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ABSTRACT: Ligands that can discriminate between individual rare earth
elements are important for production of these critical elements. A set of aryl-
vinyl phosphonic acid ligands for extracting rare earth elements were designed and
synthesized under the hypothesis that the strength of the rare earth—ligand
interactions could be tuned by changing the dipole moment of the ligand. The
ligands were synthesized via a two-step reaction procedure using a Heck coupling
reaction to functionalize vinyl phosphonic acid, followed by Steglich esterification
to obtain high-purity styryl phosphonic acid monoesters with varying dipole ){f(ﬁ
moments along the P—C bond. The metal binding strength and composition of the <N .45
rare earth complexes formed with these styryl phosphonic acid monoesters were

experimentally studied by liquid—liquid extraction techniques, while DFT calculations were performed to determine the dipole
moments of the free and complexed ligands and the electronic structure of the complexes formed. All three prepared ligands were
much stronger extracting agents for europium(III) than the dialkylphosphonic acids usually used for this separation. However, the
order of increasing extraction strength was found to match the order of the decreasing calculated dipole moment along the P—C
bond of the three styryl-based ligands, rather than correlating with increasing ligand basicity, as reflected by the pK, of the ligands.
These findings suggest that this approach can be used to systematically alter the extraction strength of aromatic phosphonic
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monoesters for rare earth element purification.

B INTRODUCTION

Rare earth elements (REE) are becoming increasingly
important in many high-tech industries. These strategic
elements possess unique optical, magnetic, and electronic
properties that make them indispensable for the glass industry,
superconductors, lighting, permanent magnets, catalysis, and
nuclear energy, to name a few applications." The ongoing shift
from fossil-based energy sources toward a green economy
creates a need for a steady supply of REE. However, the state-
of-the-art industrial processing of REE is costly and challenging
because of the similarity in the physicochemical characteristics
of these elements.

The chemical similarity of REE causes them to occur
together in nature, and since different applications require
particular rare earths, the naturally occurring mixtures of rare
earths are currently painstakingly separated in hundreds of
individual liquid—liquid extraction stages that generate
significant amounts of waste at a considerable expense and
environmental cost.”~* Liquid—liquid extraction separations
are easily deployed and readily scalable to accomplish high
material throughput in continuous separation. Nevertheless,
the inefficiency of current REE separations arises from the
limited selectivity of the best-in-class extracting ligands such as
2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (HE-
HEHP, Supplemental Scheme S1), di(2-ethylhexyl)phosphoric
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acid (HDEHP), or bis(2,4,4-trimethylpentyl)phosphinic acid
(Cyanex 272), all of which rely on the consistent, small
differences in the ionic radii of adjacent REE to achieve the
separation.” The size selectivity of these ligands for REE arises
from the partlcular hydrogen-bonded dimer motif of the
R,PO,H hgands and interligand repulsion between the
organic substituents of the complexed ligands, while the
overall complexation strength is often correlated to the ligand
basicity.” ™"

The economic and environmental concerns posed by the
current commercially available extractants have prompted
investigations into alternative REE separation approaches.
Ligands that amplify or substantially alter the size selectivity for
REE have been considered,"*™'® but separation systems that
can exploit other characteristics of REE for separations also
have been reported, for example, separation protocols based on
redox chemistry'®™"? or magnetic fields.”*~>* In addition to
these systems, photoresponsive separations that exploit the
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Scheme 1. Synthetic Approach to Obtaining 2-Ethylhexyl Hydrogen Styryl Phosphonates (Top) and Obtained Ligands
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unique electronic structure of individual REE or REE
complexes have also been described.””™>> Recent work
revealed that small changes in the conformation of coordinated
ligands could tune the photophysical properties of REE
complexes”®”” and that coordinating ligands can alter both
the photophysical properties of the REE complexes and change
the metals’ reduction potentials.”**’

Ligands that combine a systematic size selectivity with
functionalities that target the electronic properties of specific
REE would greatly boost the separation efficiency of rare
earths. Asymmetric aryl-vinyl phosphonic acid (VPA) mono-
esters, such as the styryl phosphonate esters described by
Huang et al.,* represent a ligand platform that could combine
both strategies for REE separation. Based on the well-
characterized >PO,H REE coordinating group, aryl-VPA
monoester ligands also incorporate a synthetically flexible
aryl-vinyl substituent attached to the phosphorus atom that
provides opportunities to incorporate additional functionalities
to improve the selectivity of the phosphonic acid ligands for
specific REE, which would greatly simply REE separations.

However, incorporating functionalities that improve the
selectivity of the ligands for certain REE is also likely to alter
the extraction strength of the ligands. Consequently, new
functionalized ligand designs also need to incorporate
mechanisms to keep the REE extraction strength in a range
useful for separations. Prior work with aryl-vinyl substituted
phosphonic acids’' suggests that the dipole moment of such
ligands could be used to control the strength of metal—ligand
interactions. In those experiments, carefully designed aryl-vinyl
substituted phosphonic acids altered the electronic properties
of the phosphonate-coordinated metals in several photo-
cathode materials.**** In those instances, the change in the
work function of the materials was correlated with the dipole
moment of the coordinated styryl phosphonic acid ligand
perpendicular to the surface.’”® The possibility of tuning the
overall REE complexation strength of phosphonic acid
extractants by altering the ligand dipole makes these ligands
attractive candidates for next-generation separation agents
because it would give a new mechanism to compensate for
unwanted changes in REE extraction strength when the aryl-

vinyl substituents are coupled with redox-, magnetic-, or
photoresponsive moieties.

