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The trifunctional ligand 2,6-[(6Hs).P(O)CH], CsH3NO (1), in a mixed EtOH/MeOH solvent system, when
combined with an aqueous nitric acid solution of Pu(lV), produces a 2:1 coordination compleX,(RQG),]-

(NOs)2. A single crystal of [Pu(N@){ 2,6-[(CsHs)2P(O)CH]2CsH3NO} 2] (NO3)2e1.5H,0e0.5MeOH was character-

ized by X-ray diffraction analysis. The crystal is monoclinic, space gme2gn, with a = 19.1011(9) Ab =
18.2873(9) Ac = 21.507(1) Ao = y = 90°, B = 108.64(1), andZ = 4. Two neutral ligands1) are bonded

to the Pu(lV) ion in a tridentate fashion. Two nitrate ions also occupy inner sphere coordination positions, while
two additional NQ~ ions reside in the outer sphere. Comparison of the solution optical absorbance and solid
diffuse reflectance spectra shows the same Pu(lV) chromophore exists in both solid and solution states.

Introduction coordination chemistry of. We report here the formation and

. . . ) } structure determination of the 2:1 complex bfvith Pu(IV),
Ng ?i)e ?]t;ﬁ tg:etgflérg;tg)rczldh%g I}gﬁf S[&fﬂépégg?dﬁﬂ;%g# com- an actinide ion for which very few coordination complexes have

plexes with oxophilic trivalent lanthanide cations, and it been isolated and structurally characterized by single-crystal

generally binds to these metals in a tridentate fashion throughx'ray diffraction methods.

the pyridineN-oxide and phosphoryl oxygen donor sited The Experimental Section

oxide was prepared according to the published proced8tandard

radiochemical procedures were used for the synthesis of the complex.
H,C N CH, All the manipulations were performed in either HEPA-filtered fume
hoods or negative pressure gloveboxes. Methanol and ethanol were
obtained from J.T. Baker and were used without further purification.
A plutonium-239 stock solution was prepared and purified as described
in the literature:® The solution purification used anion exchange
chromatography (Lewatite MP-500) that binds Pu(lV) as (PujifO.
The Pu(lV) was recovered by eluting with 0.5 M HMO'he stock

- . . 5 solution was assayed by UV/vis spectroscopy to verify the oxidation
trivalent lanthanide ions and Am(IR)® from concentrated state purity and to determine the plutonium concentration. The Pu(lV)

HNO; and HCI solutions. Since several tetravalent cations are . -iion state was confirmed and the metal content assayed by using
found in some'nuglear material spluﬂons .contam.lng trivalent . .haracteristic absorbance band at 470 are (58 M1 cm 1) 811
ions, the coordination and extraction chemistrylafith these UV/Nvis/near-IR absorbance spectra were obtained on a Cary 500
ions is of interest. Indeed, we have previously reported that  (varian) spectrophotometer, and diffuse reflectance spectra were
forms a 2:1 complex with Th(IV), and preliminary studies measured with a Lambda-19 (Perkin-Elmer) spectrophotometer.
indicate that Th(IV) is extracted from HNGolutions by CHG Preparation of [Pu(1);(NO3)2*][(NO3),2"]e1.5H,0¢0.5MeOH.
solutions ofl. These results have encouraged development of The complex was prepared by adding a 200aliquot of a 0.08 M
modified ligand desigrfsas well as additional studies of the

O The ligand 2,6-bis[(diphenylphosphino)methyl]pyridiNeP,P'-tri-

(CgHs)oP: o P(CeHs)2
65 )2 \O O/

1

ligand also acts as a powerful liquitiquid extractant of

(7) Ryan, J. LJ. Phys. Chem196Q 64, 1375.
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Table 1. Summary of Crystallographic Data wWR2 = 0.0978. An ORTEP plot (30% thermal ellipsoids) of the

empirical formula G dHseNsO20PsPu  cell vol (£9) 7118.6(6) molecule is shown in Figure 1.

fw 1572.73 VA 4 . .

