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ABSTRACT: Pressure-induced polymerization (PIP) of metal acetylides is a novel method
to synthesize a metal—carbon framework and polycarbide materials with unique structures
and properties. However, the pressure required for the PIP of C,*” is too high for large-scale
synthesis. In this work, we investigated the PIP of monosodium acetylide (NaC,H) by
performing in situ Raman spectroscopy, infrared spectroscopy, X-ray diffraction, and
impedance spectroscopy up to 30 GPa and ex situ gas chromatography—mass spectrometry
on the recovered sample. NaC,H experiences a phase transition at 7 GPa and polymerizes at
14 GPa, which is the lowest PIP pressure of acetylide to date and already in the working range
of a large volume press. At the reaction threshold, the nearest intermolecular C---C distance is

HC=C—CH,~CHs

H H._
CH," H,C=C—C=CH;
H
HC=C—C=CH
C,H,., (x-2sy+nsx+2)

about 2.9 A, which is almost the same as that of CaC, and indicates a topochemical initiation.
The PIP is mainly a free radical addition process. The termination of the free radicals limits the composition of the produced
polycarbide anions C,.H,"~ within x — 2 <y + n < x + 2. Our work discloses the threshold of the intermolecular distance for the

&=y

PIP of acetylide and proposes the reaction mechanism, which furthers the investigation of its high-pressure chemical reaction.

B INTRODUCTION

Conductive metal polycarbides have attracted extensive
attention due to their excellent structural and electronic
properties' and have potential applications in battery electro-
des, superconductors, and other technological materials.”® The
carbon atoms bond to each other to form various frameworks,
and the metal cations tune the charges and properties. Under
high pressure, many new metal polycarbides have been
predicted and synthesized, such as one-dimensional carbon
chains, quasi-two-dimensional carbon nanoribbons, and
structures with three-dimensional skeletons.”™"> Tt was
predicted that under high pressure, metal acetylides such as
MgC, and BeC, could transfer into interconnected five-
membered carbon ring structures,” while Li,C, and CaC,
would form chain, ribbon, and graphitic structures.™” 3D
framework structures might be obtained from metal graphe-
nide starting materials, such as LiC4 and CaCq.'*"'* Such
transition processes from isolated dumbbells or graphite layers
are referred to as pressure-induced polymerization (PIP).
Experimentally, the PIP of CaC, and Li,C, acetylides are
well demonstrated. Linear and cyclic structures were detected
in the products recovered from high pressure.”~" Li,C,
polymerized to form a ribbon structure under high pressure
at room temperature, with its conductivity enhanced 10°-
fold."” Under pressure above 27 and 36 GPa and high-
temperature conditions, Li,C, forms lithium graphenide
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(LiC,) and lithium polyacenide (Li;C,), respectively, which
are recognized as the widest and narrowest nanoribbon with a
zigzag edge.'* The PIP of acetylide enhances the conductivity
significantly, which is important for Li battery materials and
other applications. However, the pressure required for the PIP
of carbide is very high, typically around 22 GPa for CaC, and
even 35 GPa for Li,C,, due to the repulsion of the electrostatic
interaction and blocking of the cations during compres-
sion."”" In contrast, the polymerization pressure of the neutral
acetylene molecular crystal is around 3.5 GPa,'® much lower
than that of the acetylides. This suggests that the PIP would be
facilitated by reducing the charges of the anions and number of
cations.

In this work, monosodium acetylide (NaC,H), composed of
Na" and H—C=C" monovalent anions, was investigated up
to 30 GPa. It was expected that this unsymmetrical precursor
would produce exotic carbon structures different from those of
C,*7, and the lower charge density will decrease the reaction
pressure. By performing in situ Raman and IR spectroscopy up
to 30 GPa, we found that NaC,H polymerized at around 14
GPa, much lower than CaC, and Li,C,. The PIP was
accompanied by an enhancement of conductivity of more
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than 10>-fold. The Rietveld refinement data of the X-ray
diffraction (XRD) show that the intermolecular distance is
about 2.9 A, which is almost the same as that of CaC,,"* and
the reaction route is proposed based on the topochemical

analysis and the gas chromatography—mass spectrometry
(GC—MS) result.

