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ABSTRACT  Ligand  that can di criminate between individual rare earth 
element  are important for production of the e critical element . A  et of aryl-
vinyl pho phonic acid ligand  for extracting rare earth element  were de igned and 
 ynthe ized under the hypothe i  that the  trength of the rare earth−ligand 
interaction  could be tuned by changing the dipole moment of the ligand. The 
ligand  were  ynthe ized via a two- tep reaction procedure u ing a Heck coupling 
reaction to functionalize vinyl pho phonic acid, followed by Steglich e terifcation 
to obtain high-purity  tyryl pho phonic acid monoe ter  with varying dipole 
moment  along the P−C bond. The metal binding  trength and compo ition of the 
rare earth complexe  formed with the e  tyryl pho phonic acid monoe ter  were 
experimentally  tudied by liquid−liquid extraction technique , while DFT calculation  were performed to determine the dipole 
moment  of the free and complexed ligand  and the electronic  tructure of the complexe  formed. All three prepared ligand  were 
much  tronger extracting agent  for europium(III) than the dialkylpho phonic acid  u ually u ed for thi   eparation. However, the 
order of increa ing extraction  trength wa  found to match the order of the decrea ing calculated dipole moment along the P−C 
bond of the three  tyryl-ba ed ligand , rather than correlating with increa ing ligand ba icity, a  refected by the pKa of the ligand . 
The e fnding   ugge t that thi  approach can be u ed to  y tematically alter the extraction  trength of aromatic pho phonic 
monoe ter  for rare earth element purifcation. 

■ INTRODUCTION
Rare earth element  (REE) are becoming increa ingly 
important in many high-tech indu trie . The e  trategic 
element  po  e   unique optical, magnetic, and electronic 
propertie  that make them indi pen able for the gla   indu try, 
 uperconductor , lighting, permanent magnet , cataly i , and 
nuclear energy, to name a few application .1 The ongoing  hift
from fo  il-ba ed energy  ource  toward a green economy 
create  a need for a  teady  upply of REE. However, the  tate-
of-the-art indu trial proce  ing of REE i  co tly and challenging 
becau e of the  imilarity in the phy icochemical characteri tic  
of the e element . 

The chemical  imilarity of REE cau e  them to occur 
together in nature, and  ince diferent application  require 
particular rare earth , the naturally occurring mixture  of rare 
earth  are currently pain takingly  eparated in hundred  of 
individual liquid−liquid extraction  tage  that generate 
 ignifcant amount  of wa te at a con iderable expen e and 
environmental co t.2−4 Liquid−liquid extraction  eparation 
are ea ily deployed and readily  calable to accompli h high 
material throughput in continuou   eparation. Neverthele  , 
the inefciency of current REE  eparation  ari e  from the 
limited  electivity of the be t-in-cla   extracting ligand   uch a  
2-ethylhexyl pho phonic acid mono-2-ethylhexyl e ter (HE-
HEHP, Supplemental Scheme S1), di(2-ethylhexyl)pho phoric

acid (HDEHP), or bi (2,4,4-trimethylpentyl)pho phinic acid 
(Cyanex 272), all of which rely on the con i tent,  mall 
diference  in the ionic radii of adjacent REE to achieve the 
 eparation.5 The  ize  electivity of the e ligand  for REE ari e 
from the particular hydrogen-bonded dimer motif of the 
R2PO2H ligand 6 and interligand repul ion between the
organic  ub tituent  of the complexed ligand , while the 
overall complexation  trength i  often correlated to the ligand 
ba icity.7−12

The economic and environmental concern  po ed by the 
current commercially available extractant  have prompted 
inve tigation  into alternative REE  eparation approache . 
Ligand  that amplify or  ub tantially alter the  ize  electivity for 
REE have been con idered,13−15 but  eparation  y tem  that
can exploit other characteri tic  of REE for  eparation  al o 
have been reported, for example,  eparation protocol  ba ed on 
redox chemi try16−19 or magnetic feld .20−22 In addition to
the e  y tem , photore pon ive  eparation  that exploit the 
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unique electronic  tructure of individual REE or REE 
complexe  have al o been de cribed.23−25 Recent work 
revealed that  mall change  in the conformation of coordinated 
ligand  could tune the photophy ical propertie  of REE 
complexe 26,27 and that coordinating ligand  can alter both 
the photophy ical propertie  of the REE complexe  and change 
the metal ’ reduction potential .28,29 

Ligand  that combine a  y tematic  ize  electivity with 
functionalitie  that target the electronic propertie  of  pecifc 
REE would greatly boo t the  eparation efciency of rare 
earth . A ymmetric aryl-vinyl pho phonic acid (VPA) mono-
e ter ,  uch a  the  tyryl pho phonate e ter  de cribed by 
Huang et al.,30 repre ent a ligand platform that could combine 
both  trategie  for REE  eparation. Ba ed on the well-
characterized >PO2H REE coordinating group, aryl-VPA 
monoe ter ligand  al o incorporate a  ynthetically fexible 
aryl-vinyl  ub tituent attached to the pho phoru  atom that 
provide  opportunitie  to incorporate additional functionalitie  
to improve the  electivity of the pho phonic acid ligand  for 
 pecifc REE, which would greatly  imply REE  eparation . 

However, incorporating functionalitie  that improve the 
 electivity of the ligand  for certain REE i  al o likely to alter 
the extraction  trength of the ligand . Con equently, new 
functionalized ligand de ign  al o need to incorporate 
mechani m  to keep the REE extraction  trength in a range 
u eful for  eparation . Prior work with aryl-vinyl  ub tituted 
pho phonic acid 31  ugge t  that the dipole moment of  uch 
ligand  could be u ed to control the  trength of metal−ligand 
interaction . In tho e experiment , carefully de igned aryl-vinyl 
 ub tituted pho phonic acid  altered the electronic propertie  
of the pho phonate-coordinated metal  in  everal photo-
cathode material .32,33 In tho e in tance , the change in the 
work function of the material  wa  correlated with the dipole 
moment of the coordinated  tyryl pho phonic acid ligand 
perpendicular to the  urface.33 The po  ibility of tuning the 
overall REE complexation  trength of pho phonic acid 
extractant  by altering the ligand dipole make  the e ligand  
attractive candidate  for next-generation  eparation agent  
becau e it would give a new mechani m to compen ate for 
unwanted change  in REE extraction  trength when the aryl-

vinyl  ub tituent  are coupled with redox-, magnetic-, or 
photore pon ive moietie . 

