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ABSTRACT: The dithiophosphinic acid HS,P(0-CF;C¢H,), is known to [ High Selectivity S K-edge XAS
exhibit exceptionally high extraction selectivities for trivalent minor actinides 1= W[ Feethai

(Am and Cm) in the presence of trivalent lanthanides. To generate insight R\ .S E I

that may account for this observation, a series of [PPh,][S,PR,] complexes, { = 10

where R = Me (1), Ph (2), p-CF,CiH, (3), m-CE,CH, (4), o-CE,CH, R 'S & | Low Selectivity
(5), 0-MeCgH, (6), and 0-MeOC4H, (7), have been investigated using ] N E osf el Sy
sulfur K-edge X-ray absorption spectroscopy (XAS) and time-dependent Mé”,fi,’;if;‘;‘:i" = I R=Cafly
density functional theory (TDDFT). The experimental analyses show (Dithiophosphinates) g, L L

I
2470 2472 2474

distinct features in the spectrum of S,P(0-CF;C4H,),” (S) that are not Energy (eV)

present in the spectrum of 4, whose conjugate acid exhibits reduced

selectivity, or in the spectra of 2 and 3, which are anticipated to have even lower separation factors based on previous studies. In
contrast, the spectrum of § is similar to those of 6 and 7, despite the significantly different electron-donating properties associated
with the 0-CF;, 0-Me, and 0-OMe substituents. The TDDFT calculations suggest that the distinct spectral features of 5—7 result
from steric interactions due to the presence of the ortho substituents, which force the aryl groups to rotate around the P—C
bonds and reduce the molecular symmetry from approximately C,, in 2—4 to C, in 5—7. As a consequence, the change in aryl
group orientation appears to make the ortho-substituted S,PR,™ anions “softer” extractants compared with analogous Ph-, p-
CF;C¢H,-, and m-CF;C¢H,-containing ligands (2—4) by raising the energies of the sulfur valence orbitals and enhancing orbital
mixing between the S,P molecular orbitals and the aryl groups bound to phosphorus. Overall, we report that sulfur K-edge XAS
experiments and TDDFT calculations reveal unique electronic properties of the S,P(0-CF;C¢H,),” anion in 5. These results
correlate with the special extraction properties associated with HS,P(o-CF;C¢H,),, and suggest that ligand K-edge XAS and

TDDEFT can be used to guide separation efforts relevant to advanced fuel cycle development.

B INTRODUCTION

One of the most difficult chemical problems associated with the
implementation of advanced nuclear fuel cycles is the
separation of trivalent minor actinides (americium and curium)
from trivalent lanthanides.'™* These 4f and 5f elements are
difficult to separate because they have similar chemical and
physical properties.' It has been found that certain soft-donor
ligands are exceptional for removing trivalent minor actinides
from lanthanides via liquid/liquid extraction,” " but the factors
that influence this selectivity are not well understood. While
there are many variables that contribute to effective
separations,” it has long been proposed that soft-donor ligands
are successful because of enhanced covalent metal—ligand
bonding with actinides relative to lanthanides."*** Despite
significant advances in the development of minor actinide/
lanthanide separation methods,”* ** quantifying the role that
electronic structure and covalency play in liquid/liquid
extraction processes remains a grand challenge in actinide
chemistry.*

Presented here is a ligand K-edge X-ray absorption
spectroscopy (XAS) and time-dependent density functional
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theory (TDDFT) study that correlates electronic structure and
bonding trends associated with the extractants’ ability to
separate actinides and lanthanides. Although these techniques
are now routinely used to quantify covalency in inorganic and
bioinorganic systems,””~’® they have not been employed
previously in separation science. Here we focus on sulfur
donor extractants known as dithiophosphinic acids (HS,PR,)
because they exhibit some of the highest minor actinide/
lanthanide separation factors (SFs) known to date. For
instance, bis(2,4,4-trimethylpentyl)dithiophosphinic acid,
known commercially as Cyanex 301, yields separation factors
of >5000 for americium over europium.7 Even more impressive
are the dithiophosphinic acids that contain CF; substituents on
the aryl groups attached to phosphorus; an exceptionally high
separation factor of 100000 has been reported for ortho-
substituted HS,P(0-CF;C4H,),.”" The performance of HS,PR,
is dramatically affected by subtle changes in the positioning of
the CF; substituents on the aryl backbone, as shown in Scheme

Received: April 26, 2012
Published: August 24, 2012

dx.doi.org/10.1021/ja303999q | J. Am. Chem. Soc. 2012, 134, 14408—14422


pubs.acs.org/JACS

Journal of the American Chemical Society

Scheme 1. Americium/Europium Separation Factors
(SFam/Eu) for Selected CF;-Substituted
Diaryldithiophosphinic Acids”"”>
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1. It has been reported that the separation factor decreases from
100 000 to 1000 when R = m-CF;C¢H, and drops even further
when R = (m-CF;),C¢H; (SF = 20).”* Separation factors for
the para derivative (R = p-CF;C¢H,) are expected to be
similarly low but have yet to be reported, and the separation
factor for CF;-free HS,PPh, has been measured to be only 10,
albeit using a different organic diluent."> Hence, these
dithiophosphinic acids are attractive candidates for identifying
electronic structure and reactivity correlations because they
exhibit selectivities that range from highly effective to
ineffective.

In this work, to provide new insight into how the ancillary
groups attached to phosphorus affect the electronic structure
and bonding in dithiophosphinate extractants, a series of well-
defined [PPh,][S,PR,] complexes 1—7 (Figure 1) were

PP
R Group RF;;P-»\.._S
Methyl (Me) m
Pheny! (Ph) (2)
p-CF,CgH, 3
m-CF,CeH, @)
0-CF,CgH, C)
o-MeCgH, (6)
0-MeOC4H, @

Figure 1. Numbering convention used for [PPh,][S,PR,] complexes.

analyzed using sulfur K-edge XAS and TDDFT. The PPh,~
salts were used because the sulfur atoms are in equivalent
chemical environments and free of any intermolecular cationic
interactions.”> The series also provides systematically varied
ancillary groups attached to phosphorus that allowed inductive
effects on the P—S interaction to be characterized using sulfur
K-edge XAS. For example, when R = Me, the electronic
contributions to the P—S bonding from the methyl groups are
limited primarily to C—P ¢ interactions. Subsequent compar-
ison of S,PMe,” with S,PPh,” allowed transitions associated
with the 7z interactions from the phenyl groups to be
unambiguously identified, thereby providing a foundation for
interpreting more complicated interactions associated with the
substituted aryl groups shown in Figure 1. This methodical
approach enabled us to evaluate P—S orbital mixing as a
function of (1) the position of the CF; substituent on the aryl
group (ortho, meta, para) and (2) the electron-donating ability
of the substituent at the ortho position (CF;, Me, MeO). In
addition, we present these results in comparison with
previously reported extraction data and discuss correlations

relevant for future innovation in actinide/lanthanide separation
science.