space group P2(1)h calcd density  1.467 Results and Discussion

ad) 19.1011(9) T(% cn?) 203 As n(_)ted _in the Intrc_)duc_tion, the rece_ntly designed_ a}nd

b (A) 18.2873(9) 1A 0.710 73 synthe5|_zeq ligand 2,6-bis[(diphenylphosphino)methyl]pyridine

c(A) 21.507(1) 4 (mm) 1.105 N,P,P'-trioxide (NOPOPQ},2 1, has proven to be an excellent

o (deg) 90 R% (I > 20(1)) 0.0368 extractant for trivalent lanthanide and actinide ions in nitrate

f (deg) 108.64(1) WR2 0.0978 or chloride media. It displays partition coefficients significantly

v (deg) 90 higher than those reported for the classic bifunctional extractants
aR1=Z||Fo| — |F/|/Z|Fo|. °WR2 = [Z(Fs? — FAYZ[W(FHH] Y% dihexyl-N,N-diethylcarbamoylmethylphosphonate (DHDECMP),

w = 1[o*Fs?) + (aP)? + bP]; P = [max(F.* or 0) + 2(F:?)/3. (HxO),P(O)CHC(O)NEb,*>16and octyl(phenyl)N,N-diisobu-

tylcarbamoylmethylphosphine oxide (CMPO), (Oct)(Ph)P(O)-
CH,C(O)N(Bu),.1” Our earlier structural studies of isolated
complexes formed by and lanthanide nitrates and chlorigé&®
show several interesting features. For all cases, the ligand adopts
a tridentate coordination mode. In 1:1 ligand/metal complexes,
three nitrate ions remain bonded to the Ln(lll) ion in a bidentate
manner and in 2:1 complexes, only one bidentate nitrate ion
is present in the inner coordination sphéfhe remaining two
nitrates are expelled to the outer sphere. In the same work, we
observed that the interaction @fwith Th(NGs)4 gives a 2:1
complex, [Th@)2(NO3)2](NO3),, in which two molecules ofl
bond to the Th(lV) in a tridentate fashion, and two nitrates
remain in the inner coordination sphér@he remaining two
nitrate ions appear in the outer sphere. Recently, we have found
that EuC} in water combines witl in a 2:1 L/M ratio, giving
a complex containing two tridentate ligan@ilsand two water
molecules in the inner sphere. The more weakly binding CI
ions all appear in the outer sphere along with nine water
molecules'®

The interesting coordination behavior df toward lan-
thanide(lll) and thorium(IV) nitrates encouraged us to examine

Figure 1. Thermal ellipsoid (30%) plot of [Paj(NOs)>"]- the coordination chemistry dfwith Pu(IV) since the molecular

[(NO3)2*"]#1.5H,0e0.5MeOH. structures of this very important actinide ion have been little
studied. The 2:1 ligand/metal complex was prepared by com-

solution of Pu(N@)¢>~ in 0.5 M HNO; to 1 (0.0042 g, 8.0umol) bining a 1 M HNG; solution of Pu(NQ@)s>~ and an alcohol

dissolved in a 1:5 mixture of MeOH/EtOH. Upon addition, the solution mjxture of the ligand. This combination allows for the crystal-
turned orange-brown. The vial containing the mixture was closed, and |ization of the product as it forms. The UV/vis/near-IR spectra
Ora”gle'bro""” t))(-r;\y-qualiéy Cry?_ta's fo”ged aﬁ;g_a fe‘l"’ ddaYSMCgIS_ltal of the complex (Figure 2) were obtained from two samples.
samples were both ground to a fine powder and dissolved in MeOH to . -
obtain the diffuse reflectance and optical absorbance spectra, respec:r he dashed line repre§ents the diffuse reflectance of ground
tively. crystals, and the solid Ilng corresponds to the absorbance of a
Crystallographic Analysis. Suitable crystals were selected from ~Mmethanol solution of the isolated crystals. The two spectra are
samples prepared as described above and coated with a thin protectivéimilar except for band splitting and resolution differences in
film of 5 min epoxy. The coated crystals were then sealed in glass the features at 12661050, 850, 686620, and 576:510 nm.
capillaries that were also coated on the outside with acrylic to provide One may expect peak splitting and greater resolution in solid-
structural stability to the capillaries and multiple containment of the state spectra where there are no interactions with solvent and
radioactive material. The crystals were screened for maximum scatterediess rotation and vibration. The spectra are similar to those of
intensity, and the best crystal was utilized for data collection. Crystal- gther Pu(lV) complexes with oxygen donor ligandsit
lographic data for the complex are presented in Table 1. Diffraction however, it is expected that additional studies of related

data were collected at ambient temperature on a Bruker P4/PC .10 0 may hegin to reveal spectral features, diagnostic of
diffractometer equipped with a CCD area detector. Data were collected structural details

using both¢- and w-scan methods; a full hemisphere of data were ) . .
collected. The program SADABBwas used to correct for absorption Single crystals of the coordination complex, deposited from
and decay. The structure was solved by Patterson and difference Fouriethe reaction solution, were characterized by X-ray diffraction
methods with the program SHELXS-8%All other non-hydrogen atoms
were found by least-squares refinement and subsequent difference(15) Horwitz, E. P.; Kalina, D. G.; Muscatello, A. Gep. Sci. Technol

