystallization from acetone—2-methylbutane or acetorie—
ethylacetate mixture yields the tris complex Th(NO,), - 3 Me,50 [88]. This

is metastable and slowly changes to a f-form which is also obtained on
crystallization from acetone. Th(NO,), - 3 Me,SO is also formed when the
hexakis complex is treated with anhydrous CCL,. Thorium tetranitrate appar-
ently forms other anhydrous and hydrated complexes with dimethyisulpho-
xide. Thus, Th(NO,)s - 3 Me,SO « 2 H,0, Th(NO;),4 - 7 Me,S0 - 2 H,0, Th-
(NOj3)4 - 8 Me,SO - 2 H,0, Th{NQ;), - 11 Me,SO - H,O and Th(NOj3),- 9 Me;50
are obtained [163] by grinding together the tetranitrate hydrate and the
ligand, whilst Th{NOQO;), - 12 Me,SO is reported {164] to form on repeated
recrystallization from the ligand. Infrared studies have shown [163] that the

1 : 9 complex and the hydrates apart fromn Th{NO;); - 11 Me,SO - H,O con-
tain both ionic and covalent nitrate groups; the latter complex contains only
ionic nitrate. The existence of Th(NQ;}, - 4 Me,SO, reported by other workers
{165], was not confirmed during the other investigations mentioned above
and it would seem likely that this phase was a mixtureof the 1:3and 1:6
complexes.

An unstable complex, IJ{NO,), - 3 Me,S0, has been prepared by metathesis
of UCL, + 3 Me,SO with AgNQ; in methyl cyanide provided that the product
was isolated rapidly by the addition of diethyl ether. Slow crystallisation from
acetone—2-methylbutane at ice temperature resulted in oxidation yielding only

U0O,(NQ;); *+ 2 Me,SO. Attempted preparation of U(NQO;), - 6 Me,SO was un-
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successful; the reaction product decomposed, even in a dry atmosphere,
before it could be characterized. The preparation of protactinium tetranitrate
dimethylsulphoxide complexes was not attempted, since protactinium({IV) is
appreciably less stable with respect to oxidation than is uranium(IV), It
seems probable that the ligand rather than the nitrate ion is the oxidant in
the uranium—tetranitrate—dimethylsulphoxide system when one considers
the stability with respect to oxidation of the complex U(NO,), - 2.5 DMA
(IMA = dimethylacetamide) [23].

Hexakis and tris compiexes of neptunium(IV) tetranitrate were obtained in
a similar manner from Cs,;[Np{NO;};] and Me,SO. The hexakis complex
losses DMSO reiatively slowly at 107* torr, three days being required for the

Scheme 3. Actinide(IV) nitrate—dimethylsulphoxide system

tone . . N
Th{NO;), - 5 H, O + Me,80 ace — [white deliquescent crystalline product
(NO3)4 2 280 il to ligand 1: 25,72 LN 2 y P ]
0°C tor 1 day \ aceronef recrystallisation
metal to ligand \ 2-methyl- from acetone/f
1:599 '\ butane dimethylsuiphoxide

\ Th(NO3)q - 6 Me,80 %‘:—zﬂ‘r-ﬁ(b’Oa)‘: . 3Me, SO 2
\ 4
{white non hygroscopic product]
recrystallisation from
acetone/2-methylbutane
l or acetone fethylacetate

recrystallisation
from acetone

slowl
B-Th{NO, ), - 3 Mezsoﬁa-Th(Noa}a - 3 Me ;SO (metastable)

imethylsul i
UCl4 - 3 Me,SO + AgNO; T t:ﬂet:::"“’i Y-U(NO3), - 3 Me,S0 ®

Osp[ND(NO3)s] + Me; S0 2298 11 (N O, )4 - 6 Me2SO

acetone 1074 torr
2-methylbutarn for 3days

T-Np(NO,)s3 -3 MEQSO

. -
Cs,[PuClg] + AgNO, SmetEyisulphoxids o (NO3)s - 7.1 Me, SO (metastable)

104 torr for several hours

acetonitrle
PuCl; - 3 Me, S0 + AgNO = v.Pu{NO 3 Mey50
ut-ls €2 g 3 dimethylsuiphoxide rPul ) o2

a Tentatively called 7-Th(INO3)3 - 6 Me3SO on the basis of the similarity between its X-ray
powder pattern and those of the other y-modifications. The possibility remains, however,
that it is a fourth erystal form.

