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MECHANOCHEMISTRY UNDER CONTROLLED CONDITIONS OF
PRESSURE: HIGH TEMPERATURES AND NEGATIVE PRESSURES
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[ Chemical Pressure ]

 Operative definition. Chemical pressure maps

L Am. Chem. Soc. 2012, 134, 5991-5999 pubs.acs.org/JACS
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DFT-Chemical Pressure Analysis: Visualizing the Role of Atomic Size
in Shaping the Structures of Inorganic Materials

Daniel C. Fredrickson®
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Chemical Pressure Schemes for the Prediction of Soft Phonon "‘
Modes: A Chemist’s Guide to the Vibrations of Solid State Materials
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Chemical Pressure Maps of Molecules and Materials: Merging the
Visual and Physical in Bonding Analysis
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Chemical Pressure Formalism. Chemical Meaning

* The unit cell is divided in N, voxels of volume V, where the energy
density function is evaluated

= Positive CP values are associated with non-bonding and antibonding
regions. Electron density would like to expand in order to lower the
energy of the system.

= Negative CP values are associated with bonding regions. Electron
density would like to be accumulated (compressed) in order to lower the
energy of the system.

= (P analysis gives a global picture of chemical interactions
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Chemical Pressure. Inorganic crystal structures

* Metallic phases: fcc and sc-Ca, CsCl-BaSn, #P4-K and fcc-Na

* Inorganic crystals: CaF,, CaX (X= 0, S, Se, Te), BaSnO;, K,S and NaX

(X=F, Cl, Br, I).

Chemical pressure (CP) analysis of fcc-Ca at
equilibrium conditions. (a) Cross-section along
the (001) plane containing the Ca atoms. The
CP = 0 contour is shown with a black solid line
(b) 3D isosurfaces with CP=+0.001 (white) and
CP = — 0.0274 (black). Pressures are given in
atomic units.

CP isosurfaces of BaSn
lattice (Ba = green, Sn =
blue) at the equlhf)rlum
volume of BaSnO;.
White and blac

isosurfaces are of CP =
+0.001 and CP = -
0.0125 au, respectively.

3D CP i1sosurfaces in
the #P4 phase of
metallic K at the
volume of K,S
compound. White and
black isosurfaces are of
CP=+0.001and CP=
—0.043 au, respectively.



Generalized stress-redox equivalence

Stress-Redox Equivalence

Low High
Electronegative Atom . Electronegative Atom

@ °

Negative Pressure Positive Pressure

fcc-Ca@CaSe fcc-Ca fcc-Ca@CaO

Chemical Pressure



Electronegativity and equalization principle

KEY-LOCK PRINCIPLE

Upon crystal formation, the metallic
subarray adjust its size either reducing or
Increasing its volume just to match the
electronegativity of the non-metallic
element.

Only non-metallic elements with the
electronegativity corresponding to the CP
minimum value of the metallic lattice can
enter in those positions and form the

inorganic crystal.




[ Solid State Solutions. SnMo,_,,\W,O, ]

Beta-phase. Cubic

« SnMoO4 at RCs. V = 90.9 A3

« SNWO4 at high T (p<0). V = 88.5 A3
« Direct gap

« r(Mo®) ~0.41A

Alpha-phase. Orthorhombic

- SNnWO4at RCs.V =815A3

« SnMoO#4 at high p (p>0).V = 81.3 A3
* Indirect gap

e r(W6)~0.42A




CP-PP Equivalence in SnMo, W, O,

P

= Candidates to improve
photocatalysis in hydrogen
economy.

= SNWO, orthorhombic
a phase. Small and indirect
band gap.

= SNMoQO, cubic 3 phase with
a direct band gap around
1.5 eV higher than a-SnWQO,,.

= Chemical doping controls the
stable structure

* 3-SnMoO, — a-SnMoO, (1 GPa) /p-SnMoO, — a-SnMo,-W; 430,
u G-SHWO4 — B-SI’]WO4 (1200 K ('3 GPa) /G'SnWO4 — B-SHMOO_57WO_43O4




Polymorphism in SnMo;.y\W,0, ]
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[ Polymorphism induced by chemical pressure ]




First SI+C+0O mineral

oxidized Also, recent

pores claimed the synthesis of a sili-
con carbonare phase with COg units.

T opens the way for a new class of stable carbonatz compounds
tprssas clos 0 the Ears mante condions, wih possblc

carbon storuge. m present here resalts from extensive structural
stalline ilicon, curbon and

axygen stoms.
Method

» Structural searches were performed with the USPEX code ac-

conding 1o the chemical reaction xSI0mYSI0z — $1.CyO2, 2y,

& xy varying hetween 1 and 3, up w4 formuls units, pressures
510 150 GPa
= Under DT als initios calculusions were performed with

correlution functional and PAW doscription
of the electron-ion-con: interaction,

-1 struetres
e curicy (cutoff cergy: 600 V). mm rid spacing
Iman03

« Phonon frequencics were calculated using density-functional
perturbation teory as inplenented in e ESPRESSO pack-
o
— Full phurson dispersion curves obined by Fourier transfor-

mation matrices computed on (4,4,4) regulur g-poine grids.