Herein, we report modifications to the base styryl
phosphonic acid mono 2-ethylhexyl ester ligand intended to
alter the dipole moment of the ligand and thereby alter their
REE extraction strength. The performance of three styryl
phosphonic acid mono 2-ethylhexyl ester ligands as extractants
for the REE europium was studied relative to the common
industrial extractant HEHEHP to understand if this strategy is
applicable to REE ligands. The styryl-substituted extractants
form complexes similar to those of the common phosphonic
acid extractants, but they are substantially stronger extractants
than the dialkylphosphonic acid ligands. While the extraction
strength is commonly correlated with ligand acidity for
dialkylphosphoric, -phosphonic, and -phosphinic acids, the
extraction strength of the styryl substituted ligands for REE is
better correlated to the order of the dipole moment of the
coordinated ligands along the P—C bond than to ligand acidity,
and manipulation of the ligand dipole offers a new design
pathway for tuning the extraction strength of such ligands.

B EXPERIMENTAL SECTION

Caution! "*"*Eu is radioactive. It must be handled in properly
equipped and monitored radiological facilities.

Materials. Reagents were obtained from commercial suppliers and
used as received, unless otherwise indicated. Solutions of extractants
were prepared by diluting known masses of extractant in chloroform
(>99%). Aqueous solutions were prepared from 70% nitric acid and
18.2 MQ water and standardized by titration with NaOH to the
phenolphthalein end point. Radioactive *'**Eu was produced by
neutron activation of solid Eu,0; using the U.S. Geological Survey
TRIGA reactor’* and was then dissolved in nitric acid and found to
be radiochemically pure by y spectroscopy. Aliquots of this stock
solution were evaporated to dryness and redissolved in nitric acid to
prepare radiotracer solutions of **!3*Eu for these experiments.

Ligands. Mono 2-ethylhexyl phosphonic acid 2-ethylhexyl ester
(HEHEHP, 98%) was purchased from BOC Sciences and purified by
the third phase method.® The styryl phosphonic acid mono 2-
ethylhexyl esters were synthesized by functionalizing VPA with the
appropriate aromatic moiety followed by monoesterification (Scheme
1). The addition of the aromatic moiety employed Mizoroki-Heck
coupling conditions,®" and the subsequent alkylation used the Steglich
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esterification. The specific procedures for each ligand and data on
their purities can be found in the Supporting Information.

General Procedure for Synthesis of 1a—c. A Schlenk flask was
charged with bromoaryl (1 equiv) and bis(tri-tert-butylphosphine)-
palladium(0) (0.025 equiv), followed by three vacuum and N, refill
cycles. VPA (1.2 equiv) was dissolved in anhydrous dioxane and
gently bubbled with N, for 20 min. Anhydrous dioxane and the
solution of VPA were added to the Schenk flask via a syringe with
stirring. N,N-Dicyclohexylmethylamine (3 equiv) was added to the
reaction mixture dropwise via a syringe. The reaction was heated to
80 °C for 20 h. The progress was monitored with thin layer
chromatography (EtOAc/hexanes 1:4). Upon completion, the
reaction mixture was cooled to room temperature. The product was
extracted with EtOAc, washed three times with 5% HCI, dried over
MgSO,, and filtered. The obtained organic phase was condensed to a
few mL by rotary evaporation, and the product was precipitated into
dichloromethane (DCM). The filtered precipitate (white flaky
crystals) was dried overnight at 45 °C under vacuum. The purity of
the synthesized aryl-VPAs was verified by 'H and *'P NMR.

General Procedure for Synthesis of 2a—c. A Schlenk flask was
charged with styryl phosphonic acid (1 equiv) and 4-dimethylami-
nopyridine (DMAP) (1 equiv), followed by three vacuum and N,
refill cycles. DMF was added to the solution via a syringe and stirred
at room temperature until solids dissolved. N,N’-Diisopropylcarbo-
diimide (DIC) (1 equiv) was then added to the solution via a syringe.
0.75 mL (1 equiv) of 2-ethylhexanol was dissolved in DMF and added
to the reaction mixture dropwise. The resulting solution was heated to
40 °C for 72 h, and the progress was monitored with thin layer
chromatography (EtOAc/hexanes 1:4). Upon completion, the
reaction mixture was cooled to room temperature and the DMF
was removed by rotary evaporation. The crude product was dissolved
in DCM and placed in a freezer overnight. The precipitated 1,3-
diisopropylurea byproduct was filtered out, and the DCM was
removed under reduced pressure. The crude material was washed
twice with hexanes, extracted with diethyl ether, and washed twice
with of 10% NaOH, followed by five washes with 5% HCIL The
organic phase was dried over MgSO, and filtered. The resulting
organic phase was condensed by a rotary evaporator. The obtained
product (off-white oil) was dried for S h at 80 °C under vacuum. FT-
IR spectra of all the synthesized materials (Supplemental Figure S19)
have characteristic bands of phosphonic acids: 1622 (P—O-H), 737
and 864 (C—P), 1380 (P=0) cm™". In addition, a peak at 978 cm™
was evidence of esterification and was attributed to the presence of
the P—O—C bond, as discussed in the Supporting Information. The
purity of the compounds obtained was verified by 'H, 3P, 'F, and
13C NMR spectroscopy as well as potentiometric titration.