Fourier analysis using SHELXL-9% All atoms except for the solvent 1981, 16, 403-416. Horwitz, E. P.; Muscatello, A. C.; Kalina, D. G.;

: ; ; ; Kaplan, L.Sep. Sci. Technol981, 16, 417—437.
molecules were refined anisotropically to convergence. Refinement on (16) Kalina, D. G.: Horwitz, E. P. Kaplan, L. Muscatello, A. Sep. Sci.

F2, for 842 parameters and 9880 unique reflections, gave-R10368, Technol. 1981 16, 1127.
(17) Horwitz, E. P.; Kalina, D. G.; Kaplan, L.; Mason, G.; Diamond, H.
(12) Sheldrick, G. M. Empirical Absorption Correction Program SADABS, Sep. Sci. Technol982 17, 1261-1279. Horwitz, E. P.; Martin, K.
Universitd Gottingen, 1996. A.; Diamond, H.; Kaplan, LSobent Extr. lon Exch1986 4, 449—
(13) Sheldrick, G. M. SHELXL-97 Program for Crystal Structure Solution, 494. Lianshing, W.; Casarci, M.; Gasparini, G. Bobent Extr. lon
Universitd Gottingen, 1997. Exch 199Q 8, 49-64 and references therein.

(14) Sheldrick, G. M. SHELXL-97 Program for Crystal Structure Refine- (18) Bond, E. M.; Duesler, E. N.; Paine, R. T.;'tipH. Polyhedron in
ment, UniversitaGottingen, 1997. press.
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Table 2. Selected Bond Distances (A)

Pu(1)-0(1) 2.310(4) PU(EyO(4A) 2.710(5) N(2)-0(6) 1.343(6)
Pu(1)-0(6) 2.338(4) Pu(1yO(3A) 2.824(5) N(3)-O(3B) 1.212(7)
Pu(1)-0(3) 2.339(4) P(1O(1) 1.502(4) N(3)}-O(3A) 1.233(7)
Pu(1)-0(5) 2.346(4) P(20(2) 1.499(4) N(3)-0(3C) 1.308(7)
Pu(1)-0(2) 2.357(4) P(3)0(3) 1.504(4) N(4)-0(4B) 1.202(7)
Pu(1)-0(4) 2.382(4) P(4y0(4) 1.490(4) N(4)-O(4A) 1.256(7)
Pu(1)-0(4C) 2.425(4) N(1)-0(5) 1.334(6) N(4)-0(4C) 1.270(7)
Pu(1)-0(3C) 2.429(4)

8 I
3 08
£ AR
=3 - '
2 AR
< 06 -
04 = TN SR
- , \ R - . e “\\
- i N VAN / N
02 - - N / L

0 L . A S B!
400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Figure 2. UV/vis/near-IR spectrum for [Paj(NOs),][(NO3)]: diffuse
reflectance of ground crystals (dashed line); isolated crystals dissolved

in MeOH (solid line). 03C
Figure 4. Coordination sphere for [PL)(NOs)2"][(NO3)?"]e1.5H,0e
,O\(I) ,'O\(” 0.5MeOH with phenyl rings and outer-sphere nitrates omitted for clarity.
4123 7 » 2935 3009 1 4208 2.710(5) A, and P& O(4C) 2.425(4) A. Space-filling diagrams
! A 4 ™ suggest that there is adequate room for each O(A) atom to form
O@-eremeesmeeas O) O(G)"'Z';;)'Z""O“) a shorter interaction with the plutonium; however, because of
2.865 :

