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Purpose

Desion, Synthesty, and Characteriztion of the
Aext Generation of Crown Ethers for
Metal-Jon Separations

Target Separations

Fission Product Separations: Sr, (%, Ra

Remonalt of Lithiim from Grownpdwe ker

Separation Techniques

Sofrent Extraction

lon Exchanoe

Approach
Dewlop Detaded Basic Understanding of

Strvctural and Thermodynanyc Properties of
Mode! and Actual Scparaton SyFtemy

Lize This Insgohit to Pesion and Syothesize New
Extractapty and Resiny With Improved Separation
Propertres

Evaloate New Matersaly for Desired Froperties
aad Provide Feedback for Basic Desion Eflorts



Molecular Modehing

Computational Stidier are Directed Towards Understanding the Role
Contoraation and rCation Interactions Play in Metal-for Bindiaa by
Calix/4farenes and Calivarene Crown Ethors

Calixy4farenes Adopt Four Main Conlormers

L&

18 alteenate (O 12 alternate (C2h)

The varfous moder of cation hinding o the different calivarene
conlornm ions differ with respect (o the gumber of oxyoens and arencs
that serve as donor gronps



CONFORMATIONAL ENERGIES FOR
TETRAMETHOXYCALIX[4] ARENE

Humne rons calculations of the relative erergies of the four calix[d]arere conformers (e below) have been
performed with a variety of molecular mechanics methods (AMEBER, CHARMm, MMZ, and MM 3) and semi-
empidcal quantwmn mechanical methods (AR 1 and PRI, A notable aspect of thess earlier stodies is the broad
disagres ment between the results obtained by the wardons computational approaches. The agreement betwreen
calrulated “gas-phese” populatons and messwed aolution phase populations in general has heen pocor.

O goal is to obtain definitive geometries and relative energies for the four corformers of tetramethox
calix[d]arene. Recent adwances on compiatonal methodology implemented at our lab, along with large
increases in computational power, have ma de possible calculations of these previously nfractable swstems.
Each conformer has been opfimized using density functomel theory at both the ELYPIDZYPZ and af the
ESLYPDEVEZ lewels of theorw {see Table below). Bingle point MPZlang-ce-TZYE calculations onthe
ESLYPDEVE2 geometiies are in progress to confinm the BAL TRIDZ VP2 telative energies.

RELATIVE “GAS-PHASE” ENERGIES (KCAL/MOL) OF
TET RAMET HOXY-CALIX[4JARENE CONFORMERS AT VARIOUS

LEVELS OF THEORY

BELYM EBL3TH MM 396) MM3{96)
Conformer

Dzybs, Deviz WIRDOM opeed dymedlio; SYRYE SHARME AMEED
cong : !
partial core
15 alt
1.2 alt ]

HMIBE OF) bype b acxpgens Felabive e ergies are similar bo those reported with TWR3[92): cone, 027, partial cone, 000; 1,3

akermate, 150; 12 alternate, 4.10 kea¥mol (Harada, T .; Budzinded, 1. B Shinkad, 8. 0 Chem, S oz Toor, 51002, 2100),
06), type 41 oxpgens Conpgentype 41 reconmended for comjwgated ethers as deseribed @ Hayr, B F; Tang, L; Allinger,

H.L,;Lii, J-H. S80S0 Sewe pTRECHCEESM1000, 428,202, SYBYL o impleme nted in the MacBpertan Frogram.

CHAEMm TTaing parameters and partial ¢ lrges from a prior e alivtes ne stwdy (ven Hoorn, WF.; Brik, W.1; ven D wyzhoven,

TP I wan Weggel FOJII; Reinbowdt, I H. 0 Gy Clom, 1908, 43 1299). Relatiwe energies are comparable bo those e potted for

the parat-huryl ansdogue : eone, 3.3; partial come, 0.6; 13 alvernare, 00; 1,2 akernate, 6.3 keal'mol.