B RESULTS AND DISCUSSION

Sulfur K-Edge XAS Spectra. The normalized and
background-subtracted sulfur K-edge X-ray absorption spectra
for [PPh,][S,PR,] complexes 1— 7 encapsulated in polystyrene
are provided in Figure 2. The spectra have been truncated to
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Figure 2. Comparison of the sulfur K-edge X-ray absorption spectra of
1—7. The spectrum of S,PPh,~ (2, red) is compared with those of (a)
S,PMe,” (1, black); (b) CFj-substituted diaryldithiophosphinates
S,P(p-CF;C4H,),~ (3, purple), S,P(m-CF;C¢H,),” (4, green), and
S,P(0-CF3;C¢H,),~ (S, blue); and (c) ortho-substituted diary-
ldithiophosphinates S,P(0-CF;C¢H,),” (S, blue), S,P(0-MeCg¢H,),~
(6, black), and S,P(0-MeOC¢H,),” (7, orange).

focus on the pre-edge regions (2468—2476 eV). To provide a
quantitative comparison of peak positions and amplitudes, the
spectra were modeled using pseudo-Voigt functions with
Lorentzian and Gaussian ratios fixed at 1:1 and a step function
with a 1:1 ratio of arctangent and error function contributions.
Figures 3 and 4 show the modeling results for the pre-edge
regions of the spectra, and the complete fits are provided in the
Supporting Information. In each model, a best fit was obtained
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Figure 3. Sulfur K-edge X-ray absorption spectra of (a) S,PMe,” (1),
(b) S,PPh,™ (2), () S,P(p-CF;CeH,),™ (3), (d) S,P(m-CF3CH,),™
(4), and (e) S,P(0-CF;C4H,),” (S) with curve-fitting analysis. Each
experimental spectrum is represented as black circles, with the
corresponding model overlaid as a red trace. The pre-edge functions
used to generate each model are shown (gray pseudo-Voigt functions
with red, blue, and black traces), as well as the post-edge residual
(dashed line). The least-squares residual for each fit is represented by
the gray line at the bottom of the corresponding panel.

14410

[ S,P(0-MeCgH,),"
(6)
Int=1.13

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.07

LI B B B S e e

e b o o Lo o o L o o o | o o o 1 o
S,P(0-MeOCH,)," (b)
(7)

Int=0.84

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Normalized Intensity

LI B B S B B B e

TN T T S TN TN N T T T T SO T TN N TN T 1

2468 2470 2472

Energy (eV)

2474 2476

Figure 4. Sulfur K-edge X-ray absorption spectra of (a) S,P(o-
MeC¢H,),~ (6) and (b) S,P(0-MeOC¢H,),” (7) with curve-fitting
analysis. Each experimental spectrum is represented as black circles,
with the corresponding model overlaid as a red trace. The pre-edge
functions used to generate each model are shown (gray pseudo-Voigt
functions with red, blue, and black traces), as well as the post-edge
residual (dashed line). The least-squares residual for each fit is
represented by the gray line at the bottom of the corresponding panel.

when the step function was refined between 2474 and 2475 eV.
The modeled pre-edge peak positions (Table 1) closely match
those determined from the first- and second-derivative traces,
varying in most cases by less than 0.02 eV. While the energy of

Table 1. Experimental and TDDFT-Calculated Sulfur K-
Edge XAS Peak Positions

compound curve fit (eV) TDDET (eV)
$,PMe,” (1) 2472.13 247222
2473.61 2473.80
S,PPh,~ (2) 247132 2472.13
247233 2472.55
2473.46 247395
$,P(p-CF;CeH,),™ (3) 247127 247177
2472.55 2472.51
2473.95 2473.87
$,P(m-CE,CH,),™ (4) 247130 2470.94
2472.46 2472.54
2473.90 2473.88
S,P(0-CF,C4H,),~ (5) 247129 2471.11
2472.38 2472.34
247342 2473.02
2474.36 2474.00
$,P(0-MeCH,),™ (6) 247145 2471.32
2472.52 2472.59
2473.61 2473.60
2474.51 2474.15
S,P(0-MeOCH,),” (7) 247139 247141
2472.45 2472.56
2473.56 2473.60
2474.60 2474.16

dx.doi.org/10.1021/ja303999q | J. Am. Chem. Soc. 2012, 134, 1440814422
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Table 2. Comparison of Calculated Bond Distances and Angles for S,PR,” Complexes”

complex S—P (A) P-C (A) S—P-S (deg) C—P—C (deg) C—P—S (deg) 0 (deg)b
S,PMe,” (1) 2.023 1.859 122.07 100.57 108.0/108.0 -

S,PPh,” (2) 2.016 1.876 121.39 99.22 108.5/108.5 5.6
[1.976(1)] [1.832(3)] [118.13(4)] [103.5(1)] [21.8]
S,P(p-CF,CsH,),~ (3) 2.010 1.879 122.10 98.69 108.2/108.6 13.5
S,P(m-CF,C¢H,),™ (4) 2.010 1.879 12224 98.88 108.3/108.3 6.1
S,P(0-CF;C¢H,),™ (5) 2,011 1.902 119.39 109.25 104.2/109.8 452
[1.983(2)] [1.860(6)] [116.46(8)] [111.02)] [104.2(2)/110.4(2)] [52.5]

[104.2(2)/110.8(2)]
S,P(0-MeCgH,),™ (6) 2.021 1.880 11841 103.47 107.2/109.8 453
[1.992(2)] [1.838(3)] [117.25(4)] [106.9(1)] [105.78(8)/108.95(8)] [52:2]

[107.41(8)/110.10(8)]
S,P(0-MeOCgH,),” (7) 2.022 1.867 118.14 104.11 107.6/109.3 49.0
[1.989(2)] [1.836(4)] [115.65(5)] [104.4(1)] [108.4(1)/109.4(1)] [462]

[109.1(1)/109.4(1)]

“Values in brackets represent experimental values from the reported crystallographic data for [PPh,][S,PR,] complexes.”® The experimental bond
lengths and 6 angles represent average values. YFor the definition of 0, see Scheme 2.

these features could be determined with high confidence, the
overall intensities for many of the pre-edge features at higher
energy (>2472 €V) varied significantly because of substantial
overlap with adjacent features. In addition, because of a small
but systematic contribution to the post-edge regions of the
spectra (>2480 eV) from a sulfate contaminant in the
polystyrene, only the relative intensity of the first pre-edge
feature in each spectrum will be discussed (estimated error
<5%).

To facilitate the identification of spectral differences for 1-7,
our discussion of the data will follow a general outline that
begins with the comparatively simple S,PMe,™ ion, then moves
to the more complicated S,PPh,” ion, and finally describes
diaryldithiophosphinates that contain CF; Me, or MeO
substituents. It is instructive to first consider S,PMe,” (1)
because it is highly symmetric (C,,) and the P—C interactions
are dominated by ¢ bonding. Comparison of S,PMe,” with
S,PPh,” (2) allows the effects of P—C 7 conjugation to be
evaluated because both P—C ¢ and 7 bonding interactions are
present in S,PPh,”. Combined, the analyses of 1 and 2 provide
a foundation to interpret the sulfur K-edge XAS spectra of 3—7
and enable us to characterize the effects of symmetry and
substituents on the sulfur K-edge XAS spectra of CF;-, Me-,
and MeO-substituted diaryldithiophosphinates.

