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External mechanical stress alters the nature of chemical bonds and triggers
novel reactions, providing interesting synthetic protocols to supplement traditional
solvent- or thermo-based chemical approaches. The mechanisms of mechanochemistry
have been well studied in organic materials made of a carbon-centered polymeric
framework and covalence force field. They convert stress into anisotropic strain which will
engineer the length and strength of targeted chemical bonds. Here, we show that by
compressing silver iodide in a diamond anvil cell, the external mechanical stress weakens
the Ag—I ionic bonds and activate the global diffusion of super-ions. In contrast to
conventional mechanochemistry, mechanical stress imposes unbiased influence on the
ionicity of chemical bonds in this archetypal inorganic salt. Our combined synchrotron X-ray diffraction experiment and first-
principles calculation demonstrate that upon the critical point of ionicity, the strong ionic Ag—I bonds break down, leading to the
recovery of elemental solids from a decomposition reaction. Instead of densification, our results reveal the mechanism of an
unexpected decomposition reaction through hydrostatic compression and suggest the sophisticated chemistry of simple inorganic
compounds under extreme conditions.
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bonds.'" The complexity and variety in the combination of
chemical bonds make the studies of inorganic mechanochem-
istry much more challenging.

In this work, we study the mechanochemistry of silver iodide
(Agl) in an extended pressure range of 1 bar to 41.5 GPa. Agl
is widely used as an additive to catalyze C—H functionalization
reactions' "> and a promising candidate for solid electro-
lytes."*™"” Pressure has previously induced polymorphism and
superionic transitions in Agl. Under ambient conditions, Agl
coexists in both wurtzite-type (Agl-1I) and zinc-blende-type
(Agl-II') phases. Agl-II transforms to a rocksalt structure
(namely, AgI-III, space group Fm-3m) at 76 K and 0.3 GPa."?
Meanwhile, powder neutron diffraction experiments observed
that Agl-II" transforms to AgI-III via an intermediate structure
(named AgI-IV with a P4/nmm structure) which is only stable
in a narrow pressure interval of 0.28—0.38 GPa.'” Using
angular-dispersive X-ray diffraction (XRD), Hull and Keen
found that the AgI-III undergoes a reconstructive transition to
the KOH-type structure (named as Agl-V with P2,/m space
group) at 11.3 GPa,”® and is later predicted to proceed to

Using solvents to activate or assist chemical reactions has long
been accepted as an effective protocol for the industrial
production of chemicals. Solvents dissolve and mix chemicals,
allowing the exchange of energies between reagents to promote
chemical reactions, which sometimes is necessary for the
formation of specific crystals.””> However, solvent-free
approaches or mechanochemistry, which employs mechanical
forces to induce chemical reactions, hold key advantages in
energy saving and environmental friendliness and may even
provide access to novel structures.’ For example, the
traditional ball-milling method has been established to
synthesize a variety of materials including polymer,”’ metal—
organic framework,” and pharmaceutical solids.”

Beyond hand grinding or mechanical milling, Yan et al.
designed a molecular anvil to drive redox reactions in metal—
organic chalcogenides, which enables mechanochemistry by
hydrostatic pressure up to gigapascal pressure ranges.” The
invention of molecular anvil extends the scope of mechano-
chemistry, but is in line with its formulized definition in which
the chemical reaction directly converts mechanical energy to
chemistry potentials.” However, mechanochemistry in in-
organic materials has drawn far less attention than organic
materials, despite its origin in 1820, when Faraday induced the
mechanical reduction of AgCl with metals."” In the atomistic
level, inorganic materials are constructed through a variety of
chemical bonds, including covalent, ionic, and metallic
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Figure 1. XRD patterns of compressed Agl. (a) Evolution of XRD patterns from 6.1 to 41.5 GPa. (b) FCC Agl-III at 10.9 GPa. Refinement
achieved R, = 5.60% and wR, = 7.49%. Lattice parameter is a = 5.7816(2). (c) Mixture of Agl, Ag, and I at 11.9 GPa. Agl sample partially
decomposes and the peaks of FCC-Ag and Immm-type I appear. Refinement converged at R; = 7.57% and wR, = 12.54%. Lattice parameters for
each phase are Agl-1II: a = 5.717(2), Ag: a = 4.018(1), I: a = 2.981(4), b = 3.698(1), c = 7.645(8). Red stars may partially come from the KOH-
type Agl-V. A detailed analysis of Agl-V is supplied in Figure S1. Inset figures in (b) and (c) are caked two-dimensional diffraction patterns, whose
y-axes are the azimuth angle. Wavelength of incident X-ray beam at the time of experiment is 0.4101 A.