Potentiometric Titrations. All solutions for the potentiometric
titrations were prepared in 75 vol % EtOH/2S5 vol % H,O, and all
potentiometric titrations were conducted under N, and thermostated
at 25.0 °C. Solutions of 0.1 M NaOH were standardized by titration
of dried primary standard potassium hydrogen phthalate in water to
the phenolphthalein end point. Solutions of 0.01 M HCI were
standardized by Gran titration with the standardized NaOH using a
Mettler-Toldeo InLab semimicro combination pH electrode filled
with aqueous 3 M KCl. After the standardizations were complete, the
electrode was calibrated to read pcH (pcH = —log [H*] on the molar
scale) by titration of known amounts of standardized HCIl and NaOH.
Dilute solutions of each ligand were prepared by dissolving measured
amounts of ligand in known volumes of 75 vol % EtOH/2S5 vol %
H,O with or without 0.01 M HCI to give solutions of 0.009—0.017 M
ligand. These solutions were titrated with standardized NaOH to
determine the K, values of each ligand. Each titration consisted of
60—70 individual pcH measurements, and the titrations of the three
styryl phosphonic acid mono 2-ethylhexyl esters were conducted in
duplicate. The electrode was calibrated with solutions of 75 vol %
EtOH/2S5 vol % H,O containing known concentrations of HCI prior
to each titration, and with this procedure, the pcH readings for the
ligand solutions were reproducible to +0.007 pcH units (or +0.4
mV). All uncertainties are reported at the 95% confidence level.

Liquid—Liquid Extraction. The stoichiometries of the extracted
europium(III) complexes and the relative complexation strengths of
the extractants were measured through a liquid—liquid extraction.
Chloroform solutions of the ligands were contacted with equal
volumes of aqueous HNO; solutions (0.01—0.1 M HNO;) spiked
with "#'Eu™ by vortexing for 5 min at 22 + 1 °C, followed by
centrifugation for 2 min. The two phases from each extraction
condition were separated, and an aliquot was taken from each phase
to determine the Eu content by measuring the **'*Eu y-emission
rate between 40 and 225 keV with a Packard Cobra II y-counter. The
europium distribution ratio, Dg,, was then calculated as the ratio of
the total concentration of Eu in the organic phase to the total
concentration of Eu in the aqueous phase, Dg, = [Eu]/[Eu], where
the overbar indicates species in the organic phase. The uncertainty in
the distribution ratios was calculated from the uncertainties in the
pipetting and radioactive counting. When necessary to account for the
change in activity coeflicients with ionic strength, aqueous acidities
were converted to the pH scale (pH = —log H* activity) using the
single ion activity coefficient for H* calculated with the extended
Debye—Hiickel equation for the relevant ionic strength.

B COMPUTATIONAL METHODS

To gain insight into the effect of the phosphonic acid ligand dipole
moments on the Eu extraction reaction, density functional theory
(DFT) calculations were performed using the Gaussian16>° suite of
programs and Becke’s 3-parameter hybrid functional®” combined with
the nonlocal correlation functional provided by Perdew/Wang.>® The
Eu and P atoms were represented with a small-core Stuttgart-Dresden
relativistic effective core potential associated with their adapted basis
set.>™*' Additionally, the P basis set was augmented by a d-
polarization function (a = 0.387)* to represent the valence orbitals.
All the other atoms C, F, O, and H were described with a 6-31G
(d,p), double — ¢ quality basis set.”>** For all ligands and complexes,
geometries were optimized in two ways: in the gas phase and with
polarizable continuum solvation. The desired properties were
computed under the same conditions as for the optimizations (e.g.,
solvated optimized geometry and dipole moment from electronic
structure computed with solvation). Chloroform was chosen as the
solvent to mirror the experimental conditions, with solvation treated
as a polarizable continuum using the default Gaussianl6 self-
consistent reaction field method.*”*® The nature of the extrema
(minimum) for the ligand and ligand/RE-complex were established
with analytical frequency calculations, and geometry optimizations
were computed without any symmetry constraints. To gain insight
into the nature and behavior of the bonds around the Eu, we
performed natural bond orbital (NBO) analysis and computed the
Wiberg bond index (WBI).*"~*

B RESULTS AND DISCUSSION

Ligand Synthesis. Two synthetic routes to the target styryl
phosphonic acid 2-ethylhexyl ester compounds were inves-
tigated. Complete conversion to the monoester could be
achieved either by functionalizing VPA with the desired
aromatic moiety followed by monoesterification or by initial
alkylation of the starting material followed by the reaction with
aryl bromide. Evaluation of the two approaches revealed that
the first route was the more viable reaction scheme because of
the ease of purifying the intermediate aryl-VPAs by
precipitation from DCM and the ease of purifying the
monoesters by liquid—liquid extractions.

Previously reported syntheses of styryl phosphonic acids
used THF as a solvent.”” However, replacing THF with
dioxane increased the yields of aryl-VPAs by 5—16%. This
increase could be explained by the higher boiling point of
dioxane, resulting in the running reaction at an elevated
temperature.
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We began optimizing conditions for the monoesterification
of aryl-VPAs by comparing two synthetic approaches. A
microwave-assisted approach to obtaining monoalkylated
phenyl, phosphinic, and phosphonic acids with catalytic
addition of [bmim][BF,]°>" was utilized for esterification of
VPA. The main drawback associated with this synthetic
method is the use of alcohol as a reagent and a solvent, thus
limiting the choices of the functionalized phosphonic acids due
to solubility issues. The solubility limitations can be resolved
using Steglich esterification.””>® We began our optimization
with the screening of three different carbodiimides: N,N’-
dicyclohexylcarbodiimide (DCC), N,N’-diisopropylcarbodii-
mide (DIC), and N-(3-(dimethylamino)propyl)-N’-ethyl
carbodiimide (EDC). Despite the ease of removal of the N-
acyl urea byproduct when using EDC, it performed poorly
regarding the conversion rate. Both DIC and DCC
demonstrated high conversion rates. The DCC byproduct,
N,N-dicyclohexylurea, is water-insoluble and partially soluble
in organic solvents resulting in time- and solvent-consuming
purification. N,N’-Diisopropylurea is more water-soluble and
can be removed by solvent extraction. Consequently, we
selected DIC as the most suitable carbodiimide.

