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ABSTRACT: The addition polymerization of charged mono-
mers like C=C?>~ and C=N" is scarcely seen at ambient
conditions but can progress under external pressure with their
conductivity significantly enhanced, which expands the
research field of polymer science to inorganic salts. The
reaction pressures of transition metal cyanides like Prussian
blue and K;Fe(CN)y are much lower than that of alkali
cyanides. To figure out the effect of the transition metal on the
reaction, the crystal structure and electronic structure of
K;Fe(CN); under external pressure are investigated by in situ
neutron diffraction, in situ X-ray absorption fine structure
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(XAFS), and neutron pair distribution functions (PDF) up to ~15 GPa. The cyanide anions react following a sequence of
approaching—bonding—stabilizing. The Fe(III) brings the cyanides closer which makes the bonding progress at a low pressure
(2—4 GPa). At ~8 GPa, an electron transfers from the CN to Fe(III), reduces the charge density on cyanide ions, and stabilizes
the reaction product of cyanide. From this study we can conclude that bringing the monomers closer and reducing their charge
density are two effective routes to decrease the reaction pressure, which is important for designing novel pressure induced

conductor and excellent electrode materials.

B INTRODUCTION

With the strong driving force provided by external pressure,
unsaturated species tend to crystallize (for liquid) and
polymerize in the solid state without solvent or catalyst.'”’
This is defined as pressure-induced polymerization (PIP). The
monomers of PIP include not only neutral molecules but also
charged ions like metal cyanides®” and acetylides.'”'" The
polymerization products of cyanides or acetylides usually
contain conjugated double bonds, which are expected to be
conductive. The conjugated skeleton bonds to the embedded
metallic cations directly, and the pre-existing properties of the
metallic cations will be strongly coupled with the conductive
carbon skeleton, which may produce extraordinary physical and
chemical properties. The reaction process can be summarized
in the following equation:

high pressure
_—

nMC M,[C,]

where M stands for metal cations, C for the unsaturated carbon
or carbon-based groups, and [C,] for the carbon-based
network.

The PIP of metal cyanides is specially focused due to its
potential application on the electrode materials, as reported in
the Prussian blue compounds.'>'® Metal cyanides are economic
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materials, but most of them are insulators and can only
transform to conductors after polymerization. As is well-known,
the polymerization of simple metal cyanides (including ACN, A
= Na, K, Rb, Cs) usually occurs at tens of GPa,*”"* too high for
industrial applications, while the transition metal cyanides like
1571 were reported to react at several GPa. Since
a low reaction pressure is of great significance for industrial
applications, the effect of metal cations on the bonding process
and the corresponding conductivity need to be investigated.

K;Fe(CN)g is a good model compound with its PIP starting
between 2 and 4 GPa, which is one of the lowest reaction
pressures of CN™."" The CN~ anions bond to Fe(IIl) and K* at
carbon and nitrogen atom, respectively, with which we can
compare the effect of alkali metal (K) and transition metal (Fe)
on the PIP in one compound. Additionally, the PIP product of
K Fe(CN)q is expected to be conductive and electrochemically
active, which has potential applications as the cathode of
rechargeable alkaline batteries, as proposed in the following
equations.

Prussian blue
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high pressure
K Fe(CN), ———5 K,Fe[C,N,]

_ oxidized

K;Fe[C¢N,] — 37 —— Fe[C(Ny] + 3K*

reduced

K;Fe[C(Ny] + e + K —— K,Fe[CN]

K;Fe(CN), undergoes three phase transitions upon compres-
sion up to ~15 GPa, as identified with the in situ X-ray
diffraction (XRD) and Raman spectroscopy: phase O1 to phase
02 (O for orthorhombic) at 2—4 GPa, phase O2 to phase O3
at 7—8 GPa, and the amorphization of phase O3 at around 12
GPa."” The transitions are accompanied by bonding between
cyanide anions (identified by Raman spectroscopy) and 10°-
fold enhancement of electrical conductivity at 2—4 GPa and a
decrease at 7—8 GPa. In this paper, to understand the reaction
process and the effect of metal cations, as well as the variation
of the conductivity, we determined the crystal structure of
K;Fe(CN) and the electronic structure of Fe before and after
the reaction using in situ neutron diffraction and X-ray
absorption fine structure (XAFS). We discovered the bonding
between CN and reduction of Fe(III) to Fe(II) under high
pressure. Combining with the results of neutron pair
distribution function (PDF) analysis on the recovered sample,
we also found that the irreversible bonding between CN is
closely related to the donation of electrons from CN to Fe(III).
From this research we can conclude that in K;Fe(CN)g the
bonding between cyanides includes three steps under high
pressure: approaching (of C=N"), bonding (between C=N),
and stabilizing (of the product). The Fe cations bring the
coordinated CN™ closer to each other at a distance significantly
below the sum of van der Waals radii, which facilitates the
bonding process. The donation of electrons from CN to Fe(III)
helps to reduce the charge density on CN and stabilize the
product.