orthorhombic TlI-type (space group Cmcm) and CsCl-type
phases at higher pressures.”’ Agl-V was measured to have an
extraordinary diffusion coeflicient in the range of 12—17 GPa
and room temperature and was reported as the second
superionic phase of AgL*” While external stress generally
shortens chemical bonds and induces polymorphic transition,
it plays a key role in modulating the diffusion behavior of Ag"
ions, as is suggested in the literature.”> Approaching the
stability limit of bond, the increasing enthalpy through
compressing may eventually alter its chemical reactivity and
even induce redox reactions.

Here, we employ a combination of synchrotron-based
angular dispersive XRD and first-principles simulations to
study Agl under pressure. The increase of pressure weakens
the charge transfer between ions, and eventually leads to the
decomposition of Agl into Ag and I elements.

Pressure is applied by compressing samples in a diamond anvil cell
(DAC). High purity Agl is commercially available at Alfa Aesar
(Product # 7783-96-2, 99.999%). Agl powder is precompressed and
cut into a thin petite size of 40 X 40 ym> The sample chamber is a
drilled hole with a diameter of 100 um in a Re gasket, which is
squeezed in between two pieces of 300 ym diamond culets. After
placing the sample in the middle of sample chamber, the rest of the
space is filled with paraffin oil as pressure medium. Pressurization is
controlled by a membrane system in a LeToullec type DAC.>* Using a
membrane-controlled system, the sample was slowly compressed to
the target pressure, which was calibrated by the fluorescence of ruby.
We then took in situ high-pressure XRD patterns at the sector ID15-B
of European Synchrotron Radiation Facility. Diffraction data sets were
collected on a large area EIGER2 X 9M CdTe flat panel detector and
reduced by the Dioptas software (ver.0.5.0).”

For first-principles simulation, we performed global structural
searches using the crystal structure analysis by particle swarm
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optimization code with the particle swarm optimization algo-
rithm,**™*® which has successfully predicted structures of various
systems ran%ing from elements to binary and ternary com-
pounds.”***™*' Geometrical optimization, total energy calculation,
and electronic structure calculation were performed in the framework
of density functional theory within the generalized gradient
approximation Perdew—Burke—Ernzerhof*>*® in the Vienna Ab Initio
Simulation Package (VASP) code.** The projector-augmented-wave
method® was employed with the silver and iodine potentials which
have 4d'°Ss' and Ss*Sp° as valence states, respectively, adopted from
the VASP potential library. A cut off energy of 700 eV for the plane-
wave basis set and a Monkhorst—Pack**k-point grid with a spacing of
0.02 A™" were used to ensure the convergence for total energies less
than 1 meV/atom. In order to study the high-pressure structural
stability, we also conducted first-principles molecular dynamics
(FPMD) simulations at high-pressure—temperature using the canon-
ical NVT ensemble with the Nosé—Hoover thermostat®”" and a time
step of 1 fs. For FPMD simulation, only the gamma k-point was used.
To analyze the interatomic interaction, the crystal orbital Hamilton
populations (COHP)** was calculated using the LOBSTER*
program.