The spectrum of methyl-containing 1 is best modeled by two
intense and well-resolved pre-edge features at 2472.13 and
2473.61 eV (Figures 2a and 3a). At intermediate energy (ca.
2475.7 eV), there is an additional broad feature that is not fully
resolved from higher-energy features and the onset of the rising
edge. Figure 2a shows the effect of replacing the methyl group
(black) with a phenyl group (red). As observed for 1, the
spectrum of 2 also contains two pre-edge features at 2472.33
and 2473.46 eV, although they are less resolved from the
higher-energy peaks. Another subtle variation between the two
spectra is associated with the line shape for the high-energy
residual (dashed line in Figure 3b), which for 2 is broadened
and shifted to slightly lower energy. The most pronounced
difference is that the S,PPh,” spectrum contains a low-energy
pre-edge shoulder at 2471.32 eV, which appears to result from
phenyl 7-orbital mixing with the S,P orbitals, since analogous 7
interactions are not present in S,PMe,".

Figure 2b shows the effect of introducing CF; substituents on
the aryl groups by comparing the sulfur K-edge XAS spectra of

14411

S,PPh,” (2; red) to S,P(p-CF;C¢H,),™ (3; purple), S,P(m-
CF;C¢H,),™ (4; green), and S,P(0-CF;C4H,),” (5; blue). The
spectra of 2—4 can be described, in general, as having a low-
energy pre-edge shoulder near 2471.3 eV and two higher-
energy pre-edge features near 2472 and 2474 eV. For S,P(p-
CF,C¢H,),” (3) and S,P(m-CF;C4H,),” (4), which contain
CF; substituents at the para and meta positions, respectively,
the pre-edge shoulders are small and can be superimposed on
that of 2. Curve-fitting analysis shows these features have
identical peak energies and intensities within experimental error
(Figure 3b—d and Table 1). In contrast, the pre-edge shoulder
for S,P(0-CF;C¢H,),” (5), which contains o-CF; substituents,
is slightly lower in energy (ca. 0.2 eV), better resolved, and
nearly twice as intense as the shoulders for 2—4 (Figure 3e and
Table 1). In addition, the curve-fitting analysis reveals that the
third feature observed in the spectra of 2—4 near 2474 eV has
split into two features located at 2473.42 and 2474.36 €V in the
spectrum of S.

To evaluate the origin of the large pre-edge feature observed
for ortho-substituted S, [PPh,][S,PR,] salts containing the
anions S,P(0-MeC¢H,),” (6) and S,P(0-MeOC¢H,),” (7)
were analyzed, and Figure 2c compares their pre-edge regions
to those of S,P(0-CF;C¢H,),” (S; blue) and S,PPh,~ (2; red)
for reference. Within this series, the ability of the ancillary aryl
group to donate electron density to the S,P core systematically
increases in the order 0-CF;C¢H, < CHs < 0-MeCH, < o-
MeOCH,. Consistent with this systematic electronic differ-
ence, the energies of the three pre-edge features for 6 and 7 are
shifted to energies that are 0.1—0.2 eV higher than in § (Table
1). However, the pre-edge shoulder intensities and overall
spectra of 6 and 7 are more similar to those of § than those of
2. Based on this observation, the arene-containing compounds
2—7 can be separated into two general classes of compounds:
one with low-intensity pre-edge shoulders [0.59(3), 0.62(3),
and 0.63(3) for 2—4, in which R = Ph, p-CF,;C4H,, and m-
CF,C4H,, respectively] and the other with significantly larger
pre-edge shoulder intensities (0.84—1.13 for 5—7). It is
noteworthy that each member in this second class of
compounds has a substituent at the ortho position of the aryl
group and that the intensity of the pre-edge shoulder increases
in the order 0-MeO [0.84(4)] < 0-CF; [1.08(6)] < o-Me
[1.13(6)].

dx.doi.org/10.1021/ja303999q | J. Am. Chem. Soc. 2012, 134, 1440814422
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Calculated S,PR,™ Structures. DFT calculations were
performed to gain additional insight into the origin of the pre-
edge features in the sulfur K-edge XAS spectra of 1—7. The
calculated structures of 2 and 5—7 are in close agreement with
the previously reported solid-state structures,”® thereby
providing confidence in the calculated metrics for 1, 3, and 4,
whose structures have not yet been determined experimentally
(Table 2). Both theory and experiment suggest that the bond
distances and angles vary only slightly for 1—7. For example,
the average P—S bond distance for 1—7 was calculated to be
2.016 A with a standard deviation from the mean (&) of only
0.006 A. Similar experimental values have been reported, and
the average P—S distance for 2 and 5—7 is 1.985 A (¢ = 0.009
A). As discussed previously,” the experimental data show that
the S—P—S angles decrease and the C—P—C angles increase
systematically with increasing steric bulk of the ancillary aryl
group. Another consequence of the increased steric bulk is the
variation of the S—P—C bond angles in the ortho-substituted
complexes 5—7. The variation between these angles is most
pronounced for § (0-CFj; 5.6°) and decreases sequentially for 6
(0-Me; 2.6°) and 7 (0-MeO; 1.7°). In comparison, the S—P—C
bond angles are identical for 2—4, and all of the calculated bond
angles are consistent with those observed experimentally
(Table 2). The most profound structural distortions are
associated with the angle 6, which has been used previously
to quantify the rotation of the aryl groups; 0 is defined as the
angle between the C—P—C plane and the plane defined by the
aryl carbon atoms (6 = 0 when the planes are orthogonal;
Scheme 2).”* The calculated @ values for 2—4, which contain

Scheme 2. Definition of the Angle § Used To Compare Aryl
Group Rotations”

1O ~_ 7
A
P

only hydrogen at the ortho positions, are all close to 0° (5.6°,
13.5°, and 6.1°, respectively) and their point groups are
approximately C,, if the positions of the m-CF; substituents in
4 are ignored (see below for justification). In contrast, 0
approaches 45° for compounds 5—7, whose arene rings have o-
CF,;, 0-Me, and 0-MeO substituents (45.2°, 45.3°, and 49.0°,
respectively). These calculated values are in good agreement
with the average experimental @ values of 52.5°, 52.2°, and
46.2° determined for S$—7. In contrast, the average
experimental @ value of 21.8° for 2 is different from the
theoretical value (6 = 5.6°), but both are appreciably less than
those observed for $—7. Overall, the experimental and
calculated data suggest that steric repulsions between the ortho
substituents on the aryl group and the sulfur atoms bound to
phosphorus force the aryl groups to rotate around the P—C
bond in 5—7, as suggested previously.”*”*

Molecular Orbital Correlation Diagrams. Since sulfur K-
edge XAS probes bound-state transitions and involves dipole-
allowed excitations of sulfur 1s electrons into vacant molecular
orbitals (MOs) that contain some sulfur 3p character due to S—

P orbital mixing,’® MO correlation diagrams were prepared to
guide the interpretation of the XAS data. Before the evaluation
of how the ancillary groups attached to phosphorus contribute
to bonding, the orbital interactions in the S,P™ core within a
C,,-symmetric S,PR,” anion were first considered (Figure 5).
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Figure S. Qualitative MO correlation diagram of the anionic S,P~
fragment in C,, symmetry. The three nonbonding (nb) sulfur 3p
SALCs are depicted as gray/white, whereas orbitals participating in
bonding are shown in white with red, black, or blue.