B EXPERIMENTAL SECTION

Sample Preparation. A fine powder of KiFe(CN)g
(orthorhombic phase, Sigma-Aldrich, particle size <10 pm),
which was gently ground in an agate mortar for less than 5 min,
was used for the in situ neutron powder diffraction and XAFS
measurements. This was also used for the synthesis of the
compressed Ky;Fe(CN)4 for the neutron PDF measurements.
These samples were synthesized at beamline-3 Spallation
Neutrons and Pressure Diffractometer (SNAP), spallation
neutron source (SNS), Oak Ridge National Lab (ORNL).
For the samples recovered from below S GPa, K;Fe(CN), (151
mg) was prepressed into a pellet and then placed into the VX3
Paris-Edinburgh (PE) Press with WC anvils. For the samples
recovered from 6 to 20 GPa, 54 mg of K;Fe(CN)y was
prepressed into a pellet and the VX3 Paris-Edinburgh (PE)
Press with sintered diamond anvils was used.”’ The system was
driven by an automatic hydraulic oil syringe pump with the
pressure calibrated previously. All the samples were kept at the
target pressure for about 1 h and then slowly downloaded to
ambient pressure.

In Situ Neutron Diffraction. In situ neutron diffraction
patterns were collected at the SNAP beamline, at the SNS,
ORNL. A VX3 Paris-Edinburgh press equipped with sintered-
diamond double-toroidal anvils with a null-scattering titanium
zirconium (TiZr) alloy gasket was used for applying pressure.
The mixture of CD;OD and C,D;OD (CD,0D:C,D;OD =
4:1) was used as a pressure medium. The pressure was

calibrated by the unit cell volume—pressure curve that was
determined by in situ X-ray diffraction (XRD) data and ruby
fluorescence.

PDF Measurements. The neutron PDF data of the samples
recovered from various pressures were collected at the
Nanoscale-Ordered Materials Diffractometer (NOMAD),
SNS, ORNL.”' Neutron scattering up to Q. = 27/d =
31.41 A™" was used for PDF analysis.

XAFS Measurements. The K;Fe(CN)4 prepared by the
method described above was loaded into a symmetric-style
diamond anvil cell (DAC) fitted with nanocrystalline diamonds
polished to a culet diameter of d_y,, = 400 um. T301 stainless
steel gaskets were preindented to a thickness of ~30 ym, and
holes with d = 200 ym were drilled in the center of the
indentation to serve as the sample chamber. Neon was loaded
as the pressure medium using the GSECARS gas loading
system at sector 13*> of the Advanced Photon Source (APS).
The XAFS data (Fe K-edge) were collected up to 15 GPa at 20-
ID, APS. The data were grocessed with the program Athena
and fitted with Artemis™ with a similar procedure as that
reported in the literature,”* but with k-range 2—13.8 A~ used.

B RESULTS AND DISCUSSION

In Situ Neutron Diffraction. The bonding process in the
01-02 phase transition can be understood by determining the
variation of the atomic distances between Fe, C, and N. The
crystal structures of K;Fe(CN)4 before and after the phase
transition (at 1.7 and 4.4 GPa, respectively) were determined
by Rietveld refinement with the in situ neutron diffraction data
(Figures S1 and S2). The refinement results indicate the a-axis
has the highest compressibility while the b-axis is elongated
after the O1—02 phase transition, similar as that determined by
XRD." The atomic coordinates as well as selected atomic
distances and bond angles of KyFe(CN)j, refined under 1.7 and
4.4 GPa are shown in Tables S1—S4, and the corresponding
structure is shown in Figure 1. At 1.7 GPa the phase O1 still
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Figure 1. (a) Crystal structure of K;Fe(CN)4 and local structure of
Fe(CN)*™ under 1.7 GPa and (b) 4.4 GPa. The violet and brown
octahedra stand for KNg and Fe(CN)¢ octahedra in the layer,
respectively. C atom is omitted in the octahedra for clarity.
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maintains the layered structure, similar as that in ambient
pressure. The KFe(CN)g layer is formed by corner-sharing
chains, which are constructed by alternating edge-sharing
Fe(CN)g>~ octahedra and KN4 octahedra (K2), and the layers
are separated by K cations (K1). The Fe(CN)¢* is distorted
slightly at 1.7 GPa. The nearest interlayer N---N distances
decrease to around 3.7 A from 3.8 A at ambient pressure, and
the neighbored C---C distances inside Fe(CN)*~ are in the
range of 2.6—2.9 A.