B METHODS

Sample Preparation. NaC,H suspension (18 wt % in
dimethylbenzene) was purchased from Aladdin and heated in a
glovebox at 100 °C to remove the solvent. No impurity was
detected in the powder XRD data collected on the PANalytical
Empyrean diffractometer (Cu K, radiation; 4 = 1.5418 A).
Rietveld refinement was performed using software Jana2006,"”
as shown in Figure S1.

In Situ Experiments and Density Functional Theory
Calculations. We used a diamond anvil cell (DAC) equipped
with diamonds with a culet size of 400 ym in diameter to
generate high pressure. Type-Ila diamond anvils were used for
the IR experiment. T-301 stainless steel gaskets were
preindented to about 30 pm in thickness, and a hole with d
= 180 pm was drilled at the center of the indentation to serve
as a sample chamber. All the samples were loaded into the
glovebox, and no pressure transmitting medium was used to
avoid any possible protonation. A ruby ball was used to
calibrate the pressure.'

The in situ Raman experiment was performed on a
Renishaw micro-Raman spectroscopy system equipped with a
second-harmonic Nd:YAG laser (4 = 532 nm). The Raman
spectra were recorded with a backscattering configuration, and
a 2400 lines/mm grating was used. In situ infrared spectra were
collected on a Bruker VERTEX 70v system with a HYPERION
2000 microscope. A Globar was used as a conventional source,
and the spectra were collected in the transmission mode with a
range of 600—4000 cm ™" through an aperture of 20 X 20 ym?.
A resolution of 2 cm™ was applied, and the absorption of the
same region of the diamond anvils was used as the background
for data reduction.

The in situ powder XRD experiment under high pressure
was performed on the SA XRS-MS beamline at the Pohang
Accelerator Laboratory (PAL). The wavelength of the incident
X-ray beam was 0.69265 A. The beam size was collimated to
30 pm X 30 ym using a double pinhole collimator. A Mar 345
image plate detector calibrated by CeO, was used to collect
diffraction data, and the exposure time was 180 s for every data
point. The Dioptas'’ and Jana 20067 programs were used for
data reduction and Rietveld refinement, respectively.

Density functional theory (DFT) calculations were con-
ducted to optimize the crystal structure of NaC,H under high
pressure, complementing the Rietveld refinement result.
Structural optimization under diverse pressures was imple-
mented with the Vienna Ab initio Simulation Package (VASP)
code, using the projector-augmented plane-wave (PAW)
method.”*™** The PAW pseudopotentials were used with the
generalized gradient approximation (GGA) and the Perdew—
Burke—Ernzerhof (PBE) exchange-correlation function.” A
cutoff energy of 600 eV was performed with a k-point sampling
of less than 27 X 0.03 A™".

Impedance spectroscopy was measured on a Solartron 1260
impedance analyzer and Solartron 1296 dielectric interface. A
stainless steel-supported boron nitride (BN) gasket was
preindented to a thickness (L) of 27 um, and a hole with d
= 180 pum was drilled at the center of the indentation to act as

the sample chamber. Two Pt foil electrodes were mounted on
the two diamonds respectively in a parallel-plate configuration.
The applied ac voltage was 100 mV, and the frequency range
was from 32 MHz to 80 Hz.

Ex Situ Gas Chromatography—Mass Spectrometry
(GC—MS) Measurements. The sample used for gas
chromatography—mass spectrometry (GC—MS) measure-
ments was synthesized by using a VX3 Paris-Edinburgh (PE)
cell equipped with two double-toroidal sintered diamond anvils
in the glovebox. NaC,H (18 mg) was precompressed at about
10 MPa to make a pellet, which was put into an encapsulated
stainless steel gasket and moved into the PE cell. An automatic
syringe pump was used to drive the PE cell, and the pressure
was estimated from the Edinburgh group calibration curve.”*
Then, the sample was compressed to 20 GPa at speeds of 0.04
GPa min~! below 5 GPa, 0.02 GPa min™' from 5 to 10 GPa,
0.01 GPa min™' from 10 to 15 GPa, and 0.005 GPa min™!
from 15 to 20 GPa. The sample was maintained at 20 GPa for
1 day and then downloaded to ambient pressure at the same
rates. The product (18 mg) was obtained after removing the
gaskets.

