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bstract

The geometric and electronic structures of the title complexes have been studied using gradient corrected density functional theory. Excellent
greement is observed between computed r(M–E) and experimental values in analogous iPr complexes. Natural charge analysis indicates that the
–E bond becomes less ionic in the order O > S > S > Te, and that this decrease is largest for U and smallest for La. Natural and Mulliken overlap
opulations suggest increasing M–E covalency as group 16 is descended, and also in the order La < Pu < U for a given chalcogen. Increased
ovalency down group 16 arises from increased metal d (and s) participation in the bonding, while that from La to Pu and U stems from larger 5f
rbital involvement compared with 4f.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Ligands capable of extracting An(III) over Ln(III) with a high
egree of specificity/selectivity are potentially valuable in the
uclear fuels industry. Key An(III)/Ln(III) pairs with similar
onic radii (and hence similar charge to radius ratios) are very dif-
cult to separate from one another, a desirable goal in many areas

ncluding reprocessing spent fuel, storing radiotoxic waste, and
ransmuting harmful isotopes [1]. Hard donor ligands, such as
hose bonding through oxygen, have little selectivity for An(III)
ver Ln(III) ions. However, a greater than 1000-fold preference
or An(III) over Ln(III) has been seen when hard oxygen ligands
re replaced by softer sulphur-bonding ligands [2].

More recently, experimental work at the Los Alamos
ational Laboratory has focused on the synthesis and charac-
erisation of a range of homoleptic, trivalent lanthanum and
ranium complexes with imidodiphosphinochalcogenide lig-
nds [N(EPPh2)2]− (E = S, Se) [3] and [N(TePiPr2)2]−[4]. The
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rincipal aim of this research is to explore the differences in f-
lement–ligand bonding as the donor atoms progress from hard
o soft, with the anticipation that the uranium–heavier chalcogen
ond will be more covalent than the analogous lanthanum bond.
tructural data suggest that this is indeed the case, with signifi-
antly shorter r(U–Te) than r(La–Te), despite the ionic radii of
a3+ and U3+ being essentially identical.

In this contribution we report the initial results of our com-
utational studies of these systems, and address the structures,
artial charges and electronic populations in [M(N(EPH2)2)3]
M = La, U; E = O, S, Se, Te), models for the experimentally
haracterised iPr systems. We have also extended the computa-
ional work to the Pu systems, as very recent work at Los Alamos
as furnished imidodiphosphinochalcogenide complexes of this
lement [5], and we wished to compare the metal–ligand bond-
ng in analogous La(III), U(III), and Pu(III) compounds.
. Computational details

All calculations were carried out using gradient corrected
ensity functional theory, as implemented in the Gaussian ’03

mailto:n.kaltsoyannis@ucl.ac.uk
dx.doi.org/10.1016/j.jallcom.2007.03.048
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G03) [6] and Amsterdam Density Functional (ADF) [7–9]
uantum chemical codes. Spin-unrestricted calculations were
erformed on all uranium and plutonium complexes to account
or the formal f3/f5 configurations of U(III) and Pu(III), respec-
ively; La is formally f0 and therefore spin restricted calculations
ere performed.

.1. G03

The GGA functional PBE [10,11] was used for all G03 cal-
ulations. (14s 13p 10d 8f)/[10s 9p 5d 4f] segmented valence
asis sets with Stuttgart–Bonn variety [12] relativistic effective
ore potentials (RECPs) were used for uranium and plutonium,
nd a (14s 13p 10d 8f)/[10s 8p 5d 4f] segmented valence basis
et with a Stuttgart–Bonn RECP [12] was used for lanthanum.
-31G* basis sets were used for the O, S, Se, N, and P atoms, and
he smaller 6-31G was used for H. Te was described with a (4s
p)/[2s 3p] Stuttgart basis set [13] augmented to (4s 5p 7d)/[2s
p 3d] with STO-3G* [14,15] polarisation functions (for con-
istency, as 6-31G* includes polarisation functions on O, S, and
e); a Stuttgart RECP was also used for Te [13]. The validity
f this augmented Te basis set was checked by constructing an
nalogous Se basis set – a Stuttgart (4s 5p)/[2s 3p] augmented
o (4s 5p 4d)/[2s 3p 2d] – and performing test geometry optimi-
ations on [M(N(SePH2)2)3] for M = La, U; similar geometries
ere found with both methods. The default values for the inte-
ration grid (fine) and the convergence criteria were used for
ll lanthanum and uranium geometry optimisations (maximum
orce = 4.5 × 10−4 a.u. Å−1, SCF = 10−8). The plutonium cal-
ulations were more problematic and the following convergence
riteria were achieved: [Pu(N(OPH2)2)3] (maximum force =
× 10−4 a.u. Å−1, SCF = 10−7), [Pu(N(SPH2)2)3] (maximum

