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Sandia National Laboratory sites are located
across the nation

Albuquerque,
New Mexico

SNL's major facilities are located at
Albuquerque, New Mexico;
Livermore, California; and at a test
range near Tonopah, Nevada.

Waste Isolation Pilot Plant,
Carlsbad, New Mexico 188,300 acres. Tonopah, Nevada




Sandia is a National Security Laboratory
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People and Budget

(As of October 11, 2011)

=On-site workforce: 11,876 FY11 Oggrztl')?"gi;eVenue

=Regular employees: 9,122
=Gross payroll: ~$943 million

Technical staff (4,557) by discipline

(Operating Budget)

# Nuclear Weapons
i Defense Systems & Assessments
' Energy, Climate & Infrastructure Security
M International, Homeland, and Nuclear Security

— Computing 17%
Other fields 12%
Other science 6%
Physics 6%
Chemistry 5%
Math 2%




Cross-cutting, inter-discipline studies at AML/SNL
requires integrated approach to research.

30 Sandia employees
+ technical staff,
+ technologists,
+ post docs, and

+ student interns
- hosts >30 students, faculty and researchers from UNM, and
other academic and industrial institutions.

Work at the AML is focused on
materials and process research in the
areas of:

* ceramics,

* porous materials,

* catalysts,

* clectronic materials,
* materials modeling,
* biomaterials,

e synthesis.

Materials




Approach and Projects of Boyle Research Group at Sandia
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Precursors limited to the Periodic Table of Elements
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Synthetic techniques for production of
ceramic materials

Goal: Develop tailor-made precursors to generate optimized materials.
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‘Nationally Critical Materials’ are necessary to
maintain the nation’s economy.

Critical
{_ Materials

N Strategy

Strategic and Critical Materials
2013 ann onm Stockpile

* no U.S. Government-wide definition exists - broadly, if a
vital sector of the economy requires a mineral in order to
function, that mineral would likely be deemed “critical.”

e from a national perspective, a strategic mineral may be
defined as one that is important to the Nation’s economy,
particularly for defense issues; doesn’t have many
replacements; primarily foreign sourced.

e a nation’s perception of vulnerability to supply
disruptions, and of a need to safeguard its industries from
repercussions of a loss of supplies.

e Criticality to some extent is determined by the industrial
and commercial uses of the raw materials.

The concentration of production of rare earth elements (REEs) outside the United States raises the
umportant 1ssue of supply vulnerability. REEs are used for new energy technologies and national
securify applications. Two key questions of mterest to Congress are: (1) Is the United States
vulnerable to supply disruptions of REEs? (2) Are these elements essential to U.S. national
securtty and economuc well-being?




Surprisingly (1?) a number of these are
the lanthanides (and Group 3 elements).
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RE elements have found widespread utility:
e energy technology e transportation e electronic displays e guidance systems

e national security e lasers e radar ® sonar systems




In the past few decades China has taken over the
production of Ln,0; materials.

Ln Historically Abundant Global Rare Earth Oxide (REO) Production Trends

*1950s: South Africa (monazite) om0
*1960-1980: Mountain Pass (CA) 120,000

100.000
90,000
80,000

¢2010: Inner Mongolia, China
¢2011: MolyCorp resurrects Mountain Pass (CA) mine
produces <95% Ln: only 37%
world reserves, (2012 = 23 %)
e States Geological Survey (USGS) reveals US had 13 m
metric tons Ln elements.
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http://en.wikipedia.org/wiki/United_States_Geological_Survey

While RE are available in the US, the PUREX process
to extract/isolate the elements limits utility.

R

Mountain Pass
Rare Earth Mine

¢ 1949 - discovered by a uranium prospector who noticed the anomalously
high radioactivity.

¢ 1952 - The Molybdenum Corporation of America bought the mining
claims, and small-scale production began in 1952.

¢ 1960 - Production expanded greatly to supply demand for europium used
in color television screens.

® 1965 — 1995 - larger scale; supplied most of the worldwide Re®.

® 2002 - mine closed in response to environmental restrictions and lower
prices for REEs.

® 2008 - Molycorp Minerals LLC revives the Mountain Pass mine

e July 29, 2010, Molycorp, Inc. became a publicly traded firm



https://en.wikipedia.org/wiki/Molycorp
https://en.wikipedia.org/wiki/Europium

RE-cycle a possible route to reduced dependency.

Currently, only 1% of the RE-containing consumables are recycled.
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e Honda (Japan) recently announced e Rhodia (France) has begun to * Hitachi, Ltd. announced
that key materials for their hybrid reactivate its production plant to plans for recycling RE- e Sandia 8700 kg of
i f i magnets from hard disk
au-tc?m)Obl-Iﬁi (whlclhd include RE rtlecovert Th fand other I:E drivge S fore ot fluorescent waste, a
oxides) will be recycled. elements rom magnets, ) .
windmill components, electric conditioners, and other loss $900,000 in RE
vehicles and hard disks. compressors. Developed material (per 2 yrs).

machinery to separate and
collect RE using an
experimental da process.