B Stow crystallisation from acetone/2-methylbutane at ice temperature results in oxidation
with the formation of UQ3(NC;3), © 2 Me, 50,



253

complete conversion to the tris complex whilst Th(NO,), + 6 Me,50 appears
to be stable under such conditions. Metathesis of PuCl, - 3 Me S0 with
AgNOQ; in methylcyanide—Me,SO yields Pu{NO;},4 - 3 Me;SO whilst a similar
reaction involving Cs;[PuCl], a large excess of Me,;SO and the stoicheiom-
etric quantity of AgNO, yields a complex of composition Pu{NQO,), -

7.1 Me,SO when the initial product is recrystailised from acetone. This com-
plex continuously loses Me,SO when exposed to a vacuum {1G~? torr}), the
final product after several hours being y-Pu{lNO,)4 - 3 Me,SO. There is no
evidence for formation of a stable hexakis complex.

Single crystal studies {162} have shown that the complex §-Th(NO;), -

3 Me,SO possesses monoclinic symmetry, space group P2,/c with ¢ = 15.50,
b =15.71 and ¢ = 16.16 A and § = 146.70°. The four nitrate groups are each
bidentate; all three Me,SO molecules are coordinated via the oxygen atoms,
the thorium atom being eleven coordinate. The stoicheiometry around each
thorium atom is close to a singly capped pentagonal antiprism (Dsq). X-ray
powder diffraction measurements show Th(NQ;), - 6 Me,S0O and the ana-
logue neptunium complex are isostxuctural [88]. Complexes of the actinoid.
tetranitrates with other sulphoxides, M{NQ,), - *R,80 (R = C;Hj, (Et,50);
Ph, (Ph,S0); a-CoH;, {(Nph,SO); x = 3 or 4 and M = Th, U, Np, Pu) have
been prepared [162]. The thorium tetranitrate tris complexes separated as
crystals {Th(NQO;), + 3 Ph,S0) or as oils which ultimately crystatlised (Et,50
or Nph,SO) when the ligand was added to a solution of Th(NO;) - 5 H,O or
when the latter was added to the solid ligand {Nph,SO). Prolonged exposure
of the solvated complex Th(NQ;), - 3(Nph,S0).- EtOAc, obtained in ethyl-
acetate solution, removes the ethylacetate from the solvate.

The uranium(IV) and neptunium(IV) tris-Et,80 complexes were prepared
by treating Cs,M(NQO;)¢ with the ligand in acetone; the reaction is very slow
with diaryl sulphoxides, even ander reflux, resulting in extensive oxidation to
dioxoactinoid(V) or (VI) species. Thus, Np{NO;}, - 3 Ph,SO was obtained in
only 16% yield by this procedure. The txris complex U(NQO;), + & PhySO and
the tetrakis M(NOs), - 4 Ph,SO {M = Th, U, Np, Pu) complexes were prepared
by metathesis of the corresponding actinoid tetrachloride complex with silver
nitrate in methyl eyanide. This preparative method fails in the case of the
J(NO;)s—Nph,SO system owing to the spontaneous decomposition of the
green primary product, with oxidation to uranium(VI), and the only product
obtained by this route in the Pu(NO;);—Et,;SO system could not be induced
to crystallise. The tris complex U{NQ;}, + 3 Ph,50 can also be obtained by
addition of the ligand to uranium(IV) in 8M HNQ; containing sulphamic acid
to prevent oxidation.

