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CHEMICAL TRANSFORMATIONS
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Types of Chemical Bonds
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High-Pressure Chemistry

The Chemical Imagination at Work in Very Tight Places
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Intuition and Expectations

Close packing
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Pressure (GPa)

Free Energies and Extreme Conditions

5
P— i E
l()-} P
E 8 E_
O ‘ ! E
g :
- 'é '.
4 x 4 !
< £ ] PAV ~ eV
| |
100 - - o chemical
‘ ' Agems, |
10 GPa '._‘ u‘.-maxl‘ll‘n‘m b 0 n d
- \ l.-; :
i ’ ; strengths
20 30 40 50
INSULATOR Vaolime (z\‘/amm)
0 -: ) i ) o N N a N v - v v ' 3 g CSI
10 20 30 40 50 60 SALT

Volume (A*/atom)

A'B’



Generating Extreme Pressures in the Laboratory

Dynamic

Static

Diamond

>100’s Mbars (1 Gbar)
~ keV energies — core electrons

Sample chamber
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High-Pressure Technology:
MYRIAD NEW TOOLS
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EXAMPLES

1. ‘Simple’ Molecules
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Compressing Nitrogen

er




Compressing Nitrogen

100 GPa
heating




Dense oxygen exhibits remarkable properties

Magnetic Collapse to form Og Clusters (30 GPa)



Dense oxygen exhibits remarkable properties

Normalized Intensity (Random Scale)
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[Gorelli et al., Phys. Rev. B (2008)]
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Increasing orbital overlap with pressure
Intermolecular n’-bonding in (0,), cluster
Closed-shell interactions stabilize the cluster
Superconducting phase at 90 GPa (T, ~ 1 K)



High-pressure behavior of water




High-pressure behavior of water:
new questions and surprises
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» ~20 stable and
metastable phases

* Novel transitions
- non-molecular
- amorphization
- superionic
- liquid/liquid trans

* High P-T fluid
* New chemistry
* Breakdown of H,0O

« Supporting life
at extreme P-T




High-pressure behavior of water:
new questions and surprises

First neutron scattering at
100 GPa: evidence for
interstitial protons

\ﬁn e

Spallatlon Neutron
Source (ORNL)
[Guthrie et al. PNAS (2013)]




Hydrogen: The ‘Simplest’ Molecule

INTRAMOLECULAR POTENTIAL ISOLATED MOLECULE
L., (pure;i.e., isolated molecule) Nearly spherical electron density
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[Kolos & Wolniewicz, J. Chem. Phys. (1964-1974)] [Silvera, Rev. Mod. Phys. (1980)]



Temperature (K)

Hydrogen Phase Diagram
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Phase lll: ‘lonic’ phase of dense hydrogen
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Phase IV is a
graphene-based
layer structure

C-graphene

H-graphene

H; ‘aromatic cluster’ : : o
[Naumov & Hemley, Acct. Chem. Res. (2014); % % & cw
see also, LeSar & Herschbach, J. Phys. Chem. (1981);

Dixon et al., Faraday Disc. (1977)] [Pickard et al., Phys. Rev. B (2012)]



Graphene-based
layer structures
for dense hydrogen

[Cohen, Naumov & Hemley, PNAS (2013)]

C-graphene WD
[LeSar & Herschbach, J. Phys. Chem. (1981);see also,
Dixon et al., Faraday Disc. (1977)]
H-graphene L
Dudley R.
Herschbach

H; ‘aromatic cluster’



Analogy between 1s electrons in hydrogen
and 7 electrons in carbon

b29 (b1u) O O

Benzene

‘O‘

[Naumov & Hemley, Accts. Chem. Res. (2014)]



Total energies per atom for H, rings (n =3 — 10)

Energy, Ha/atom
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Correlation corrections:

Lower the total energy but have
little effect on energy differences

[Naumov & Hemley, Accts. Chem. Res. (2014)]

Energy, Ha/atom

Hiickel’s rule:

Aromatic compounds
must have 4n +2 «
electrons, n=20, 1, 2, 3...

to fill a &t shell

n=~6,10
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Energy (x10°Ha/atom)

H, ring energetics with respect to the B, mode

Separation, A
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* D¢, to Dy,

[Naumov & Hemley, Accts. Chem. Res. (2014)]

The closed shell

electronic structure
becomes more stable

Both are aromatic

B3LYP/6-331G(3df,3pd)