New extraction methods are necessary to aid in the
RE-utilization of other ‘waste’ RE-materials (i.e., fluorescent bulbs and magnets).

Companies trying to take advantage of this need.

* REEcycle (U. Houston) has a patented method to extract Dy/Nd from neo-magnets. RE E g

e Ames Laboratory and Critical Materials Institute has an imidazole borate ionic liquid to \rmes Taborator
dissolve lanthanide oxides. A




Everyone is studying Ln’s. What happened to Sc?
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Scandium: Thortveitite
e discovered by Lars Fredrik Nilson, a Swedish chemist, in 1879 (Sc,Y),Si,0; 24 % Sc

e Sc° was first produced in 1937 and the first pound (0.45 kilograms) produced in 1960.
* 18 to 25 ppm comparable to the abundance of Co (20-30 ppm).

¢ 50t" most common element on Earth; 35t most abundant in the crust.

e trace amounts in many minerals: thortveitite, euxenite, and gadolinite.

e less than 22 pounds of Sc®is produced annually

e $75 — 270+ per gram.

Sc has widespread utility —

* 20 kg (as 5¢,0;) are used annually in the US for high intensity lights

e alloys — reduces crystallite precipitation; strenthens e Fuel cells egermination of seeds

e gerospace industry components ¢ Hg vapor lights (sunlight) e tracing agents in oils

e sports equipment (bats, bicycles, lacrosse sticks, e firearms e dentists (Er,Cr:YSGG) lasers




Primary Question:
How is elemental Sc? recovered with high purity?

(Applied voltage)

/ Anode Cathode
%» [SC3+]m [A+]n [X-]m %

\l (lonic Liquid/Additives) l/

Discarded/re-used? Isolated ScP (SSS)
- Standard reduction potentials - lonic Liquids[A*][X]:
indicates selective oxidation is electro-chemical window > 4-5 V
thermodynamically possible negligible vapor pressure

low viscosity
Sc3* + 3e =Sc’E°=-2.03 V no H, generation

IP opportunities




Dissolution of Sc° found to readily dissolve in (aq)
HCI without disrupting the crucible (too much).

HNO,
> '
(a) — (d) S
¥, :
;‘f

HPO,;
HCI

Experimental setup for Sc°/crucible




Dissolution of Sc° follows established chemistry
using HCI (or does it?).

[Sc(Cl),(H,0),][Cl]*H,0

(under argon) [SCC|4(H20)21[SCC|2(H20)4]

[Sc(H,0),]3[Cl]



Dehydration of ScCl;*6H.0 follows established
chemistry using HCI (or does it?). e

(aq) HCI

Sc® + (aq) HCI

[(H,0).Sc(OH)],4Cle2H,0
S0,Cl, | (at high temperature)

l(aq) HCI THF

6 © AR

L‘- or

s0,Cl, TRzl

[Sc(Cl),(H,0),]Cl*H,0
(at low temperature)

ScCl,

https://de.wikipedia.org/wiki/Scandiumchlorid




‘Dry’ ScCl; verified(?) using.

BeD-XRD PXRD
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plate comm NH,OH/S0,Cl,

Specimen
Vacuum port plate assembly
base (sealed)

.........

Complexometric titration: tib.ScC13/S02CL2.01

tjb.ScCl3.comm.01
Sc(C| 29.7. %Sc): . +263.2,+233.2, +223.1
3 ( , ) +221.5 (100 %) 46%, 15%, 39%
comm. (297), 3 Sc environments.

dried (19.6)




... (un)verified using single crystal X-ray diffraction

NH,OH dried g

>
ScClzenH,O SO,Cl, dried
> <
THF
ScCl, > {z
[(H,0)Sc(THF),]eTHF
NH,OH dried
Py
ScCl, >

[(py),Cl,Sc(u-OH)] ,




Other acids form hydrates as well
from metal; from ‘ScCI(OH),’?

[Sc(H,0),]13[Br]

A

|
: (aq) HBr
|
|

{[(H, 05t 21! [(H,0),Sc(OH)],4C]




Halogenation of Sc is more complex than expected.

¢
C Sc?
C
. . ¢ . ° b_ QL
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vo© L @
( 9 (conc)HCI
‘ s ¥ C <€
~
[ScCly(H,0),1IScCh(H,0)]  [sc(Cl),(H,0) liclleH,0  [Sc(H,0)¢]3[Cl]
« *
C
C
‘o / .
CC .L C
‘ (conc)HBr
[Sc(H,0),13[Br]
« , .
=7,
B~ p
( : (.‘! .(
‘Ln(OH),CI’ from solvothermal synthesis ) ‘ ® < (conc)HI
Zehnder et al. “Investigation of the Structural
Properties of an Extended Series of Lanthanide
Bis-hydroxychlorides Ln(OH),Cl (Ln = Nd-Lu, [SC(H20)7]3[|]

except Pm and Sm)” Inorg. Chem. (2010) 4781.

