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The capacity of the cathode material in Li-battery is still one of
the key problems that hinder the performance of the battery. One
strategy is to increase the capacity by decreasing the specific mass
(formula weight/electron), so organic cathode materials are
promising due to the easy adjustability accompanied with low
density [1]. For example, phenol/quinone and their related
compounds are often used as the electrode [2].

As shown in Scheme 1, carbonyl can undergo reversible one- or
two-electrons redox reactions, forming radicals or multivalent
anions [3]. However, the major problem is that the organics are
easy to dissolve into the organic electrolyte, which will reduce the
capacity significantly. Polymerization is an alternative to at least
partially solve this problem. In order to push the unsaturated
molecules to approach and bond with each other, it is a natural and
efficient method to apply a high pressure (typically several
gigapascals (GPa)), which is referred to as pressure-induced
polymerization (PIP). Some typical examples include the PIP of
CO[4],HCCH[5], HCN [6], and salts like NaCN [7] and CaC; [8]. One
important advantage of PIP is that the reaction is in solid state and
the degree of polymerization is infinite in principle, while the
degree of polymerization in solution will be limited by the
solubility. In this paper, we selected two carbonyl compounds, 2-
butynedioic acid (HOOC—C=C—COOH) and its lithium salt
(LiOOC—C=C—COO0Li) for high pressure research using in situ
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Raman, synchrotron X-ray diffraction (XRD) techniques as well as
impedance spectroscopy, and investigated their PIP process.

The 2-butyndioic acid was re-crystallized before using, and its
Li-salt was synthesized by the reaction of 2-butyndioic acid and
LiOH. Two Boehler-type diamonds with a culet size of 400 wm in
diameter were used in a symmetric diamond anvil cell for applying
pressure. The T301 stainless steel gaskets were pre-indented to a
thickness of 30 um, and holes with 150 um diameter at the centre
were drilled to act as the sample chamber. In situ Raman
experiment was performed on a Renishaw inVia Raman micro-
scope (A=532nm). In situ XRD experiment was performed at
16-1DB, HPCAT, Advanced Photon Source, Argonne National Lab.
The wavelength of the incident X-ray was 0.4066 A. No pressure
transmission medium was used in the experiment. A steel-
supported boron nitride (BN) gasket and two Pt foil electrodes
were mounted on diamond for impedance measurement, which
was carried out using a Solartron 1260 Impedance Analyzer. In all
the experiments, the pressure was calculated by the ruby
fluorescence [9].

Fig. 1 presents the normalized in situ Raman spectra of 2-
butynedioic acid along with the increasing pressures. The peak at
1650 cm ™ is identified as the C=0 stretching mode, the two peaks
at 2239 and 2273 cm™! are identified as the stretching of C=C
bond (Fig. 1b). Above 1GPa a peak appears at around 315cm™},
indicating a possible phase transition (Fig. 1a). At around 4-5 GPa
the fluorescence was significantly enhanced (Fig. 1b) and all the
Raman peaks are weakened and eventually disappeared. However,
we can observe a weak broad band at around 1600cm~! on the
background (Fig. 1c), which is attributed to the C=C stretching and
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Scheme 1. Electrochemical reaction of typical carbonyl compounds.
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Fig. 1. In situ Raman spectra of HOOC—C=C—COOH up to 7 GPa.

implies an addition polymerization of C=C. The intense fluores-
cence background is attributed to the conjugation of the C=C
double bonds, which is also a typical feature of the PIP of triple
bonds as observed in some similar compounds [10].

The addition polymerization of 2-butyndioic acid
is expected to be like n HOOC—C=C—COOH —
HOOC—[- C(COOH)=— C(COOH)—]n—COOH, however, such a re-
action was scarcely reported in the research using traditional
method, probably because the spatial hindrance from the —COOH
group. To investigate the PIP of 2-butyndioic acid in the solid state,
the crystal structure of 2-butyndioic acid under external pressure
was characterized.

The crystal structure of 2-butynedioic acid was reported in Ref.
[11] (Fig. S1 in Supporting information). The molecule chains are
stacked in layers. The two —COOH groups are on the top and
bottom of the layers and linked to the —COOH groups of
neighboured layers by two hydrogen bonds respectively. The
powder XRD data of 2-butyndioic acid under external pressures are
shown in Fig. 2a. With the increasing of the pressure, most peaks
move towards low d-spacing, indicating the compression of the
lattice. From the XRD patterns, two phase transitions are identified.
First, at around 1 GPa, a new peak was observed at 6.5°. Rietveld
refinements starting from the structural model of ambient
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Fig. 2. In situ powder XRD data of 2-butyndioic acid (a) and its Li-salt (b) under
applied pressure.

pressure were tested several times, but never came to a satisfied
result. This implies the phase transition is probably not a simple
distortion, but a re-stacking. Second, above 5 GPa, the diffraction
peaks become broadening and disappear gradually under higher
pressures. These two phase transitions are in good agreement with
the Raman results. Hence we can conclude that the first transition
is due to the re-stacking of the molecules and the second transition
is an amorphization resulting from the polymerization.

