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Crystal and Molecular Structure of Uranyl Nitrate Trimethylphosphate 
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The crystal and molecular structure of uranyl 
nitrate trimethylphosphate has been determined by 
three dimensional X-ray analysis, U- - -U in termolec- 
ular distances are correlated to solid state photo- 
chemical behavior in this class of compounds. 

The mode of bonding of the nitrate ion to uranyl 
is compared with other known uranyl nitrate com- 
pounds, and it is confirmed that upon coordination 
the two N-O~o~i~te bonds are lengthened by 
0.05 A, with a simultaneous reduction of the 
O-N-O coordinate angle from 120’ to 112- 
115”. 

Extended Hiickel calculations and VSEPR theory 
interpret this feature as being due to a donation of 
electron density from the N-O-dimt, bonds 
to uranyl bonding orbitals. 

Introduction 

The photochemical production of a localized 
charge transfer triplet state recently observed in 
crystalline U02(N03)2(TEP)2 (TEP = triethylphos- 
phate) [l] does not occur for the simpler com- 
pound U02(N03)z(TMP)2 (TMP = trimethylphos- 
phate). 

In an attempt to relate this behaviour to the 
crystal (and molecular) structure, and since the struc- 
ture of the TEP derivative is already known [2], 
we have undertaken the crystallographic study of 
the title compound. 

Large differences in crystal packing have clearly 
emerged between the two compounds, as expected. 
Differences in molecular structure are also manifest, 
especially for the NO, ion; however since the struc- 
ture determination of the TEP derivative was two- 
dimensional the distances are not reliable. Further- 

more the accuracy of our structure determination 
allows a discussion of the deformation of NO; 
upon coordination which, in this class of compounds, 
occurs most commonly with two bidentate nitrate 
and two unidentate phosphate groups around the 
uranyl axis [3]. 

Experimental 

Preparation of the Complex 
To a benzene solution of TMP was added a solu- 

tion of UO#103)2*6Hz0 in HNOs 6 M. The organic 
phase containing the reaction product was extracted 
and dried over Na2S04. By evaporation of the solvent 
a yellow crystalline material was separated. This 
product was recrystallized from chloroform as well- 
formed yellow, monoclinic crystals. Their purity 
was stated from elemental analysis, which is in 
accordance with the formula U02(N03)2(TMP)2. 
It melts at 130-132’ without decomposition. 

Crystal Data and Single Crystal Diffractometly 
U02(N0s)2(TMP)?, M = 674.2; Monoclinic, a = 

10.535(4), b = !2.758(4), c = 7.658(3) A, fl = 
96.76(5)‘, U = 1022.1 A3, Z = 2,Dd, = 2.19 g/cm3, 
I.((Mo-Ka) = 77.9 cm-‘; space group P21/n (from 
systematic absences). 

Data were collected on a Philips fourcircle dif- 
fractometer (MO-Ka radiation, X = 0.7107 A) at 
the Istituto di Chimica e Tecnologia dei Radio- 
elementi of Padua (C.N.R.), using a single crystal 
cut in a nearly cubic shape with dimensions 0.13 mm. 
A total of 3303 unique reflections were measured 
up to a 28,,, = 50’ using the w-20 step scan 
technique. After the usual Lorentz, polarization and 
absorption corrections, the systematically absent 

@ Elsevier Sequoia/Printed in Switzerland 



238 G. Agostini, G. Giacometti, D. A. Clemente and M. Vicentini 

TABLE III. Equations of Least Squares Planes.s’b 

Plane A. Equatorial Plane. 

Fitting: U, O(2), O(3), O(5) and centrosymmetrically related 
atoms. 

Equation: 3.239x + 10.594y - 3.8112 = 0.000 
Distance: U 0.000;0(2) -0.011;0(3) 0.011;0(5) -0.010. 

TABLE I. Fractional Atom Co-ordinates (X104) with Esti- 
mated Standard Deviations in Parentheses. 

~____ 

Atom xl0 y/b 

U 
O(1) 
N(1) 
O(2) 
O(3) 
O(4) 
P 
O(5) 
O(6) 
C(1) 
O(7) 
C(2) 
O(8) 
C(3) 

0000 
416(11) 

1390(16) 
223(12) 

1943(11) 
1965(14) 
3111(4) 
1855(10) 
3183(19) 
2393(21) 
3945(22) 
3609(22) 
3932(26) 
4904(31) 

0000 
1153(8) 

-1308(11) 
-1061(11) 

-933(11) 
-1833(11) 

298(4) 
147(13) 

1014(16) 
1028(18) 
-717(20) 

-1764(20) 
lOOO(22) 
1519(25) 

0000 
-1044(15) 
-2379(20) 
-2731(15) 

-970(18) 
-3340(18) 

2868(7) 
2011(15) 
4520(27) 
5859(29) 
3208(31) 
3146(31) 
1595(34) 
1531(40) 

TABLE II. Selected Bond Distances (A) and Angles e) with 
Estimated Standard Deviations in Parentheses. 