The high-resolution GC—MS experiment was performed on
a Thermo Scientific Q Exactive GC hybrid quadrupole-
orbitrap mass spectrometer equipped with an electron
ionization (EI) source. The sample synthesized by the PE
cell was sealed into a sample vial in the glovebox, and 20 pL of
water was injected into the bottle. The generated gas (0.2 mL)
was manually injected into a Thermo Scientific TRACE 1310
GC furnished with a TG-SSilMS capillary column (30 m X
0.25 mm i.d.; 0.25 pm film thickness). Helium (99.999%) was
used as the carrier gas at a constant flow of 1.0 mL min~". The
gas was injected in the split mode of 30:1 (v/v) at 150 °C,
which is the same temperature of the transfer line. The GC
oven was programmed from 30 °C (maintained for 2 min) at a
rate of 2 °C min™! to 200 °C (maintained for 2 min). The Q
Exactive GC system was operated in the EI mode at 70 eV
using a full scan at a resolving power of 30,000 (m/z 200).
Scan spectra were recorded in the m/z range of 33—550.

n-Hexane (GC grade, > 98%) was added to the hydro-
lyzation system to extract the nonvolatile molecules for the
high-resolution GC—MS experiment. Three parallel experi-
ments were conducted with n-hexane as the reference. The
sample (1 pL) was injected manually at 280 °C, which is the
same temperature of the ion source and transfer lines. The
chromatographic column oven was initially maintained at 40
°C for 2 min and heated to 280 °C at the rate of § °C min™"
(maintained for 10 min). Scan spectra were recorded in the m/
z range of 50—750 using the full scan mode at 60,000 resolving
power (m/z 200) mass resolution. The mass spectrometer
system was calibrated by the calibration solution to achieve a
mass accuracy of <S ppm root mean square (RMS). Data was
lock-mass corrected during the acquisition using a GC column
bleed siloxane masses.

All the data were processed using the Thermo Scientific
TraceFinder 4.0 software. Thermo Scientific deconvolution
software with the National Institute of Standards and
Technology (NIST) 2014, Wiley9 Data library, and high-
resolution filtering (HRF) were used to process the MS
results.”® The content percentage of each component was
calculated by the integral area of the ionic peaks of each
compound relative to the total ionic peak.

To carefully determine the fragment intensity of C,Hy in a
small m/z range, a GC—MS experiment on the generated gas
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from the hydrolysis of the product synthesized by the PE cell
was also performed on an Agilent 7890A/5975C. An HP-5
capillary column (60 m X 0.25 mm id; 025 pym film
thickness) was used for separation. Before adding water, argon
in the sample vial was replaced by helium to reduce the
interference because the formula weight of Ar is the same as
that of C,;H, The gas (10 yL) was injected manually in the
splitless mode at 150 °C, which is the same temperature as the
ion source. The GC oven was programmed from 33 °C (hold
time, 10 min) at 3 °C min™" to 50 °C (hold time, 2 min). The
MS was operated in the EI mode with the ion source
temperature of 150 °C, and the transfer line was set at 200 °C.
The mass was calibrated by perfluorotributylamine. Scan
spectra were recorded in the m/z range of 33—150, and MSD
ChemStation data analysis software was used for data
acquisition and analysis. Wiley Registry 10th Edition/NIST
2014 EI library was used for the spectral library search.

B RESULTS AND DISCUSSION

In situ Raman spectra of monosodium acetylide up to 16.7
GPa in the range of 1500—2300 cm™" are shown in Figure la.
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Figure 1. (a) Selected Raman spectra of NaC,H upon compression
and decompression. (b) Frequency shifts of the C=C bond
stretching mode as a function of pressure. The vertical line indicates
the boundaries of the different phases.

No obvious peaks were observed outside this range (Figure
S2). The peak at 1884 cm™ (at 2.5 GPa) is ascribed to the
stretching of the C=C bond, which blue-shifts under
compression due to the enhancement of interatomic
interactions. The peak shifts at different rates below and
above 7 GPa (Figure 1b), which indicates a second-order
phase transition. Above 14.9 GPa, this Raman peak degrades
and disappears, which suggests the polymerization of triple
bonds. After preservation at 16.7 GPa for 1 day, the sample
was decompressed, and no Raman peaks were observed during
the whole decompression process. This suggests that the
reaction of the C=C bond is irreversible.