Herein, we report modifcation  to the ba e  tyryl 
pho phonic acid mono 2-ethylhexyl e ter ligand intended to 
alter the dipole moment of the ligand and thereby alter their 
REE extraction  trength. The performance of three  tyryl 
pho phonic acid mono 2-ethylhexyl e ter ligand  a  extractant  
for the REE europium wa   tudied relative to the common 
indu trial extractant HEHEHP to under tand if thi   trategy i  
applicable to REE ligand . The  tyryl- ub tituted extractant  
form complexe   imilar to tho e of the common pho phonic 
acid extractant , but they are  ub tantially  tronger extractant  
than the dialkylpho phonic acid ligand . While the extraction 
 trength i  commonly correlated with ligand acidity for 
dialkylpho phoric, -pho phonic, and -pho phinic acid , the 
extraction  trength of the  tyryl  ub tituted ligand  for REE i  
better correlated to the order of the dipole moment of the 
coordinated ligand  along the P−C bond than to ligand acidity, 
and manipulation of the ligand dipole ofer  a new de ign 
pathway for tuning the extraction  trength of  uch ligand . 

■ EXPERIMENTAL SECTION 
Caution! 152,154Eu i  radioactive. It mu t be handled in properly 
equipped and monitored radiological facilitie .

Mater als. Reagent  were obtained from commercial  upplier  and 
u ed a  received, unle   otherwi e indicated. Solution  of extractant  
were prepared by diluting known ma  e  of extractant in chloroform 
(≥99%). Aqueou   olution  were prepared from 70% nitric acid and 
18.2 MΩ water and  tandardized by titration with NaOH to the 
phenolphthalein end point. Radioactive 152,154Eu wa  produced by 
neutron activation of  olid Eu2O3 u ing the U.S. Geological Survey 
TRIGA reactor34 and wa  then di  olved in nitric acid and found to 
be radiochemically pure by γ  pectro copy. Aliquot  of thi   tock 
 olution were evaporated to dryne   and redi  olved in nitric acid to 
prepare radiotracer  olution  of 152,154Eu for the e experiment . 

L gands. Mono 2-ethylhexyl pho phonic acid 2-ethylhexyl e ter 
(HEHEHP, 98%) wa  purcha ed from BOC Science  and purifed by 
the third pha e method.35 The  tyryl pho phonic acid mono 2-
ethylhexyl e ter  were  ynthe ized by functionalizing VPA with the 
appropriate aromatic moiety followed by monoe terifcation (Scheme 
1). The addition of the aromatic moiety employed Mizoroki-Heck 
coupling condition ,31 and the  ub equent alkylation u ed the Steglich 

Scheme 1. Synthetic Approach to Obtaining 2-Ethylhexyl Hydrogen Styryl Phosphonates (Top) and Obtained Ligands 
(Bottom) 
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e terifcation. The  pecifc procedure  for each ligand and data on 
their puritie  can be found in the Supporting Information. 

General Procedure for Synthes s of 1a−c. A Schlenk fa k wa  
charged with bromoaryl (1 equiv) and bi (tri-tert-butylpho phine)-
palladium(0) (0.025 equiv), followed by three vacuum and N2 refll 
cycle . VPA (1.2 equiv) wa  di  olved in anhydrou  dioxane and 
gently bubbled with N2 for 20 min. Anhydrou  dioxane and the 
 olution of VPA were added to the Schenk fa k via a  yringe with 
 tirring. N,N-Dicyclohexylmethylamine (3 equiv) wa  added to the 
reaction mixture dropwi e via a  yringe. The reaction wa  heated to 
80 C for 20 h. The progre   wa  monitored with thin layer 
chromatography (EtOAc/hexane  1:4). Upon completion, the 
reaction mixture wa  cooled to room temperature. The product wa  
extracted with EtOAc, wa hed three time  with 5% HCl, dried over 
MgSO4, and fltered. The obtained organic pha e wa  conden ed to a 
few mL by rotary evaporation, and the product wa  precipitated into 
dichloromethane (DCM). The fltered precipitate (white faky 
cry tal ) wa  dried overnight at 45 C under vacuum. The purity of 
the  ynthe ized aryl-VPA  wa  verifed by 1H and 31P NMR. 

General Procedure for Synthes s of 2a−c. A Schlenk fa k wa  
charged with  tyryl pho phonic acid (1 equiv) and 4-dimethylami-
nopyridine (DMAP) (1 equiv), followed by three vacuum and N2 
refll cycle . DMF wa  added to the  olution via a  yringe and  tirred 
at room temperature until  olid  di  olved. N,N -Dii opropylcarbo-
diimide (DIC) (1 equiv) wa  then added to the  olution via a  yringe. 
0.75 mL (1 equiv) of 2-ethylhexanol wa  di  olved in DMF and added 
to the reaction mixture dropwi e. The re ulting  olution wa  heated to 
40 C for 72 h, and the progre   wa  monitored with thin layer 
chromatography (EtOAc/hexane  1:4). Upon completion, the 
reaction mixture wa  cooled to room temperature and the DMF 
wa  removed by rotary evaporation. The crude product wa  di  olved 
in DCM and placed in a freezer overnight. The precipitated 1,3-
dii opropylurea byproduct wa  fltered out, and the DCM wa  
removed under reduced pre  ure. The crude material wa  wa hed 
twice with hexane , extracted with diethyl ether, and wa hed twice 
with of 10% NaOH, followed by fve wa he  with 5% HCl. The 
organic pha e wa  dried over MgSO4 and fltered. The re ulting 
organic pha e wa  conden ed by a rotary evaporator. The obtained 
product (of-white oil) wa  dried for 5 h at 80 C under vacuum. FT-
IR  pectra of all the  ynthe ized material  (Supplemental Figure S19) 
have characteri tic band  of pho phonic acid : 1622 (P−O−H), 737 
and 864 (C−P), 1380 (P=O) cm−1 . In addition, a peak at 978 cm−1 

wa  evidence of e terifcation and wa  attributed to the pre ence of 
the P−O−C bond, a  di cu  ed in the Supporting Information. The 
purity of the compound  obtained wa  verifed by 1H, 31P, 19F, and 
13C NMR  pectro copy a  well a  potentiometric titration. 