Is there any SiCO compound compatible with

crystal-chemistry?
From database analysis, we four ndidate struocoure: UBOx
(€2, Z=4). I hus the cormect .0y stoichiomery & cur.
bonate (COq) wnits when wllv-l\lumg U and B for S and C, re-
spctively. Afler aptimization st 28 GP, it shows distoried SiOy,
amd O units. and it is unstable vs. decomposition into COz 111
and Si0; stishovite.

We analized e relationship between carbon content and sta-
Hility. Different SICO configurations were gencrated replacing U
and B for i, and B for C in the eoaventional reference structure

UslBuBY_,J0n (1=1-8).

« Evolving influcnce of pressure aver the decompasition reaction
25 € coment increases.

|| decreases when C content incremses for a given pressure

* SIC is the mosi plausible sivichiomsiry.

e

C2/c structure

ﬂﬂ M. Marqués,’ LA Morales-
nf ‘“Dmd.courmm

Prediction of a novel stable SiCO crystal structure
Gareia,” J. M. Menéndez," V. G. Baonza,” and 1. M. Recio”

2 Fisica y A, Univ. de Oviedo, E-33006 Oviedo, Spain, ami MALTA-Consolider Team
. Univ. Complutense de Madrid, E-28040 Madrid, Spain. and MALTA-Consolider Team

EHPRG51 European H|ghsearch Group International Meeting (EHPRG 51)
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International Meeting
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Matter at High Pressure

Searches on $iC,0; compounds

*Z= 1,234 Prossurcs: 20, 24, 26, 32 GPu.
‘« Lowest enthalpy structure P2 /e, 2= 2.
si0g
WSOk, = LT4A

WE D= 127 A
P4 siructure a 78 GPa.

M m w ow o ow e ow
P
Enthalpics of formation per Fu. for SCa0; structures.
-« The €2/ structure is clearly unsisbie.
o The most stable seructares found in the searches present SiCh;
octahedra comer-connected theough almost-planar CO; units.

ELF isosurface (ELF=0.K3) for the P2, /e stracture,
« Covalent bond basin asseciated to the C-O bond
» lomic eharactes of the Si-0 bonds.

Evolution with pressure of SIC0; compounds

Searches at 05, 5, 13, 30, 65. 80,100 and 150 GPa
At pressures lower than 15 GPa

+The searches signal the decompasition into moleculas units.
Although the 72, e structuee i unstable versus decongposition
into €02 and Si, it is sl dynamically stable,

Searches on other stoichiometries

e,

Enthalpics of formation per £, for $1C, 0 o) isomers

¥t &%

€0 (P structure) SICO, (P structure)

Phonon dispersion curves for the P2, /e siructuse at 27.5 GPa
« Abscence of imaginary frequencies — Dynamically stable

Electronic band structure of the P2, /¢ sirueture at 0 GPs.
« Insulator (Eg = 4.8 eV) until very high pressures.

ELF isosurfacs (ELF=0.85) of the SiCy matrix,

&I spite of its metallic charscer, it presents 3 ELF sttractors of
very high ELF value.

The formation and localization of the oxygen anions <an be

reluted 10 them

At pressures higher than 15 GPa

e

Enthalpies relative to the P2 /e structure vs pressure.

 Symmetrization towards the P structure.
o Apparcance of distoried €Oy tetrahedra in the P1and P2 feib)
saructuses.
» Je
!

L TF

fota) strucrure
e

o 8K, s the mest Eavourable siichiomery.

o SHCy O i SICO; are alvo stable agains! decomposition.

& The mast stable struetures consist of Si0g octahedra and trinn-
ular (COg) of tetrabedral (COy ) nits.

PHYSICAL REVIEW X 4, 011030 (2014)

Unraveling Crystalline Structure of High-Pressure Phase of Silicon Carbonate

Rulong Zhou,' Bingyan Qu.! Jun Dai.? and Xiao Cheng Zeng™
'School of Science and Engineering of Materials, Hefei University of Technology,
Hefei, Anhui 230009, China
szpurrm('m of Chemistry and Nebraska Center for Materials and Nanoscience,
University of Nebraska-Lincoln, Lincoln, Nebraska 68588, USA
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A novel crystalline SiCO compound
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Cite this: Phys. Chem. Chem. Phys.,
2015, 17, 25055

Miriam Marqués,** Angel Morales-Garcia,” José Manuel Menéndez,”
Valentin G. Baonza® and José Manuel Recio®

The previously proposed P3 structure (Z = 1) is thermodynamically
stable against decomposition in a slightly smaller pressure
range than the P2,/c structure, from 9.4 to 37.3 GPa (see Fig. 4).
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