We evaluated various polar solvents [dimethylformamide
(DMF), acetonitrile (ACN), and tetrahydrofuran (THF)].
Traditionally, Steglich esterification is performed in DCM.
Since aryl-VPAs are not soluble in DCM, only polar solvents
were chosen for reaction optimization. Based on the GC—MS
analysis of the reaction composition after 72 h, we selected
DMEF as the solvent of choice (Table 1).

Table 1. Solvent Optimization of the Steglich Esterification
Reaction

entry carbodiimide organocatalyst solvent conversion”
1 DIC DMAP DMF 97%
2 DIC DMAP ACN 56%
3 DIC DMAP THF 81%

“Conversion determined by GC—MS after 72 h.

Optimization of the purification method to obtain target
extractants resulted in the employment of liquid—liquid
extractions with different solvent systems. After the Steglich
esterifications were completed, DMF was removed under
vacuo. The remaining crude was dissolved in DCM and left
overnight in the freezer to precipitate the urea byproduct.
Precipitated urea was filtered out, and DCM was removed
under reduced pressure. The crude product was washed with
hexanes to remove unreacted alcohol. The product was
extracted with diethyl ether and washed with 10% NaOH,
followed by a wash with 5% HCL

Determination of Acid Dissociation Constants of the
Ligands. The acid dissociation constants of the styryl
phosphonic acid mono 2-ethylhexyl esters and HEHEHP
were determined by potentiometric titration in 75 vol %
EtOH/25 vol % H,O at 25.0 °C (Supplemental Figure S20).
The titration data demonstrate that HEHEHP is a weaker acid
than any of the styryl phosphonic acid mono 2-ethylhexyl
esters, as HEHEHP displays clear buffering action with a pK,
ca. 4.3 after an initial rise in pcH as the excess HCI added to
the solution was consumed at approximately 0.4 equiv of
added base.

To determine the dissociation constants, the titration data
were converted to buffer capacities, ﬁ,°4

pubs.acs.org/IC
_ d[Base] _ b dv
dpcH V dpcH (1)

where ¢, is the concentration of base added from the buret, V,
is the total volume of the solution in the titration cup, and dV/
dpcH is the reciprocal of the derivative of the pcH vs volume
titration curve. The acid dissociation constants were calculated
by fitting the buffer capacities as a function of the H*
concentration according to the general buffer capacity

equa‘cion,%55
K, c[H'] K
p=mlol Y —>———— 4 [H']+ —2
(K, + [HT) [H7] @)

In eq 2, K, ; is the acid dissociation constant of species i, ¢; is
the total molar concentration of species i regardless of its
protonation state, and K, is the autodissociation constant of
water under the solvent conditions used. K, had been
measured during the electrode calibration titrations and was
determined to be pK,, = 14.97 + 0.02. The data from all the
titrations of a given ligand were combined into a single data set
that was fit using a simplex minimization algorithm with
jackknife estimation of the uncertainty of the fitted
parameters’® to determine the ligand K, that best reproduced
the measured buffer capacities (Figure 1). The results are
summarized in Table 2.

0.025
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0.015 1

0.0101
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0.000

3 B A e Gl .
8 10 12 14
pcH

Figure 1. Fitting the buffer capacities of the ligands to determine the
acid dissociation constants in 75 vol % EtOH/25 vol % H,O at 25.0
°C. (O) HEHTFESP, (O) HEHSP, (A) HEHDFSP, (V) HEHEHP,
and (- - -) 0.00953 M HCL. Fits to eq 2 using the pK, values in Table
2 are indicated with solid lines.

Table 2. Acid Dissociation Constants of Phosphonic Acid
Ligands in 75 vol% EtOH/2S vol% H,O at 25.0 °C

ligand number of points fit pK,
HEHTESP (2¢) 133 2.99 + 0.03
HEHDESP (2b) 120 3.13 + 0.04
HEHSP (2a) 140 325 + 0.02
HEHEHP 61 4.31 + 0.02

The pK, measured for HEHEHP is in agreement with
previously reported values determined in 75 vol % EtOH/25
vol % H,0 (pK, = 4.10,”7 4.53,°% and 4.8°), when the
hydrogen ion activity scale used by Katzin et al’” is
considered. Replacing the 2-ethylhexyl group attached to the
phosphorus atom of HEHEHP with styryl groups increases the
ligand’s acidity by more than 1 order of magnitude, while

https://doi.org/10.1021/acs.inorgchem.3c01714
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c01714/suppl_file/ic3c01714_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01714?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01714?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01714?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01714?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c01714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.

Inorganic Chemistry

pubs.acs.org/IC

incorporation of electron-withdrawing fluorine or trifluoro-
methyl moieties further reduces the pK, values compared to
HEHSP. The resulting pK, values for the styryl ligands are
even lower than those of dialkylphosphoric acids such as bis(2-
ethylhexyl)phosphoric acid (HDEHP, pK, = 3.49°7) and di-n-
octylphosphoric acid (pK, = 3.30°).

Rare Earth Extraction. The extracting strength and
composition of the Eu®* complexes extracted by the styryl
phosphonic acid monoesters were studied by radiotracer
liquid—liquid extraction experiments. The aqueous phases
were composed of 0.01—0.1 M solutions of nitric acid, while
the styryl phosphonic acid mono 2-ethylhexyl esters were
dissolved in CHClI;. At the ligand concentrations studied, the
phosphonic acids are expected to exist as H-bonded dimers in
the CHCI, solutions.”""®* The extraction of Eu from the nitric
acid solutions was studied as a function of the extractant
concentration at constant aqueous acidity (Figure 2) and as a