orce = 8 × 10−4 a.u. Å−1, SCF = 10−5), [Pu(N(SePH2)2)3]
maximum force = 5 × 10−4 a.u. Å−1, SCF = 10−8), [Pu(N
TePH2)2)3] (maximum force = 8 × 10−4 a.u. Å−1, SCF =
0−5). A natural charge and population analysis [16–22] was
arried out on all G03 optimised structures.

Little spin contamination was found for the quadruplet U(III)
omplexes, as evidenced by the fact that the values of 〈S2〉
ere close to 3.75 in all cases, with 3.77 for [U(N(TePH2)2)3]

eing the largest deviation from the ideal. Spin contamination
n the plutonium complexes is more significant than in the ura-
ium complexes, however the largest 〈S2〉 calculated was 8.865
[Pu(N(TePH2)2)3]), not a significant deviation from the ideal
.75.
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Fig. 1. Ball and stick representations of the D3 optimised geometr
Compounds 444–445 (2007) 369–375

.2. ADF

Single point calculations on optimised G03 structures were
arried out in ADF. As with G03 the PBE functional was used.
ZP zero order regular approximation (ZORA) basis sets were
sed for each of the f-elements together with DZP ZORA basis
ets for O, S, Se, P, and N; DZ was used for H. ADF does not
ave a DZP basis set for Te and so TZP polarisation functions
ere added to the DZ basis. The frozen core approximation was
sed. A 5d core was used for U and Pu, 4d for La and Te, 3d for
e, 2p for S, P, and 1s for O, N. A Mulliken overlap population
23,24] analysis was carried out.

.3. Ligand models and point group symmetry

Experimentally the phosphorus-bound R group is iso-propyl.
owever the use of such R groups in the calculations is extremely

ime-consuming, and so to cut computational cost we tested two
pproximations by replacing iPr with H and Me. Extensive tests
data not shown here) on the energies, bond lengths, and charges
f these complexes revealed that the choice of R group does
ot affect the metal–chalcogen bond lengths or charges to any
ignificant extent. We also tested the validity of idealising the
eometries to the D3 symmetry group (with its favourable conse-
uences for electronic structure analysis), and again concluded
hat this has little impact upon the quality of the results. Thus
he present paper focuses on studies of the title complexes in the

3 point group.

. Results

.1. Geometries

Crystallographic data for the structures of [M(N(SP iPr2)2)3]
nd [M(N(SeP iPr2)2)3] (M = La, U) provided the initial confor-
ations for the geometry optimisations [5]. The iPr fragments
ere replaced with H, the structures idealised to D3, and geom-

try optimisations were carried out on the four complexes
btained. Pu structures were then constructed by substituting Pu
nto the optimised uranium structures and re-optimising. Finally,
tarting structures for the oxygen- and tellurium-donor ligand

alculations were constructed from these optimised structures by
ubstituting S by O for each metal and Se by Te. A total of 12 D3
eometry optimised structures were achieved: [M(N(EPH2)2)3]
ith E = O, S, Se, Te and M = La, U, Pu.

ies of [La(N(EPH2)2)3]; E = O (a), S (b), Se (c), and Te (d).
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Table 1
Selected bond lengths and angles (see Fig. 1(d) for definitions of α, β, γ) from the optimised geometries of our target molecules, together with experimental data in
italics (from Ref. [4])