We first compressed a piece of Agl powder-sample up to 41.5
GPa and tracked its structural changes using XRD (Figure 1a).
The evolution of XRD patterns and two refined patterns of
interests are plotted in Figure 1. Below 10.9 GPa (Figure 1b),
the powder XRD data of Agl are readily indexed to the
rocksalt-type structure (Agl-III) with the space group Fm-3m
(lattice parameter a = 5.7816(2) A). Once pressure increases
to 11.9 GPa, as shown in Figure lc, new sets of diffraction
peaks appear. The pattern is still dominated by the face-
centered cubic (FCC) Agl-III but the rest of peaks are not fully
indexed to the previously reported AgI-V,20 instead, they can
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Figure 2. Enthalpy analysis of Agl polymorphs. (a) Enthalpies of the formation of Agl under high pressure relative to Ag and I. (b) Highlight of
enthalpy of formation in the pressure range of 0—10 GPa. (c) Enthalpies of formation of Ag—I compounds under high pressure. Solid lines show
the convex hulls. Dotted lines through the neighboring points residing above the convex hull are guides for the eyes. All the calculations are
performed at static conditions.
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Figure 3. Free energy calculation. (a) Formation Gibbs free energy (AG) of Agl-V relative to FCC Ag and Immm-type 1. (b) Stability field of Agl-V
and its decomposing products. (c) AG of AgI-III relative to FCC Ag and Immm-type L

be associated with the FCC-Ag and the Immm-type 1. Upon will decompose to Ag and I above 41 GPa using static

further compression, all diffraction peaks shift to lower d- calculation. We further constrained the mechanical stability
spacings accordingly (Figure 1a). We shall note that although limit of AgI-III to 30 GPa, and the monoclinic Agl-V is at a
the space group P2,/m of KOH-type AgI-V is a subgroup of stable phase above ~12 GPa. We also calculated the formation
the host FCC AgI-III, the transformation requires long- enthalpy of various Ag—I stoichiometry under high pressure
distance atomic displacement with multiple structure inter- since pressure may create novel compound stoichiometry.*
mediates.”" Therefore, the structural transition is of first-order. However, as shown in Figure 2c, none of those unconventional
With increasing pressure, the diffraction signals of Agl are Ag—I compounds are stable at the pressures we are interested
gradually weakened, and the peaks of Ag are merged by I. The in, except for Agl, (space group P-4m2) at 0 GPa that was
relatively broad peaks not only indicate that the polymorphic originally reported by Persson.”> To consider temperature
phase transition of I is rather sluggish, but the sample may be effects, we calculated the vibration energy within the
partially 4azugorphized during the process of Ag—I decom- quasiharmonic approximation for both AgI-III and Agl-V. By
position.”™"” Our high-pressure experiments show that Agl calculating the Gibbs free energy of Agl-V, FCC-Ag, and
becomes unstable at above 11.9 GPa and the entire process of Immm-1, we found that the decomposition pressure changes to
mechanochemical reaction may cover a wide range of pressures ~11 GPa at 334 K (Figure 3), reaching an agreement with the
up to 41.5 GPa. experiment. Increasing temperature will facilitate decomposi-
tions. While static enthalpy calculation works well in predicting
The mechanochemical redox reaction originates from the free the polymorphic phase transition from Agl-II through AgV,
energy difference between Agl and the elementary solids. To increasing the temperature can significantly lower the
investigate the mechanism of this mechanochemistry, we decomposition pressure. The phonon spectra of Agl-V (and
conducted exhaustive structure searching of stoichiometric also AgI-III, Figure S2) show a distinct softening of phonon
Agl, (x = 1-3; y = 1-3), whose simulation cell sizes are modes at the A point of the Brillouin zone (Figure S2a—c),
respect to 1—4 formula units (fu.) in a pressure range of 0— indicating lattice instability.
100 GPa. The enthalpies of various structures of Agl relative to The pressure dependences of AH, AU, and PAV for both
Ag and I are plotted as a function of pressure in Figure 2ab. Agl-IT and V are plotted in Figure S3a,b. A case in point is the
The calculated sequence of phase transformation is consistent surge of the PV term with increasing pressure. In particular,
with our experiment and previous individual studies,” but our gains of enthalpy from the PV of the Agl compound are greater
parallel predictions of I and Ag end members suggest that Agl than that of the sum of Ag and I combined when the pressure
404 https://doi.org/10.1021/jacsau.2c00550
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is above 2 GPa. Therefore, the PV term is the principal
contributor to the increment of enthalpy in the Agl and
governs its thermodynamic stability. We also calculated AH,
AU, and PAV versus pressure for the possible local minima
phases of Agl, as shown in Figure S4a in the Supplementary
Materials, which exhibit the same tendency.