25 T
2.0+
1.5
1.0
0.5+
0.0+
-0.54
-1.04
-1.54
-2.0

-2.54
A B Cc D
-3.04 4

Log Dg,

-35 e ————————————
40 -35 -30 -25 -20 -15 -1.0 -05 0.0
Log [(HA),] /M

Figure 2. Extraction of Eu®* by phosphonic acid ligands in CHC,
from 0.01005 M HNO,. (00) A: HEHTESP, (O) B: HEHSP, (A) C:
HEHDESP, (V) D: HEHEHP. Uncertainties in the distribution
ratios are shown at the 95% confidence level if they are larger than the
data point.

function of the aqueous acidity at a constant extractant
concentration (Figure 3). The three styryl phosphonic acid
monoesters are all much stronger extractants than HEHEHP,
as indicated by the 1—2 order of magnitude decrease in
extractant concentration required to achieve the same degree
of Eu extraction (Dg,) at constant acidity for HEHSP,
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Figure 3. Extraction of Eu®* by phosphonic acid ligands in CHC,
from HNO; solutions with varying acidity. (O0) A: 0.0079 M
(HEHTEFSP),, (O) B: 0.016 M (HEHSP), (A) C: 0.022 M
(HEHDESP),, (V) D: 0.283 M (HEHEHP),. Uncertainties in the
distribution ratios are shown at the 95% confidence level if they are
larger than the data point.

HEHDEFSP, and HEHTFSP compared to HEHEHP (Figure
2). The extraction strength decreases in the order HEHTFSP
> HEHSP > HEHDFSP > HEHEHP.

While these fluoride-containing extractants have not been
systematically studied before, studies of the extraction of
tripositive f-element cations by HEHSP and other mixed alkyl/
aryl organophosphorus extractants are consistent with the
greater extraction strength that we observe for the styryl-
substituted phosphonic acid monoesters. The extraction of
La** by HEHSP dissolved in kerosene was previously observed
to be stronger than that of either HEHEHP or the phosphoric
acid extractant HDEHP.” Similarly, Peppard and co-workers
compared HEHEHP to phenyl phosphonic acid (2-ethylhexyl)
ester (HEH[PhP]) and found that HEH[PhP] outperformed
HEHEHP by about 2 orders of magnitude in extracting Pm?*
and Cm*".%* Ju and co-workers observed similar results when
examining HDEHP, where they found both HEH[PhP] and its
methylheptyl ester derivative extract Cm** and Cf** 2 orders of
magnitude more strongly than HDEHP.** In another study,
Peppard compared extraction by HDEHP and di[4-(1,1,3,3-
tetramethylbutyl) phenyl]phosphoric acid (HDOPhP), a diaryl
phosphoric acid extractrant, where they found HDOPAP also
outperformed HDEHP by several orders of magnitude.®®

The composition of the Eu®* complexes formed with the
ligands in CHCIl; was determined by error-weighted linear
regression analysis of the log D vs log[(HA),] or pH data
(Table 3), as previously described,"”®” with A~ representing
one deprotonated phosphonic acid monoester. Under the
conditions of these extractions, nitrate anions weakly compete
with the phosphonic acid ligands for Eu’" in the aqueous
phase, with log Kyo, =122 for Equilibrium 3 at I = 0 M ionic

strength.®® This aqueous nitrate complexation was accounted
for in the analyses as described in the Supporting Information.
The analysis of the pH dependence of log D gives slopes
between 2.86 and 3.14 for all the ligands (Table 3), indicating
that while nitrate does complex Eu" in the aqueous phase, the
extracted complexes contain no nitrate because the electro-
neutrality of both the aqueous and the organic phases is
maintained by the exchange of 3 H" into the aqueous phase for
each Eu’* extracted rather than by coextraction of nitrate.
Huang et al. report similar results for La*" extraction by
HEHSP in kerosene (h = 3.03).”° Consequently, the general
equilibria affecting the extraction are expected to be

Eu’* + NO,” = Eu(NO,)** (3)
and
Euw’* + m (HA), = Eu(A),(HA), + h H' (4)

where the overbar indicates species that are present in the
organic phase, 2m = h + | is required for the mass balances of
the ligand and the acidic protons, and h = 3 as determined
from the slope of the pH dependence.

The equilibrium constants for these reactions can be
combined with the metal distribution ratios, as described in
the Supporting Information, to provide quantitative informa-
tion on the composition of the extracted complexes. The
slopes of the log Dy, vs log[(HA),] measurements give the
value of m in eq 4,°” which ranges between 2.86 and 3.01 for
each of the ligands (Table 3). Our experimentally determined
value of m in the HEHEHP system, 2.88 + 0.16, agrees well
with the value found in a recent report, 2.86 + 0.10% Our
value of m for Eu’" extraction by HEHSP (2.88 + 0.09) is
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Table 3. Slope Analysis of the Extraction Data Shown in Figures 2 and 3

ligand pH
HEHSP (2a) 2.037
HEHDESP (2b) 2.037
HEHTESP (2¢) 2.037
HEHEHP 2.037
[(HA),], M
HEHSP (2a) 0.016
HEHDESP (2b) 0.022
HEHTESP (2¢) 0.0079
HEHEHP 0.283

“C, = log K + h pH + log yg» — log (1 + Kyo, }/Eu3+}/];JI(N03)z+{NO3_}).