AMEBER T:ing the defanlt paramster set of AMEER4 .1 withm feeing parame ters and 6-3 15k ek otrostatie potential charges from a

priorealttarens Audy [Grootentmdis, P D L; KEollman, PA; Groenen, LiZ; Relnhowdt, DH.; van Hunme, G.J; Ugozzol, F;

Andretti G0 5 s Clum, Sy 1900, F75 165-9176]. Bebtie energies are eomparalle bo those reported for the para t-bukyl

ammloue: come,93; partialeome, 42; 1,3 akernate, 0.0; 1.2 adermte 4.2 keal'mol

BOLT ZMANN POPULATIONS (%) atT =243 K

| Method Partial Cone Coe 1,3 Altemate 1.2 Alternate
HME CDC13 i) 27 nd. nd
E3LYRDEVEZ : ¥, 0.0 i
ELYFDEVEFZ

MM396), O type 41
MM3(9E), O tvpe 6
STBYL

CHARMm
MIMDOH

AMEBER 100z : [
Populations are caleulated after correcting the energies for  entropie terms arising from conformational and rotations] degeneracies |
ie, 3 =E + RTlnfsin). Bymmeter and sin values were as follows: partial eone, Cs, 108, eone, C2w, 304; 1,3 alternate, D3, 43;
1,2 altermate, C2h, 112,




METHOXYBENZENE IS AN AMBIDENT LIGAND

Tetrame thoxvealix[4]arene is composed of 4 methoxvbenzene subunits lnked with methvlene spacers. We
have completed high-lewel caloulatons on complexes of the alkali cations with methoxvhenzens to beter
understand the energetics and geometries of the host-guest interactions present in calixarens-cation complexes.

We find that methoxybenzene izan ambident ligand ie.,it offers two binding sites to a cation.

THE TWO STABLE GEOMETRIES FOR [K(METHOXY BENZENE)]*

BINDING ENERGIES OF ARENE FORM AND OXY GEN FORM
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MINIMA LOCATED FOR SODIUM COMPLEXES

1,2 altexnate, 4 O 3.2 keal'moD



MINIMA LOCATED FOR CESIUM COMPLEXES

partial come, 2 O +2 arene partial cone, 1 O+ 3 arene

1,2 alternate, 4 O 1,2 alternate, 2 O +2 arene



Next-Generation Calix|[4]arene-Crown Ethers for
Cesium Extraction

Goal

Dexgon New Calixs/¥larene Crown Ethers with improved
Cesturny Potassiam selectivity

Background

(alix/dlarene crown- ethers extract Cestum 10 16 timmes more
stropgaly than other crown etlers,
with the highest Ci/Na selectivities (>10 ) known

R ecent Studies Show

'K selectivities are modest (16 160 )
Potassiim competes with Cesfinm npoder extraction conditions siaurfaling
Hanford tank wastes

Molecular Modeling studies sugvest that 1,3 deoxyoena ted calis/¥larene
crown ethery may exlinbit better complenentarsty for calion
complexation

Approach

Ssnthesine new calix/4larene crown ethery facking ether oxypens on two
af the four arene rinoy

Evaluate extraction befiz vior for alkali metal nitrate salty
and compare fo that of known calix/¥farene crown ethers

Iovestioate structural factors that inflence adiog strenoth and
selectivity



Molecular Mechanics Modeling of Calix[4]arene
Crown Ethers

Calix[d]arens Crown-6 Ethers in the 1 3-altemate conformation are efficient and selective Cesinm Extrac tants

When a cation is bound in the crown ether cavity, coomdination to any or all of the six oxwgens of the crown
ether and two arene s of the caliverene is possible

It iz reasonable to propose that warying the distance between the oxgens andlor arens of the calizarene will
influence the compleme ntarity of the cavity for cation binding

Maolecular mechanica (MM 3) caleulations were performed fo evaluate the role of substituents in posidon A of
the calixarene in influencing ligand comple mentarty and m-caton interactions

Conformations] analvses were performed on the Csand K complexesof a model calix[<4]arens crowmn ether o
determing the most pobable low-energy conformatons of the crown ether portion of the molecule.

