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Why Rare Earth Elements?

Many Defense Systems Relies on REEs

Predator Drone Smart Bomb Tomahawk Cruise Missile
Neodymium, Samarium Neodymium, Samarium i
Electric Motors and Guidance Electric Motors and Guidance E|er:§,9: o[.';,“,}f,ﬁ,“‘gﬂ,ﬂ;’nm
. O e
: ' g
ft j f - |

T
cak ol

F-22 Fighter Jet Bullet Proof Vest

Europium, Yttirium Terbium, Erbium Yitrium
Optical Systems, Visuals and Fiber Optics Hardened Ceramics

Night Vision Goggles

Terbium, Erbium, Gadolinium
Optical Lenses

Bradley Tank
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American Elements 2011.

US Imports > 90% REEs from China
How Dependent Is the U.S.?

China 92%

US. Import Sources (2006-2009)

0,
FJrance gof Could come from a country’s
Areiria 1% stockpile or recycling instead
Other 2% of current production

Scientific American, 2019.
Traditional REE extraction poses severe
environmental impact

US has virtually no domestic production of REEs
today

US REE supply chain security is at risk

Protein-based REE extraction method could
increase production in the US

Lanmodulin (LanM) is a natural REE binding
protein

LanModulin
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What Even Are Force Fields? ,

* Function that models the
movement/interactions of atoms in a system
* We are interested in nonbonded, Van der
Waals interactions of REE ions themselves
e Two components:
O o: Distance where repulsive and
attractive forces cancel out
O &: Maximum attraction before repulsive Distance between atoms, r
forces kick in WON MERZ
» Accurate force fields create accurate | |
descriptions of ion coordination with § ;¢ E §
peptides/proteins e -
Force fields need to accurately capture both the oo oo
coordination energy and coordination structure
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A Temporary Solution

* Li and Merz (2015) found adding a quartic term improves forcefield

IMPLEMENTATION IS
NON-TRIVIAL!!!
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Bayesian Optimization

Usually employed to optimize expensive-to-

RMSE&?? = f(04,&4)

EM - NVT - NPT — MDB‘—) RDF

Y3+ RMSE, ,

B -
evaluate functions IM
- Our “function” is a collection of e -
simulations:
« Error=f(o, ¢)
Implemented in python package sk-opt
Evaluate function at certain (o, €) and give
results to the “optimizer”
It then predicts the next (o, €) to evaluate
gsoo
Can choose to optimize any ion and re-use
all previous data
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Problem Solved!... Right? v caon

0.20 1

. One catch: Only truly accurate in T o
a system with only water §
- Cross-interactions with other ool
ions/proteins are much too strong
due to high epsilons .
. Ca n’t Cha nge epS|IOnS because |t Yls* Le;3+ Cé3+ P;a" Nclj3+ Pr;13+ Snl”|3+ El;s; G(Ijﬁ* Tt;3* D;S* Hclf* E;3+ Tr;13+ Ybl3+ LL;3+
would change the coordination "
energy and StrUCtu re - € Values for REE Cations
Solution: Introduce scaling factors £
into the calculations of these cross- $7
interactions (mixing rules)
Fyat & Netz, “lonic force field optimization based on single-ion and ion-
pair solvation properties: Going beyond standard mixing rules”, J. Chem. YL o PRt NG P sm® B Gl o Dy Ho® B T Yo Lo
Phys., 2012 lon
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Fixing the Mixing (Rules)

* 2 primary candidates to scale: Chloride anions and protein EF hand loops
* Chloride Anions:
* Set up invisible walls felt only by the ions and measure the osmotic pressure
* Calculate the osmotic coefficient and compare to literature values
* Protein:
* Measure the binding affinity via Free Energy Perturbation (FEP)
* Compare to literature values
But why guess when we can optimize! We can use the same optimizer to
intelligently find the correct scaling factors, similar to before!

oy = 5(0u+0y)
ey = (euney)’”

The Lorentz-Berthelot mixing rules.
These are specific to two types of
atoms (one will be REE ion)
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Conclusions

- Energy values are much more in line with experimental values
- We can (finally) create working models with REEs

- We can use the same optimizer for a modular workflow
- Potential uses for other projects

Comparison of Binding Free Energy
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