For the S,P™ anion, there are two o-type symmetry-adapted
linear combinations (SALCs) of sulfur 3p atomic orbitals with
a; and b, symmetries that can be used to form P—S ¢ bonds
using the two phosphorus valence 3p orbitals with those
symmetries (3p, and 3p,, respectively). The remaining four
sulfur 3p SALCs transform as a; + a, + b; + b,. Assuming no S
or P 3d orbital involvement, the a;, a,, and b, SALCs transform
as the nonbonding S lone pairs, leaving only the b, SALC with
the appropriate symmetry to form a P—S 7 bond with the
remaining P 3p, orbital.

To quantify the energies of the MOs depicted in Figure S
and to determine how these orbitals are perturbed upon
addition of o-donor groups (Me) versus o- and 7-donating
groups (aryl), DFT calculations were performed on the S,P~,
S,PMe, ", and S,PPh, " anions (Figure 6). The MO diagram for
the hypothetical S,P™ anion provided in Figure 6 is consistent
with the group theory analysis in Figure 5. The addition of
methyl groups in S,PMe,” imparts only subtle changes to the
bonding picture, pushing the 3a, orbital to higher energy and
splitting the b, orbitals as a result of a three-orbital interaction
due to the additional Me—P & bonds. Replacement of the
methyl groups with phenyl groups in S,PPh,” introduces
arene—phosphorus 7 mixing and further splits the bonding and
antibonding MOs as a result of additional three-orbital
interactions. The antibonding orbitals, which are directly
probed in sulfur K-edge XAS experiments, can be described
as having three discrete energy regions (Figure 6). There exists
a low-energy region with four orbitals that contain significant
phenyl character (C—C z-antibonding) and only small
contributions from sulfur and phosphorus orbitals (Table 3).
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a, (green), b, (red), and b, (blue).

At slightly higher energy is an intermediate group of four
orbitals that are most closely related to those observed in
S,PMe,” and contain both phenyl character (C—C o-
antibonding) and significant sulfur and phosphorus character
due to S—P orbital mixing. Finally, at high energy are two
additional phenyl orbitals (z-antibonding) that contain only
small contributions from the S,P unit.

The calculated MOs for 2—7 can all be assigned to the
general regions described in Figure 6, but the energies of the
orbitals in these regions are dependent primarily on changes in
molecular symmetry. The approximate point groups of 2—7
were assigned on the basis of their experimental and calculated
structures and confirmed by inspection of their Kohn—Sham
orbitals. For example, the structures and Kohn—Sham orbitals
clearly reflect C,, symmetry for the S,PPh,” and S,P(p-
CF;C¢H,),” anions in 2 and 3, respectively (Figure 7). The
situation is a bit more complicated for 4 because the m-CF;
substituents remove the possibility of internal mirror planes if
the substituent positions are rigorously considered. Despite the
prospect of lower symmetry, we found that 4 can be
approximated as a C,, anion on the basis of the orientation
of the arene rings (6 =~ 0°). The Kohn—Sham orbitals for 4 are
nearly identical to those in C,,-2 and 3, which validates the C,,
symmetry approximation. In contrast, similar analysis shows
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that the molecular symmetries of the ortho-substituted
complexes 5—7 have been fully reduced from C,, to C, as a
result of the staggered orientation of the arene rings (6 ~ 45°),
and this symmetry reduction is clearly reflected in the Kohn—
Sham orbitals (Figure 7). Hence, the diaryldithiophosphinates
can be distinguished as those with C,, symmetry (2—4) and
those with C, symmetry (5—7).

For C,,-symmetric 2—4, which contain Ph, p-CF,C4H,, and
m-CF;C4H, groups, respectively, the first four antibonding
MOs contain primarily arene carbon z* character and have
been assigned and labeled as Sa;, 3a,, Sb;, and 4b, (Figure 8).
The sulfur 3p character in these orbitals is quite low and is
greater than 2% only for the orbitals with a, and b; symmetry.
The differences in sulfur 3p character in these first four MOs
can be rationalized in terms of orbital overlap between the &
orbitals of the aryl groups and the orbitals of the S,P fragment.
As shown in Scheme 3, a conjugation pathway between the aryl
rings and the S,P unit is clearly present in the Sa; and Sb,
orbitals, where increased sulfur 3p character is observed. In
contrast, a node present at the ipso carbon of the aryl ring
associated with the 3a, and 4b, orbitals inhibits effective
conjugation of electron density between the carbon and sulfur
atoms via phosphorus. Aside from the node at carbon,
conjugation is further inhibited because the available
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Table 3. Calculated S,PR,” Antibonding MO Energies, Compositions, and Sulfur K-Edge XAS Transitions

complex

S,PMe,” (1)

S,PPh,” (2)

S,P(p-CF,CH,),™ (3)

S;_P(m-CF3C6H4)2_ (4)

Szp(U‘CFscsHQ[ (s)

S,P(0-MeC4H,),” (6)

S,P(0-MeOC¢H,),” (7)

MO“

3b,
3b,
3a,

sb,

3a,
Sb,
4b,
Sa;

3a,
4b,
Sb,
Sa;

Sb,
7a;
6b,

Sb,
3a,
4b,
Sa;

11b
10a
10b
9a

9b
8a
8b
7a

11b
10a
10b
9a

9b
8a
8b
7a

11b
10a
10b
9a

energy (eV)

6.31
6.27
S.18

S5.71
S44
5.40
4.72

3.19
3.12
2.85
2.45

5.23
5.22
5.02
4.19

2.50
222
2.04
1.48

S.21
S.16
5.08
427

2.43
2.31
191
1.72

S.31
S.13
4.95
4.45

2.64
2.53
2.12
2.05

543
5.36
5.34
4.75

3.15
3.07
2.82
2.58

5.64
5.40
5.26
4.67

DFT MO composition (%)°

TDDET transition (1s — MO)