Potent ometr c T trat ons. All  olution  for the potentiometric 
titration  were prepared in 75 vol % EtOH/25 vol % H2O, and all 
potentiometric titration  were conducted under N2 and thermo tated 
at 25.0 C. Solution  of 0.1 M NaOH were  tandardized by titration 
of dried primary  tandard pota  ium hydrogen phthalate in water to 
the phenolphthalein end point. Solution  of 0.01 M HCl were 
 tandardized by Gran titration with the  tandardized NaOH u ing a 
Mettler-Toldeo InLab  emimicro combination pH electrode flled 
with aqueou  3 M KCl. After the  tandardization  were complete, the 
electrode wa  calibrated to read pcH (pcH −log [H+] on the molar 
 cale) by titration of known amount  of  tandardized HCl and NaOH. 
Dilute  olution  of each ligand were prepared by di  olving mea ured 
amount  of ligand in known volume  of 75 vol % EtOH/25 vol % 
H2O with or without 0.01 M HCl to give  olution  of 0.009−0.017 M 
ligand. The e  olution  were titrated with  tandardized NaOH to 
determine the Ka value  of each ligand. Each titration con i ted of 
60−70 individual pcH mea urement , and the titration  of the three 
 tyryl pho phonic acid mono 2-ethylhexyl e ter  were conducted in 
duplicate. The electrode wa  calibrated with  olution  of 75 vol % 
EtOH/25 vol % H2O containing known concentration  of HCl prior 
to each titration, and with thi  procedure, the pcH reading  for the 
ligand  olution  were reproducible to  0.007 pcH unit  (or  0.4 
mV). All uncertaintie  are reported at the 95% confdence level. 

L qu d−L qu d Extract on. The  toichiometrie  of the extracted 
europium(III) complexe  and the relative complexation  trength  of 
the extractant  were mea ured through a liquid−liquid extraction. 
Chloroform  olution  of the ligand  were contacted with equal 
volume  of aqueou  HNO3  olution  (0.01−0.1 M HNO3)  piked 
with 152,154EuIII by vortexing for 5 min at 22   1 C, followed by 
centrifugation for 2 min. The two pha e  from each extraction 
condition were  eparated, and an aliquot wa  taken from each pha e 
to determine the Eu content by mea uring the 152,154Eu γ-emi  ion 
rate between 40 and 225 keV with a Packard Cobra II γ-counter. The 
europium di tribution ratio, DEu, wa  then calculated a  the ratio of 
the total concentration of Eu in the organic pha e to the total 
concentration of Eu in the aqueou  pha e, DEu [Eu]/[Eu], where 
the overbar indicate   pecie  in the organic pha e. The uncertainty in 
the di tribution ratio  wa  calculated from the uncertaintie  in the 
pipetting and radioactive counting. When nece  ary to account for the 
change in activity coefcient  with ionic  trength, aqueou  aciditie  
were converted to the pH  cale (pH −log H+ activity) u ing the 
 ingle ion activity coefcient for H+ calculated with the extended 
Debye−Huckel equation for the relevant ionic  trength. 

■ COMPUTATIONAL METHODS 
To gain in ight into the efect of the pho phonic acid ligand dipole 
moment  on the Eu extraction reaction, den ity functional theory 
(DFT) calculation  were performed u ing the Gau  ian1636  uite of 
program  and Becke’  3-parameter hybrid functional37 combined with 
the nonlocal correlation functional provided by Perdew/Wang.38 The 
Eu and P atom  were repre ented with a  mall-core Stuttgart-Dre den 
relativi tic efective core potential a  ociated with their adapted ba i  
 et.39−41 Additionally, the P ba i   et wa  augmented by a d-
polarization function (α 0.387)42 to repre ent the valence orbital . 
All the other atom  C, F, O, and H were de cribed with a 6-31G 
(d,p), double − ζ quality ba i   et.43,44 For all ligand  and complexe , 
geometrie  were optimized in two way : in the ga  pha e and with 
polarizable continuum  olvation. The de ired propertie  were 
computed under the  ame condition  a  for the optimization  (e.g., 
 olvated optimized geometry and dipole moment from electronic 
 tructure computed with  olvation). Chloroform wa  cho en a  the 
 olvent to mirror the experimental condition , with  olvation treated 
a  a polarizable continuum u ing the default Gau  ian16  elf-
con i tent reaction feld method.45,46 The nature of the extrema 
(minimum) for the ligand and ligand/RE-complex were e tabli hed 
with analytical frequency calculation , and geometry optimization  
were computed without any  ymmetry con traint . To gain in ight 
into the nature and behavior of the bond  around the Eu, we 
performed natural bond orbital (NBO) analy i  and computed the 
Wiberg bond index (WBI).47−49 

■ RESULTS AND DISCUSSION 

L gand Synthes s. Two  ynthetic route  to the target  tyryl 
pho phonic acid 2-ethylhexyl e ter compound  were inve -
tigated. Complete conver ion to the monoe ter could be 
achieved either by functionalizing VPA with the de ired 
aromatic moiety followed by monoe terifcation or by initial 
alkylation of the  tarting material followed by the reaction with 
aryl bromide. Evaluation of the two approache  revealed that 
the fr t route wa  the more viable reaction  cheme becau e of 
the ea e of purifying the intermediate aryl-VPA  by 
precipitation from DCM and the ea e of purifying the 
monoe ter  by liquid−liquid extraction . 

Previou ly reported  ynthe e  of  tyryl pho phonic acid  
u ed THF a  a  olvent.30 However, replacing THF with 
dioxane increa ed the yield  of aryl-VPA  by 5−16%. Thi  
increa e could be explained by the higher boiling point of 
dioxane, re ulting in the running reaction at an elevated 
temperature. 
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We began optimizing condition  for the monoe terifcation 
of aryl-VPA  by comparing two  ynthetic approache . A 
microwave-a  i ted approach to obtaining monoalkylated 
phenyl, pho phinic, and pho phonic acid  with catalytic 
addition of [bmim][BF4]

50,51 wa  utilized for e terifcation of 
VPA. The main drawback a  ociated with thi   ynthetic 
method i  the u e of alcohol a  a reagent and a  olvent, thu  
limiting the choice  of the functionalized pho phonic acid  due 
to  olubility i  ue . The  olubility limitation  can be re olved 
u ing Steglich e terifcation.52,53 We began our optimization 
with the  creening of three diferent carbodiimide : N,N′
dicyclohexylcarbodiimide (DCC), N,N′-dii opropylcarbodii-
mide (DIC), and N-(3-(dimethylamino)propyl)-N′-ethyl 
carbodiimide (EDC). De pite the ea e of removal of the N
acyl urea byproduct when u ing EDC, it performed poorly 
regarding the conver ion rate. Both DIC and DCC 
demon trated high conver ion rate . The DCC byproduct, 
N,N-dicyclohexylurea, i  water-in oluble and partially  oluble 
in organic  olvent  re ulting in time- and  olvent-con uming 
purifcation. N,N′-Dii opropylurea i  more water- oluble and 
can be removed by  olvent extraction. Con equently, we 
 elected DIC a  the mo t  uitable carbodiimide. 