[(H,0)sSc(OH)],4Cl

il

-

[(H,0)sSc(OH),],4Br

o 'f'-
e

[(H,0)sSc(OH)],41




Possible to reduce the CI/H,O species?

< € ScCl,enH,0 and/or

Sc° > [Sc(OH)(H,0)s1,4[Cl]

Sc/Sc3* L? ¢ "

[Sc(Cl),(H,0),]Cl*H,0

H,0 (pH = 14)

I I | |

I I I I I I | I
2

+

|
D —t—

+4 +2 0 -

Potential (V vs Fc/Fc?)
vs ferrocene
(voltage limit set a 1 mA/cm?)

(Fc/F*) is 0.4 vs NHE)

[(H,0);Sc(OH)],Cl,

Izutsu et al. "Electrochemistry in Nonaqueous Solutions"




Electrochemical reduction, in water, of
[ScCl,(H,0):]Cl*H,0 and [(H,0):Sc(OH)],4Cl

0.1M Sc(OH)CI2 in DI H20
Pt/Au/Si WE, Pt CE, Ag/AgCl RE
100 mV/s scan rate

0.1M ScClI3 in DI H20
Pt/Au/Si WE, Pt CE, Ag/AgCl RE
100 mV/s scan rate

0.00%
0.0015
0.0005 -
y 0.00% —
/ - 4
r o T L y T T 1
3 2 m 1 2 3 0.0005 v/
< < /
£-0.0005— = ~0 . . - . .
E ()
£ £ -3 -2 0 1 2
o
© 00005 —— /
-0.001
0.001—|——
-0.0035———
0.0015———
-0.002
Applied Potential (mV) -0.602
Potential (mV)
~—File 003 ====File 005 File 007 ——File 005 === File 007 File 009 File 011
[Sc(Cl),(H,0)¢]CI*H,0 [(H,0).Sc(OH)],4[Cl]

Chloride’s not going to work for the reduction of Sc3*.




Alternative approach, generate alternative ligand set
with less complicated product set.

- - - SCL3*nH,0
Q ‘ HAL )

/

SctlgonHZO and/or
efitH, 0)Sc(OHYAICI]

HCl H,S0, HNO, H,S0, H,PO, H,PO, H,PO,
(-7.0) (-3.0) (-1.3) (1.99) (2.12) (7.21) (12.32)

pKa of Inorganic and oxo-acids (http://evans.harvard.edu/pdf/evans_pka_table.pdf)




[(H,0):Sc(u-OH)],4Cl+2H,0 + (xs) HO,CCH,

[Sce(1-OAc),,(H,0),,16[Cl]

Fuchs, R.: Strahle, J., Z. Naturforsh., B: Chem. Sci. 1984, 39, 1662.




[Sc(u-OH)(H,0)5],4[Cl]*H,O + (xs) HNO;

¢

[Sc(u-OH)(NO,)(H,0),][NO,] [Sc(0,NO)<,(H,0),][NO,]*H,0
Arif, A. M.; Hart, F. A.; Hursthouse, M. B.; Thornton-Pett, M.; Zhu, W., J. Chem.

Soc., Dalton Trans. 1984, 2449-2454.

Brown, M. D.; Levason, W.; Murray, D. C.; Popham, M. C.; Reid, G.; Webster, M.,
J. Chem. Soc., Dalton Trans. 2003, 857-865.
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Sc(u-OH)(H,0)s1,4[Cl]*H,0_#-(x8) H,PO,

[Sce(11-OPO;)4{OPO;),]

o
l
el

el
el
-
l

Sholin, Y. I.; Shepeley, Y. F.; Domanskii, A. I.,“‘K?‘)Eta//ografiya 1982, 27, 146-147;




[Sc(u-OH)(H,0)5],4[Cl]*H,0 + (xs) H,SO, >

[SCZ(M'OSO4)3(H20)Z]n

Wickleder, M. S., Z. Anorg. Allg. Chem. 2000, 626, 1468-1472.




Sc(u-OH)(H,0):],4[Cl]*H,0 + (xs) H,-SO,-R

H-OTf F;CSO;H
> >
%
C L
C
LQ ‘
C

[Sc(H,0),]OTf, [Sc(O;SCF;);(H,0);]

Abbasi, A.; Lindqgvist-Reis, R.; Eriksson, L.; Sandstrom, D.; Lidin, S.; Persson, I.; Sandstrom, M., Chem-Eur. J. 2005, 11, 4065-4077.