S 3p
36.0
13.0
63.4

38.6
9.6
2.8

48.4

0.6
22
0.8
3.8

38.8

32
10.2
53.0

0.8
0.6
22
2.8

29.4
3.8
9.0

52.6

2.0
12
0.6
3.0

7.2
9.6
23.6
52.4

2.0
1.0
3.4
3.4

22.6
4.0
8.8

56.1

0.6
0.4
6.0
4.0

19.6
9.2
9.0

49.8
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P 3p
37.1
59.3
16.7

49.5
8.0
9.0
7.5

3.4
13
3.1

49.5
103
38.5
10.0

0.8
2.4
22

412
8.1
30.9
9.7

2.6
0.3
0.9
22

8.0
18.2
47.3

3.7

13
0.2
2.6
2.7

34.6
7.8
22.5
8.6

0.5
0.2
S.3
3.5

30.8
11.6
23.3

7.2

C2p
6.2
9.1
4.6

S.0
9.4
9.6
10.4

94.8
89.4
93.6
87.0

6.6
28.0
25.2
10.6

94.8
91.8
88.4
86.8

11.0
182
22.8
112

90.0
922
91.0
88.0

8.6
124
8.8
13.8

92.0
93.0
86.8
86.1

154
114

7.8
11.8

93.6
93.0
81.6
85.2

13.0
10.2

9.4
132

energy (eV)°
2473.84
2473.77
2472.22

2473.88
2474.22
2474.01
2472.55

2471.85

2471.10

2474.01
2474.55
2473.93
2472.61

2471.44
2470.83

2473.86
2474.27
247391
2472.54

2471.65
2471.57

2470.90

2474.27
2473.97
2473.39
2472.46

2471.64
2471.55
2471.10
2470.94

2473.61
2474.25
2474.15
2472.59

2471.53
2471.28

2473.60
2474.14
2474.24
2472.56

oscillator strengthd

0.34
0.36
142

0.32
0.12
0.24
1.08

0.08
0.24

0.32
0.10
0.32
1.14

0.08
0.16

0.34
0.10
0.28
1.12

0.06
0.06

0.18

0.16
0.10
0.28
1.20

0.06
0.06
0.06
0.26

0.32
0.06
0.12
1.02

0.14
0.36

0.28
0.06
0.16
0.94

MO type
S—p*

C.*

C*

S—P*

C*

S—P*

C.*
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Table 3. continued

DFT MO composition (%)°

TDDET transition (1s — MO)

complex MO* energy (eV)
9b 3.16
8a 3.10
8b 291
7a 2.74
S,PPh,” with rotated Ph (0 = 45°) (2a) 11b 5.82
10a 5.37
10b 5.30
9a 4.79
9b 3.15
8a 2.89
8b 2.75
7a 2.66
S,PPh,” at the geometry in 5 (2b) 11b 5.49
10a 5.31
10b 5.29
9a 4.78
9b 3.15
8a 3.06
8b 2.77
7a 2.63

S 3p
0.2
1.0
6.2
3.8

24.2
6.6
4.6

52.6

0.6
1.0
6.2
42

12.6
11.7
17.0
49.9

0.6
0.8
4.8
4.3

P 3p C2p energy (eV)° oscillator strengthd MO type
0.6 93.0 - - C,*
0.7 91.6 2471.88 0.06
54 82.2 2471.58 0.10
24 87.2 2471.36 0.44

41.1 11.2 2474.25 0.12 S—P*
9.4 9.6 2474.11 0.12

12.9 8.8 2473.72 0.30
9.1 10.0 2472.58 1.00
0.6 94.4 2471.89 0.04 C.*
0.0 94.4 - -

5.0 84.0 2471.39 0.10
2.6 87.8 2471.23 0.40

19.8 7.9 2474.21 0.12 S—P*

16.9 114 2473.95 0.08

35.7 8.3 2473.47 0.30
4.3 12.0 2472.54 1.12
0.4 94.6 2471.89 0.04 C.*
0.0 94.6 2471.80 0.04
4.6 86.0 2471.42 0.10
3.9 85.5 2471.22 0.32

“The MO symmetry labels correspond to those used in Figures 6 and 8. bOnly S 3p, P 3p, and C 2p contributions are given. The remaining
contributions from other S, P, and C orbitals and the H, F, and O orbitals are not included. “The TDDFT energy values have been shifted by +57.4
eV (see the Experimental Section for details). “The oscillator strengths have been multiplied by a factor of 200 to bring them on scale with the

experimental data in Figures 11—13.

3a,

5b,

S,PPh,'(2)
C,, symmetry

SzP(&CF306H4)21‘ (5)
C, symmetry

Figure 7. The first four antibonding Kohn—Sham orbitals for (left)
S,PPh,” (2) and (right) S,P(0-CF5C¢H,),” (5). Rotation of the aryl
groups in 5 lowers the symmetry of the MOs from C,, to C, and
increases the mixing between the arene and S,P orbitals. The labels
correspond to those provided in Figures 6 and 8.

phosphorus 3p, orbital having b, symmetry (Figure 5) is
orthogonal to the b, aryl z orbitals (Scheme 3). Hence, there
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are no phosphorus 3p orbitals having a, and b, symmetry to
bridge a conjugation pathway between the aryl groups and the
sulfur atoms.

The reduction in symmetry from C,, in 2—4 to C, in ortho-
substituted $—7 provides an appreciable increase in the aryl and
S,P orbital mixing. For example, the percentage of sulfur 3p
character is plotted as a function of aryl group identity in Figure
9 for each of the four low-lying orbitals that are primarily C—C
7* in nature. For the 8b MO (derived from Sb, in C,,) and 7a
MO (derived from Sa, in C,,), moving from 2—4 (C,,) to 5—7
(C,) causes an increase in the sulfur 3p character in the 8b
orbital, while the 7a orbitals are relatively unaffected. In
addition, the 8b orbital energy decreases in comparison with
that of 7a, as highlighted by the dashed lines in Figure 8. For
almost all of the compounds analyzed (2—4, 6, and 7), the
sulfur 3p character in the 8a and 9b orbitals (derived from 3a,
and 4b, in C,, symmetry) can be described as relatively
unaffected by the aryl group identity and possess only a small
percentage of sulfur 3p mixing. In contrast, the sulfur 3p
character in the 9b orbital of § increases slightly (Figure 9). As
observed in the C,, anions, the decreased amount of sulfur 3p
character in the 8a and 9b orbitals, particularly in 6 and 7, is
likely due to the presence of the nodes at the ipso carbon
atoms, which persist despite the reduction in symmetry.

To provide insight into how the value of the angle 8 (Scheme
2) affects the energy and orbital composition of the first four
antibonding MOs of 2—7, DFT calculations were performed on
hypothetical structures of the S,PPh,” anion in which the
phenyl groups were systematically rotated in 5° intervals from 6
= 0° to € = 45°. While the MOs of a-symmetry do not show
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Figure 8. Truncated MO correlation diagram for 1—7 (left to right). The MO energies have been shifted to make the sulfur 1s orbital energies of 2—
7 equivalent to those calculated for S,PMe,” (1). The gray bars represent MOs containing less than 2% total sulfur 3p character. The dotted lines are
provided for guidance for MOs relevant to M—S bonding (S lone pairs) and for antibonding MOs relevant to the sulfur K-edge XAS spectra.

Scheme 3. Comparison of Arene Orbital Overlap in the First
Four Antibonding MOs in S,PPh,” (2) (Symmetry Labels
Correspond to Those Used in Figures 6 and 8)

No nodes:
C, P, and 5 conjugation.