log Dg, = m log[(HA),] + C,*
(2.88 + 0.09) log[(HA),] + (7.26 + 0.24)
g
(3.01 + 0.09) log[(HA),] + (6.69 + 0.21)
g
(2.86 + 0.12) log[(FIA),] + (7.92 + 0.32)
(2.88 + 0.16) log[(TA),] + (3.08 + 0.18)
g
log Doy — m log[(HA),] = h pH + log K,
(3.09 + 0.11) pH + (1.19 + 0.17)
(2.86 + 0.09) pH + (1.08 + 0.14)
(2.88 + 0.07) pH + (2.05 + 0.11)
(3.14 + 0.15) pH — (3.06 = 023)

consistent with the value reported for La®* extraction by
HEHSP from aqueous HCl into kerosene, 2.97° Given h = 3
from the pH dependence and an extractant dependence of m =
3, mass balance requires | = 3. This result is commonly found
for many extracting acidic organophosphorus ligands in
CHCI,.*’ This Ew:A stoichiometry further implies that three
hydrogen-bonded phosphonic acid dimers, (HA),, lose a single
H* to form a pseudo-octahedral Eu complex with three dimers
(Figure 4).”° Neither incorporation of the styryl moiety into
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Figure 4. Schematic structure (left) of the extracted Eu(A);(HA),
complexes and the gas-phase optimized structure (right) of the Eu-
HEHSP complex, with hydrogen atoms not shown. In the optimized
structure, gray spheres are carbon, red spheres are oxygen, orange
spheres are phosphorus, and the central green sphere is europium. See
Supplemental Tables S2—S13 for coordinates of optimized geometries
of the ligands and Supplemental Tables S14—S19 for coordinates of
optimized complexes.

the extractant framework nor addition of electron-withdrawing
groups to the aryl substituents alter the stoichiometry of these
Eu complexes in CHCl; compared to HEHEHP, our reference
ligand.

Computational Results. Because theoretically calculated
gas phase dipole moments have been good predictors of the
ability of conjugated phosphonic acids, such as the precursor
aryl-VPAs la—1c, to modify the properties of materials when
complexed to surfaces, the dipole moment was calculated for
the three styryl phosphonic acid mono 2-ethylhexyl ester
ligands (HEHSP, HEHDFSP, and HEHTFSP), versions of
these three ligands with methyl substituents replacing the 2-
ethylhexyl groups (compounds 3a, 3b, and 3c; Supplemental
Scheme S1 and Tables S2, S4, and S6), and the reference
extractant HEHEHP. The dipole moment calculations were
made for both the neutral uncomplexed ligands and Eu-
coordinated dimers of HEHSP, HEHDFSP, HEHTFSP, and
HEHEHP in the gas phase and with implicit solvation in
CHCl;. The methyl esters (3a—3c) were studied to speed up
the initial set of dipole calculations of the free ligands. We have
found previously that the electronic properties of aryl-

containing and fused-ring conjugated molecules are not
appreciably changed when linear and branched alkyl chains
are replaced by methyl groups.”'

For free ligands, the dipole moment projected along the P—
C bond was computed and is reported in Table 4. This

Table 4. Computed Dipole Moments (Debye) of Free
Ligands (Projected Along P—C Bond Direction) of the
Mono Methyl or 2-Ethylhexyl Esters of the Styryl
Phosphonic Acids and the Ligands Complexed to Eu in
EuA;(HA); (Total Dipole Moment of Complexed Ligand),
in Both the Gas Phase and in Chloroform

free ligand (P—C bond) Eu-complexed ligand

ligand gas phase CHClL, gas phase CHCl,
HEHSP (2a) 1.68 2.12 3.40 435
HEHDESP (2b) 2.61 3.34 4.54 7.05
HEHTESP (2c) ~1.34 -131 232 2.63
HEHEHP 0.32 0.40 1.34 1.68
3a 1.54 1.68 3.13 4.09
3b 2.45 2.61 4.32 6.45
3c —1.45 —1.34 1.98 3.49

representation of the dipole moment is approximately aligned
with the length of the ligand, and it is the same metric
previously used to understand surface complexation of ArVPA.
It allows for direct evaluation of the impact of changing the
substituents on the phosphorus atom, which, in turn, affects
the properties of the oxygen atoms that coordinate the REE
ions.

The calculated dipole moments of the methyl esters (3a—
3c) and the 2-ethylhexyl esters (Table 4) follow the same order
previously reported for the precursor ArVPA diacids (la—
1c).”* While substitution of a methyl or 2-ethylhexyl group for
one of the acidic hydrogens of the precursor diacid gives larger
dipole moments for the monoester ligands, the change is
similar across the series. Substitution of a single 2-ethylhexyl
group increases the dipole moment by 0.11—0.16 D in the gas
phase calculation and 0.05—0.09 D in CHCl;. In addition,
regardless of the solvation state of the free ligands, the dipole
moment vectors projected along the P—C vector direction of
the new styryl extracting ligands follow the order HEHDFSP >
HEHSP > HEHTFSP. The dipole moments for the free
ligands projected along the P—C bond are shown in
Supplemental Figures S$21—S24. Interestingly, despite the
approximate octahedral symmetry of the ligand shell around
the REE metal, the magnitude of the total dipole moment of
the ligands within the Eu complexes also follows this trend,
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Table S. Computed Wiberg Bond Index of the Eu—O Bonds in the EuA;(HA); Complexes in Chloroform

Wiberg bond index

ligand Eu—-01 Eu—-02
HEHSP (2a) 0.3858 0.3591
HEHDESP (2b) 0.3594 0.3857
HEHTESP (2c¢) 0.3851 0.3553
HEHEHP 0.3811 0.3540

Eu—-03 Eu—04 Eu—-0S Eu—-06
0.3768 0.3397 0.3821 0.3458
0.3813 0.3421 0.3488 0.3715
0.3739 0.3364 0.3800 0.3450
0.3816 0.3597 0.3845 0.3510

presumably because asymmetry induced by side chains leads to
a dipole moment that must be roughly proportional to the
dipole moment of the individual ligands. We will see later that
the ordering of the ligand dipole vector projection and the
dipole moment of the complexes correlates with extraction
strength.