Similarly, the neptunium analogue and Pu{NQO,;), - 4 Ph,SO were prepared
by addition of 2—6 M HNOQ; to stoicheiometric mixtures of the ligand and the
appropriate hexanitrato complex, the initial oily product being dissolved in
dichloromethane and reprecipitated by the addition of 2-methylbutane. All
the complexes obtained were non-hygroscopic. The uranium tetranitrate
DESO and DPSO complexes are more stable with respect to oxidation than
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TABLE 24

Raman spectra (cm™ ) of some thorium(IV) nitrate complexes with sulphoxide ligands
[162]

Compound vy Vs vy Vs L

ThiNO,), - 3 Et,50 1528w 1036s 755w
1468w T45w
1408w 720w

Thi{NO;}a - 3 Ph,SO 1546vw 1035m T4aw
1529vw

Th{NO;). - 3 Nph,S50 a a 1038m: 820w

2 Obscured by fluorescence.

the DMSQ complexes and although they decompose slowly at room tempera-
ture they remain unchanged when stored at ice temperature for several weeks.
The sulphoxide ligands are coordinated to the central metal via the oxygen
atom, the $—O stretching vibrations shifting to lower frequency on coordina-
tion {88,1621. On the basis of the IR results {88,162], it has been concluded
that the nitrate groups are covalently bound and features assignable to ionic
nitrate have not been observed in any of the spectra except for the hexakis
dimethylsulphoxide complexes which contain both ionic and covalent nitrate
groups {(Table 23). Raman spectra (Table 24) show that the relative intensi-
ties of the three highest nitrate frequencies agree with a bidentate coordina-
tion of the nifrate ions.

W. ACTINIDE(VI) NITRATE COMPLEXES WITH SULPHOXIDES

U0,(NQO;),{Me,80); {213], UO,(NO;3),(Ph,S0), [147,221], and UQO,-
{NO,)L(BuiS0O). {222] appear io be the only hexavalent complexes to have
been studied. They have been prepared by reaction of UO,(NO;), - 6 H,O
with an excess of the appropriate ligand in ethanol, acetonitrile or acetone
solution. From the IR data (Table 25) the sulphoxides appear to be coordin-
ated through oxygen since the S—0 stretching frequencies are lowered by
about 60—70 em ™! on ccordination. The nitrate groups with C,, symmetry
are bidentate. Thus these complexes have the common ring of six ligand
atoms around the O—U—0 axis which is Hnear. The U—0O (ligand) stretching
for UQ,(NO3),(Ph,S0), at 430 and 405 cm ™' {221] must be considered
tentative. The molar conductance of UQ,;(NO;):(Ph,S0), in 1073 M solution
of nitrobenzene, acetonitrile, dimethylformamide and dimethylsulphoxide
has been studied {221]. In nitrobenzene and acetonitrile (5.3 and 8.6 2!
cm? mole™, respectively) it is too low to account for any disscciation of the
compleX; in dimethylformamide and dimethyisulphoxide (119.7 and 74.6
271 em? mole~!) the complex dissociates almost completely.
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TABLE 25
Infrared spectra of uranyl(VI} nitrate complexes with sulphoxides (cm™1)

Compound Uy v, Uy Py Vg vS—O rO—  Ref.
u—-0

U02{NO3)2(Me330)2 1515 1282 985 922 213

U02(NO1),(Ph,SO), 1535 1038 1284 816 963 940 147,

221

U0.{NO;3);{BulsS0}, 1530 1030 750 1275 810 955 930 222

X. CONCLUSIONS

No solid compounds are known for the trivalent actinide elements due to
the ease with which this valence state is oxidised for the earlier members of
the series and the lack of research on the transpiutonium elements for which
the trivalent state is appreciably were stable. It is readily apparent that much
remains to be done with these latter elements.

Much of the work published relates to two of the earlier actinide elements,
thorium and uranium but protactinium, nepfunium and plutonium nitrates
have been studied to some extent.

Simple actinide nitrates have been well characterized by physicochemical
measurements, expecially IR and Raman aud also by good structural deternini-
nations with both X-ray and neutron diffraction.