Nodes at ipso-C and P:
No conjugation pathway between C, P, and S.

much variation corresponding to the structural change, the b,
and b, orbitals transform as b-symmetric, begin to mix, and
undergo an avoided crossing as the phenyl groups are rotated
(Figure 10).”® When 6 reaches 45° in the theoretical structure
of S,PPh,” (which we will call 2a), the b orbitals of Sb; and 4b,
parentage at € = 0° have swapped positions. The sulfur 3p
character in the 8b MO has also increased from 2.2% in the
parent 4b; MO in 2 to 6.2% in 2a, which is identical to the
values for C,-symmetric 6 and 7 (6.0% and 6.2%, respectively;
Table 3). Overall, the calculations reveal that the increase in
total sulfur 3p character from 7.2% in 2 to 12.0% in 2a for the
first four antibonding MOs results from aryl group rotation. By
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Figure 9. Comparison of the percent sulfur 3p character in the first
four antibonding MOs in 2—7. The labels correspond to those
provided in Figures 6 and 8.

extension, it appears that the increased arene group rotation
from @ ~ 0° in 2—4 to @ ~ 45° in 5—7 is responsible for the
increase in sulfur 3p character from 6.4—7.2% in 2—4 to 9.2—
11.2% in 5—7. The appreciable rise in sulfur 3p character in 5—
7 can be attributed primarily to the increase in sulfur 3p
character as the Sb; MO is transformed into the 8b MO (Figure
9 and Table 3). If it is assumed that the first pre-edge shoulders
in the experimental spectra in Figures 2 and 3 involve
transitions associated with these primarily arene 7* orbitals,
the calculations are in excellent agreement with the sulfur K-
edge XAS data. The experimental curve fits consistently show
that the first pre-edge shoulders for S—7 (intensity = 0.84—
1.13) are significantly larger than those in 2—4 (intensity =
0.59—0.63). Discussion of variations observed in the higher-
energy antibonding MOs will be provided in the TDDFT
section that follows.

Time-Dependent Density Functional Theory Calcu-
lations. TDDFT calculations were performed to simulate the
sulfur K-edge XAS spectra of 1—7 and identify the transitions
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Journal of the American Chemical Society

0.6%
- 0,
32} 2.2% S 3p
s 31}
>
g 3.0
&
9 a9}
S
'g 28}
6.2%
27}
S3p

0 10 20 30 40
S,PPh,'- phenyl rotation 6 (deg)

Figure 10. Walsh diagram showing the avoided crossing of the Sb; and
4b, MOs as the phenyl groups in S,PPh, are rotated from 6 = 0° to 6
= 45°. The labels correspond to those provided in Figure 6 and 8.

responsible for the observed features. The TDDFT results are
in excellent agreement with the experimental data and are
consistent with the spectral interpretations described above
(Table 3). For example, the simulated sulfur K-edge XAS
spectrum of S,PMe,” (1), which contains o-donating Me
groups, is shown as the dashed line in Figure 1la. It contains
two features whose relative intensities, energies, and peak
splitting closely match those observed in the experimental
spectrum (solid line in Figure 1la). These two features
correspond to three calculated transitions: the low-energy
feature is assigned solely to a sulfur 1s electronic excitation to
an antibonding orbital with a, symmetry (3a,; Figures 6 and 8),
while the high-energy feature contains two transitions that are
close in energy and involve orbitals with b, and b, symmetry
(3b, and 3b,; Figures 6 and 8). For comparison, the calculated
TDDFT spectrum of S,PPh,” (2), which contains ancillary
groups capable of mixing with the S,P unit through both ¢ and
7 interactions, is presented in Figure 11b. The spectrum of 2 is
similar to that of 1 in that it contains a feature associated with
the a;, orbital near 2472.5 eV and a high-energy feature that
contains transitions involving the orbitals with b, and b,
symmetry near 2474 eV (6a,, 6b;, and Sb,; Figures 6 and 8).
It differs in that there is an additional transition associated with
the high-energy feature at 2474.22 eV involving the 7a, orbital,
which is best described as a C—C z* orbital but contains small
amounts of sulfur 3p character due to C;H;—PS, orbital mixing.
A more obvious difference between the simulated spectra of
S,PMe,” and S,PPh," is the emergence of the low-energy pre-
edge shoulder at 2472.13 eV. The calculations indicate that this
feature corresponds to transitions involving the new Sa; and
Sb, orbitals (Figures 6 and 8) that result from the new arene z
conjugation with the PS, unit and contain only small amounts
of sulfur 3p character. Overall, this is consistent with the
interpretation described above.

The simulated sulfur K-edge XAS spectra of S,P(p-
CF,C¢H,),~ (3) and S,P(m-CF;C¢H,)™ (4) are similar to
the spectrum calculated for S,PPh,” (2; Figure 11b—d) and
appreciably different from the simulated spectra of 5—7 (Figure
12). The most obvious variations are associated with the
decreased energy and increased intensity observed for the first
pre-edge features. More subtle changes are associated with the
number of high-energy transitions near 2474 eV, and the

2.0
L SZPMe21' (1) n (a}
expt !
15pF =---calc !

L S,PPh,'-(2) (b)
expt
1.5F =---calc \

B SzF'(p—CF3C6H4)21‘ (3) (C)
— expt ’\
1.5 === calc

Normalized Intensity

1.0
0.5

0.0;..'.,.....,

L S,P(m-CF,C4H,)," (4) (d)
—_— axpt I
15 =--calc

2470 2472 2474
Energy (eV)

Figure 11. Sulfur K-edge X-ray absorption spectra (solid lines),
TDDFT-simulated spectra (dotted lines), and calculated transitions
(bars) for C,,-symmetric diaryldithiophosphinates: (a) S,PMe,” (1,
black); (b) S,PPh,™ (2, red); (c) S,P(p-CF;C¢H,),” (3, purple); and
(d) S,P(m-CF3C¢H,),” (4, green). The colors of the bars represent
the symmetry labels of the antibonding MOs participating in the
transitions: a; (black), a, (green), b, (red), and b, (blue).

calculations are consistent with the additional high-energy
feature that was modeled in the experimental curve fits for 5—7
(Figures 3e and 4).

To provide further evidence that the spectral differences
result from molecular structure and symmetry relationships,
TDDFT calculations were conducted on the aforementioned
hypothetical molecular structure of the S,PPh,™ anion in which
the C¢Hj groups were rotated to 6 = 45.0° (2a). The rotated
Ph groups in 2a increase the resolution and intensity of the first
pre-edge feature, as observed in the spectra of 5—7. In addition,
the peak positions in 2a and 5—7, all of which have the same
symmetry, follow the electron-donating abilities of the aryl
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Figure 12. Sulfur K-edge X-ray absorption spectra (solid lines),
TDDFT-simulated spectra (dotted lines), and calculated transitions
(bars) for C,-symmetric diaryldithiophosphinates: (a) S,P(o-
CF;C¢H,),~ (S, blue); (b) S,P(0-MeCgH,),” (6, orange); and (c)
S,P(0-MeOC¢H,),” (7, black). The colors of the bars represent the
symmetry labels of the antibonding MOs participating in the
transitions: a (black) and b (red).

groups: 5§ (0-CF;) < 2a (rotated phenyl groups) < 6 (0-Me) < 7
(0-MeO). Aside from the similarities in the first feature of 2a
compared to those in §—7, the associated transitions identified
in the calculations for 2a are similar to those for 6 and 7 but are
slightly different from those in § (Figures 12 and 13b).