Three crown ethei conformations were naed in the svhaequent modeling of the calivarens part of the molecule
Rezults show that varving the substituents at A influences the compleme ntarity for cation binding
Lower walues f0r AlTq, + Eq = #um reprezent higher binding siwe comple mentarity.

Best Compleme ntarity occurs for A =-H,
. a geries of new calix[<]arene crowm ethers were syrthesized bearing -H af position A

Conformer #1 Canformer 2 Conformer £3
A AlLmp E, Sum | AU,mp E, Sum AUy E, Som
-H 6.58 -5.96 -2108 7.94 -53.69 -075
-0CH, 7.64 -8.23 -.058 G.61 -5.11 0.51

OCCH, ) 7.44 -745 -004 7.93 -7.35 0.58

-H 593 -5.04 089 3.36 -4.85 -1.49 2.89 -4.94 216
-0CH, 7.18 -4.30 2.88 4.87 =397 0.30 4.86 -4 06 0.50
SOC{CH, ) 5.99 -3.90 3.09 4.64 -3.54 1.10 4.96 -362 1.34

211 erergies in kealimol.







Extraction of Alkali Metal Nitrates
by Calif4hrene Crown-6 Ethers
Derived froml'etrahydroxy Calj4Arene

Eompouad D, Sts 21 Stsim Stssk  Sterre
1 4402 116786 10042 237 15
dupleate 4880 119063 10542 249 16
2 44BBE 264904 58226 227 17
dupléate 4.391 352074 25943 243 18
3 4324 235972 41366 223 17
dupleate 4120 316374 41096 225 17
a 3761 117376 16555 238 20
dupliate 3.950 128327 16726 242 20
9 3.656 304127 101094 263 18
dupléate 4219 600046 104780 311 20
i} 4,070 732178 105126 334 15
dupléate 4.045 TE024a 111039 342 16
7 5.689 241952 181186 353 19
dupléate 5269 216640 17371 333 18
8 1583 107311 632000 19 9
dupleate 1644 347970 656435 140 10
9 2,186 220501 621578 255 18
dupliate 2.402 694506 47 2873 308 20
10 5.436 997196 105606 427 18
dupliate 6.357 1103027 113248 427 18
11 1.227 324564 5643 164 17
dupléate 1.149 30359 5067 167 17
12 5.119 250932 18321 283 18
dupleate 4593 192981 16173 255 16




Extraction of Alkali Metal Nitrates
by Calif4 hrene Crown-6 Ethers
Derived fromDihydroxy CaljfArene

+F

R = HWK \
= a
) 4

Compound Dy, Stesi Sceim Stk Scavrb

13 0.3899 13008 12517 > 4000 »39
dupltate 0.4156 51514 33455 > 4300 > 42
14 0.7191 37552 26594 1337 »72
dupltate 0.7919 32051 20706 1513 »79
15 0.3672 142586 S441 416 »37
dupltate 0.3429 155822 6579 452 >34
16 01165 20000 »>48000 > 1200 »12
dupltate 01163 20000 »>46000 1200 »12
17 0.2414 »400000  >96000 » 2500 »24
dupltate 0.2400 >400000  >95000 » 2500 »24
18 01071 12064  »42000 1111 »11
dupltate 01036 42806 > 41000 1075 »10
19 0.3865 »B00000 > 150000 > 4000 »39
dupltate 0.3799 >BO0000 > 150000 > 4000 » 38
20 0.4540 >B00000 > 190000 2542 » 48
dupltate 0.5273 >900000  »>210000 2518 »53
21 Q7707 » 1300000 300000 2787 »TT
dupltate 07384 > 1200000 290000 2701 » 74
22 07127 » 1200000 230000 1420 >
dupltate 07108 > 1200000 230000 1663 >
23 09222 1300000 360000 1232 T2
dupltate 09128 1300000 360000 1213 Fi=!
24 0.3235 32640 > 130000 273 »32

dupltate 0.3209 79539 130000 338 »32




Equilibrium Analysis of KNO, and
CsNO, Extraction by BOBCalix4C6
Revealed Species Stoichiometry and
Elucidated Selectivity Factors
* BOBCalix4Cb extracts 1 or 2 C¢ lons
* The 2nd Cs*ion is two orders of magnitude more weakly
bonded than the 1st

