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The 1 : 2 Np(V)–oxydiacetate complex, NpO2(ODA)2
32,

identified by single-crystal X-ray diffractometry for the first

time, is centrosymmetric around the Np atom so that the f–f

transitions of Np(V) are forbidden, resulting in the ‘‘silence’’ of

the absorption and diffuse reflectance spectra of this complex in

solution and the solid state in the near-IR and visible regions.

The relationship between the symmetry of NpO2
+ species and the

intensity of its absorption spectra has been extensively studied by

Krot et al.1 The absorption bands of NpO2
+ in the near IR and

visible region originate from f–f transitions2 so that they are

electric-dipole forbidden by Laporte’s rule.3 The intense character-

istic band at 980 nm is observed only if the arrangement of ligands

around NpO2
+ does not contain a center of inversion. If the

complex is centrosymmetric and the neptunium atom is at the

inversion center, the f–f transitions of neptunium are completely

forbidden and this band will be ‘‘silent’’. The ‘‘silent’’ features of

the absorption spectra of centrosymmetric Np(V) species have been

observed for a Np(V) complex with triphenylphosphine oxide in

crystal4 and the NpO2(OH)x
(x21)2 species (x = 2 or 4) in

solution.5,6 Recently, the optical properties and crystal structure of

a centrosymmetric Np(V) complex with N,N,N9,N9-tetramethyl-3-

oxaglutaramide (TMOGA, Fig. 1) have been characterized.7 The

structure of the complex has helped to interpret the data from the

spectrophotometric titration of Np(V) with TMOGA and

confirmed the formation of both 1 : 1 and 1 : 2 Np(V)–

TMOGA complexes in solution.7

Oxydiacetic acid (ODA, Fig. 1) and TMOGA are chemical

analogs and are expected to form complexes with similar

stoichiometry and structure. However, no crystal structures of

Np(V) complexes with ODA have been reported in the literature.

Furthermore, previous spectrophotometric titrations of Np(V)–

ODA suggest that Np(V) forms only the 1 : 1 complex with

ODA.8,9 No evidence has been found for the formation of the

1 : 2 Np(V)–ODA complex in solution or solid. Taking into

consideration the similarity in the structures of ODA and

TMOGA, as well as the fact that the ODA complexes with

actinyl cations (e.g., UO2
2+) are usually stronger than the

TMOGA complexes in aqueous solutions,10 the absence of the

1 : 2 Np(V)–ODA complex is surprising. Accordingly, we

hypothesized that the 1 : 2 Np(V)–ODA complex may in fact

exist, but has been ‘‘missed’’ because it may possess an inversion

center so that it does not have observable absorption bands in

the near-IR and visible regions due to the same selection rule for

the f–f transitions previously mentioned. In this work, experi-

mental studies were conducted to test this hypothesis with multiple

techniques including optical absorption spectroscopy, diffuse

reflectance spectroscopy and X-ray single-crystal diffractometry.
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Fig. 1 Oxydiacetic acid (ODA, left) and N,N,N9,N9-tetramethyl-3-

oxaglutaramide (TMOGA, right).
Fig. 2 (a, b) Spectrophotometric titrations of NpO2

+ with ODA: T =

25 uC. Initial solution (1.0 M NaClO4): Vu = 2.50 mL, CNpu = 1.78 mM,

pH = 6; Titrant: 1.0 M Na2ODA, a total of 2.50 mL added. Optical path =

1.0 cm. The 17 spectra shown are normalized in terms of CNpu for clarity.

(c) Deconvoluted spectra of NpO2
+ and the 1 : 1 NpO2(ODA)2 complex.

The 1 : 2 NpO2(ODA)2
32 complex does not absorb.
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Fig. 2 shows the spectrophotometric titrations of NpO2
+ with

ODA in the near IR region. As the concentration of ODA was

increased, the intensities of the absorption bands at 980 and

1024 nm that belong to the free NpO2
+ cation decreased, while

new bands appeared at 989 and 1035 nm and their intensities

increased, corresponding to the formation of a 1 : 1 NpO2(ODA)2

complex (Fig. 2(a)). As the concentration of ODA was further

increased, the intensities at 989 and 1035 nm started to decrease

but no new absorption peaks appeared at longer wavelengths

(Fig. 2(b)). These changes in the spectra are different from those

for NpO2
+ complexation with many other ligands (e.g., oxalate)

where the decrease of the absorbance of the first complex is

accompanied by the appearance of new absorption band(s) of

successive complexes at longer wavelengths.