We evaluated variou  polar  olvent  [dimethylformamide 
(DMF), acetonitrile (ACN), and tetrahydrofuran (THF)]. 
Traditionally, Steglich e terifcation i  performed in DCM. 
Since aryl-VPA  are not  oluble in DCM, only polar  olvent  
were cho en for reaction optimization. Ba ed on the GC−MS 
analy i  of the reaction compo ition after 72 h, we  elected 
DMF a  the  olvent of choice (Table 1). 

Optimization of the purifcation method to obtain target 
extractant  re ulted in the employment of liquid−liquid 
extraction  with diferent  olvent  y tem . After the Steglich 
e terifcation  were completed, DMF wa  removed under 
vacuo. The remaining crude wa  di  olved in DCM and left 
overnight in the freezer to precipitate the urea byproduct. 
Precipitated urea wa  fltered out, and DCM wa  removed 
under reduced pre  ure. The crude product wa  wa hed with 
hexane  to remove unreacted alcohol. The product wa  
extracted with diethyl ether and wa hed with 10% NaOH, 
followed by a wa h with 5% HCl. 

Determ nat on of Ac d D ssoc at on Constants of the 
L gands. The acid di  ociation con tant  of the  tyryl 
pho phonic acid mono 2-ethylhexyl e ter  and HEHEHP 
were determined by potentiometric titration in 75 vol % 
EtOH/25 vol % H2O at 25.0 °C (Supplemental Figure S20). 
The titration data demon trate that HEHEHP i  a weaker acid 
than any of the  tyryl pho phonic acid mono 2-ethylhexyl 
e ter , a  HEHEHP di play  clear bufering action with a pKa 
ca. 4.3 after an initial ri e in pcH a  the exce   HCl added to 
the  olution wa  con umed at approximately 0.4 equiv of 
added ba e. 

To determine the di  ociation con tant , the titration data 
were converted to bufer capacitie , β, 54 

= [ ] = c
V

Vd Base
dpcH

d
dpcH

b

(1) 

where  b i  the concentration of ba e added from the buret, V, 
i  the total volume of the  olution in the titration cup, and dV/ 
dpcH i  the reciprocal of the derivative of the pcH v  volume 
titration curve. The acid di  ociation con tant  were calculated 
by ftting the bufer capacitie  a  a function of the H+ 

concentration according to the general bufer capacity 
equation,54,55 
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In eq 2, Ka,i i  the acid di  ociation con tant of  pecie  i,  i i  
the total molar concentration of  pecie  i regardle   of it  
protonation  tate, and Kw i  the autodi  ociation con tant of 
water under the  olvent condition  u ed. Kw had been 
mea ured during the electrode calibration titration  and wa  
determined to be pKw 14.97   0.02. The data from all the 
titration  of a given ligand were combined into a  ingle data  et 
that wa  ft u ing a  implex minimization algorithm with 
jackknife e timation of the uncertainty of the ftted 
parameter 56 to determine the ligand Ka that be t reproduced 
the mea ured bufer capacitie  (Figure 1). The re ult  are 
 ummarized in Table 2. 

The pKa mea ured for HEHEHP i  in agreement with 
previou ly reported value  determined in 75 vol % EtOH/25 
vol % H2O (pKa 4.10,57 4.53,58 and 4.859), when the 
hydrogen ion activity  cale u ed by Katzin et al.59 i  
con idered. Replacing the 2-ethylhexyl group attached to the 
pho phoru  atom of HEHEHP with  tyryl group  increa e  the 
ligand’  acidity by more than 1 order of magnitude, while 

Table 1. Solvent Optimization of the Steglich Esterifcation 
Reaction 

entry carbodiimide organocataly t  olvent conver iona 

1 DIC DMAP DMF 97% 
2 DIC DMAP ACN 56% 
3 DIC DMAP THF 81% 

aConver ion determined by GC−MS after 72 h. 

Figure 1. Fitting the bufer capacitie  of the ligand  to determine the 
acid di  ociation con tant  in 75 vol % EtOH/25 vol % H2O at 25.0 
C. (□) HEHTFSP, (○) HEHSP, (△) HEHDFSP, (▽) HEHEHP, 

and (- -) 0.00953 M HCl. Fit  to eq 2 u ing the pKa value  in Table 
2 are indicated with  olid line . 

Table 2. Acid Dissociation Constants of Phosphonic Acid 
Ligands in 75 vol% EtOH/25 vol% H2O at 25.0 °C 

ligand number of point  ft pKa 

HEHTFSP (2c) 133 2.99   0.03 
HEHDFSP (2b) 120 3.13   0.04 
HEHSP (2a) 140 3.25   0.02 
HEHEHP 61 4.31   0.02 
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incorporation of electron-withdrawing fuorine or trifuoro-
methyl moietie  further reduce  the pKa value  compared to 
HEHSP. The re ulting pKa value  for the  tyryl ligand  are 
even lower than tho e of dialkylpho phoric acid   uch a  bi (2-
ethylhexyl)pho phoric acid (HDEHP, pKa 3.4957) and di-n
octylpho phoric acid (pKa 3.3060). 

Rare Earth Extract on. The extracting  trength and 
compo ition of the Eu3+ complexe  extracted by the  tyryl 
pho phonic acid monoe ter  were  tudied by radiotracer 
liquid−liquid extraction experiment . The aqueou  pha e  
were compo ed of 0.01−0.1 M  olution  of nitric acid, while 
the  tyryl pho phonic acid mono 2-ethylhexyl e ter  were 
di  olved in CHCl3. At the ligand concentration   tudied, the 
pho phonic acid  are expected to exi t a  H-bonded dimer  in 
the CHCl3  olution .