Infrared (IR) absorption spectroscopy provides comple-
mentary information, which avoids the influence of fluo-
rescence and gives more bonding information. The in situ IR
measurements were carried out up to 30.1 GPa, as shown in
Figure 2. All the peaks were blue-shifted and broadened under
compression (Figure 2a). At 15.4 GPa, a new peak appeared in
the high-frequency side of the antisymmetric C—H bending
vibration centered at 660 cm ™. At 16.9 GPa, the peak centered
at 1880 cm™' (C=C stretching) broadens, and the intensity of
the antisymmetric C—H stretching vibration centered at 3238
cm™! obviously decreases, which corresponds to the reaction of
the C=C bond. At about 30 GPa, all the NaC,H peaks
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Figure 2. Selected infrared absorption spectra of NaC,H upon (a)
compression and (b) decompression. The peak at 3610 cm™' is

recognized as the O—H stretching from NaOH impurities.

disappeared, indicating a complete reaction. After maintaining
the NaC,H at 30 GPa for 1 day and decompressing it to 1.2
GPa, several new, broad peaks at 776, 1246, 1463, 1765, and
2919 cm™" were observed (Figure 2b). The peak centered at
2919 cm™ (1.2 GPa) is in the region of C(sp*)—H stretching,
which demonstrates that NaC,H polymerized under high
pressure and the carbon with sp hybridization transformed to
sp’.

To understand the connection of the carbon atoms in the
product, we protonated the carbon network formed under high
pressure by adding water to the recovered sample and
investigated the hydration product by GC—MS. As shown in
Figure 3, three parallel experiments were conducted for
comparison: air (Figure 3a), gas released from the hydration
of the starting material (Figure 3b) for the reference, and gas
released from the hydration of the sample recovered from 20
GPa (Figure 3c). The hydrolysis of the recovered sample
follows this reaction equation: C,H,"” (s) + nH" = C,H,,,, (g).
C,H," anions in the solid state react with nH" from H,0 to
generate the gas C.H,,, for GC—MS detection. The molecular
formula of most peaks in the total ion chromatograms (TICs)
was determined unambiguously, as listed in Table 1. The gas
from the raw material almost only contains C,H,, which is the
product of acetylene dimerization in the mass spectrometer
(after GC). For the sample recovered from 20 GPa, the
hydration product includes C;H,, C,H,, C,H,, CsHy, CcHy,
CeHg, C;Hg, CgHg, CgHg, and CgHjj in the gas phase, with
various isomers. These molecules were absent in the gas
released from the raw material and thus demonstrated the
polymerization. The C/H ratio of the advanced hydrocarbons
is still around 1:1, with x — 2 < y + n < x + 2, which suggests
that the PIP process is accompanied by some certain
disproportionation reactions but not a si%niﬁcant phase
separation similar to that in the PIP of Li,C,."” This indicates
that in the PIP of NaC,H, Na* does not remotely diffuse and
the sample does not form Na-rich and C-rich phases similar to
the formation of Li,Cs, Li¢C,, and Li;C, in the PIP of Li,C,."

These gas molecules are most likely to be unsaturated and
were analyzed by searching the NIST library. The possible
candidates with a fitting score over 500 are presented in Table
1. The candidates include both linear and cyclic molecules,
which suggest that the carbon framework in the polymerized
NaC,H also includes such fragments. Three main components
in the gas product are C;H,, C,Hg, and C,H,, occupying over
87% of the total products (Figure 3d). C;H, was also identified
in the hydration product of the PIP of CaC," and was
arguably recognized as cyclopropene here (Figure 3e and
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Figure 3. Selected total ion chromatograms (TICs) of (a) air, (b) hydrolysis product of NaC,H raw material, and (c) hydrolysis product of the
recovered NaC,H from 20 GPa. (d) Percentage of the components in the hydrolysis products. The cyan, green, gray, and yellow slices represent
C,H¢, C,H,, C;H,, and others, respectively. The mass spectra comparison with NIST spectra: (e) C;H, and cyclopropene, (f) C,H, (collected on
Agilent 7890A-5975C) and 1-butyne, and (g) C4H, and 1,3-butadiyne. The red bars are the experimental results, and the blue bars are the NIST

standard spectra.