* SXLSOI analysis for extraction into 1,2Dichloroethane
at 25 °C gave the following:

1 log ‘é:x, 2 log ‘é:xig

log ﬂ:x . log fi:ﬁ_’

CsMOy 2772002 -092+£002 354+ 0.04 <-0.4
KNy, 018+ 0.06 -4.02+0.15
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Investigating Thermodynamic
Properties in the Solvent Extraction of
CsNO; and KNO,; by BOBCalix4C6 in

1,2-Dichloroethane

Partitioning of BOBCalix4C6

MO, log £
mol LA
0 > 5.12 t\é i

1 E-06 4612 0.06

{E-05 4.74 + 0,30

1E-04 4.80 £ 0,24 E

{E-03 512+ 0.12

{E-02 5.03 + 0.46

1E-01 L5002

|| Extraction Takes Place by:||

e

aM" + 00X + B,

\\\
MBX, ., + X

n-1org

1 Org



Selectivity of Cesium over Potassium
in Competitive Extractions 1s
Dependent upon Potassium
Concentration and Diluent Type

700

500 ——  Eyleme
—a— #Dicklorokenzene
300 —a— 1.2-Dichloroethane
g ——— 2-O¢tanomne
‘:“ A0 —n— Hitrobenzene
E — & 1-Octamol
§ 300
@ 200 &\*ﬁ\m
100 -
o T T T T
1.0E-04 S5.0E-01 1.0E+00 1.5E+00 2.0E+00 2. 5E+00
Total Aquenns Hitrate
Conditions:

Equal wolumes at 25 °C for 1 hour, 5 mM BOBCalixd(C6 in 1 2-DCE
Vanable KINO; 0001 M-20M; CsMNO ;constantat 3 x 10 M

SXLSQI modeling results for 1.2-DCE showed that the decrease in
S xc 85 loading of KNGO 3 inereases is due to increased ion-pairing

in the solvent phase.




Next Genermon Solvent Extraction Systems
Employing Crown Compounds

Introduction

Sewresorsticsolvent extraction systems employ fwo differesmt Hognds
to effect partitioning of a solute that is greafer thawr that observed
Wwhenr eftfier exirectant fs used alore. Such systems show promise in
the development of extraction processes of fmproved efficiency and
selectivitybecause the wnfavomble themnmodynenite regutrerments of
co-ion transport and dehydration ane ohmunished by the cation-
exchange and solvating abilities of the two extractants. To date, no
systematic investigations of synergism using crown ethers and
dialkyl phosphoric acids have been reported. An understanding of
how these classes of extractants interact to synergize the partitioning
of cations is important if such systems are to see more widespread
application.

The objectives of this research are to study the synergistic extraction
of Ca?*, 82t and Ba®* by a series of disvloferana-iS-crown-&
( PCHISCS isomers and  ofalisd phospliorre acids of increasing
steric bulk, and to determine if the magnitude of the observed
synergistic effects can be predicted from macrocyolic loand strain
energres caleulated by molecufar mechanics. These results will
ultimately be emploved to develop a new series of synergistic metal
ion sorbents for alkali and alkaline earth cations.