Sc(u-OH)(H,0)5],4[Cl]*H,0O + (xs) H,-SO,-R

p-MePhSO;H

[Sc(O;SPhMe),(H,0),][HSO;PhCH,(H,0),]

Ohki, Y.; et al Bull Chem Soc Jpn. 1988.

p-MePhSO;H
DVSO >
Cg ®
® c¢

c\(—c"c

(DMSO0),Sc(Otf),




4Sc NMR is surprisingly simple to obtain.

SScandium NMR

4Scandium (45Sc) is a high sensitivity nucleus but
with a 100% natural abundance that yields broad
lines even in symmetric environments over a wide
chemical shift range. 45Sc is a spin 7/2 nucleus and is
therefore quadrupolar. As a result, the signal width
increases with asymmetry of the environment.

45Sc NMR is rarely used because
scandium is rare and has a limited
chemistry and when it is used it is
to study the chemical environment

of the scandium. each type of Scandium
compound has its characteristic chemical shift (fig. 2).

200 100

Sc*
(ScXe)™ L s o
¢
Sc(acac); | Sc(NO;), ScCly
(0,00 | (D,0) (EtOH)
0

-100

http://chem.ch.huji.ac.il/nmr/techniques/1d/row4/sc.html

45Sc-NMR Properties
natural abundance = 100 %
spin (I) =7/2;
Solution chemical shift range 350 ppm
(-100 to 250 ppm)
Reference compound 0.06 M Sc(NO;); in D,O

gyromagnetic ratio = 6.50880 x 107 rad/Ts (similar to 13C)
magnetic moment (m) = 5.3933489 m,

quadrapole moment (Q) =0.22 x1022 m? or -0.22 barn
v0(45Sc) =97.4 MHz (9.4 T) and 112.0 MHz (11.75T)
T,=5x103s

Frequency to 'H (100 MHz) = 24.291747%

Relative receptivity to 3C = 1730 (0.302 to 'H)

Linewidth parameter 66 fm*




45Sc NMR supposed to show coordination
environment.

Sc(acac)3 Sc(OAc);

ot i 1@-1’%; ? 1
Nttty >§y ¥

Sc(NO,),*6H,0 ScCl;#6H,0 ScCI303THF

.:\;f SE

”45Sc NMR SIgnals are dffected by both the
symmetry of the coordination environment
and nature of the bonding.”

Sc(TMHD),

Sc(Cp);

Rossini and Schurko J. Am. Chem. Soc. (2006).

“>Sc NMR isotropic chemical shifts and quadrupole
coupling constants of several Sc-containing solid oxides
prove to be sensitive to local structure. In these materials
the #°Sc isotropic chemical shift appears to be dominated
by the coordination number.”

Stebbins Chem. Mater. (2006).

Solid-State
*Sc NMR
Spectroscopy

S\ sesaom,

MC Sc(OTf),
- polystyrene

L L A L L B LB

100 0 -100
—\ —
[c—)

coordination
polymer “chains”

single chain

Sc(OTh), domains

“4>Sc quadrupolar coupling constants (Cy) range from
3.9to 13.1 MHz and correlate directly with the
symmetry of the scandium coordination environment.”

250 1
150 4

50 +

50 -

Isotropic Chemical Shift (ppm)

-150 + . . , .
5 8 7 8 9
Coordination Number

Figure 3. Isotropic chemical shifts for “Sc¢ in model compounds
(diamonds). vs. observed values for Sc-doped zircoma (horizontal lines).




45Sc NMR solid state used to characterize the
various SclL;(H,0), compounds.

[(H,0)sSc(n-OH)],4ClI+2H,0 [HI[Sc(n -S0O,),]*2H,0

{6[H][[Sc(n-PO,)(PO,)le}, [Sc(u-TFA);Sc(u-TFA)],




Solution state °Sc NMR of [Sc(OH)CI,(H,0),],
compounds indicates equilibrium.

+ H20 + H;0
[(H,0);Sc(OH)],4Cl [(H20)5Sc(u-0H)]2Cls —3 “[Sc(OH)CI(H20)s]Cl” == “ [Sc(OH)(H20)s]Cl”
- H,0 -ﬁzo
innersphere CI outersphere Cl
o
™
(o0]
o
#
| D
(o0]
concentrated
900 800 700 600 S00 400 300 200 100 O  -100 -200 -300 -400 -500 -600 -700 -800  -900
ppm
(o)
Q
LN
o
dilute
900 80 700 600 500 400 300 200 100 O  -100 200 -300 -400 -500 -600 700 -800  -900

ppm




43Sc NMR solution state of ScL,(H,0),, in H,0 all
have resonance around 0.0 ppm
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The fact that all the Sc-L species formed the [Sc(H,0)¢]** species means
WATER is not a good choice of solvent for e-chem Sc° RE-cycle.