61,62 The extraction of Eu from the nitric 
acid  olution  wa   tudied a  a function of the extractant 
concentration at con tant aqueou  acidity (Figure 2) and a  a 

function of the aqueou  acidity at a con tant extractant 
concentration (Figure 3). The three  tyryl pho phonic acid 
monoe ter  are all much  tronger extractant  than HEHEHP, 
a  indicated by the 1−2 order of magnitude decrea e in 
extractant concentration required to achieve the  ame degree 
of Eu extraction (DEu) at con tant acidity for HEHSP, 

HEHDFSP, and HEHTFSP compared to HEHEHP (Figure 
2). The extraction  trength decrea e  in the order HEHTFSP 
> HEHSP > HEHDFSP ≫ HEHEHP. 

While the e fuoride-containing extractant  have not been 
 y tematically  tudied before,  tudie  of the extraction of 
tripo itive f-element cation  by HEHSP and other mixed alkyl/ 
aryl organopho phoru  extractant  are con i tent with the 
greater extraction  trength that we ob erve for the  tyryl-
 ub tituted pho phonic acid monoe ter . The extraction of 
La3+ by HEHSP di  olved in kero ene wa  previou ly ob erved 
to be  tronger than that of either HEHEHP or the pho phoric 
acid extractant HDEHP.30 Similarly, Peppard and co-worker  
compared HEHEHP to phenyl pho phonic acid (2-ethylhexyl) 
e ter (HEH[PhP]) and found that HEH[PhP] outperformed 
HEHEHP by about 2 order  of magnitude in extracting Pm3+ 

and Cm3+ . 63 Ju and co-worker  ob erved  imilar re ult  when 
examining HDEHP, where they found both HEH[PhP] and it  
methylheptyl e ter derivative extract Cm3+ and Cf3+ 2 order  of 
magnitude more  trongly than HDEHP.64 In another  tudy, 
Peppard compared extraction by HDEHP and di[4-(1,1,3,3-
tetramethylbutyl)phenyl]pho phoric acid (HDOPhP), a diaryl 
pho phoric acid extractrant, where they found HDOPhP al o 
outperformed HDEHP by  everal order  of magnitude.65 

The compo ition of the Eu3+ complexe  formed with the 
ligand  in CHCl3 wa  determined by error-weighted linear 
regre  ion analy i  of the log D v  [ ]log ( HA )2 or pH data 
(Table 3), a  previou ly de cribed,66,67 with A− repre enting 
one deprotonated pho phonic acid monoe ter. Under the 
condition  of the e extraction , nitrate anion  weakly compete 
with the pho phonic acid ligand  for Eu3+ in the aqueou  
pha e, with Klog NO3

1.22 for Equilibrium 3 at I 0 M ionic 
 trength.68 Thi  aqueou  nitrate complexation wa  accounted 
for in the analy e  a  de cribed in the Supporting Information. 
The analy i  of the pH dependence of log D give   lope  
between 2.86 and 3.14 for all the ligand  (Table 3), indicating 
that while nitrate doe  complex Eu3+ in the aqueou  pha e, the 
extracted complexe  contain no nitrate becau e the electro-
neutrality of both the aqueou  and the organic pha e  i  
maintained by the exchange of 3 H+ into the aqueou  pha e for 
each Eu3+ extracted rather than by coextraction of nitrate. 
Huang et al. report  imilar re ult  for La3+ extraction by 
HEHSP in kero ene (h 3.03).30 Con equently, the general 
equilibria afecting the extraction are expected to be 

++ +Eu NO Eu(NO )3
3 3

2F (3) 

and 

+ ++ +m HA hEu ( ) Eu(A) (HA) Hl
3

2 hF (4) 

where the overbar indicate   pecie  that are pre ent in the 
organic pha e, 2m h + l i  required for the ma   balance  of 
the ligand and the acidic proton , and h 3 a  determined 
from the  lope of the pH dependence. 

The equilibrium con tant  for the e reaction  can be 
combined with the metal di tribution ratio , a  de cribed in 
the Supporting Information, to provide quantitative informa-
tion on the compo ition of the extracted complexe . The 
 lope  of the log DEu v  [ ]log ( HA )2 mea urement  give the 
value of m in eq 4, 67 which range  between 2.86 and 3.01 for 
each of the ligand  (Table 3). Our experimentally determined 
value of m in the HEHEHP  y tem, 2.88   0.16, agree  well 
with the value found in a recent report, 2.86   0.1069 Our 
value of m for Eu3+ extraction by HEHSP (2.88   0.09) i  

Figure 2. Extraction of Eu3+ by pho phonic acid ligand  in CHCl3 
from 0.01005 M HNO3. (□) A: HEHTFSP, (○) B: HEHSP, (△) C: 
HEHDFSP, (▽) D: HEHEHP. Uncertaintie  in the di tribution 
ratio  are  hown at the 95% confdence level if they are larger than the 
data point. 

Figure 3. Extraction of Eu3+ by pho phonic acid ligand  in CHCl3 
from HNO3  olution  with varying acidity. (□) A: 0.0079 M 
(HEHTFSP)2, (○) B: 0.016 M (HEHSP)2, (△) C: 0.022 M 
(HEHDFSP)2, (▽) D: 0.283 M (HEHEHP)2. Uncertaintie  in the 
di tribution ratio  are  hown at the 95% confdence level if they are 
larger than the data point. 
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con i tent with the value reported for La3+ extraction by 
HEHSP from aqueou  HCl into kero ene, 2.97.30 Given h 3 
from the pH dependence and an extractant dependence of m 
3, ma   balance require  l 3. Thi  re ult i  commonly found 
for many extracting acidic organopho phoru  ligand  in 
CHCl3. 

69 Thi  Eu:A  toichiometry further implie  that three 
hydrogen-bonded pho phonic acid dimer , (HA)2, lo e a  ingle 
H+ to form a p eudo-octahedral Eu complex with three dimer  
(Figure 4).70 Neither incorporation of the  tyryl moiety into 

the extractant framework nor addition of electron-withdrawing 
group  to the aryl  ub tituent  alter the  toichiometry of the e 
Eu complexe  in CHCl3 compared to HEHEHP, our reference 
ligand.