In the simple actinide nitrates, the NO3 group is always bidentate and
only under particular conditions does the nitrate coordinate as monodentate;
for instance in [UO{NO;),]}?" there are two bidentate and two moncodentate
nitrate groups. This is due to the geometry of the uranyl(VI) complexes: a
maximum of six oxygen atoms can be accommodated in the equatorial plane
of the uranyl ion; this forces some nitrate ions to act as monodentate. For
the same reason monodentate nitrate groups have been found in the uranyl

Ou
@ Ct

G o

@ N
L

Fig. 34. Projection of the complex { UO,{0-O—CgHs—CH=NCH;CH,—NH—CH,CH,N-
{CHj)2 )JNQ31 - CH>Cl,.
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Fig. 35. The molecular structure of {UT0+{DBM}:(NO3)]” (HDBM = dibenzoyimethane),

complexes shown in Figs. 34 and 35 [224—228]. In these complexes the
nitrate ion occupies the fifth equatorial coordination position; the large bite
of the organic ligands (2.6-—2.9 A) prevents the formation of uranyl(VI) com-
plexes six coordinated in the equatorial plane.

Actinide{IV) nitrate complexes have been studied very recently using mo-
nodentate ligands containing C=0, P=0, 5=0 and N0 groups. It has heen
shown that very often complicated systems exist and *hat different complexes
may be obtained on changing the experimental conditions only slightly. The
recent X-ray determinations of the two thorium{IV) complexes with phos-
phine oxides [Th(NO,);{Me,PO), .| Th(NO;)s] and {(PPh,)[Th(NO,)(Me;P0).]
indicate that further investigation of this oxidation state will prove very inter-
esting. In this context an increase in X-ray studies and a correlation with the
data in the solid state (IR and Raman)} and in solution (conductivity and
NMR) will be very useful.

The pentavalent state has been studied only for protaciinium and neptuni-
um and it is obvious that further attention should be given to this field. For
the hexavalent elements only the uwranyl(V1) nitrate complexes with mono-
dentate oxygen and nitrogen donoer ligands appear at the present {o be well
characterized; those known are of the type UQO,(NO;),(L}, and are stable and
nonconducting in solution. With bidentate ligands complexes of the type UQ,-
{NQO,):(LL) have been obtained. Infrared and Raman spectroscopy and more
recent X-ray structural investigations have shown the various complexes to he
eight coordinate,

Y. ADDENDUM

Very recently the structure of di-g-aquo-bis{(dioxobis(nitrato) uranium-
{VI))-diimidazole [UQO,{NO,},(H,0)}, - C;H,N,, a water-bridged dimer of
uranyl{V1I) nifrate, has been published [246]. Greenish-yellow crystals of this
compound have been prepared by evaporating very slowly a 1 : 1 millimolar



259

ratio of uranyl(VI) nitrate hexahydrate and imidazole in 500 mi of water;
they have a space group P2,/c with Z = 4 and the cell parameters: a = 9.314-
(4), b = 16.230(16) and ¢ = 7.053(3) A, B = 100.72(4)". The structure is a
dimer of two formula units related to each other by a centre of symmetry,

Two UQ0,{NO,), units are bridge bonded via the oxygen atoms of two water
molecules. Uranium is eight coordinate at the centre of a distorted hexagonal
bipyramid which has the uranyl oxygen atoms at the apices.

The geomefiry and bond distances of this compound are remarkably similar
to the hydroxy-bridged uranyl(VI) dimer found ir [(NO;},UO(OH},UQ,-
{H,0),1 - H,0 [247] in which hydroxide instead of water is the bridging

O 0

2 N

ol

group and three waters occupy one end of the dimer rather than two
nitrate groups. The uranium—uranium distance is 3.939 A in [UO,(NQ;),-
(H,O) 1z - 2 C3HN, and 3.944 A in [{(NO,;);U0,(OH),U0,(H;0),] - H,O.
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