43Sc NMR solution state of ScL;(H,0),, in H-L all
have different resonances.

o
&
3
[Sc(n-OH)(NO;)<(H,0);][NO;] J
<
o0
[Scs(1-OPO;)s(OPO;),,] l
—
i

[Sc,(1-050,)5(H,0),],

T T T T T T T T T T T T T T T T T T T
900 800 700 600 500 400 300 200 100 0 -100 -200 <300 400 -500 600 700 -800 -900
ppm

116.20

[Sc,(-OAC) ,(H,0),,16[CI] J‘L

w0 L oo L3 0 00 a0 20 1a0 ° 10 300 - 300 -0 o0 w0 - o 0 00




Select solvents with large enough window to
reduce Sc?®*; determine solution structure.

Sc/Sc3*

HO,CCH, o

NCCH, o

C,H,Cl,

C,H,Cl, C
DME

DMF

DMSO

HMPA
NMP

NM ®

pPC ®

THF

TMS ®

H,O (pH = 14)

+4 +2

| | |
0 -2

Potential (V vs Fc/Fc?)
vs ferrocene
(voltage limit set a 1 mA/cm?)

(Fc/F*) is 0.4 vs NHE)

Izutsu et al. "Electrochemistry in
Nonaqueous Solutions"




How to dry ScCl;(H,0),, ?

DME/SO,CI,
Soxhlet Extraction in THF

Amico et al. “Improved preparation of anhydrous LNCI3 under mild
conditions” Inorg. Chim. Acta (1995) 1 - 3.

NMR ScCI3(THF)3 PXRD ScCI3(THF)3

[SCCly(THF),]

Atwood & Smith Dalton Trans (1974)




Solvates of [ScCIl;(THF),] are structurally diverse.

DMF MeCN Py >

[ScCl,(DMF),] [ScCl,(MeCN),]

Hubert-Pfalzgraf et al Polyhedron (1999):
DME/MeCN & diglyme

DMSO Py
> © >
C C . X
Sl i

. q J o
o/ ﬁ' b
C L o—
g" ghf:\&a e 5;'3-: e
a & aﬂ‘.&f
Lc‘J(t.i\. U\U

[Sc(DM5036]3[CI] {[ScCl,(py)l[py-H-pyl},

v

[ScBr,(MeOH),][Br]




Selected voltammagrams of commercially available
samples investigated show no reduction for Sc*s.

. bis(trifluoromethylsulfonyl)imide Pt in 0.1 M Sc(OTf), trifluoromethanesulfonate
Pt in 0.1 M Sc(NTf,), (NTf,) in DMF 100 mV/s (OTf)
in DMF 100 mV/s
1 —
0.5¢ Na—> Na* +e
0 L

Current / mA
5
()]

Na*+e = Na

~1.5
B T e S -
Potential vs. Ag/AG* / V Potential vs. Ag/Ag" / V
. . e Redox peaks w/0 film deposition
* Na (|de'\r!t|f|ed by EDS) e unclear as to what the redox
e impurities electroplated

active species is

Deposit onto 100 nm Pt/40 nm Ti/SiO,/Si (100) for 2 hours at constant potential.

1Anhydrous DMF kept with 3A sieves.
2All ILs and Sc salts dried at 100 °C, <0.5 mTorr for 72 hrs

Thermodynamic vs. Kinetic




E-chem results of [ScCl;(solv),] species reveal:

Potential vs. SHE / V

S —

Ptin 0.1 M ScCl,(MeOH),Cl DMVE i AR K DO DMF 1M 5673 i DVEF
M eo H in MeOH 100 mV/s PLWE, P4.CE, g/ gcl B “E:' ﬁ:':"
100 iV scan rate
H . ENEL
or I 0 SEOT
H—C—OH - O~
H o i
<C

E . =

2 i f
S _o0.25f | ¢

U a
-0.5 e

-1 -0.5 o 0.5 =T ]

e poor solvent choice (MeOH red)

¢ No re-dox observed

.1 W 5cCI3 in ACN
Pt WE, Pt CE, Ag/agCI RE
100 mV/s scan rate

MeCN

DB

—C=N

sosane |- H=

I
f
H

D000

Careeat i)

Snbae; |

Eelocs o]

¢ unusual re-dox, small

¢ redox observed

Pie 0003

.1 M ScCI3-THF in PC
Pt WE, Pt CE, Ag/AgCl RE
100 mV/s scan rate

Pl O3 == lig 0007 el iy Q009 s

¢ reduction observed




PC solvate of [(H,0):Sc(OH)],4Cl is @dd
and not a solvate!