Computat onal Results. Becau e theoretically calculated 
ga  pha e dipole moment  have been good predictor  of the 
ability of  onjugated pho phonic acid ,  uch a  the precur or 
aryl-VPA  1a−1c, to modify the propertie  of material  when 
complexed to  urface ,33 the dipole moment wa  calculated for 
the three  tyryl pho phonic acid mono 2-ethylhexyl e ter 
ligand  (HEHSP, HEHDFSP, and HEHTFSP), ver ion  of 
the e three ligand  with methyl  ub tituent  replacing the 2-
ethylhexyl group  (compound  3a, 3b, and 3c; Supplemental 
Scheme S1 and Table  S2, S4, and S6), and the reference 
extractant HEHEHP. The dipole moment calculation  were 
made for both the neutral uncomplexed ligand  and Eu-
coordinated dimer  of HEHSP, HEHDFSP, HEHTFSP, and 
HEHEHP in the ga  pha e and with implicit  olvation in 
CHCl3. The methyl e ter  (3a−3c) were  tudied to  peed up 
the initial  et of dipole calculation  of the free ligand . We have 
found previou ly that the electronic propertie  of aryl-

containing and fu ed-ring conjugated molecule  are not 
appreciably changed when linear and branched alkyl chain  
are replaced by methyl group .71 

For f ree ligands, the dipole moment projected along the P− 
C bond wa  computed and i  reported in Table 4. Thi  

repre entation of the dipole moment i  approximately aligned 
with the length of the ligand, and it i  the  ame metric 
previou ly u ed to under tand  urface complexation of ArVPA. 
It allow  for direct evaluation of the impact of changing the 
 ub tituent  on the pho phoru  atom, which, in turn, afect  
the propertie  of the oxygen atom  that coordinate the REE 
ion . 

The calculated dipole moment  of the methyl e ter  (3a− 
3c) and the 2-ethylhexyl e ter  (Table 4) follow the  ame order 
previou ly reported for the precur or ArVPA diacid  (1a− 
1c).33 While  ub titution of a methyl or 2-ethylhexyl group for 
one of the acidic hydrogen  of the precur or diacid give  larger 
dipole moment  for the monoe ter ligand , the change i  
 imilar acro   the  erie . Sub titution of a  ingle 2-ethylhexyl 
group increa e  the dipole moment by 0.11−0.16 D in the ga  
pha e calculation and 0.05−0.09 D in CHCl3. In addition, 
regardle   of the  olvation  tate of the free ligand , the dipole 
moment vector  projected along the P−C vector direction of 
the new  tyryl extracting ligand  follow the order HEHDFSP > 
HEHSP > HEHTFSP. The dipole moment  for the free 
ligand  projected along the P−C bond are  hown in 
Supplemental Figure  S21−S24. Intere tingly, de pite the 
approximate octahedral  ymmetry of the ligand  hell around 
the REE metal, the magnitude of the total dipole moment of 
the ligand  within the Eu  omplexes al o follow  thi  trend, 

Table 3. Slope Analysis of the Extraction Data Shown in Figures 2 and 3 

ligand pH log DEu m log[( HA)2] + C1 
a 

HEHSP (2a) 2.037 (2.88   0.09) log[( HA)2] + (7.26   0.24) 
HEHDFSP (2b) 2.037 (3.01   0.09) log[( HA)2] + (6.69   0.21) 
HEHTFSP (2c) 2.037 (2.86   0.12) log[( HA)2] + (7.92   0.32) 
HEHEHP 2.037 (2.88   0.16) log[( HA)2] + (3.08   0.18) 

[( HA)2], M log DCorr − m log[( HA)2] h pH + log Kex 

HEHSP (2a) 0.016 (3.09   0.11) pH + (1.19   0.17) 
HEHDFSP (2b) 0.022 (2.86   0.09) pH + (1.08   0.14) 
HEHTFSP (2c) 0.0079 (2.88   0.07) pH + (2.05   0.11) 
HEHEHP 0.283 (3.14   0.15) pH − (3.06   0.23) 

aC1 log Kex + h pH + log γEu3+ − log (1 + KNO3
+Eu3 +Eu(NO )

1
3

2 {NO3 
−}). 

Figure 4. Schematic  tructure (left) of the extracted Eu(A)3(HA)3 
complexe  and the ga -pha e optimized  tructure (right) of the Eu-
HEHSP complex, with hydrogen atom  not  hown. In the optimized 
 tructure, gray  phere  are carbon, red  phere  are oxygen, orange 
 phere  are pho phoru , and the central green  phere i  europium. See 
Supplemental Table  S2−S13 for coordinate  of optimized geometrie  
of the ligand  and Supplemental Table  S14−S19 for coordinate  of 
optimized complexe . 

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 
EuA3(HA)3 (Total Dipole Moment of Complexed Ligand), 
in Both the Gas Phase and in Chloroform 

ligand 

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

ga  pha e CHCl3 ga  pha e CHCl3 

HEHSP (2a) 1.68 2.12 3.40 4.35 
HEHDFSP (2b) 2.61 3.34 4.54 7.05 
HEHTFSP (2c) −1.34 −1.31 2.32 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 
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pre umably becau e a ymmetry induced by  ide chain  lead  to 
a dipole moment that mu t be roughly proportional to the 
dipole moment of the individual ligand . We will  ee later that 
the ordering of the ligand dipole vector projection and the 
dipole moment of the complexe  correlate  with extraction 
 trength. 

Unlike the trend of dipole and extraction efciency  een for 
the three aryl ligand , the po ition of HEHEHP in the order of 
calculated dipole moment  (Table 4) i  not refective of it  
relative extraction ability toward rare earth element . Replacing 
the conjugated vinyl aryl group  attached to the pho phonate P 
with a  aturated 2-ethylhexyl group in HEHEHP create  a 
ligand with  ub tantially diferent propertie  than the other 
extractant . Prior work ob erved that the correlation between 
calculated dipole moment  and material  propertie  break  
down when aryl-VPA  are replaced with pho phonic acid  
bearing equivalent  aturated  ub tituent .33 In the ca e of 
HEHEHP,  ub tituting a 2-ethylhexyl group for the un atu-
rated, conjugated  tyryl  ub tituent  of our three new 
extractant  create  an extractant with a low dipole moment 
due to the fexibility of the 2-ethylhexyl group, the lower 
electronegativity diference acro   the molecule, and a  trongly 
dimini hed ability for electronic communication between the 
pho phonate and the P-bound  ub tituent. In addition, 
HEHEHP ha  a much higher pKa (vide  upra) and 
 ub tantially diferent  olubilitie  in organic  olvent . Together 
the e propertie  of the pho phonic acid   ugge t that the dipole 
moments alone of dialkylpho phonic acid   uch a  HEHEHP 
will not be reliable predictor  of their abilitie  a  complexant  
or extracting agent  but that for clo ely related ligand  the 
dipole moment can be u ed to predict and control extraction 
efciency. 