Since the Agl-V was reported to show superionic behavior with
a soaring diffusion coefficient, we continued to perform FPMD
simulations at relevant P—T conditions. Judging from the mean
squared displacement, Agl is a well-defined ionic solid at 300
K, even after prolonged 40 ps simulation time (Figure SS). At
12 GPa and 700 K, Agl-V enters the superionic state with a
soaring mean-squared displacement of Ag*, which is consistent
with the literature.”* However, with increasing pressure, e.g,, at
50 GPa and 500 K, we observed enhanced atomic diffusion of
Ag as well as I atoms (Figure S6¢,f) and also for Agl-III, Figure
S7). In contrast to the conventional superionic phase in which
the cation ion (Ag") freely diffuses in the host lattice, Agl
exhibited interdiffusion and consequently, we observed local
domains with metallic Ag or I bonds. Within the finite
simulation box, we clearly located such domains for evidence
of elemental dissociation (inset of Figure 4).

1000 -
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200 F
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Figure 4. Phase diagram of the Ag—I compound. Solid lines are taken
from ref 22. Blue dotted line connects the transition pressure
predicted by static enthalpy calculation in Figure 2 and the room-
temperature experiment of ref 22. Black dotted line is the transition
boundary of AgI-III and V proposed by the electrical conductivity
experiment (ref 22). Blue (Agl solid) and orange (decomposition)
solid circles are from XRD data of this work. Red dashed line is from
free energy calculation considering vibrational parts. Inset figures are
trajectories of the supercell structure taken from MD simulation, with
ordering solid in AgI-III, superionic solid in AgI-V and decomposed
Agl at the end of MD simulation. Green balls (atomic radius) or dots
are for iodine atoms, silver balls (atomic radius) or dots are for silver
atoms.

On the basis of our experiment and calculation, we
constructed a P—T phase diagram of Agl up to 41.5 GPa
(Figure 4). In different pressure regimes, Agl exhibits distinct
chemical behaviors. The proceedings of polymorphic transition
from AgI-II to AgI-V comply with increasing chemical
instability. This intriguing mechanochemistry motivate us to
investigate the evolution of Ag—I ionic bonds, which is critical
to reveal their reaction mechanism.

405

We evaluate the charge transfer between Ag and I atoms
through Bader analysis, as shown in Figure Sa. The results for
all energetically favored structures at given pressure are shown
in Figure S8a of the Supplementary Materials. The charge
transfer decreases dramatically under compression, indicating
that the strength of the Ag—I ionic bond is gradually
weakened. Under high pressure, the shortened bonding lead
to orbital overla?s between atoms and the emergence of
covalent action.” Through COHP analysis, which quantifies
the overlap strength and crystal orbital overlap population, we
calculate the negative integrated COHP (—ICOHP), negative
COHP (—COHP), the projected density of states (PDOS),
and the bond type descriptor Q defined by Rahm and
Hoffmann*”* to explore the bonding properties for both Agl-
III and V in Figure Sb—e.

2nlAy
Q=2

AE (1)

where n is the total number of electrons, ¥ is the average
binding energy of a collection of electrons, E is the total
energy, and ¥ can be obtained from the DOS:

fé" ¢ X DOS(¢)dE

B [ ZDOS(E)dE

()

where & is the fermi energy in eq 2. The corresponding
calculations for ground state structure at given pressure have
been plotted in Figure S8b—d and exhibited the same tendency
as the AgI-III. The calculated PDOS and —COHP show a large
hybridization and an obvious overlap between 4d of Ag and Sp
of 1 orbitals, which indicate a weak covalent interaction
between Ag and I atoms (Figure Sd,e). For comparison, the
—COHP value of a typical C—C covalent bond in fullerene Cg,
is 5.9.* In the meantime, the values of Q, which signifies the
ionicity of the Ag—I bond, sharply decrease by a factor of 3
(Figure Sd). The value of —-ICOHP continues to increase with
pressure, showing the strengthening of covalent interaction
between Ag and I atoms. We find that hindered charge transfer
weakens the ionicity of the Ag—I bond, but facilitate orbital
hybridization, all of which point to the instability of ionic
bonding. Energetic-wise, the softened ionicity may play a more
substantial role than orbital overlapping during the mecha-
nochemical redox reaction of Agl.