To proceed a further step towards the Li-ion battery, we also
investigated the PIP of LiOOC—C=C—COOLi. The powder XRD
patterns of LiOOC—C=C—COOLi under ambient and applied
pressure are shown in Fig. 2b. Two phase transitions are identified
at ~0.6 GPa and 10-13 GPa respectively. The diffraction peak at 7.1°
at 0 GPa shifts to ~7.6° abruptly at 0.65 GPa, and then shift to higher
angle gradually, which indicates a phase transition due to
modification of the stacking of ions at ~0.6 GPa. It is also worthy
to notice that other intense peaks from 5.5° to 6° do not move
significantly. This is probably because the transition is not a
structural reconstruction: The lattice is compressed along a
specific direction (shift of the peak at ~7°), while maintains on
other directions (reflecting on the peaks at around 6°). Above
10GPa, all the diffraction peaks are broadened and weakened,
which suggests that the PIP reaction occurs above 10 GPa.

Comparing with the PIP of the acid at 5 GPa, the PIP of the Li*
salt happens at a much higher pressure. This should be attributed
to the electrostatic repulsion between the carboxylate anions. In
previous PIP reports, the PIP of the anions usually happens at much
higher pressures. For example, the pressure for PIP of C;H, is
~4 GPa at room temperature [5], while that for CaC, is above
20 GPa [8]. The pressure for PIP of HCN is ~1 GPa [6], while that for
NaCN and KCN are ~30GPa [7]. Such a huge difference suggests
that we need to go through the following route (Scheme 2) to
synthesize large amount of the proposed electrode material. This
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Scheme 2. Proposed post-processing route for synthesizing conjugated poly-
carboxylate.
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Fig. 3. Electrical resistance of LIOOC—C=C—COOLi under high pressure. The data
points in grey are beyond the limit of the instrument.

result also implies that we can search precursors with a lower
pressure for polymerization and obtain the target material by post-
processing, which broadens the application of PIP for synthesizing
new materials.

To evaluate the potential application on the battery materials,
we also measured the electrical resistance of the Li-salt under high
pressure using impedance spectroscopy. At ambient pressure and
during the compression, the resistance is too high to be measured
by the instrument. When pressure is released below ~3 GPa, the
resistance dropped to ~200hm (Fig. 3). This indicates the
conductivity of the Li-salt was significantly enhanced by the PIP,
which is necessary for potential applications. The decreasing of the
resistance also implies that the PIP is still undergoing during the
decompression. Such kind of reaction upon decompression are
often observed in PIP. This is typically because the molecules were
activated to a “transition state” when compressed, however, may
need more space to relax and more time to finish the reaction. This
is similar to the high temperature synthesis. Sometimes the
sample with designed composition and structure can only be
obtained after an appropriate cooling process, instead of being
synthesized as soon as heated up. Similar case can be found in the
PIP of benzene [12] and in the condensation polymerization of
acetonitrile [ 10], etc. The reported PIP product of benzene was only
obtained when pressure was slowly released. For PIP of acetoni-
trile, the carbon materials can only be obtained when ammonia
was released during the decompression.

Typically for the PIP of alkyne molecules, the monomers are
usually insulated (insulator or semiconductor), and after PIP the
polymers with conjugated double bonds are conductive. Our
experiment on lithium 2-butyndionate demonstrated it again. The

conductivity of the 2-butyndioic acid may also follow this process.
The experimental investigation is still undergoing and not in the
scope of this letter.

In summary, we investigated the pressure induced polymeri-
zation of 2-butyndioic acid and its Li salt up to 17 GPa using in situ
Raman and synchrotron XRD techniques. 2-butyndioic acid
undergoes a phase transition at ~1GPa and polymerizes at ~4-
5 GPa, which is in the pressure range of industrial apparatus, while
its Li salt also has a phase transition at ~1 GPa and polymerizes
above 10 GPa. The polymerized Li salt is conductive and hence has
potential industrial applications. Additionally, a post-processing
procedure is proposed to obtain the target material in the
industrial scale, which shed light on the PIP synthesis of electrode
material for Li-battery.
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Supplementary data associated with this article can be found, in
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