Table 1. Selected High-Resolution Mass Spectrum Results Obtained by Deconvolution

percent (%) name (NIST and Wiley) fitting score

retention time (min) formula m/z (Da) Appm
1.37 C;H, 40.0313 3.040
147 C,H, 54.0469 0.892
1.50 C,H, 50.0156 0.633
1.66 CH, 66.0469 0.579
1.74 CHg 66.0469 1.033
1.82 C.H 66.0469 0276
1.92 CsHg 66.0469 0.633
2.52 C¢H, 80.0626 4.123
3.20 CeH, 78.0469 1.176
3.50 CeHy 80.0626 0.647
371 CeH, 80.0626 1.397
4.47 C,Hg 90.0469 0.536
6.40 CeHyp 106.0783 4437
9.15 CgHg 104.0626 1.370
1123 CgHg 104.0626 0.367
13.22 CgHg 102.0469 1.550

23.14 cyclopropene 822
35.34 1-butyne 926"
1,3-butadiene 889
29.22 1,3-butadiyne 704
0.78 2-methyl-1-buten-3-yne 585
0.52 3-penten-1-yne 508
1.08 cyclopropylacetylene 641
1L1S
1.46 1,3-cyclohexadiene 591
0.63 1,5-hexadiyne 529
0.63 3-methylenecyclopentene 598
0.98 S-methyl-1,3-cyclopentadiene S12
1.71 bicyclo[4.1.0]hepta-1,3,5-triene 505
0.85
0.60 1,3,7-octatrien-S-yne 529
1.00 1,3,5,7-cyclooctatetraene 545
0.91

“The data for substance identification was collected on the Agilent GC—MS.

Figure S3). The reason for forming such an unstable molecule
is still under investigation, but it must result from the
dissociation of some complex carbon structure during the
decompression or hydrolysis process. C,Hg has many isomers
and is finally recognized as 1-butyne (Figure 3f and Figure S4)
by carefully determining the fragment abundance in the small
m/z range, but 1,3-butadiene cannot be excluded solely by the
MS. C,H, is recognized as 1,3-butadiyne (Figure 3g). Its
retention time is different from that observed in the hydrolysis
product of NaC,H because it is in the gas sample before it is

30749

injected into GC. It results from the hydration of "C=C—
C=C", which is generated by the dimerization of two H—
C=C" anions and a following loss of hydrogen atoms. The
coexistence of C,Hy and C,H, and lack of C,H, indicate a
disproportionation reaction, with the composition of the
product still in the range of C H,,,. This disproportionation is
most likely due to the pairing of the free radicals by adding or
losing two hydrogen atoms, such as 2-C(H)=C(H)—
C(H)=C(H)- - C,H; + C,H,, where (H) means a possible
connection to H.

DOI: 10.1021/acs.jpcc.9b09698
J. Phys. Chem. C 2019, 123, 30746—30753


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b09698/suppl_file/jp9b09698_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b09698/suppl_file/jp9b09698_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b09698

The Journal of Physical Chemistry C

ar T 40000 T 120 —— T
PIGPa b P=12GPa. 1=069265A | Cyrsh LV 4o
307 8000~ i 110 \\ , =V (experiment)
20.1 [ |
e T - Experiment [ ¢ 139
c | — 1438 = 105 a
3 135 € 6000~ ——Calculation © 100 ' 1
Q - 3 ——Difference < !
= 11.2 o 95,\ ! {3.8
il e e b Bragg peaks = ' <
-~ 8.3 M 4000~ D gl \ S | ~
= A~ £ \\I ©
= 5.3 a \ 1 — 43.7
s 3.6 » 2000 i ' —
2 c AN :
£ 3 \ 136
23 £ 0 \;\
t t /1 ! T L
o ez ot e VOep o TR
4 56 7 8 910111213141516 4 56 7 8 9101121314151 01 2 3 4 5 6 7 8 9 10 11 12
20/° 2 Pressure / GPa

Figure 4. (a) Selected in situ XRD patterns of NaC,H under compression. (b) Rietveld refinement plot of the NaC,H samples at 1.2 GPa. (c)
Evolution of lattice parameters and unit cell volume of NaC,H under high pressure. The solid line represents the fitting results of the third-order

Birch—Murnaghan equation of state.