Lanthanum Uranium Plutonium

O S Se Te O S Se Te O S Se Te

Bond lengths (Å)
M–E 2.417 2.916 3.027 3.232 (3.224) 2.393 2.849 2.955 3.126 (3.164) 2.364 2.83 2.932 3.135
P–E 1.553 2.043 2.198 2.443 (2.445) 1.555 2.048 2.206 2.461 (2.438) 1.555 2.044 2.202 2.451
P–N 1.612 1.634 1.639 1.642 (1.594) 1.612 1.636 1.638 1.643 (1.586) 1.611 1.635 1.639 1.643

Bond angles (◦)
89.4 91.3 92.1 (90.9) 82.9 88.2 90.5 92.1

105.9 103.4 101.8 (111.7) 134.3 107.6 104.5 101.3
120.8 121.5 120.4 (120.4) 120.0 120.8 121.0 120.5
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E–M–E (α) 80.5 87.0 90.1 92.7 (90.9) 81.7
P–E–M (β) 135.6 107.5 102.8 99.0 (111.1) 134.3
N–P–E (γ) 119.9 121.3 121.4 121.2 (120.8) 120.0

Fig. 1 shows ball + stick representations of the structures of
La(N(EPH2)2)3], and the corresponding U and Pu structures
not shown) are similar. Selected bond lengths and bond angles
re given in Table 1, and Fig. 2 illustrates r(M–E) down group 16
or all three metals. Fig. 2 shows that as the chalcogen is changed
rom oxygen to tellurium, r(M–E) lengthens significantly, the
ncrease being largest between oxygen and sulphur, followed by

smaller increase from sulfur through selenium to tellurium.
n addition to those given in Ref. [4], crystallographic data are
vailable for [M(N(EPH2)2)3] (E = S; M = La, U, Pu and E = Se;

= La, U) [5]. The calculated r(M–E) agree very well with
xperiment in all cases—the maximum discrepancy between
heory and experiment is ca. 0.04 Å.

Fig. 2 shows that while r(M–O) is similar for all three metals,
he difference between r(La–E) and r(An–E) increases down
roup 16. Fig. 3 emphasises this point by normalising r(M–O) to
ero for each of the metals. In this figure we see clearly that while
(U–E) increases as the chalcogen becomes heavier, r(Pu–E)
ncreases slightly more steeply, and r(La–E) considerably more
teeply. Thus while r(La–O) is ca. 0.02 Å longer than r(U–O) and
a. 0.05 Å longer than r(Pu–O) (as would be expected as Pu3+

as a smaller ionic radius than the other two metals), r(La–Te)

s ca. 0.10 Å longer than r(Pu–Te) and ca. 0.11 Å longer than
(U–Te). This result agrees well with experiment, and suggests
hat U–E and Pu–E bonding for the heavier chalcogens is indeed

ig. 2. Calculated r(M–E) in [M(N(EPH2)2)3] for M = La, U, Pu; E = O, S, Se,
e, at the optimised structures together with experimental data.

s
t
f
t

F
T

ig. 3. Normalised calculated r(M–E) in [M(N(EPH2)2)3] for M = La, U, Pu;
= O, S, Se, Te, at the optimised structures. r (M–O) has been set to zero for

ach metal.

omewhat different from that in the analogous La complexes.
his is probed further in Sections 3.2–3.4.

Fig. 4 illustrates the increase in r(P–E) as group 16 is
escended. La, U and Pu have similar r(P–E) in the oxygen and

ulphur complexes. A large increase in r(P–E) is seen between
he O and S complexes, and smaller increases in r(P–E) are
ound from S to Se and Te. While r(M–E) is shorter for M = An
han La (for a given E), r(P–E) is longer. This effect is not large,

ig. 4. Calculated r (P–E) in [M(N(EPH2)2)3] for M = La, U, Pu; E = O, S, Se,
e, at the optimised structures together with experimental data.
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0.01 Å, but it is present consistently, possibly suggesting that
nhanced U–E (and Pu–E to a lesser extent) bonding occurs at
he expense of the P–E bonding within the ligands.