Unlike the trend of dipole and extraction efficiency seen for
the three aryl ligands, the position of HEHEHP in the order of
calculated dipole moments (Table 4) is not reflective of its
relative extraction ability toward rare earth elements. Replacing
the conjugated vinyl aryl groups attached to the phosphonate P
with a saturated 2-ethylhexyl group in HEHEHP creates a
ligand with substantially different properties than the other
extractants. Prior work observed that the correlation between
calculated dipole moments and materials properties breaks
down when aryl-VPAs are replaced with phosphonic acids
bearing equivalent saturated substituents.”> In the case of
HEHEHP, substituting a 2-ethylhexyl group for the unsatu-
rated, conjugated styryl substituents of our three new
extractants creates an extractant with a low dipole moment
due to the flexibility of the 2-ethylhexyl group, the lower
electronegativity difference across the molecule, and a strongly
diminished ability for electronic communication between the
phosphonate and the P-bound substituent. In addition,
HEHEHP has a much higher pK, (vide supra) and
substantially different solubilities in organic solvents. Together
these properties of the phosphonic acids suggest that the dipole
moments alone of dialkylphosphonic acids such as HEHEHP
will not be reliable predictors of their abilities as complexants
or extracting agents but that for closely related ligands the
dipole moment can be used to predict and control extraction
efficiency.

While the computed dipole moments of the extracting
ligands vary significantly even among the three styryl-
substituted ligands, the DFT calculations reveal no significant
difference in the binding strength and bond type between
europium and the ligands. The calculated bond indices (Table
5) are reflective of mostly ionic interactions between the metal
and each of the ligands. Furthermore, the average values of the
Wiberg bond index vary by less than 1% around the mean
value for the four ligands, consistent with similar degrees of
electrostatically driven metal—ligand interactions across the
series. This suggests that binding of the ligand to the Eu is a
localized process with no substantial modification due to the
overall dipole moment of the ligand. Hence, the dipole
moment design of phosphonic-acid-based ligands will have
little effect on complexation per se but as noted, it can alter
REE complex/solvent interactions sufficiently to systematically
affect extraction efficiencies.

Influence of Ligand Dipoles on Metal Extraction. The
extraction reaction expressed by Equilibrium 4 describes the
overall reaction between the metal cation and protonated
ligand dimers in terms of the predominant species in the two
phases. It is very useful for understanding the chemical species

present at equilibrium and modeling the extraction efficiency
of many acidic organophosphorus extractants. However,
breaking this overall equilibrium into a thermodynamic cycle
of descriptive subreactions brings deeper insight into the
processes and energetics involved in rare earth-ligand
extraction reactions. As suggested in Figure 5, Equilibrium 4

O —
R3* + 3 (HA), = RA;(HA); +3H*

/\ ”

K" 3 ___
3((HA),= HA+HA) 3 HA +RA; = RA;(HA),

k% KA

Organic

+

N

K, B,
3(HA =2 H*+47) 3A” +R3" 2 RA

Aqueous

Figure 5. Thermodynamic cycle for extraction of trivalent rare earth
cations, R**, by phosphonic acid monoester ligands.

for a rare earth ion, R, can be decomposed into six
. 1 e 7
subreactions, each with its own equilibrium constant,

(HA), = 2HA; K, (5)
HA = HA; Kj' (6)
HA=H"'+A; K, (7)
3 + RPF = RA;; aﬁ3 (8)
RA; = RA;; Ky, ©)
3HA + RA; = RAy(HA);; B, (10)

In order to obtain Equilibrium 4 by summing Equilibria 5—
10, Equilibria S, 6, and 7 each must be multiplied by 3, so the

resulting equilibrium constants will each be cubed, giving K, 3

K;?, and K. Then, the resulting expression for the overall
extraction equilibrium constant, K, is

K )(X
a delago
- (Kz] ( Ki ]( e (11)

Values of K, for each extractant are readily calculated from
the pH dependence of the europium distribution ratios (Table
3). As expected from the extraction data (Figure 2), the styryl
phosphonic acid monoesters show similar K., values, while K,
for the reference dialkyl phosphonic acid, HEHEHP, is 4—5
orders of magnitude smaller.

While the final complexes formed in CHCIj; are the same for
all four ligands studied, the three styryl phosphonic acid
ligands extract Eu more strongly than HEHEHP, the dialkyl
phosphonic acid most commonly used to separate rare earths.
The relative ability of similar ligands to extract rare earth
cations from acidic solutions by exchanging H" for R*" is often
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attributed to differences in the acidity of the ligands, whereby
more acidic ligands extract metal cations more strongly.”> This
is understood to result from a more favorable competition
between the metal cation and protons for the more acidic
ligand in the overall reaction (eq 4), since the ligand starts the
reaction as a neutral, protonated species in the low dielectric
constant organic phase. A more acidic ligand favors the
production of A” in the deprotonation equilibrium, giving
more A~ for the rare earth to react with. Our results follow this
general trend, for the styryl phosphonic ligands are
substantially more acidic than HEHEHP (Table 2) and they
achieve the same degree of Eu extraction at much lower ligand
concentrations than HEHEHP (Figure 2 and Table 3). There
is one important deviation from this trend for the Eu extraction
strengths. The extraction strengths of the styryl derivative,
HEHSP, and the difluoro-styryl derivative, HEHDEFSP, as
represented by their K, values, are reversed compared to the
acidity. HEHSP, with a pK, of 3.25, is a stronger extractant
than HEHDEFESP, which has a pK, of 3.13. The opposite of the
observed trend would be expected based on the usual
correlation between pK, and extraction strength.