The hydrolysis product extracted by hexane is shown in
Figure S5, and many isomers of CgH;, and C,gH;, were
identified (Table S1). The total content of CgH,, is nearly 60%
and that of C,4H,, is nearly 32% (Figure S5d). The C/H ratio
of most hydrocarbons is also around 1:1, meaning that the
degree of unsaturation of the PIP products did not change, and
the charges are evenly distributed in the carbon skeleton. p-
Xylene, o-xylene, 3-butynylbenzene, and several other aromatic
compounds are suggested (Table S1), which indicates that the
PIP of NaCCH tend to form cyclic products. For comparison,
the PIP product of CaC, above 20 GPa release C;H,, CsH,
CsH,, CHy, CHy CgHyg CipH,p, CipHyy, and Cj,Hy, during
hydrolysis."> Their composition CH,., (y = 0) are also in the
range of x —2 <y + n < x + 2, which suggests that the reaction
mechanisms are similar, as discussed later.

To understand the reaction process from a topochemical
view, the structural evolution of NaC,H was investigated by in
situ XRD up to 30 GPa (Figure 4a). The crystal structure of
NaC,H is tetragonal with the P4/nmm space group at ambient
conditions.”® During compression, all the peaks shift to a high
angle, broaden, and disappear at 13.5 GPa, and no new peak
was observed up to 30 GPa. This corresponds to the
polymerization of NaC,H, in agreement with the spectroscopic
results shown above.

The lattice parameters below 11 GPa were determined by
Rietveld refinement using the NaC,H-P4/nmm structural
model (Figure 4b for 1.2 GPa and Figure S6 for 6.9 GPa).
The refined lattices are shown in Figure 4c, and the
relationship between the pressure and volume was fitted by
the third-order Birch—Murnaghan (B—M) equation of state

(EOS)
-

2/3
-
1%

V, is the unit cell volume at 0 GPa, and B, and B, are the
ambient bulk modulus and its derivatives, respectively. The
attempt to fit the data below and above 6.9 GPa by one curve
does not result in reasonable values, and two curves were
chosen to fit the data (Figure 4c). In the range of 0.2—6.9 GPa,
the fitting results are V; = 118.0 + 0.8 A3, By =11.5 + 1.0 GPa,

and B, = 4.0 & 0.4. In the range of 7—11.2 GPa, B, is fixed to
4, and the fitting results are V, = 95.9 + 1.9 A%and B, = 53.2 +

3

P(V) = 2B, 3

1+ 2(B, — 4
LB
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9.7 GPa. The V,, above 7 GPa becomes much smaller, while B,
becomes much larger, which means that NaC,H becomes
much denser and less compressive after the phase transition.
The atomic positions are optimized theoretically with the
lattice parameters fixed at the experimental value. The
intermolecular carbon—carbon distances are compressed
under external pressure. d;, d,, and d; represent the three
nearest carbon—carbon distances, as shown in Figure 5a. All of

a b

4.0

0 e

(% Ji
E;
|
Dlstar:::e 1A

L

4567 891011121314°
Pressure / GPa
Figure S. (a) Crystal structure of NaC,H. d|, d,, and d; represent

different intermolecular C---C distance. (b) Evolution of d;, d,, and d,
as a function of pressure.

them decrease with increasing pressure, and d; decreases faster
than the others, which is around 3.0 A at 11 GPa (Figure Sb)
or at around 2.9 A if we extrapolate the curve to the
polymerization pressure at 14 GPa. This indicates that the
reaction most likely takes place along the d; direction. The
distance is similar to that of CaC,. CaC, has a monoclinic
structure (CaC,-VI) above 10 GPa.” As optimized by
theoretical investigations, the nearest intermolecular carbon—
carbon distance is around 2.84 A at a reaction threshold of 19
GPa, as shown in Figure S7. Considering the temperature
effect, the threshold for the reaction between the acetylide
anions should be around 2.9 A. For the PIP pressure, C,”” in
CaC, has two negative charges, while C,H™ in NaC,H has only
one, so it will need more force to make C,*~ move closer to
each other and result in a much higher PIP pressure. Also, for
comparison, C,H, has no charge, and an external pressure of
3.5 GPa is enough to drive the polymerization.'® Hence, we
can conclude that the higher the charge density, the higher the
polymerization pressure, based on the experimental data.

For the proposed PIP reaction starting between the two
adjacent CH groups, their bonding along d; is also energeti-
cally favored due to the less electrostatic repulsion than the
other end of the "C=CH anion (Figure Sa). For such a
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Scheme 1. Proposed Reaction Routes of the Dimerization and the Following H-Transfer Process
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dimerization, a diradical anion -:"C=CH—CH=C":- (1) will
be generated, with the two negative charges and two radicals at
the ends of the chain. This anion is not stable and will
transform to closed-shell anions by absorbing or losing
hydrogen atoms and then transfer to C,H, and C,Hj after
protonation, which is consistent with the GC—MS results.