The variation of spectra in Fig. 2 is very similar to that observed

in the spectrophotometric titrations of Np(V) with TMOGA7 and

can be interpreted with the assumption that two complexes of

NpO2
+ with ODA formed in solution successively but the second

complex, NpO2(ODA)2
32, did not absorb in the wavelength

region. Factor analysis of the spectra by the Hyperquad

2000 program11 indicates that there are only two absorbing

species (NpO2
+ and NpO2(ODA)2), supporting this assumption.

Using Hyperquad 2000, deconvoluted spectra for NpO2
+ and

NpO2(ODA)2 are obtained (Fig. 2(c)). The formation constants of

the 1 : 1 NpO2(ODA)2 and 1 : 2 NpO2(ODA)2
32 complexes are

calculated to be: log b1 = 3.89 ¡ 0.05 and log b2 = 4.40 ¡ 0.05,

respectively, at I = 1.0 M Na(ClO4/ODA) and T = 25 uC. The

value of log b1 is in good agreement with previous results in the

literature, 3.72 (I = 0.5 M NaClO4)
8 and 3.87 (I = 1.0 M

NaClO4).
9 Previous studies did not observe the formation of the

1 : 2 complexes because the concentrations of ODA were

insufficient and, probably, because the non-absorbing nature of

the NpO2(ODA)2
32 complex was not recognized.

If the NpO2(ODA)2
32 complex is centrosymmetric as the

NpO2(TMOGA)2
+,7 the results of spectrophotometric titrations in

Fig. 2 can be well interpreted by the theoretical calculations of

Pitzer and co-workers2 Their calculations have shown that, for the

5f2 electronic configuration of Np(V), the f–f transitions are

forbidden if the Np(V) species possess an inversion center (e.g., in

NpO2(ODA)2
32). The f–f transitions become allowed only if the

coordinating ligands are arranged so that the inversion center is

destroyed (e.g., in NpO2(H2O)5
+ and NpO2(ODA)2). The

successive formation of the 1 : 1 and 1 : 2 NpO2
+–ODA

complexes and the accompanying changes in symmetry and

absorption spectra are best illustrated by Scheme 1.

If the NpO2(ODA)2
32 complex is centrosymmetric, it should

not have absorption bands in the visible region, either, because the

theoretical calculations also indicate that the absorption bands of

Np(V) in the visible region (up to 23000 cm21) all originate from

f–f transitions and thus follow Laporte’s rule.2 Indeed, the

experimental spectra of the Np(V)–ODA solutions in the region

from 400 to 800 nm showed that the sharp and weak absorption

bands that belong to the non-centrosymmetric NpO2(H2O)5
+ and

NpO2(ODA)2 species decreased as the NpO2(ODA)2
32 complex

forms, in the same manner as for the Np(V)–TMOGA system

reported previously.7

To prove the hypothesis that the 1 : 2 NpO2(ODA)2
32 complex

is centrosymmetric, single crystals of a Np(V)–ODA complex were

prepared from an aqueous solution containing 0.05 M NpO2ClO4

and 0.4 M ODA in 1 M NaClO4 (pH 5–7) by slow evaporation.

Single crystal X-ray diffraction data were collected on the Small

Molecule X-ray Crystallography Beamline (11.3.1) at the

Advanced Light Source (ALS).12 The structure of the

NpO2(ODA)2
32 moiety in the crystal is shown in Fig. 3.