[(H,0)sSc(OH)L,4CI + (xs) /[°>=o N

HaC

Propylene carbonate

[(3(0,0")-(OPF(OH),)Sc(x*(0,0")1(0)-OPFi(OH))(H,0),],4C]




E-chem results of PC-Sc(OH)CI2 shows odd

RED peak

Current (A)

0.000001 ~

0.0000008 -

0.0000006 -

0.0000004

0.0000002 ~+

2607 ~

~4E-07 -

-6E-07 +

-8£-07

-0.000001 -

.1 M Sc(OH)CI2 in PC
Pt WE, Pt CE, Ag/AgCl| RE
100 mV/s scan rate

Potential (mV)

s Flle 0003 emmmmFile 0005 = PC




Tripodal nitroxide ligand used to extract Nd and Dy

\\\\\
H O

3.3 '‘Buli
2.0 (*BuNO),
(aq) NH4CI

Br B
r
l////

THF
-78 °Cto RT

Br
l 7, ////

[{2-'BuNOH)CH,CH,};N]
H,-TriNox

Exposure of the metal cations in the aperture induces a self-associative equilibrium
comprising [M(TriNOx)thf]/[M(TriNox)], . . . Nd/Dy separations through leaching with a
separation ratio of Sy /p, = 359.

Bogart et al. “An operationally simple method for separating the Rare-Earth elements Nedodymium and Dysprosium” Angewandte Commun. (2015) 8222.




Switch to different ligated precursors (Sc-X to Sc-N).

THF
ScCl4(THF); + 3 KNR, > Sc(NR,); + 3 KCl

tris(bis(trimethylsilyl)lamino)scandium
Chemical Formula: C;gH<,N,ScSig
Molecular Weight: 526.12

Single crystall]

a: 16.160 b: 16.160 c: 8.530

a: 90 B: 90 v:120 vV =1929.124
a:16.05 b:16.01 c:8.32

o: 89.91 3: 89.91 y:60.11 V=1854

1: Ghotra, Hursthouse, Welch Chem. Commun. 1973, 669.




Alkali metal derivatives observed. . .oops! .. .being

explored for scintillator applications.

ISECRNBY] ++ THITR —— > [SGCOPBY]] ++ 3HANS, + ..

[(nG'K)(”'DMP)zSC(H'DMP)Z]n [(TIG'K)(H'DIP)ZSC(H'DIP)Z]n

K(u-TOBS),Sc(u-TOBS
[KS(;(TCP)“]2 [NaSc(TFA)4(py]n [ (u )z C(u )]n




Switch to different ligated precursors (Sc-X to Sc-N).

THF
ScCl,(THF), + 3 KNR, > [Sc(NR,),] + 3KCI

tris(bis(trimethylsilyl)Jamino)scandium
FTIR
Chemical Formula: C;gHs,N;ScSig
Molecular Weight: 526.12
Elemental Analysis:
caled: C,41.09; H, 10.35; N, 7.99;
Sc, 8.54; Si, 32.03
Found: 41.57%C, 10.07% H,, 6.83%N

Single crystall']

a:16.160 b: 16.160 c: 8.530

o: 90 B: 90 v: 120 V =1929.124
a:16.05 b:16.01 c:8.32

o: 89.91 B: 89.91 y:60.11 V=1854

Melt Temp: 169-174 °C2l = o~ 31.08
172 °C .

NMR* 1H §0.93 ppm
13C 8 xxx ppm;
45S¢ 8 xxx ppm

1: Ghotra, Hursthouse, Welch Chem. Commun. 1973, 669. * 18 mg/0.2 mL CDCl;
2: https://www.americanelements.com/tris-n-n-bis-trimethylsilyl-amide-scandiume-iii-37512-28-0




New family of Sc-Alkoxides being developed

tol

[Sc(NR;);] + 3 HOR >  [Sc(OR,);] + 3 HNR,
| 6,56 ?:
wife, BY
° .2202
_ _ C © (t o
\ %_ ‘
e & cf&{} o
[SC(OMP)3]2 [SC(OPP)3]2 [SC(OBP)3]2 [(Opri'F)sscz(Hzo)z]

[Sc(BP),(py)s] [Sc(DIP);(THF),] [Sc(DBP),]




Sc-siloxides of interest for e-chem studies and
alternative materials applications.

[Sc(NR,),] + 3 HOSIR, —— [Sc(OSiRs)s] + 3 HNR,

Yy

T .