The crystal structure of phase O2 (4.4 GPa) was refined
starting with the structural model of phase O1. As suggested by
the EXAFS analysis mentioned later, in the three crystallo-
graphically independent Fe—C bonds, two of them have similar
bond lengths which are shorter than the third one. After several
tests, the bond length Fe—C1 = Fe—C2 is proposed, and the
structural details are shown in Tables S3 and S4. As shown in
Figure 1b, the phase O2 still maintains the layered structure. K1
is almost pressed into the KFe(CN); layer, and the Fe(CN)*~
complex anion is severely compressed along the a-axis. The
interlayer neighbored N--N distance is dramatically com-
pressed to 2.8 A from 3.7 A, but still not covalently bonded.

Inside the Fe(CN)4*~ complex anion, the distance of Fe—C2
(and Fe—C1 due to the constraint) decreases dramatically,
while the Fe—N2 distance increases slightly. Simultaneously,
the C2—C2 distance decreases to ~1.8 A. This distance is 35%
below the C2—C2 distance at ambient pressure (2.7 A)*> and
significantly below the sum of van der Waals radius (~3.4 A in
solid HCN at ambient pressure and low temperature*® and in
NaCN at 4 GPa and room temperature®) and longer than the
typical C—C single bond (1.54 A). This indicates the two
C2N2 anions inside Fe(CN)¢*~ react in the O1—O2 phase
transition and result in a special coordination state with Fe(III).
In such a state the C2---C2 atoms are weakly bonded, and the
C2N2 triple bonds are greatly weakened and elongated, which
is consistent with the decreasing Raman signal of the CN
stretching mode in our previous study."’

Neutron Pair Distribution Function. The structure of
K;Fe(CN); becomes more disordered and finally amorphous
when pressure is increased. The neutron PDF is used to study
the local structure of the recovered KyFe(CN)g, which gives the
likelihood of finding an atom at a given radius from another
atom at an arbitrary origin.27 In situ neutron PDF measure-
ments under high pressure are extremely difficult, so K;Fe-
(CN)g samples recovered from high pressure were studied
(Figure 2). The PDF (G(r)) patterns of samples recovered
below 8 GPa are very similar to that of the initial material (0
GPa), which indicates the O1—02 phase transition is
reversible. The ordering range decreases to ~20 A for the
samples recovered from above 9 GPa, suggesting the 02—03
phase transition is irreversible. The samples recovered from 13
to 20 GPa show an even shorter ordering range (less than 8 A),
indicating a complete irreversible amorphization.

A detailed examination of the first peak (carbon—nitrogen
bond) is shown in Figure 2b. From 0 to 8 GPa, the peak
remains near 1.15 A, which is ascribed to the C=N triple bond.
Upon further compression (9—20 GPa), the peak moves to
greater radial distances, 1.18 A at 20 GPa. Also, a shoulder at
~1.36 A (C=N") is observed, which is more pronounced in
the difference curve (Figure2c). Comparing with the qualitative
proof in the Raman spectra in our previous study,'® this is a
convincing signature of a significant amount of C=N double
bonds, which evidence the reaction between cyanide anions.
The continuous shifting of the C—N peak also indicates that
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Figure 2. Neutron pair distribution functions (G(r)) of K;Fe(CN)g
recovered from external pressures. (a) G(r) up to 50 A. (b) First peak
of the G(r), corresponding to the carbon—nitrogen bonds. (c)
Difference between G(r) of sample recovered from 20 GPa and that of
raw material (0 GPa).

the irreversible reaction between the cyanide anions proceeds
with increasing pressure.

The result from the PDF analysis is in consistence with the
color of the samples (Figures S3 and S4). The samples
recovered from 4 and 6 GPa are still yellow, while the samples
recovered from 9 and 20 GPa are black and with small shiny
particles (20 GPa). The change of color suggests that the
reaction at 8 GPa is not reversible, and the samples recovered
from pressure above 8 GPa have much smaller band gap, which
is most likely attributed to the conjugated z-system. The 4—9
GPa samples are soluble in water. The solutions of sample
recovered from 4 and 6 GPa are yellow, and the solution of that
recovered from 9 GPa is colorless, probably because the Fe’* is
reduced to Fe**. The sample recovered from 20 GPa cannot
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dissolve in water completely, forming dark-brown suspension.
This suggests the irreversible bonding between the cyanides
continues when pressure is increased above 9 GPa, and the
sample recovered from 20 GPa already has a considerable
degree of polymerization, which is important for applications
on the cathode materials.