EXAMPLES

2. Novel Compounds



Novel Molecular
Compounds

Xe(H,)s




Novel Molecular
Compounds

Xe(H,)s

[Somayazulu et al., Nature Chem. (2009)]

Xe electron density



CH,(H,),
33.4 wt% H,

[Somayazulu et al., Science (1996);
W. Mao et al. Chem. Phys. Lett. (2005)]

(H,0);H,
a-quartz-type

[Strobel et al.,
J. Phys. Chem.
(2011)]

(H;S);H,
Al,Cu type

[Strobel et al., Phys.
Rev. Lett. (2010)]

» PRECURSOR TO
HIGH T_H,S
T.=203 K
[Drozdov et al., Nature. (2015)]

11.3 wt% H,

[Vos et al.,
Phys. Rev.
Lett. (1993)]

Xe(H,)s

[Somayazulu et al., Nature Chem. (2009)]



New high T_superconductors
(H,S),H,

CouL
\é\é
é\é\r
Lo

Al,Cu type Tc =203 K

[StrObel et al., Phys. Rev. Lett. (2010)] [DrOZdOV et al., Nature (2015)]
[Quan and Pickett, arXiv (2015)]




New high T_superconductors

CaH,

T =203 K
[Drozdov et al., Nature (2015)]
[Wang et al., PNAS (2013)] [Quan and Pickett, arXiv (2015)]

Tc =220-235K (predicted)



New high T_superconductors

CaH,

Tc = 220-235 K (predicted) Tc = 116 K (predicted)

[Lu et al., Phys. Rev. B (2016)]

[Wang et al., PNAS (2013)] > Predicted stable at 1 bar



Hydriding of ‘Inert’
Metals:
Re, Ir, Pt, W

P63/mmc

Structures of WH,,

Planetary Implications

Pnma . P4/nmm

40 Mbar ~~

loarock core?

» Extreme reactivity will ‘erode’
metallic Jovian cores

Fm3m

[Zaleski-Eigierd et al., Phys. Rev. B (2012)]




LETTERS

Synthesis and characterization of a binary

Noble metal nitride

EUGENE GREGORYANZ'*", CHRYSTELE SANLOUP®, M. SOMAYAZULU*, JAMES BADRO',
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EXAMPLES

3. Metals that are Not



The Simple Metals?

Body Centered Cubic (BCC)

MAY 15, 1933 PHYSICAL REVIEW VOLUME 43

On the Constitution of Metallic Sodium

E. WiGNER AND F. SE11z, Department of Physics, Princeton Uﬁiversity
(Received March 18, 1933)



The Simple Metals?

[Wigner & Seitz,
Phys. Rev. (1933)]

199 GPa 156 GPa
[Gregoryanz et al., Phys. Res. ¢ >11 Phases N Na

Lett. (2005); Science (2008); ,
Ma et al., Nature 2009); Na melts <300 K

Lazicki et al, PNAS (2009)] ¢ Transparent >200 GPa!
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From Metals to Insulators and Back

Interstitial Electron Electride:
Localization ‘Interstitial Quasiatom’

% @OOOOO@
OOOOGOO

Electrons

] [10] “
Lithium Cmca-4

OOOOOOO
Repulsion effects: Coulomb repulsion C)\O O O OO©

+ Pauli exclusion + orthogonality

The valence electrons avoid the  Under pressure,
regions in the vicinity of the atoms 1s levels drop
Predicted loss of metallic character be'OV.V other

atomic s levels

[Neaton & Ashcroft, Nature (2000)]
[Miao & Hoffmann, Accts. Chem. Res. (2014)]



From Metals to Insulators and Back

Formation of Quasimolecules in Insulating States

Interstitial quasiatoms and quasimolecules form

when the valence p electrons move down relative Like two H atoms, tw.o ISQ_S can fo.rm both

to s electrons: Li, Na, Mg, Al... bonding and antibonding orbitals
Charge density for Charge density for
bonding orbital antibonding orbital

Two nearest ISQ’s in Aba2-Li form a
“molecule”within the structure
two ISQs

0.027

- 0.025 The “molecular” orbitals can be understood as
0oz maximally localized Wannier functions

isosurface=+2.5
0.021

0.019

[Miao, Naumov, Hoffmann, & Hemley,
submitted]