Additional TDDFT calculations on a second hypothetical
structure of S,PPh,” showed transitions and a simulated
spectrum almost identical to those of 5 (Figure 13). These
calculations were performed using 2b, a S,PPh,” structure that
was constrained to be an exact match of S,P(o-CF;C¢H,),”
(5), including both rotated Ph groups (6 = 45.2°) and a
distorted S,PC, core with S—P—C angles equal to those
observed for 5 (104.2° and 109.8°; Table 2). In the spectrum of
2b, the relative energies and intensities for the low- and high-
energy transitions match those calculated for S. These results
suggest that when considering ancillary group effects on the
electronic structure of S,PR,™, both the aryl group orientation
(indicated by 6) and slight variations of the S—P—C angles
need to be considered.

In summary, the dramatic changes in the simulated sulfur K-
edge XAS spectra of 2, 2a, and 2b suggest that the key
differences observed in the spectra of 2—4 compared with 5—7
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Figure 13. TDDFT-simulated sulfur K-edge X-ray absorption spectra
(dotted lines) and calculated transitions (bars) for (a) S,PPh,” (2),
(b) S,PPh,~ with 8 = 45° (2a), (c) S,PPh,” constrained in the S,P(o-
CF;C¢H,),” geometry (2b), and (d) S,P(0-CF;C4H,),” (S). The
colors of the bars represent the symmetry labels of the antibonding

MOs participating in the transitions: a or a; (black), b or b; (red), and
b, (blue).

stem primarily from the fact that the ortho substituents force a
structural change that decreases the molecular symmetry from
C,, in 2—4 to C, in 5—7. In turn, analysis of the TDDFT
calculations complements the DFT results described above,
which show that the symmetry change provides increased
symmetry-allowed mixing between the b orbitals in 5—7 that
are derived from the b; and b, orbitals in 2—4. This appears to
account in large part for the splitting of the b; and b, transitions
under the third feature at ca. 2474 eV in 2—4 to their positions
in 5—7 (Figure 11—13). Additional splitting of this feature is
attributed to the nonuniform C—P—S angles, as observed in 2b
and 5 (Figure 13). The changes in symmetry and molecular
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structure provide greater mixing between the sulfur atoms and
the aryl 7 orbitals, which is responsible for a large intensity
increase in the first sulfur K-edge XAS feature and the overall
spectral differences observed for 5—7 compared with 2—4.

Aryl Substituent Contributions to the Sulfur K-Edge
XAS Spectra. While differences in the orientation of the aryl
groups reflect dramatic differences in the sulfur K-edge XAS
spectra of 2—4 compared with 5—7, changes in the electronic
structure due to the donor substituents are more subtle. For the
CF;-substituted 2—4, the electron-donating effects are most
easily identified by comparing the energies of the calculated 1s
— Sa; and 1s — S5b; transitions and the experimental peak
positions of the corresponding first pre-edge peaks. For
example, for 2—4 (Figure 11b—d), the calculated energies of
the transitions under the first pre-edge feature decrease slightly
with increased electron-withdrawing capability of the aryl group
[2 (R=Ph) > 4 (R = m-CF;C¢H,) > 3 (R = p-CF,C4H,)]: the
transitions for 2, with no CFj; substituents, are higher in energy
than those for 4 (whose m-CF; substituent withdraws electron
density at the ortho position), while the transitions for 3 are
lowest in energy (the p-CF; substituent withdraws electron
density at the carbon directly attached to phosphorus).

In comparison with the spectra of 2—4, the differences in the
energies of the transitions in 5—7 are more pronounced, which
appears to be a consequence of the diverse donor properties of
CF;, Me, and MeO. The energies of the calculated 1s — 7a and
1s — 8b transitions under the first feature increase in the order
7 (MeO) < 6 (Me) < 5 (CF;) (Figure 12), which is consistent
with the trend in the donor strengths of the strongly donating
(MeO), weakly donating (Me), and electron-withdrawing
(CF;) substituents. This trend is consistent with the
experimental data, as the rising edge position for the first
peak decreases in energy in going from 7 (0-MeO) to 6 (0-Me)
and is almost indistinguishable for 6 (0-Me) and § (0-CF;)
(Figure 2c). Hence, the calculations indicate that as donation of
electron density into the MOs containing sulfur 3p character
decreases, the energy associated with transitions for the first
pre-edge feature in the sulfur K-edge XAS spectrum decreases,
as is observed experimentally. The correlation between the
electron-withdrawing ability of the ancillary groups attached to
phosphorus and the energy of the first pre-edge feature for all
of the aryl-containing compounds (2—7) is also consistent with
the previously reported *'P NMR spectra, which show that the
resonances shift to higher field as the electron density on the
phosphorus nucleus increases.”

B CONCLUSION AND OUTLOOK

The term “soft-donor” extractant is used collectively to refer to
extractants that exhibit selectivity for minor actinides. The term
arises primarily from empirical data obtained from the
screening of organic extractants in minor actinide extraction
studies. Within the context of hard/soft acid—base theory, the
vast majority of extractants that exhibit selectivity for minor
actinides contain donor atoms that are considered to be softer
bases than oxygen (N, S, Cl). Hence, as the name implies, it is
assumed that ligand softness is important for directing effective
separations. While there are remarkable trends in minor
actinide selectivity in comparisons of otherwise identical
ligands containing donor atoms of varying softness [e.g,
S,P(0-CF;C¢H,),~ (SF = 100000)”" vs O,P(0-CF,C¢H,),~
(SF = 0.01)"%], it is not clear whether the trend relating ligand
softness and selectivity holds in comparisons among a series of
ligands containing identical soft-donor atoms. In this study, we

have demonstrated that ligand K-edge XAS and TDDFT can be
used to quantify electronic structure variations that relate to
ligand softness, and we have shown that the special electronic
properties observed for S,P(0-CF;C¢H,),” correlate with its
exceptionally high minor actinide selectivity.

We have measured and evaluated two interrelated electronic
properties that reflect ligand softness: ligand polarizability and
the energy of the highest occupied MO (HOMO).” In general,
softer ligands are considered to be more polarizable and
delocalize electron density more efficiently over the entire
ligand. This is consistent with the sulfur K-edge XAS results,
which show that rotation of the arene rings in ortho-substituted
diaryldithiophosphinates allows greater delocalization of
electron density on sulfur into the arene 7 orbitals, as reflected
by the large increase in first peak intensity in the spectra of 5—7
compared with 2—4. The DFT calculations clearly indicate that
increased delocalization and the reduction in symmetry from
C,, in 2—4 to C, in 5—7 result in a substantial increase in the
energy of their highest MOs (Figure 8). The electronic
structure variations of diaryldithiophosphinates as they relate to
ligand softness are consistent with the observed minor actinide
selectivity differences between the C,-symmetric anion S,P(o-
CF;C¢H,),” in § (high selectivity) and the C,, anion S,P(m-
CF,C¢H,),” in 4 (moderate selectivity). The ortho substitution
in § inhibits rotation of the aryl groups into C,, symmetry,
thereby holding the S,P(0-CF;C4H,),” ion in a geometric
configuration that appears electronically poised for higher
actinide binding selectivity. In this sense, the S,P(o—
CF;CgH,),'™ anion could be described as being in an “entatic
state,” a concept of a geometric or electronic condition that is
adapted for a given function (in this case, binding selectivity).”®

We have found that the MOs used to form metal—sulfur ¢
bonds upon metal binding (namely, the HOMO in S,PR,”) are
heavily influenced by the presence of ortho substituents on the
arene ring, regardless of their electron-withdrawing (CF;) or
electron-donating (Me and OMe) properties. Hence, it is
tempting to propose 6 and 7 should be effective actinide
extractants as well. However, we caution that varying the
identity of the arene ring substituents affects other properties
that are critical to effective separations. For example, although
addition of Me and MeO aryl substituents in 6 and 7 may
provide selectivity for binding actinides over lanthanides, it also
dramatically decreases the solubility of their acids in nonpolar
solvents compared with HS,P(0-CF;C¢H,),.”> The decreased
solubility could have deleterious consequences on their ability
to extract actinides from aqueous media into organic diluents
effectively.