X-ray Absorption (XAFS). The structural analysis by
neutron scattering raised the question of why the reaction is
reversible in the O1—02 transition but irreversible in the O2—
O3 transition. Since in situ neutron diffraction data cannot
support good refinement for phase O3, we employed in situ
XAFS to study the local structure around Fe atom under high
pressure. The selected Fourier transformed EXAFS spectra of
Fe K-edge are shown in Figure 3. The peaks between 1.1 and

Mod.(FT k’chi(k)) (A™)

-
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Figure 3. In situ Fourier transformed EXAFS spectra (moduli) of Fe
K-edge of K;Fe(CN), under high pressure.

1.8 A correspond to the first coordination shell (Fe—C), and
those between 2.0 and 3.0 A correspond to the second shell
(Fe—N) and multiple scatterings (Fe—N—C—Fe and Fe—C—
N—C—Fe). Under external pressure the peak below 1.8 A
moves to low r slightly, indicating the first shell is compressed
only a little. This means Fe maintains its 6-fold coordination
through phase O2 (consistent with neutron diffraction), O3,
and the amorphous phase. The second shell changes
dramatically, which is attributed to the distortion of the Fe—
C—N connection and probably the variation of C—N bonds.
From 2 to 4 GPa, the second shell is compressed, while from 4
to 8 GPa the spectra remain nearly unchanged. Above 8 GPa,
the second shell is compressed again and distorted dramatically.
These two variations correspond to the phase transitions from
phase O1 to O2 and O2 to O3 exactly.

To get more structural information, quantitative fitting was
performed using the software Artemis.”> Because of the
distortion of the Fe(CN)s*~ complex ion, the fitting of the
EXAFS data was difficult when the second coordination shell
(nitrogen and probably potassium) is considered. However, to
get a convincing fitting of the first shell, we extend the cutting
value to include all the second coordination shell to prevent any
effect on the first coordination shell. The details are not
discussed here. The results show the bond lengths of Fe—C1
and Fe—C2 converge to the same value, which is shorter than
that of Fe—C3. This feature is employed as a constraint in the
refinement of neutron diffraction data, as mentioned earlier.

For the data above 8 GPa (phase O3 and the amorphous
phase), the fitting cannot reach a reasonable convergence. This
may result from the inhomogeneous local environment of Fe
through the whole sample after two phase transitions, which
cannot be well fit by a single model.

Pre-Edge Region. The pre-edge region of the absorption
curve (Figure 4) provides information on the oxidation state
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Figure 4. Pre-edge region of XAFS spectra of K;Fe(CN)g under high
pressure.

and coordination geometry of Fe®” At 2.04 GPa, the
absorption peak at 7113 eV clearly indicates that Fe is trivalent,
in a low-spin state, and has an octahedral coordination. This
absorption curves are almost unchanged until 8 GPa. Above 8
GPa, two peaks rise at 7112 and 7115 eV. This is attributed to
the presence of Fe(Il) in octahedral coordination, similar to
that of K,Fe(CN), and several other octahedrally coordinated
low-spin Fe(Il) complexes. The peak at 7113 eV is also
enhanced, which indicates a stronger 3d—4p mixing, suggesting
the coordination of Fe is not perfectly octahedral but less
centrosymmetric. This reduction process is similar to that
reported in iron(III) halides, thiocyanate, and potassium
ferricyanide.”* ™

The variations of K;Fe(CN)s under high pressure are
summarized in Table 1. Combining with the above analysis,

Table 1. Summary of the Phase Transitions of K;Fe(CN)4
under High Pressure

o1 02 (OX) amor
color of yellow yellow black black
recovered
sample
color of yellow yellow light dark brown
aqueous suspension
solution

bonding of CN C=N C=N+C=N C=N C=N

oxidation state +3 +3 +2 +2
of Fe

o (S em™)" 1077 107+ 1076 1076

reversible to yes no no
01

we can understand the PIP of K;Fe(CN)g, and its effect on the
conductivity more clearly. The O1—0O2 transition is mainly
because K1 is pressed into the KFe(CN)g layer and the cyanide
anions (C2N2) coordinating to the same Fe atom bond to each
other. The O2—03 transition is owing to the electron transfer
from cyanide anions to Fe(III) and the following reactions
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between CN~. The reaction between (part of) CN is
irreversible only after the electron transfer to Fe(III), which
suggests that reducing the charge density of the monomers is a
useful method to prepare recoverable polymerized sample.