The P–N bond lengths are not reproduced perfectly by
ur calculations; a systematic overestimation of ca. 0.05 Å is
resent. While this discrepancy is larger that we would like, it
s not a major concern, particularly given the generally excel-
ent agreement between theory and experiment for the M–E
istances.

The ∠EME bite angles α, as defined in Fig. 1(d), agree well
ith experimental results for all three metals. More specifically,

he correct trend is seen; as the chalcogen gets bigger so too does
EME. Once again a large jump is seen on moving from O to
, and then a smaller gradual increase from S through Se to Te.
he ∠NPE angle is essentially constant in all the complexes,
arely deviating from 120◦. The ∠PEM angle is underestimated
omputationally by ca. 10◦. The reasons for this are unclear, but
s when considering r(P–N), we do not believe that these minor
ngular deviations will adversely affect our analyses of the M–E
onding.

.2. Natural charge analysis of [M(N(EPH2)2)3] for
= La, U, Pu; E = O, S, Se, Te

The natural charges for selected atoms are collected in Table 2
nd Fig. 5. For lanthanum we calculate a decrease in qLa from
.490 (O) to 1.834 (Te), a drop of 0.656, accompanied by an
ncrease in qELa from −1.174 (O) to −0.494 (Te), a rise of
.680. For uranium we calculate a decrease in qU from 2.218
O) to 1.524 (Te), a drop of 0.694, accompanied by an increase
n qEU from −1.132 (O) to −0.444 (Te), an increase of 0.688.
he results for plutonium show charges on both M and EPu
n between those seen for La and U; a decrease in qPu from
.287 (O) to 1.615 (Te), a drop of 0.672, accompanied by an
ncrease in qEPu from −1.143 (O) to −0.458 (Te), a rise of
.685.

q

b
h
c

able 2
atural charges of [M(N(EPH2)2)3] M = La, U, Pu; E = O, S, Se, Te at the optimised

tom Natural charges (qNat)

O S

a 2.490 2.117

La −1.174 −0.731

La 1.596 1.018

La −1.424 −1.327
(qNat La − qNat ELa ) 3.664 2.848

2.218 1.701

U −1.132 −0.670

U 1.592 1.017

U −1.421 −1.323
(qNat U − qNat EU ) 3.350 2.371

u 2.287 1.873

Pu −1.143 −0.695

Pu 1.595 1.018

Pu −1.423 −1.323
(qNat Pu − qNat EPu ) 3.430 2.569
ig. 5. Natural charges of [M(N(EPH2)2)3] for M = La, U, Pu; E = O, S, Se, Te
t the optimised geometries.

For all metals, a decrease of ∼ 0.81 for qP and a small rise
f 0.13 for qN is seen on descending the chalcogens.

Comparison of the metal charges shows that qLa > qPu >

U in [M(N(EPH2)2)3] for all E. In the S, Se, and Te com-
lexes qLa is ca. 22% larger than qU, but it is only 12%
arger with E = O; similarly qLa is ca. 15% larger than qPu
or all complexes except [M(N(OPH2)2)3], where is it 9%
arger. In addition, qEM in [La(N(EPH2)2)3] is typically ca.
0% more negative than in [U(N(EPH2)2)3] or ca. 7% more
egative than in [Pu(N(EPH2)2)3], with [M(N(OPH2)2)3] once
gain being the exception with a difference between qOLa

nd qOU of 4%, and a difference between qOLa and qOPu

f 3%.
In summary, qLa is more positive than qU, and qELa is more

egative than qEU for a given E. The calculated values of qPu and
EPu fall in between those calculated for La and U. All three qM

ecome less positive as the chalcogen attached to them becomes
eavier; all qE are progressively less negative for the heavier
halcogens.

geometries

Δ(O − Te)