U-O(l) 
U-O(2) 
U-O(3) 
U-O(5) 

1.75(l) 0(2)-U-O(3) 49.7(4) 
2.53(l) 0(2)-U-O(5) 115.8(4) 
2.55(l) 0(3)-U-O(5) 66.1(4) 
2.35(l) U-0(5)-P 166.5(9) 

Nitrate group 

N-0(2) 1.27(2) 0(2)-N-0(3) 115.3(1.4) 
N-0(3) 1.26(2) 0(2)-N-0(4) 123.5(1.6) 
N-0(4) 1.21(2) 0(3)-N-0(4) 121.2(1.7) 

Trimethylphosphate group 

P-O(5) 1.42(2) (0(5)-P-O),,, 113.1(1.2) 
P-O(6) 1.56(2) (C-O-P),,,, 135.0(2.2) 
P-O(7) 1.57(3) 
P-O(8) 1.64(3) 
0(6)-C(l) 1.39(3) 
0(7)-C(2) 1.38(3) 
0(8)-C(3) 1.23(4) 

reflections were rejected and the equivalent reflec- 
tions were merged (internal consistency index was 
0.062) a total of 1807 reflections being obtained. 
Only the 1196 reflections having I > 30(I) were used 
in the subsequent structure determination. 

Structure Solution 
The structure was solved by the heavy atom 

method, Fourier synthesis and full matrix least- 
squares refinement using the crystallographic program 
set SHELX [4]. 

Scattering factors for neutral atoms were those 
of Cromer and Mann [S] , while for uranium atoms 

Plane B. Nitrate plane. 

Fitting: N(l), O(2), O(3), O(4). 
Equation: 3.259x + 10.459y - 3.9442 = 0.0359 
Distance: N(1) -0.013;0(2) 0.004; O(3) 0.004; O(4) 0.005. 
Inter-plane angle A-B: 1 .16”. 

‘The equations of the plane are expressed in direct space 
where x, y and z are fractional coordinates. bDistances in 
A and angles in deg. 

TABLE IV. Intermolecular Distances (A) less than 3.5 A. 
Roman numerals specify one of the symmetry operations: 

-~ 

I) 1 -x;-y;l-2 

II) x; y; 1 + z 
III) %-x;%+y;%-2 

IV) 1/2+x;-%-y;%+z 

V) 1 -x;-y;-2 
- 

UOz (NO& (TMP)? 

O(6)- - -O(7)’ 3.33 

C(l)- --o(l)” 3.34 

C(l)---O(4)“’ 3.35 

C(2)-- -0(2)‘V 3.36 

C(2)- - -O(4)” 3.37 

C(3)---0(4)V 3.45 

C(3)- - -0(3)V 3.48 

C(l)---N(l)” 3.49 

the scattering factor of Doyle and Turner [6] was 

used. 
Towards the end of the refinement it appears 

evident that the trimethylphosphate group is 
disordered: this is reflected by the high thermal 
factors of oxygen atoms of TMP group. Similar 
disorder has already been found for this group coordi- 
nated to uranyl ion [7]. 

With all non-hydrogen anisotropic atoms the final 
R factor (R = ZIIF,I-IF,II/ZlF,,l) was 0.042; 
nevertheless the anisotropic thermal parameters of 
the TMP atoms were unrealistic, especially for the 
oxygen atoms and then it was decided to treat these 
atoms as isotropic, in this way the R factor increased 
to 0.050. 



Structure of Uranyl Nitrate Trimethylphosphate 

O(61 O(7) C(6) 

Fig. 1. Molecular structure of UOs@JOs)s(TMP)s (T’MP = 
trimethylphosphate). The numbering system used is shown. 
The drawings were obtained with ORTEP and the thermal 
vibration ellipsoids are scaled to enclose 50% probability. 
For clarity the disordered atoms of TMP group are shown as 
half of the true isotropic thermal parameters. 

Structure amplitudes and anisotropic thermal 
parameters are listed in the Supplementary Publica- 
tion. Final positional parameters are given in Table I. 

Results and Discussion 

The crystal structure is a packing of well-separated 
units of UOz(NOs)2(TMP)z (see Table IV), with the 
uranium atoms situated on the inversion centers at 
(0, 0, 0) and ($4, ?4, YL). The molecular structure 
reported in Fig. 1 shows that the uranyl group is 
equatorially surrounded by two bidentate nitrate 
and two monodentate phosphate groups. The six 
equatorial oxygen atoms form a nearly planar slightly 
puckered hexagon (rtO.01 A) around the uranium 
atom (see Table III). 

The main differences from the TEP compound 
are the U---U distances which, owing to the lower 
steric requirements of the aliphatic moieties, are 
clearly more compact in the methyl derivative. 