While the computed dipole moment  of the extracting 
ligand  vary  ignifcantly even among the three  tyryl-
 ub tituted ligand , the DFT calculation  reveal no  ignifcant 
diference in the binding  trength and bond type between 
europium and the ligand . The calculated bond indice  (Table 
5) are refective of mo tly ionic interaction  between the metal 
and each of the ligand . Furthermore, the average value  of the 
Wiberg bond index vary by le   than 1% around the mean 
value for the four ligand , con i tent with  imilar degree  of 
electro tatically driven metal−ligand interaction  acro   the 
 erie . Thi   ugge t  that binding of the ligand to the Eu i  a 
localized proce   with no  ub tantial modifcation due to the 
overall dipole moment of the ligand. Hence, the dipole 
moment de ign of pho phonic-acid-ba ed ligand  will have 
little efect on complexation per  e but a  noted, it can alter 
REE complex/ olvent interaction   ufciently to  y tematically 
afect extraction efciencie . 

Infuence of L gand D poles on Metal Extract on. The 
extraction reaction expre  ed by Equilibrium 4 de cribe  the 
overall reaction between the metal cation and protonated 
ligand dimer  in term  of the predominant  pecie  in the two 
pha e . It i  very u eful for under tanding the chemical  pecie  

pre ent at equilibrium and modeling the extraction efciency 
of many acidic organopho phoru  extractant . However, 
breaking thi  overall equilibrium into a thermodynamic cycle 
of de criptive  ubreaction  bring  deeper in ight into the 
proce  e  and energetic  involved in rare earth-ligand 
extraction reaction . A   ugge ted in Figure 5, Equilibrium 4 

for a rare earth ion, R3+ , can be decompo ed into  ix 
 ubreaction , each with it  own equilibrium con tant,72 

K( HA ) 2 HA ;2 2
1F (5) 

KHA HA; d
1F (6) 

++ KHA H A ; aF (7) 

+ +3A R RA ;3
3 3

aF (8) 

KRA RA ;3 3 d,cF (9) 

+ °3 HA RA RA (HA) ;3 3 3 3F (10) 

In order to obtain Equilibrium 4 by  umming Equilibria 5− 
10, Equilibria 5, 6, and 7 each mu t be multiplied by 3,  o the 
re ulting equilibrium con tant  will each be cubed, giving K2

3, 
Kd

3, and Ka 
3 . Then, the re ulting expre  ion for the overall 

extraction equilibrium con tant, Kex, i  

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz=K

K
K

K

K
( )ex

a

2

3
d,c

d
3 3

a
3

o

(11) 

Value  of Kex for each extractant are readily calculated from 
the pH dependence of the europium di tribution ratio  (Table 
3). A  expected from the extraction data (Figure 2), the  tyryl 
pho phonic acid monoe ter   how  imilar Kex value , while Kex 
for the reference dialkyl pho phonic acid, HEHEHP, i  4−5 
order  of magnitude  maller. 

While the fnal complexe  formed in CHCl3 are the  ame for 
all four ligand   tudied, the three  tyryl pho phonic acid 
ligand  extract Eu more  trongly than HEHEHP, the dialkyl 
pho phonic acid mo t commonly u ed to  eparate rare earth . 
The relative ability of  imilar ligand  to extract rare earth 
cation  from acidic  olution  by exchanging H+ for R3+ i  often 

Table 5. Computed Wiberg Bond Index of the Eu−O Bonds in the EuA3(HA)3 Complexes in Chloroform 

Wiberg bond index 

ligand Eu−O1 Eu−O2 Eu−O3 Eu−O4 Eu−O5 Eu−O6 

HEHSP (2a) 0.3858 0.3591 0.3768 0.3397 0.3821 0.3458 
HEHDFSP (2b) 0.3594 0.3857 0.3813 0.3421 0.3488 0.3715 
HEHTFSP (2c) 0.3851 0.3553 0.3739 0.3364 0.3800 0.3450 
HEHEHP 0.3811 0.3540 0.3816 0.3597 0.3845 0.3510 

Figure 5. Thermodynamic cycle for extraction of trivalent rare earth 
cation , R3+ , by pho phonic acid monoe ter ligand . 
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attributed to diference  in the acidity of the ligand , whereby 
more acidic ligand  extract metal cation  more  trongly.73 Thi  
i  under tood to re ult from a more favorable competition 
between the metal cation and proton  for the more acidic 
ligand in the overall reaction (eq 4),  ince the ligand  tart  the 
reaction a  a neutral, protonated  pecie  in the low dielectric 
con tant organic pha e. A more acidic ligand favor  the 
production of A− in the deprotonation equilibrium, giving 
more A− for the rare earth to react with. Our re ult  follow thi  
general trend, for the  tyryl pho phonic ligand  are 
 ub tantially more acidic than HEHEHP (Table 2) and they 
achieve the  ame degree of Eu extraction at much lower ligand 
concentration  than HEHEHP (Figure 2 and Table 3). There 
i  one important deviation from thi  trend for the Eu extraction 
 trength . The extraction  trength  of the  tyryl derivative, 
HEHSP, and the difuoro- tyryl derivative, HEHDFSP, a  
repre ented by their Kex value , are rever ed compared to the 
acidity. HEHSP, with a pKa of 3.25, i  a  tronger extractant 
than HEHDFSP, which ha  a pKa of 3.13. The oppo ite of the 
ob erved trend would be expected ba ed on the u ual 
correlation between pKa and extraction  trength. 