Se Te

2.027 1.834 0.656
−0.649 −0.494 −0.680

0.929 0.779 0.817
−1.312 −1.293 −0.131

2.675 2.327

1.670 1.524 0.694
−0.597 −0.444 −0.688

0.932 0.782 0.811
−1.308 −1.289 −0.132

2.267 1.968

1.781 1.615 0.672
−0.612 −0.458 −0.685

0.931 0.780 0.815
−1.309 −1.291 −0.132

2.393 2.072
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Table 3
Natural population data for M in [M(N(EPH2)2)3] M = La, U, Pu; E = O, S, Se, Te at the optimised geometries

Species Lanthanum Uranium Plutonium

O S Se Te O S Se Te O S Se Te

Natural totals
s 0.12 0.28 0.34 0.42 0.16 0.36 0.43 0.51 0.17 0.37 0.44 0.50

0.01
0.35
3.47
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The Mulliken overlap populations are reported in Table 4 and
illustrated in Fig. 7. A significant increase in overlap population
is seen down group 16 for the lanthanum, uranium, and pluto-
nium complexes. For both M–E and M3+–L3−, this increase is
p 0.01 0.01 0.01 0.02 0.01
d 0.19 0.41 0.46 0.57 0.17
f 0.23 0.20 0.18 0.16 3.33

As shown in Table 2 and Fig. 5, the natural charge dif-
erence between M and EM decreases as E becomes heavier.
he significant reduction in the M–E charge difference between
= O and E = Te for all three metals suggests that the M–E

ond becomes significantly less polar as the O → Te group
s descended. The natural analysis scheme gives a 36.5% reduc-
ion in Δ(qLa − qELa) from O to Te, a 41.3% reduction in

(qU − qEU ) and a 39.6% decrease in Δ(qPu − qEPu), suggest-
ng that the decrease in ionicity as the chalcogens are descended
s greatest in U–E and smallest in La–E.

.3. Natural population analysis

Table 3 and Fig. 6 present the natural population analysis data
or all [M(N(EPH2)2)3].

The data show that the s-populations increase as group 16
s descended for all metals, with the two actinide complexes
howing a slightly larger increase. The natural p-populations
re very close to the formal (n − 1)p6 for all metals, and no
hange is seen in the p-populations on moving from E = O to Te.

The metallic f-populations are somewhat larger than the for-
al f0, f3 and f5 values for La, U, and Pu, respectively, the

ifference being systematically larger for the uranium and plu-
onium complexes. There is no definite increase/decrease in
-population as the chalcogens are descended, but there is a trend
owards a small decrease from S to Te.

In all cases, the metal d-populations increase from E = O to
e; for U this is from 0.17 (O) to 0.62 (Te), while for La a smaller
-population increase is observed (0.19 (O)–0.57 (Te)). Inter-

stingly, the d-population increase is smallest for the plutonium
omplexes—0.17 (O)–0.48 (Te).

The overall conclusion from the natural population data is that
or each of the La, U, and Pu families of complexes, as group 16

ig. 6. Natural populations of [M(N(EPH2)2)3] M = La, U, Pu; E = O, S, Se, Te
t the optimised geometries.

F
P

0.01 0.01 0.01 0.01 0.01 0.02
0.43 0.62 0.17 0.34 0.38 0.48
3.38 3.29 5.35 5.38 5.37 5.36

s descended electron density enters the (n − 1)d levels, and to a
esser extent the ns levels (except for Pu, where the increase in n
-population is comparable with the (n − 1)d). The net amount
f charge transferred to U on moving from E = O to E = Te is
reatest (0.76e−) and to La is the least (0.62e−), with Pu in
etween (0.66e−).

Thus natural population analysis suggests that the covalent
ontribution to the M–E interaction increases as the chalcogens
re descended. In addition, the data suggest that this covalency
ncreases more steeply for uranium than for lanthanum, with plu-
onium falling somewhere between the other two metals. While
he covalent contribution to La–O, U–O, and Pu–O is of a sim-
lar magnitude, the covalent component of U–Te is larger than
hat of Pu–Te, which in turn is larger than that of La–Te.