Our selection of these styryl phosphonic acid monoester
ligands as targets for new extraction reagents was not, however,
based on systematic variations in the ligand acidity. Rather, the
particular styryl phosphonic acid monoesters were selected
based on the ability of the parent diacid aryl-VPAs (la—1c) to
systematically alter the properties of conducting oxides when
coordinated to the surface of materials such as zinc oxide and
indium tin oxide.”® The key ligand parameter influencing the
ability of the ligand to alter surface work functions was the
dipole moment of the ligand along the P—C bond. When the
experimental extraction strengths of three styryl-based ligands
are compared to the gas phase dipole moments of the ligands,
or any of the other calculated dipole moments in Table 4, the
anomalous reversal observed in the extraction strength vs pK,
(Figure 6) instead follows the order of decreasing dipole
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Figure 6. Correlation of Eu®" extraction strength of the styryl
phosphonic acid mono 2-ethylhexyl ester ligands with (A) ligand pK,
and (B) dipole moment of the neutral ligand.

moment for the three styryl phosphonic acid monoesters. On
the other hand, the extraction strength of HEHEHP, which
completely lacks styryl substituents and features only saturated
2-ethylhexyl groups and relatively symmetric alkylation of the
phosphonate, does not follow the trend in dipole moments.
Nevertheless, this was expected from the earlier studies of
surface functionalization, where only ArVPA ligands followed
the dipole moment correlation.”® For the styryl-substituted

ligands, we observe that the order of increasing Eu extraction
strength, HEHDFSP < HEHSP < HEHTFSP, matches the
order of decreasing calculated dipole moment, both with the
complexed ligand dipole moment and the projected dipole
moment for the free ligands.

Substantial insight into the contributions of pK, and the
dipole moment to the extraction of rare earth elements by
these ligands can be gained by examining the extraction cycle
suggested by eq 11. Each of the three groups of terms in eq 11
represents a different aspect of the extraction process. First, the
ratio K,/K, considers the competition between acid dissoci-
ation and ligand dimerization through hydrogen bonding. This
term represents chemical reactions intrinsic to the ligand alone.
Both of the equilibrium constants in this term are expected to
be strongly dependent on the polarity of the O—H bond in the
ligand, and it is generally observed for acidic organo-
phosphorus extractants that the magnitude of K, increases as
K, increases.’”®> The polarity of the O—H bond will be
strongly influenced by the adjacent phosphorus atom and the
properties of its aryl-vinyl substituents, which are related to the
dipole moment along the P—C bond. Given the substantial
differences in the pK, values between HEHEHP and the styryl-
bearing ligands, this term is particularly important in
understanding the much lower value of K, observed for
HEHEHP.

Second, the ratio Ky./K,® describes the relative solubilities
of the protonated monomeric ligand and the neutral LnA,
complex in the two phases, which is principally determined by
the physicochemical properties of the ligand and the solvents.
Ligand polarity, as reflected in the overall dipole moment,
certainly plays a role in determining the relative values of these
equilibrium constants, but specific intermolecular solute—
solvent interactions as well as general properties, such as the
free energy of solvent cavitation, will also affect the importance
of this term in determining the relative selectivity of
extractants. Of the three groups of terms in eq 11, this term
is expected to be influenced more by the changes in the overall
free ligand dipole (Table S1) caused by substitution of the
styryl moieties than the dipole moment along the P—C bond in
the monoester ligands.

The third term, °3,°B,, represents the affinity of the

deprotonated ligand dimer, HA,~, for the rare earth cation.
Since the metal-ligand bonding in these complexes is
predominantly electrostatic in nature, the magnitude of the
negative charge on the phosphonate oxygens is key. Increasing
this negative charge on the oxygens will increase the
electrostatic bond strength between the metal cation and the
deprotonated ligand. As is the case for the first term, variations
in the partial negative charge on the oxygen will be more
closely related to the dipole moment along the P—C bond than
to the dipole moment of the whole ligand. However, the effect
that increasing the negative charge on the oxygens will have on
the dipole moment of the ligand will depend on the magnitude
and direction of the dipole moment of the ligand framework.
When the dipole moment vector is directed away from the
oxygen, increasing the negative charge on the oxygens will
decrease the magnitude of the dipole moment. This is the case
for the styryl phosphonic acid monoester ligands.

Bl CONCLUSIONS

Styryl phosphonic acid monoesters represent a promising class
of extracting ligands for rare earth elements. For the three
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ligands developed here, incorporating an aryl-vinyl moiety into
a phosphonic acid mono 2-ethylhexyl framework lowers the
pK, of the ligand and greatly increases the extraction strength
of the phosphonic acid, but it does so without altering the
extraction equilibria or the stoichiometry of the extracted
complexes. This suggests that this class of extracting ligands
can provide a platform for further tuning the K, or other
properties of the extracted complexes by varying the aryl
substituent. Such alterations might be used to improve the
intralanthanide selectivity of the extraction while maintaining
the K., values within an ideal window for a given separation or
impart particular photophysical or electrochemical properties
to the complexes.

In addition, the utility of the gas phase dipole moment for
describing the surface chemistry of ArVPA ligands, first
described by Koldemir et al,** also extends to describing the
extraction strength of the aryl-VPA mono 2-ethylhexyl esters
for Eu®*. The observation of a correlation between extraction
efficiency and the dipole moment of isolated ligands may be
useful for computational ligand design within families of
molecules because the dipole of a single ligand can be
calculated with much less computational expense than is
needed for a full complex. Moreover, the computational
expense of calculations with flexible 2-ethylhexyl groups
appears unnecessary because the methyl esters display dipoles
similar to those of the longer chain branched alkyl substituents.
Although the ligand dipole moment can affect all of the key
equilibria that affect metal extraction, within the series of aryl-
vinyl ligands we studied, the ligand dipole moment appears
particularly important in determining the relative solubilities of
the protonated extractant and neutral metal complex in the two
phases and also in determining the overall affinity of HA,™, the
singly deprotonated ligand dimer, for a given metal cation. As
such, the gas phase dipole moments of aryl-VPA monoesters
should be considered as a useful supplement to the free energy
correlation between log K., and pK, for understanding the
extraction strength of these compounds.
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