Our  election of the e  tyryl pho phonic acid monoe ter 
ligand  a  target  for new extraction reagent  wa  not, however, 
ba ed on  y tematic variation  in the ligand acidity. Rather, the 
particular  tyryl pho phonic acid monoe ter  were  elected 
ba ed on the ability of the parent diacid aryl-VPA  (1a−1c) to 
 y tematically alter the propertie  of conducting oxide  when 
coordinated to the  urface of material   uch a  zinc oxide and 
indium tin oxide.33 The key ligand parameter infuencing the 
ability of the ligand to alter  urface work function  wa  the 
dipole moment of the ligand along the P−C bond. When the 
experimental extraction  trength  of three  tyryl-ba ed ligand  
are compared to the ga  pha e dipole moment  of the ligand , 
or any of the other calculated dipole moment  in Table 4, the 
anomalou  rever al ob erved in the extraction  trength v  pKa 
(Figure 6) in tead follow  the order of decrea ing dipole 

moment for the three  tyryl pho phonic acid monoe ter . On 
the other hand, the extraction  trength of HEHEHP, which 
completely lack   tyryl  ub tituent  and feature  only  aturated 
2-ethylhexyl group  and relatively  ymmetric alkylation of the 
pho phonate, doe  not follow the trend in dipole moment . 
Neverthele  , thi  wa  expected from the earlier  tudie  of 
 urface functionalization, where only ArVPA ligand  followed 
the dipole moment correlation.33 For the  tyryl- ub tituted 

ligand , we ob erve that the order of in reasing Eu extraction 
 trength, HEHDFSP < HEHSP < HEHTFSP, matche  the 
order of de reasing calculated dipole moment, both with the 
complexed ligand dipole moment and the projected dipole 
moment for the free ligand . 

Sub tantial in ight into the contribution  of pKa and the 
dipole moment to the extraction of rare earth element  by 
the e ligand  can be gained by examining the extraction cycle 
 ugge ted by eq 11. Each of the three group  of term  in eq 11 
repre ent  a diferent a pect of the extraction proce  . Fir t, the 
ratio Ka/K2 con ider  the competition between acid di  oci-
ation and ligand dimerization through hydrogen bonding. Thi  
term repre ent  chemical reaction  intrin ic to the ligand alone. 
Both of the equilibrium con tant  in thi  term are expected to 
be  trongly dependent on the polarity of the O−H bond in the 
ligand, and it i  generally ob erved for acidic organo-
pho phoru  extractant  that the magnitude of K2 increa e  a  
Ka increa e .61,62 The polarity of the O−H bond will be 
 trongly infuenced by the adjacent pho phoru  atom and the 
propertie  of it  aryl-vinyl  ub tituent , which are related to the 
dipole moment along the P−C bond. Given the  ub tantial 
diference  in the pKa value  between HEHEHP and the  tyryl-
bearing ligand , thi  term i  particularly important in 
under tanding the much lower value of Kex ob erved for 
HEHEHP. 

Second, the ratio Kd,c/Kd 
3 de cribe  the relative  olubilitie  

of the protonated monomeric ligand and the neutral LnA3 
complex in the two pha e , which i  principally determined by 
the phy icochemical propertie  of the ligand and the  olvent . 
Ligand polarity, a  refected in the overall dipole moment, 
certainly play  a role in determining the relative value  of the e 
equilibrium con tant , but  pecifc intermolecular  olute− 
 olvent interaction  a  well a  general propertie ,  uch a  the 
free energy of  olvent cavitation, will al o afect the importance 
of thi  term in determining the relative  electivity of 
extractant . Of the three group  of term  in eq 11, thi  term 
i  expected to be infuenced more by the change  in the overall 
free ligand dipole (Table S1) cau ed by  ub titution of the 
 tyryl moietie  than the dipole moment along the P−C bond in 
the monoe ter ligand . 

The third term, 3
a

3
o , repre ent  the afnity of the 

deprotonated ligand dimer, HA2 
− , for the rare earth cation. 

Since the metal−ligand bonding in the e complexe  i  
predominantly electro tatic in nature, the magnitude of the 
negative charge on the pho phonate oxygen  i  key. Increa ing 
thi  negative charge on the oxygen  will increa e the 
electro tatic bond  trength between the metal cation and the 
deprotonated ligand. A  i  the ca e for the fr t term, variation  
in the partial negative charge on the oxygen will be more 
clo ely related to the dipole moment along the P−C bond than 
to the dipole moment of the whole ligand. However, the efect 
that increa ing the negative charge on the oxygen  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 i  directed away from the 
oxygen, increa ing the negative charge on the oxygen  will 
decrea e the magnitude of the dipole moment. Thi  i  the ca e 
for the  tyryl pho phonic acid monoe ter ligand . 

■ CONCLUSIONS 

Styryl pho phonic acid monoe ter  repre ent a promi ing cla   
of extracting ligand  for rare earth element . For the three 

Figure 6. Correlation of Eu3+ extraction  trength of the  tyryl 
pho phonic acid mono 2-ethylhexyl e ter ligand  with (A) ligand pKa 
and (B) dipole moment of the neutral ligand. 
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ligand  developed here, incorporating an aryl-vinyl moiety into 
a pho phonic acid mono 2-ethylhexyl framework lower  the 
pKa of the ligand and greatly increa e  the extraction  trength 
of the pho phonic acid, but it doe   o without altering the 
extraction equilibria or the  toichiometry of the extracted 
complexe . Thi   ugge t  that thi  cla   of extracting ligand  
can provide a platform for further tuning the Kex or other 
propertie  of the extracted complexe  by varying the aryl 
 ub tituent. Such alteration  might be u ed to improve the 
intralanthanide  electivity of the extraction while maintaining 
the Kex value  within an ideal window for a given  eparation or 
impart particular photophy ical or electrochemical propertie  
to the complexe . 

In addition, the utility of the ga  pha e dipole moment for 
de cribing the  urface chemi try of ArVPA ligand , fr t 
de cribed by Koldemir et al.,33 al o extend  to de cribing the 
extraction  trength of the aryl-VPA mono 2-ethylhexyl e ter  
for Eu3+ . The ob ervation of a correlation between extraction 
efciency and the dipole moment of i olated ligand  may be 
u eful for computational ligand de ign within familie  of 
molecule  becau e the dipole of a  ingle ligand can be 
calculated with much le   computational expen e than i  
needed for a full complex. Moreover, the computational 
expen e of calculation  with fexible 2-ethylhexyl group  
appear  unnece  ary becau e the methyl e ter  di play dipole  
 imilar to tho e of the longer chain branched alkyl  ub tituent . 
Although the ligand dipole moment can afect all of the key 
equilibria that afect metal extraction, within the  erie  of aryl-
vinyl ligand  we  tudied, the ligand dipole moment appear  
particularly important in determining the relative  olubilitie  of 
the protonated extractant and neutral metal complex in the two 
pha e  and al o in determining the overall afnity of HA2 

−, the 
 ingly deprotonated ligand dimer, for a given metal cation. A  
 uch, the ga  pha e dipole moment  of aryl-VPA monoe ter  
 hould be con idered a  a u eful  upplement to the free energy 
correlation between log Kex and pKa for under tanding the 
extraction  trength of the e compound . 
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