The population data also indicate that, while the f-orbitals
lay a role in bonding between M and E, the principal reason
or increased covalency in M–Te over M–O is enhanced d par-
icipation. The f-orbitals are, however, partially responsible for
he difference between U–E/Pu–E and La–E for any given E,
ndicated by the larger f-populations of U/Pu compared with the
ormal f3/f5 configuration versus the less significantly increased
-populations of La compared with the formal f0 configuration.

.4. Mulliken overlap populations
ig. 7. Selected Mulliken overlap populations in [M(N(EPH2)2)3] M = La, U,
u; E = O, S, Se, Te at the optimised D3 geometries.
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Table 4
Selected Mulliken overlap populations in [M(N(EPH2)2)3] M = La, U, Pu; E = O, S, Se, Te at the optimised D3 geometries

Lanthanum Uranium Plutonium

O S Se Te O S Se Te O S Se Te

M 0.1
M 0.5

l
i
c
m

b
h
t
i
m

4

o
T

(

[
a
d
s
c
c
t

o
a
a
i
A
b

A

a

R

[
[
[
[

[

–E 0.08 0.10 0.17 0.19 0.08
3+–L3− 0.39 0.46 0.86 1.01 0.26

argest for U. However whilst the M3+–L3− overlap population
s considerably larger for Pu than La in each of the three heavier
halcogen complexes, the M–E overlaps are similar for the two
etals.
Mulliken overlap populations can be considered as the num-

er of electrons covalently bonding between two atoms, and
ence the data suggest enhanced covalency in the compounds of
he heavier chalcogens. Furthermore the data show a clear order-
ng of U > Pu > La regarding increased covalency in analogous

etal complexes for a given E (E = S, Se, Te).

. Conclusions

In this contribution we have reported DFT studies of the series
f complexes [M(N(EPH2)2)3] M = La, U, Pu; E = O, S, Se, Te.
he principal conclusions are:

(i) In general, very good agreement between theoretical and
experimental geometries is found. In particular, the exper-
imental observation that metal–chalcogen distances in
analogous La and An (An = U, Pu) complexes with S-, Se-,
and Te-donor ligands are shorter in the actinide systems,
is reproduced computationally. Furthermore, the difference
between r(La–E) and r(An–E) is larger for the heavier E,
again agreeing with experimental data. Fig. 3 is particularly
pleasing, showing that the lengthening of M–E as group 16
is descended increases in the order U < Pu < La.

(ii) The natural charge analysis reveals a significant reduction
in the M–E charge difference between E = O and E = Te,
suggesting the M–E bond becomes less ionic as group 16 is
descended. Furthermore, the decrease in ionicity is greatest
in U–E and smallest in La–E, with Pu–E in between.

iii) Natural population analysis and Mulliken overlap popu-
lations both point towards a greater metal participation
in M–E bonding as group 16 is descended, suggesting
increased covalency between the metals and the heavier
chalcogens. Furthermore, the data indicate greater cova-
lency in U–E than in Pu–E, and greater covalency in Pu–E
than in La–E.

Our conclusions are similar to those of Roger et al.
25] who probed the M–S bonding in [Ce(Cp∗)2(dddt)]−
nd [U(Cp∗)2(dddt)]−,25 (dddt = 5,6-dihydro-1,4-dithiin-2,3-
ithiolate). They found the actinide compounds to have

ignificantly shorter M–S bonds, as well as decreased M–S
harge differences and increased M–S overlap populations, and
oncluded that uranium has a more covalent interaction with S
han cerium does.

[

[
[

4 0.21 0.24 0.08 0.10 0.16 0.18
9 1.10 1.30 0.35 0.53 0.96 1.08

We are currently expanding this study to include an analysis
f the valence molecular orbital structure of the title complexes,
s well as a bond energy decomposition using the Ziegler–Rauk
pproach [26,27]. We are also extending the range of metals to
nclude Ce, Pr, Pm, Eu, and Lu among the lanthanides, and Np,
m, Cm, and Lr in the 5f series. The results of these studies will
e reported in future papers.
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