Near neighbour U---U distances are 7.658(c), 
8.852 ((a + b + c)/2), 10.535 A (a) in the methyl case 
and become 8.655(b), 9.066(c), and 9.125 A (a) 
for the ethyl compound where only one molecule 
per unit cell is present. It is possible that these struc- 
tural features alone are sufficient to explain the 
impossibility of trapping the metastable charge 
transfer triplet state in the methyl compound. Two 
properties in this respect may be crucially affect- 
ed, namely the vibrational frequencies of NO; 
with respect to UOF, and the rates of energy 
transfer between the molecular units within the 
crystal. 

As for other molecular structural features of 
interest, the nitrate group is slightly tilted with 

a b 

Fig. 2. (a) Variation in total orbital energy of NOT ion on 
distorting the trigonal planar Dsn ion from 0 = 80” to 0 = 
150”. (b) Energy changes of the frontier molecular orbitals 
of a NOTion on distortion. 

respect to the equatorial plane (1.16’) the N-O 
bonds of the nitrate group involved in the coordina- 
tion are equal but slightly longer by about 0.05 A 
(see Table II) than the nitrogen uncoordinated 
oxygen bond. Many works report this interesting 
feature for other coordinated nitrate ions [3,8a, 8b] 
and also a reduction of the 0(2)-N-0(3) angle from 
120’ to 112-l 15’, but these two findings have not 
been related. 

We propose to interpret both of these events as 
being due to the donation of electron density from 
the bidentate nitrate group to uranyl bonding 
orbitals, which requires a reduction of bond order of 
the N-O-~r~~ bonds and a closure of the 
O-N-O angle. This is correctly explained by rule 
4 of VSEPR theory [93 which states that angles con- 
taining multiple bonds are usually larger than those 
involving single bonds. The molecular orbital 
approach also matches with this idea: in fact we have 
built up a Walsh diagram by distorting the 
symmetrical Dab NOT group to Czv symmetry, 
keeping constant the N-O bonds at 1.218 A [lo]. 
This diagram is reported in Fig. 2. The most interest- 
ing feature is that the HOMO orbital (la; + b,) 
is greatly elevated by this distortion, in fact it may 
explain nearly 50% of the total energy variation. 
Consequently a distortion Dar, + Czv of the NO5 
ion must be accompanied by a depopulation of the 
highest lying a; orbital, which is symmetry-adapted 
to interact with the 6&6d,) and &,(5f,t) molecular 
orbitals of uranyl ion, localized in the equatorial 
plane. The overlap population of the N-O bonds is 
consistent with this feature: the two equal N-O 
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bonds decrease from 0.93 (0 = 120”) to 0.74 (0 = 
800), while the other N-O bond is practically cons- 
tant. 

The bond distances and angles of the trimethyl- 
phosphate are seriously affected by the disorder of 
this group, consequently the bond lengths derived 
from the final positional parameters are shorter than 
the true ones, especially for the bonds in the external 
part of the molecule. Probably only the two atoms 
of the P=O group have definite positions, in fact the 
distance 1.42 A found here is only 0.02 A shorter 
than that found in the (EtsO)sPO molecule dipole- 
dipole bonded to benzotrifurazan [l l] . Because of 
the disorder no attempt was made to locate hydrogen 
atoms. 

The unusual distortion of the NO, group in the 
TEP derivative is probably due to the two-dimen- 
sional nature of the refinement; moreover, since this 
unusual molecular structure could be related to the 
different photochemical behaviour of the two parent 
compounds, it is important to reexamine the TEP 
derivative. 
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Appendix 

The Walsh diagrams of Fig. 2 were constructed 
from the results of an extended Htickel molecular 
orbital calculation performed with a version of Hoff- 
man& program. Burn’s c exponents were used for 2s 
and 2p atomic orbitals on N and 0 atoms [12]. 
Coulomb integrals were obtained from a charge 
iterative calculation on Dsh NOTion with an assumed 
quadratic charge dependence of Hir [ 131. 

The Hri exchange integrals were obtained using 
the weighted formula reported in [14]. The follow- 
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ing parameters were used: N 2s: t = 1.875, Hii = 
-28.3 eV; 2~: { = 1.650, Hii = -15.4 eV; 0 2s: 
{ = 2.200, Hii = -24.2 eV; 2~: { = 1.975, Hir = -9.29 
eV. 

In order to make sure the observed trend is not 
depending on the Coulomb integrals used, another 
computation was performed using the more usual 
parameters: N 2s: Hii = -26.0 eV; 2p: Hir = -13.4 
eV; 0 2s: Hir = -32.3 eV; 2p: Hn = -14.8 eV. 

With these parameters the la; is higher in energy 
than the 4ai orbital in accordance with the ab initio 
calculation [15] on Dsh NOT ion, this gives also the 
le” orbital higher than 4e’, which are indeed very 
near also in this Htickel computation. However we 
are more interested in the general trend of orbital 
energies than in their absolute values. 
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