Applying hydrostatic pressure stabilizes novel stoichiometric
compounds and sometimes, high pressure is necessary to
trigger certain chemical reactions.”””' For example, noble
gases are chemically inert under ambient conditions, but
readily to form stable compounds under high pressure with
various elements include alkali metal,> alkaline earth metal,>
transition metal,**™>® and nonmetal.**>"™>° In those reports,
pressure acts as a global thermodynamic variable that imposes
unbiased effects on the chemical bonds. This is in stark
contrast with organic mechanochemistry that stretch specific
bonds to initiate chemical reactions. In our case of Agl,
applying pressure breaks the chemical bond by weakening the
ionicity of all Ag—I bonds. As a result, both Ag and I atoms
enter large-scale interdiffusion at temperatures far below the
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Figure S. Bond chemistry of Agl. (a) Net charge of Ag in KOH-type Agl-V and FCC-AgI-1II. Charge transfer decreases with increasing pressures,
which means that the strength of the Ag—I ionic bond gradually decreases at high pressures. (b)—ICOHP for Ag and I atoms in KOH-type Agl-V
and FCC-AgI-III. Value of —ICOHP increases with increasing pressure, which means the orbital overlap between Ag and I increase at high
pressure. (c) Calculated PDOS and —COHP for FCC-Agl at S, and 50 GPa, respectively. States are aligned at the Fermi level (vertical dashed
lines). (d) Band gaps and Q value calculated as a function of pressure for the KOH-type Agl-V and FCC-AgI-1II. (e) Calculated PDOS for FCC-

Agl around Fermi level at 50 GPa.

theoretical melting temperature of ionic solids (Figure S). This
mechanism of mechanochemistry is readily applicable to other
ionic compounds like In(OH); and CaLi,, which have been
experimentally observed to decompose into elemental solids.*’
Our results suggest that the interaction between atoms is
important to stabilize ionic compounds and their high-P—T
physical phenomena. In the special case of superionic solids,
ionic bonding is partially destroyed but still interact to in
sustain a solid framework. By losing its ionicity, the solid
framework is no longer stable and those previously engaged
diffusive ions start to concentrate, form metallic bonds and
eventually, trigger the mechanochemical redox reaction and
lead to the recovery of elemental solids. We further calculated
the formation enthalpies of AgBr and AgCl under high
pressures. The progressive weakening of ionic interactions and
mechanochemical decomposition are readily applied to these
two silver halides, both of which will decompose into elemental
solids. Our calculations predict the decomposition pressure at
static conditions is 116 GPa for AgBr and 323 GPa for AgCl.
Compared to these more genuine ionic solids, the critical
pressure in breaking the ionicity of Agl is much lower, and thus
more technically achievable through experiment. In addition to
ionic compounds, it is also possible that compressed methane
and alloys (e.g, lanthanum,®’ and Ca—Si®”) have a similar
decomposition mechanism under external pressure stimuli.

Our results suggest that the pressure effects on chemical bonds
in materials are rather complex. In principle, the ionicity
strongly depends on the relative change of the orbital energies
under pressure, and it is not definitive that the ionicity should
always reduce, although it seems so for many compounds,
especially those consisting of metal atoms that possess low-
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energy unfilled d levels. Under compression, large charges
transfer from anions to these d orbitals, reducing the ionicity.”*
In some other cases like alkali metal compounds, the ionicity
can increase because of the d-orbital effect.”*~*

In this work, both Ag and I have fully filled d orbitals (Figure
S8). We show that Agl is a typical example of progressive
weakening of ionic interactions between ions under pressuriza-
tion. At a pressure below 11.9 GPa, the polymorphic phase
transition of Agl is driven by the enthalpy change of different
phases. Above the critical pressure, the temperature effect sets
in, which substantially lowers the decomposition pressure
predicted by enthalpy calculation. The decrease of ionicity
bypasses further polymorphic phase transition from structural
searching (e.g,, the Cmcm-type phase) and decompose to end
member elements. We conclude that our combined experiment
and computation have illustrated the evolution of ionic bonds
in Agl under compression at gigapascals conditions. Such a
mechanism of pressure in controlling the structural and
interatomic interactions may readily introduce to a variety of
silver halides and potentially other ionic compounds.
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