[Sc(TPS),(H-TPS)]

[Sc(n-DMBS)(DMBS),]

[Sc(TOBS)<,(TOBS)]




Alternative approach, generate amides or alkoxides

3 HOR

Potential RE-cycle




S&T questions in developing a Sc° recovery technology

(Applied voltage)
Selective oxidation is
thermodynamically favorable Literature precedence
Anode But limited literature suggests for RE reduction exists
(crucible) oxidation not so facilein ILs but what effect Cathode
additives in step 1 will
3+ + - have is unknown
MO/Sc0 [Sc* ], AT, X, ~ S0
How effect Kinetics? Purity ?
* Temperature * K, values for Scin ILs unknown
* IL choice/additives * TSIL can increase solubility
¢ Chelation * |Lchoice(s)
* New TSIL w/ * Synthesis of new IL and TSILs
chelation
Selective oxidationin ILs T
— Sc3*+3e =S E°=-2.03 0
“ (is thermodynamically favored!) SC
Isolated Sc®

Discarded/re-used?

TSIL = Task specific lonic Liquids
e.g. Chelating IL from commodity chemical betaine

electroplate ($$9)

lonic Liquids[A*][X]:
electro-chemical window > 4-5V
negligible vapor pressure
low viscosity
no H, generation
IP opportunities
- Precedence for reduction for Rare Earths
- Oxidation has not been demonstrated but high
temperature oxidation in ILs of inert metals has —
even Pt has been reported!




Tailored made ILs based on methylene bisphosphonates
and Sc(NR,); not altered upon crystallization.

Synthesized in two steps in high yield

o] (o}

H3CH2CO\J ”/ocnzcm3
H5CH,CO N \OCHZCHS

(Nj
(o}
reflux
(T o]

HO | I OH HO o
~— P /
~

Organic +
Cation

Y

H5CH,CO ~ \OCHZCH;,

Characterization ongoing
Most thick oils at room temperature

lonic Liquids (IL)
+ o] o] +
Bu3PMe - O\” ||/O Bu3PMe

HSCHch/ \/ \OCHZCHa

Chemical Formula: C;,H;,04P,
Molecular Weight: 664.79
+ o] o] +
Et;NMe - O\U, ||._|,/o h Et;NMe

HacHZCO/ ~ \ocnzcna

Chemical Formula: C;gH N,O¢P,
Molecular Weight: 462.54

o o +
/\tq%o O\J! ||/° /\N%
| H3CH2co/ ~ \OCHZCHs |

Chemical Formula: C,oH,,N,O4P,
Molecular Weight: 490.51

o} o} + R
Bu\+NR -0\” ”/o Bu\N

| HiCH,CO™ ~— \OCHZCH3 |

Chemical Formula: C,3;H5,N,04P,
Molecular Weight: 514.62

i \

\>_ / P o | A\
HsCH,CO \/ OCH,CH;
) Chemical Formula: C;oH3sN,O¢P,

Molecular Weight: 480.48




Structural properties of and Sc(NR,); not altered upon
crystallization from sulfonyl-imide IL.

//O \\/o

/
F ', % " E
%

Bis(trifluoromethanesulfonyl)imide

O
// \\
/\S+/\ F / /O

F % % g
%

triethylsulfonium bis(trifluromethylsulfonyl)imide

\

/
s™

~
N-
F "’a -ll',""F
/F F
F

Butyltrimethylammonium bis(trifluoromethylsulfonyl)imide

)

@)

V4
/ No
0

o% //O O\\

S =
F N S
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N+ 4
/ F P g
/F F
F

Butyltrimethylammonium bis(trifluoromethylsulfonyl)imide

@)

o% //0 o\\ o

|: S

N
N+ F a % “E
=

1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide

O o
O 7
F \S/ \\S¢o
N+ \N'/
\ £ 2 %""””IF
/F F

F

1-Methyl-1-propylpiperidinium bis[(trifluoromethyl)sulfonyl]azanide




Solution reduction of Sc3* may be possible using lonic
Liquids (IL).

Potential windows of water and two ionic liquids

2 ,
— Au/AU>

1
W

0 |
= — Ni/Ni%*
>
2 —Zn/zn*'
© -1 |
5
- 3+
5 — AV/AI

-3 —Li/Li"

Water Water BMIM-PF6 PP13-TFSI

(pH=0)  (pH=14)
Need to determine if ionic liquids of interest are compatible with Sc electrodeposition
No standard reference electrode for all ionic liquids

— Use ferrocene as an internal standard

Sc deposition estimated below -2.5 V vs. Fc/Fc




E-Chem analysis of the Sc precursors indicate that
solution reduction of Sc** may be possible.

betaine-TFSI
- ChCIl-malonic acid
— PP13-TFSI
S 05
e
(&)
<
E
o
7] 0
[ =
[
©
I=
o
5
-0.5 3 .
O Sc” reduction
potential
1 |
-4 3 2 -1 0 1 2 3

Potential [V vs Fc/Fc+]




Sc3* was successfully extracted from HCI

solutions with high efficiency.

o Y
\_// H+, SC3+, v
Sc3* Cl, NO; ~0.25 mM Sc3*
~ >
N~
L pH=2.43
lonic Liquid
HzL (Phosphate based IL) SC2L3
p/ \_//
igand PO,-OH C* o before FSc3* ., after 6 Extracted
oncentration [ Concentration [Extraction xtraction
0.125 mM 0.250 mM 0.293 mM 0.270 mM 8.2
0.250 mM 0.500 mM 0.293 mM 0.103 mM 65
0.375 mM** 0.750 mM 0.293 mM 0.048 mM 84

**Conditions were 17.2 % excess Sc3* - high extraction!




Sc3* electro-reduction reduction not observed, yet!!