The PIP starts from the bonding of atoms coordinating to
the same Fe(Ill) at a relatively low pressure instead of atoms
bonding to the same K*. This is consistent with that the PIP of
Prussian blue starts at a much lower pressure compared with
the PIP of ACN (A = alkaline metal). The difference can be
attributed to the different bonding of Fe—C and K—N. Fe(III)
is much smaller than K*, and the Fe—CN coordination bonds
are directional. Before compression the two carbon atoms are
brought much closer (~2.7 A) than the two neighbored
nitrogen atoms (~4 A), which makes the reaction between the
carbon atoms much easier. The distance between the atoms is a
key factor in the solid state reaction, as was reported in the
literature.™

The variation of the conductivity under external pressure
reported in our previous study'’ now can be interpreted on a
structural basis. In K;Fe(CN), the resistance is mainly from the
gap between neighbored Fe(CN)s*". There are two types of
neighboring, intralayer and interlayer, separated by K2 and K1,
respectively. At ambient pressure the interlayer N---N distance
is ~4 A, much bigger than the intralayer N---N distance (3.4 A);
therefore, the interlayer gap is the bottleneck for the electron
conduction. In the first phase transition (O1 to O2), the
interlayer space is dramatically compressed, and K1 is almost
pressed into the layer. The distances between the interlayer
neighbored CN™ decrease from ~4 to ~2.8 A, while that of the
intralayer neighbored Fe(CN)4" is still about 3.4 A. The 2.8 A
observed in the interlayer neighbored CN™ is smaller than the
sum of van der Waals radii of nitrogen (3.1 A), which indicates
significant overlap of orbitals. Hence we can conclude that the
decreasing of the interlayer distance is the predominant reason
for the 10°-fold enhancement of the electronic conductivity. A
second reason most likely results from the structural variation
inside the Fe(CN)s*~ complex ion, mainly the distortion of
Fe(CN)s*~ and the bonding between the CN™. These
structural variations build up a conducting circuit in the crystal
structure of phase O2, as shown in Figure S.

The decrease of electronic conductivity at the O2—03 phase
transition is accompanied by the transition of Fe(III) to Fe(II)
and the irreversible reaction between CN™. In phase O2, the
two reacted CN™ approaches each other under higher external

—=3

T —e 0

Figure S. Conducting circuit in the O2 phase of K;Fe(CN), under 4.4
GPa. The conducting circuit is along the N2—C2—(Fe)—C2—N2
atoms.

pressure, and at around 8 GPa, an electron is squeezed out to
Fe(III). The charge density on the cyanides is hence decreased
as is the repulsive forces between groups, resulting in a more
stable chemical bond. The decrease of the conductivity is most
likely because the crystal lattice is interrupted by the irreversible
bonding, and the electron conducting circuit is destroyed to
some extent. Another possible reason may come from the
reduction of Fe(Ill) to a close shell cation Fe(II) and the
oxidation of the CN network.

B CONCLUSIONS

By determining the crystal structure and the electronic
structure of K;Fe(CN)4 under high pressure, the PIP process
is well understood and can be divided into three steps. (1)
Approaching. Compared with K*, Fe(III) brought the
coordinating CN close to each other, which facilitates the
bonding between carbon atoms. The approach of Fe(CN)4*~
from neighboring layers forms a conducting circuit and results
in the 10°-fold enhancement of conductivity. (2) Bonding.
Above 2—4 GPa two cyanide anions of the same Fe(CN)4*~
form a weak bond reversibly between the carbon atoms. (3)
Stabilizing. At 7—8 GPa, the Fe(III) is reduced to Fe(II) by the
cyanide anions, which stabilizes the bonds between CN and
makes it recoverable to ambient pressure. The research clearly
indicates that transition metals, in place of alkali metals, can
help unsaturated anions to polymerize at lower pressure by
bringing them closer and decreasing their charge density,
making the PIP of charged monomers occur more easily. The
transition metal actually acts as a catalyst. Our finding provides
a clear understanding of the reaction mechanism of CN™ on the
microscopic scale, which paves a way to designing and
synthesizing new materials with PIP reactions. The reduction
of Fe** by CN also demonstrates the oxidation/reduction
activity of this system, which sheds light on its potential
application for cathode materials of alkali metal battery.
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