the four-atom metatnitrate chelate rings and the near 120
angle between the nitrate oxygen atoms, shorter, more sym-
metrical interactions would require a considerable rearrangement
of the inner coordination sphere. The asymmetric nitrate ion
Qo /Q\(f) bite found in this complex contrasts with the more symmetrically
S o bonded nitrate ions in [Ni[Pu(NG)g].2° In the latter case
N the average P4O (nitrate) bond length is 2.487 A. Furthermore,
d PSS ‘0(5) 0'(6)_ ___________ ‘0(4) because of the asymmetric interaction of the nitrate ions with
the Pu(lV) center, there are three different® distances, with
the longest being O(C) to N, the second longest O(A) to N,
and the shortest O(B) to N, which corresponds to the shortest
M—0O distance, second shortest, and longest, respectively. The
average values of the=FO and N—O bond lengths in the
Pu(IV) complex are 1.498 and 1.32 A, respectively. These values
are little changed from the values found for the free ligand:
P=0 1.480(3) A and N-O 1.315(6) A2
Three idealized polyhedra are predicted to have similar low
energies for the CI= 10 condition: bicapped square antiprism
and sphenocorona and tetracapped trigonal ptisAnalysis
of the nonbonded &-O contact distances for the 10 inner-sphere
oxygen atoms in [Pu),(NOs),?'] suggests that they best
approximate a distorted bicapped square antiprism as shown in
Figure 4. The two capping positions are occupied by O(3A)
and O(4A), and the nitrate ion bond distance constraints “pull”
these atom positions off the ideal square antiprism axis. It is
noteworthy that the distortion results in the two nitrates
occupying positions on one side of the polyhedron while the
two ligands 1 cover the majority of the volume of the
polyhedron.

2922 2.946
Figure 3. Coordination footprints fod on Pu(lV) and Th(lV).

analysis. The molecular structure contains two molecules of
bonded to the central Pu(lV) ion in a tridentate mode. In
addition, there are two nitrate ions coordinated in an asymmetric
bidentate fashion to the Pu(lV) ion. The PO(P) bond lengths
range from 2.310(4) to 2.382(4) A (av 2.347 A) and are all
shorter than the average value in [TH(NOz3)2](NOs),, 2.402-

(1) Al The Pu-O(N) bond lengths, 2.338(4) and 2.346(4) A,
are also shorter than the comparable distances in the Th(IV)
complex, 2.391(1) and 2.400(1) A. These shorte+Bubond
lengths are consistent with the smaller Pu(lV) (EN8, r =

0.96 A) ionic radius compared to that of Th(IV) (CN 8, r =

1.06 A)19 The ligand “footprints” of1 on the Pu(lV) ion,
compared to the “footprints” on Th(IV), are smaller on five of
the six nonbonded & O edges as shown in Figure 3. This is
expected for the smaller, more polarizing Pu(lV) ion. As
observed in the Th(lV) complex, the two inner-sphere
nitrates bind to the Pu(IV) with an asymmetric bidentate bite:
Pu—O(3A) 2.824(5) A, Pu-O(3C) 2.429(4) A, PuO(4A)

(20) Spirlet, M. R.; Rebizant, J.; Apostolidis, C.; Kanellakopulos, B.;
(19) Shannon, R. D.; Prewitt, C. Acta Crystallogr 1969 B25 925— Dornberger, EActa Crystallogr.1992 C48 1161-1164.
946. The values selected from the table are effective ionic radii based (21) Kepert, D. L.Inorganic StereochemistrySpringer-Verlag: Berlin,
onr(0?7) = 1.40 A. 1982; p 188.
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The X-ray diffraction analysis described here represents the metal complexes. These data have also been used for identifying
first single-crystal structure determination for a plutonium oxidation states in actinide ion complexes; however, less
complex with an organic extraction agent. The structure indicates systematic information has been derived that is diagnostic of
the ready tendency fot to reorganize, from its free ligand  coordination structure. The solid-state and solution spectroscopic
structure, in which the O bond vectors point away from the  gata reported here are important as we continue to catalog and

N—O bond vectof, into the tridentate chelate condition. This  gefine spectroscopic features that are indicative of coordination
is possible because of the rotational freedom in the pendantnumbers and geometries in plutonium complexes

(ring)—CH,—P(O)Ph arms. Placement of the two bulky ligand
units of 1 on the central metal creates an organic “mushroom
cap” that is organophilic and is largely responsible for the
organic solvent solubility of the Th(IV) and Pu(lV) complexes.
This in turn permits phase transfer of the metal from an acidic
aqueous phase to an organic phase in a ligligpid extraction.
In the future we expect to study the extraction phase transfer . . . ) o
process as well as back-extraction behavior with the intent to . (S::Jprortm? _Irng_ormattlor) ﬁvanlapllebl xf-ray ?rystallogr_a p;'c |f 'ISS ‘
develop an advanced Pu(lV) separation scheme. mt ! ./c/)rmg. is material is available free of charge via the Interne
Electronic spectral data are routinely used to identify oxida- at hitp:iipubs.acs.org.
tion states, coordination numbers, and geometries in d-block IC000146Z
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