Salts CVs Deposition Film contents via

supplied by | suggest Potential EDS
T. Boyle dep?

6  [1-butyl-3-methylimidazolium Cl];Sc(OTf),? (25 mol% Sc(OTf),) N/A N/A IL decomposed into wax.
Catalyzed by Sc(OTf),?

7 [1-butyl-3-methylimidazolium Cl];ScCl, (25 mol% ScCly) N/A N/A IL phase separated or
decomposed.

8 NH, (Sc metal) In progress

Deposit onto 100 nm Pt/40 nm Ti/SiO,/Si (100) for 2 hours at constant potential.

1Anhydrous DMF kept with 3A sieves.
2All ILs and Sc salts dried at 100 °C, <0.5 mTorr for 72 hrs




Chemical Reduction of Sc° derivatives explored as
an alterative approach to e-chem studies.

e larger scale, more rapid routes possible e less setup necessary e simple routes that can be ‘farmed-out’

Na/K or Na/Hg or LiAIH, or NaBH,

e demonstrated for Al and Ti

ScCl; +3/2 TMS,-Pyrazine —> Sc® + TMS-Cl + H,-pyrazine « nanoparticles produced

e simple setup — heated toluene

Private communication
Prof. C. Winters (Wayne State)

/N N\ /N / + H,+2LiCl

N—H + 2Li° + 2 TMS-CI —_—> ——Si—N N —Si—

N\ / SN/ \

Igbal et al. Angew. Chem. IEEE. (1971) 10 127.

H

e complex setup

2 ScCly +3 K*-(crown)-Na~ > 2Sc® + K*-(crown)-CI+ 3 NaCl * nanoparticles produced

* proven for Dy and Gd
/ \ / \ e suggest other Ln NP possible
C)
0 g + Na°/K® —— 0
o) 0 o) 0

tol C'; 03
_/

Crown ether Alkalide

Wagner et al. J. Mater. Chem. (2003) 13 857.




Chemical Reduction of Sc° derivatives explored as
an alterative approach to e-chem studies.

/( Beryllium dome

%/ Brazed flange
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o
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Recessed flange

\__\\\

mmmmmmmmm

Beryllium Dome
(BeD)
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Plastic Dome Direct Write PeD
(PeD) (DW-PeD)
S500 2 for S80




New PXRD is so small put in a glovebox and
operates through BlueTooth.

BTX Il Compact Benchtop X-ray
Diffraction System

The BTX Il Bench-top XRD System is a
fast, low cost, small footprint, bench-
top XRD for full phase ID of major,
minor and trace components and quick
XRF scan of elements Ca - U. Its unique,
minimal sample prep technique and
sample chamber allow for fast, bench-
top analysis rivaling the performance of
large costly lab units.




Chemical Reduction of Sc%, derivatives found to generate:

ScCl; +3/2 TMS,-Pyrazine —> Sc® + TMS-Cl + H,-pyrazine

?77??

R et T ———

2ScCl; +6K/Na —> Sc® + 3 KCl+3 NaCl

NaCl/KCl

(RO SRR USRI NS L TR S




Current density lmNcm’]

Summary and Conclusions

Coordination chemistry

)
* Re-developing aqueous Sc° reactivity with hydrohalic acids . :‘ J.v. .
+ Chlorides much more complicated than expected d .’Jo‘ * °

+ Bromide and lodide being studied ‘q.’ ng o9 db
+ Sc-45 NMR valuable tool for characterization. b ° o"
. . . .
* Solvation of ScCl; reveals simple CN-6 solvation for some solvents p p
but others lead to outersphere halides or salt formation [Sce(p-O 03)6(0 03)1.]
¢ Alkoxide ligated species appears to favor dinuclear structures

e Alternative siloxides and alkali alkoxide families being synthesize
e Sc chemistry not same as Ln nor Al.

* New phosphate IL system developed

e amide stable in phosphate and sulfonyl imid systems
e large windows available.

* Sc-NR, stable in IL investigated

o
[ ]

o

[Sc(oMP),],

Electrochemical reduction
S reduction e PC reduction observed (?)
ot e thermodynamics vs kinetic? controlling reduction
® new precursors and solvent systems being investigated.

&
@

Potential [V vs Fe/Fc#+)

Chemical reduction
° 7777