The results presented here demonstrate that ligand K-edge
XAS combined with DFT calculations can be used to correlate
electronic structure and bonding with the selectivity for
extracting minor actinides from lanthanides. By analyzing a
series of effective and ineffective dithiophosphinate extractants,
we have provided evidence that unique bonding features
associated with effective extractants can be identified while
avoiding the hazards associated with handling highly radioactive
americium and curium analytes. Current efforts are focused on
determining whether the conclusions based on the solid-state
data presented here are also supported by solution-phase sulfur
K-edge XAS measurements.”” *" In addition, these results
provide the foundation for distinguishing sulfur K-edge XAS
transitions attributed to P—S ligand bonding from transitions
associated with metal—sulfur interactions, which is essential for
the analyses of M(S,PR,),*™ complexes (M = trivalent minor

dx.doi.org/10.1021/ja303999q | J. Am. Chem. Soc. 2012, 134, 1440814422



Journal of the American Chemical Society

actinide or lanthanide) that are currently in progress. Overall,
these sulfur K-edge XAS and TDDFT results provide valuable
insight into structure/function relationships in dithiophosphi-
nate extractants, which can be used for future innovation in
minor actinide extraction chemistry to support the develop-
ment of advanced nuclear fuel cycles.

B EXPERIMENTAL SECTION

General Considerations. The tetraphenylphosphonium dithio-
phosphinate salts 1—7 were prepared as previously described.”®
Toluene was dried using sodium and benzophenone, vacuum-distilled,
and degassed by three freeze—pump—thaw cycles before use.
Polystyrene (PolySciences Inc.) was acquired as 3.0 Micron Dry
Form and dried under vacuum (1073 Torr) for 24 h. Na,$,0; was
acquired from Fisher and treated similarly.

XAS Sample Preparation. The XAS samples were prepared in a
He-filled glovebox by finely grinding the analyte (7—10 mg) with
polystyrene beads (120 mg) for 2 min in a Wig-L-Bug grinder to
obtain a homogeneous mixture. An aliquot of this mixture was
transferred to a vial, and polystyrene was added, giving a total mass of
the final mixture of 90 mg and a sulfur concentration of 6 X 107°
mmol of S/mg. The new mixture was ground for 2 min in the Wig-L-
Bug grinder to achieve small and finely divided particles. An aliquot of
this mixture (60 mg) was transferred to a vial, and toluene (0.4 mL)
was added. The resulting solution was transferred to a S mm X 11 mm
X 4 mm well in an aluminum sample plate that had been secured to a
Teflon block. After 48 h, the toluene had evaporated, and the Teflon
plate was removed, leaving a robust film fixed in the sample-plate
window.

Sulfur K-edge XAS Measurements. All of the data were
collected at the Stanford Synchrotron Radiation Lightsource under
dedicated operating conditions of 3.0 GeV and 300 mA. Data were
measured using the S4-pole wiggler beamline 6-2 with a Ni-coated
harmonic rejection mirror and a Si(111) double-crystal monochro-
mator detuned by 50% (3150 eV). The spectra were collected at room
temperature under vacuum (107°) using a chamber similar to that
described previously.®” The sample excitation fluorescence was
measured against the incident beam using pairs of backward-facing
International Radiation Detector XUV100-type photodiodes coated
with 1000 A of aluminum. The incident beam intensity was measured
as the scatter from a polypropylene window using an identically
configured photodiode pair. The energy was calibrated to 2472.02 eV
using the maximum of the first pre-edge feature in the sulfur K-edge X-
ray absorption spectrum of the Na,S,0; standard,®® which was
repeatedly analyzed between sample scans.

Sulfur K-edge XAS Data Analysis. A first-order polynomial was
fit to the pre-edge region (2375—246S eV) and then subtracted from
the experimental data to eliminate the background of the spectrum.
The data were normalized by fitting a third-order polynomial to the
post-edge region of the spectra (2510—2690 eV) and setting the step
function at 2490 eV to an intensity of 1.0. Fits to the sulfur K-edges
were performed using the program IGOR 6.0 and a modified version
of EDG_FIT.®® First- and second-derivative spectra were used as
guides to determine the number and positions of peaks. Pre-edge and
rising-edge features were modeled by pseudo-Voigt line shapes and a
step function. For the pre-edge and white-line features, a fixed 1:1 ratio
of Lorentzian and Gaussian contributions was used, and for the step
function, a 1:1 ratio of arctangent and error function contributions was
employed. Fits were performed over several energy ranges.
Experimental peak positions were determined by identifying minima
in second-derivative traces.

Ground-State DFT Calculations. Ground-state electronic
structure calculations for all species were performed using restricted
DFT in the Gaussian 09 code.*” The hybrid B3LYP functional
employed used Becke’s three-parameter exchange functional (B3)*
along with the correlation functional of Lee, Yang, and Parr (LYP).**
All atoms were modeled using an all-electron Pople-style double-{ 6-
31G(d',})’) basis set with polarization functions optimized for heavy
atoms.*® These functionals and basis sets have previously been

shown to reproduce selectivity factors for Am and Eu with
dithiophosphinate ligands.*” The populations of the sulfur 3p orbitals
in each compound were then obtained by Mulliken population analysis
of individual MOs.

TDDFT Calculations. The sulfur K-edge XAS spectra were
simulated using TDDFT. These calculations were conducted as
previously described,®®*7%* and involved evaluating core electron
excitations by exploiting the small amount of mixing between the core
orbitals and the high-lying unoccupied virtual orbitals. Specifically, this
analysis involved a linear response calculation to extract the probability
amplitudes from the transition densities and dipole moments between
the calculated excited states and the ground states.*” The excitations
originating from all of the intermediate states between the sulfur 1s
orbitals and the HOMO were excluded so that only excitations from
the core levels to virtual MOs could be analyzed. This allowed the
virtual orbitals to mix with one another to reflect, at least to first order,
the presence of the core hole on sulfur. Relaxations in the occupied
orbitals other than the sulfur 1s orbitals were not included. Although
excluding orbital relaxations in the occupied orbitals affects the
absolute transition energies, the relative excitation energies are more
reliable. In fact, previous calculations on transition-metal compounds
have provided very good agreement with experimental measure-
ments.”*%%7%%8 A shift of +57.4 eV was added to the calculated spectra
to account for omission of the atomic relaxation associated with the
core excitation, relativistic stabilization, and errors associated with the
functional.
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