The unit cell contains one NpO2
+ moiety, two ODA ligands,

two water molecules and three sodium atoms, as Na3NpO2-

(ODA)2?2H2O crystallized in the primitive, centric triclinic space

group P1̄. The Np atom is located on the inversion center at [0.5,

0.5, 0.5]. The Na atoms are not shown in Fig. 3, but one Na atom

also lies on an inversion center at [1.0, 0.5, 1.0]. The OLNpLO

moiety is linear and symmetrical, with an angle of 180u and NpLO

distance of 1.841 Å. It is coordinated equatorially by three oxygens

of each of the two coplanar ODA ligands (Fig. 3). The bond

distances between Np and the two carboxylate oxygens are slightly

different, RNp1–O1 = 2.543 Å and RNp1–O4 = 2.577 Å, probably due

to the interactions between the sodium and one carboxylate group

in the crystal. As a result, the NpO2(ODA)2
32 moiety in the

Na3NpO2(ODA)2?2H2O molecule (Fig. 3) has lower symmetry

than NpO2(TMOGA)2
+ where Np is located at the cross point of

three mirror planes perpendicular to each other.7 However, in

either Na3NpO2(ODA)2?2H2O or NpO2(TMOGA)2
+, Np is

located at an inversion center.

The Na3NpO2(ODA)2?2H2O compound dissociates in aqueous

solution to generate Na+ and the anionic NpO2(ODA)2
32

complex. It is very likely that the inversion center in the

Na3NpO2(ODA)2?2H2O solid will be maintained in the

NpO2(ODA)2
32 anion in solution. In fact, the latter could have

higher symmetry than the NpO2(ODA)2
32 moiety in the solid,

because of the absence of crystal lattice constraints in solution. In

particular, the absence of specific interactions between the sodium

and one carboxylate oxygen could make the Np1–O1 and Np1–

O4 bonds of NpO2(ODA)2
32 identical in solution.

Scheme 1

Fig. 3 Structure of the NpO2(ODA)2
32 moiety in the single crystal of

Na3NpO2(ODA)2?2H2O (50% probability ellipsoids). The sodium atoms

and water molecules are not shown for clarity. Np – green, O – red,

C – grey, H – white.
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The results of single-crystal X-ray diffractometry have shown

that the 1 : 2 Np(V)–ODA complex forms and possesses an

inversion center. These results have validated the interpretation

of the absorption spectra of Np(V)–ODA systems by invoking the

1 : 1 and 1 : 2 complexes and assuming the 1 : 2 complex does not

absorb.

The presence of an inversion center in the solid compounds

of Np(V) molecules can also be proved by the absence of sharp

bands that belong to the f–f transitions in the diffuse reflectance

spectra. In this work, diffuse reflectance spectra of Na3NpO2-

(ODA)2?2H2O(s) and NpO2ClO4?xH2O(s) were collected on a

Cary-5G spectrophotometer with the diffuse reflectance accessory

and are shown in Fig. 4, in comparison with the absorption spectra

of free NpO2
+ in solution. As Fig. 4 indicates, while the spectra of

NpO2
+ in solution and NpO2ClO4?xH2O in solid show sharp

peaks (980–989 and 620 nm) typical of f–f transitions, these peaks

are absent in the diffuse reflectance spectra of Na3NpO2-

(ODA)2?2H2O solid because the f–f transitions are forbidden due

to the symmetry of this compound. Again, these results are

consistent with the theoretical calculations.2

In summary, the 1 : 2 Np(V)–oxydiacetate complex,

NpO2(ODA)2
32, was identified in solution by absorption spectro-

scopy and in the solid by single crystal X-ray diffractometry for the

first time. The possession of an inversion center in this complex

makes the f–f electric-dipole transitions of Np(V) forbidden,

resulting in the ‘‘silence’’ of the absorption spectra of this complex

in solution and the diffuse reflectance spectra of its solid

compound in the near IR and visible regions. These results have

validated the theoretical calculations of the probability of f–f

transitions and, more significantly, have emphasized the impor-

tance of understanding the relationship between the spectroscopic

features and symmetry and the necessity of using multiple

spectroscopic techniques in characterization of actinide complexes.

Failure to recognize the ‘‘silent’’ features of f–f transitions of

centrosymmetric species in absorption spectra could result in the

‘‘missing’’ of such species and lead to incorrect speciation.
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