- 0.017



From Metals to Insulators and Back

Overall Crystal Symmetry Constraints
Example: dhcp (hP4), P6;/mmc Na

\ d(r'V? (1)) »
{ =By 4472+ [p0)de, =30 )i+ 3 [l UV O p 1y wydr.
iU 6{{' r'=r-R
enthalpy | repulsion of 3s electron (I1=0)
To minimize the enthalpy the s-
sp-(dey) >

electrons avoid the core regions and

Na.OO _hvbridize mainlv with p electrons
2 ' 4 o
£

TN YT

S [ P / \ [
o) /:r

Naz “ —d
8 SR
s-p-(d_,) r MK TA LH A 01 02 03
DOS (eV-)

For example, at the top of valence band atI" [Naumov & Hemley, Phys. Rev. Lett. (2015)]



EXAMPLES

4. Continuing with Carbon



Alternative Routes to Synthesis of Novel Phases
Diamond Synthesis CVD Diamond

General Electric, Co. .. p 3
( 19§ 4) * Co-deposition (sp?, SP)
' « Etching (sz, sp’)

—t

e-, A
H, _— 2H
CH, +H CH, +H,

« Limited in size and quality from
Nature and conventional synthesis
« Optimized properties: strength,
toughness, doping
[Liang et al., Superhard Materials (2013)]



2.4 carat CVD

0.3 carat
natural




New Carbon Materials

_u’él‘ew carbon structure:
~ sp3carbon nanothreads
from benzene at 20 GPa

[Fitzgibbons et al.,
Nature Mater. (2014)]



Carbon Nanomaterials [EERE Snersy fronker
Dimensionality and Hybridization

1-d

diamondoids nanothreads graphane



Discovery of New ‘Minerals’

LOWER D” LAYER
MANTLE

UPPER
MANTLE

[Santoro et al. PNAS (2012)];
Datchi et al., Phys. Rev. Lett. (2012)



Abiogenic formation of hydrocarbons at high P-T

Thomas G

The
Deep Hot
Biosphere
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Heating
Methane
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[Scott et al. PNAS (2004)]
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[Kolesnikov et al., Nature Geoscience (2009)]
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New Predicted Dense C-H Phases >100 GPa
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~500 structures
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[Liu et al., in preparation]

interiors

Hydrogen containment
in high P-T experiments

stable at 100 GPa

[Oganov et al., J. Chem.

stable at 100 GPa

metastable
Phys. (2013)]



Compression of diamond to 50 Mbar
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[Smith, Eggert, Braun, Jeanloz, Duffy]



Structure and Bonding at Ultrahigh Pressures

Carbon ‘Electride’ Predicted
at 25 TPa (250 Mbar)

[Martinez-Canales et al.,
Phys. Rev. Lett. (2012)]

Insulating Ni Predicted
at 34 TPa (340 Mbar)

XV

e (Ry)

~ N\

H
|
Vo

I’ X W L I’ K,U X

FIG. 2. Nonrelativistic APW band structure of fcc Ni
at Vo/V =7.5. The dashed line is the Fermi level.

[McMahan & Albers, Phys. Rev. Lett. (1982)]



EXAMPLES

5. Softest Matter



EXTREME SOFT MATTER AND BIOPHYSICS
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EXTREME SOFT MATTER AND BIOPHYSICS

Structure-function in

biological systems
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Pressure / Temperature Effects on Membranes

Low Temperature

p—

High Pressure

Fluid Phase
(liquid-crystalline)

Gel Phase

Microbial viability to >25 kbar

Direct observations

[Sharma et al., Science (2002);

Pressure-induced directed evolution
[Vanlint et al., mBio (2011)]

> What are the limits of
survivability?




EXTREME SOFT MATTER AND BIOPHYSICS

Relative Activity (%)

Protein dynamics under

pressure

How can
simulations
inform structure-
function relations
at high
pressures?

[Rodgers et al.
In preparation]

Mesophile ——— ' ‘
Piezophile —O— -

Point Mutation —#

,".’
_a—
,.77

[Ohmae et al.
BBA (2012)]

50

100 150 200 250
Pressure (MPa)

> What are the P-T
limits of growth and
metabolism?

Does “corresponding
states” of flexibility
hold for growth at
high P-T conditions ?

How to quantitate
flexibility?



CONCLUSIONS AND OUTLOOK

. High pressure studies are revealing a variety
of new chemical phenomena over a range of

conditions

. New models are needed to understand and
predict this behavior

. The findings provide new insights on bonding
under ‘normal’ conditions

. There is the prospect for the creation of new
useful materials

. There are potentially important implications
for soft matter and biology
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