Isomers of Dicyclohexano-18-Crown-6

H H
P
H H

C : rans-syn-trans

H
H /‘\../O\,f\
/?6\3/‘\0 NOO\J
H

B : ciz-anti-cis
H
H o &
v”;o/“v
o{f\\/ S
H

H

D trans-anti-trans

E : cis-anti-trans

Dialkyl Phosphoric Acids Used in This Study

Di-Z-ethylhexyl phosphoric Acid : HDEHP

Di{di-iscbutsimethy]) phosphoric Acid -
HINDiBM )P



General Equilibria

Osmometric and infrared spectroscopic evidence show that there is
no interaction between DCH18C6 and the dialkyl phosphoric acids
(HA) in toluene. The extraction equilibria can therefore be
generalized as:

K:\

M2+ + DUH13CE + 2(HAY,

MIDCH18C ) (Ha )z + 2H*
baluens

_ [M(DCHIZCE)(HA ) J[H' )2

KBX
(M2 J[DCHIZCE][(HA ), 12

Dy, is defined here as:

_ [W{DCHIECE ) Hap 39 ]
(M4 ]

D

After substitution of D, into the equation for K, and rearrangement:
log Dpg = logKey + 2pH + log [DCHIECA] + Zlog [(HAYL]
Systematic variation of the pH, [DCH18C6], and [{HA)] terms and

their combinations are required to fully characterize the synergistic
extraction equilibria.



Acid Dependencies in the Presence of DCH1BCE
[HOOR] = Gdin toluene, [DCH18CE] = D2E] = 0.0

HDOP - CE Continuous Variation Study
[HDOP] + [CE] = @1
[HMG = 0.00; [M (Mg = 0.00M
1d 1
sr

1P WP 4l
14 Lt
gt ——k A 13 it
—a—k B »
—4—k T [
Ak E
1 1 i

oo o2 04 06 02 10 oo 02 04 06 02 10 00 02 04 06 08 1C

Crown Ether Mole Fraction



Polymer Immobilized Crown Ethers for

Lithium Adsorption
Lithinm leaclhing from burial sites at the Oak Ridoe V-12 Fla
poses potential lono-term envireamental hazard.

14-Crown-¥ Fther bearing T
metliyf groups on the

ethylene bridoes bas been }]fsfi[o O:C%{fs
shown to a selective %c ol &[{133
extractantfor Lithium salts L\/I

C:I-I2
Precursor crows ether has
eleliniclunctionality % o 0 cg-ifs
potentially suitable for %jo OI$3
incarporation fnte polymer U d
metwork

Direct Incorporation of Crown Ether Into
Polymer Network is Synthetically Attracti’

polymerization N (I:-I ¢ CHj
iritiator

oy >>,—- Q
77 o
I%%ss
Hq

o N CH;

H
*}‘fg%jo




Low Incorporation of Crown Ether (as determ:
by Li* uptake) Encourages Alternative Approz

O POgEh CH; O PogEh
HI\I CHy
CH
‘ "
/J:- ch4§r \j
HeCCH,

Now, Low Lithinm Upta&e ¥ Accompanied by Noo-SeloiVily

HeC CHé

-,

New Effort Involves Chemical Modification
Crown Ether; Allows Potential Alternative
Chemistries for Immobilization

Ha

19 g, CHpCOp gl c:—}:lg 1) By, THF
2) [CHg)S cji s 2 HyOg, NaOH
Bz

O CH

H.
i = :E

Eanmat

f{’ ; WH
HSCCH

; 1 CH&H @/\ ,\(\ s
chf ~CH, —* Hyt 41?(

HyC CHg

No Measureahle Lithium U ploke
dmire Linkoge Moy Be Unstahle

2



Conclusions

Pewlopment of figl-leved Moleciifar Modeling is leading
fo new fosiohiy inlo the binding andes of oetal cations B
calixarenes and provding foput usefil in the dbsion of
nmewcalirarene crown ethers

Deaded SX studier and speciation modeling are leading
fo better undarstanding of structure and specfation in the
extraction of alkali and alkaline carth cations by
calixarene crown ethers and by crown etherpliosplioric
acld syneroistic SyEtemy

Aew calixarene crown ethers exlibit improved cesiun
selectiaties for polassium (and rabidivm)}
and help provide insiolit into the rofe substitoents play in
aetermining conformational preferences and
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