The reaction routes are proposed in Scheme 1, with the
assumption that the negative charges stay at the ends of the
chain, and the negatively charged carbon atoms are protonated
without other reactions (rearrangement). The diradical anion
C,H,>™ (1) will absorb a hydrogen atom and have a radical
paired, forming -C,H,>~ (2). If (2) experiences a [1,3] H-
transfer and produces (3) with the radical transferred to the
secondary carbon, the absorption of the second hydrogen will
result in (4) with an ethynide end and an alkylide end, which
will result in 1-butyne (first reaction route in a). If (2) absorb
the second hydrogen directly, "CH=CH—CH=CH" will be
formed, which will result in 1,3-butadiene by protonation
(second reaction route in a). It should be noted that (4) is
consistent with the IR result, which shows a clear C(sp®)—H
vibration signal, and is most likely the real process. If (1)
experienced a [1,3] H-transfer following the route b, the
product would form H,C=CH—C=CH after protonation,
which was not observed in the MS result and suggested that
this intramolecular pairing route of diradicals is not favored.
On the other hand, losing a H atom will also stabilize (1) by
pairing the radicals and forming a triple bond, and losing the
second H atom will result in the 1,3-butadiyne dianion C,*”
(route c). From the above analysis, we can understand why the
hydrolysis products always have a C/H ratio within C H,,.
This is because the produced species need to absorb or lose at
most two hydrogen atoms for pairing their two radicals.

The in situ impedance spectroscopy of NaC,H was also
measured up to 31 GPa (Figure 6). The resistance below 10
GPa was beyond the instrument limit under compression.
From 10 to 31 GPa, the thickness of the sample chamber
changed from 27 to 12 pm, and the diameter changed from
2485 to 170 ym. Assuming that the thickness and diameter vary
linearly with pressure under compression, the resistivity is

30751
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Figure 6. Electrical resistivity of NaC,H during compression and
decompression.

calculated and decreased more than 100 times from 10 to 31
GPa. After 1 day, the resistivity decreased from 1.8 X 10* to 5.2
X 10° Q'm as the polymerization occurred more completely.
During the decompression process, the resistivity is around 10*
Q-m. This irreversibility is most likely due to the formation of
covalent bonds between the acetylide anions.

B CONCLUSIONS

In summary, we used in situ Raman, IR, XRD, impedance
spectroscopy, and ex situ GC—MS to determine the phase
transition and polymerization of NaC,H under high pressure.
C,H™ polymerizes at about 14 GPa, which is much lower than
those of other metal acetylides and already in the working
range of typical large volume press. This reaction pressure is
between those of C,H, (3.5 GPa) and CaC, (22 GPa), which
shows that the charge of the monomer is positively related to
the polymerization pressure. The reaction threshold of the
intermolecular carbon—carbon distance is determined as about
2.9 A, which is similar to that of CaC, and, hence, suggests its
popularity. The topochemical initiation mechanism and
subsequent H-transfer process are proposed based on the
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crystal structure and the GC—MS results. Additionally, similar
to the PIP of CaC,, the conductivity of NaC,H was
significantly and irreversibly enhanced under external pressure.
This demonstrated that the PIP of the C=C triple bond
species, including those carrying charges and substituted
groups, is a promising method to synthesize novel polymeric
metal—organic conductors. Our investigations provide helpful
insight to understand these processes.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b09698.

Rietveld refinement plot of the NaC,H at ambient
pressure (Figure S1); selected Raman spectra of NaC,H
in the range of 50—1300 cm™, 2050—3100 cm™! and
3080—3900 cm™' upon compression (Figure S2);
comparison between the mass spectrometry data of
C;H, and that in NIST 2014, Wiley9 Data library
(Figure S3); selected total ion chromatograms (TICs) of
the hydrolysis NaC,H recovered from 20 GPa (Figure
S4) and the hydrolyzed sample extracted by hexane
(Figure SS); Rietveld refinement plot of the NaC,H at
6.9 GPa (Figure S6); carbon—carbon distance of the
CaC,-I at 19 GPa and 298 K and the new phase CaC,-
VI predicted by theoretical calculation at 19 GPa and 0
K (Figure S7); selected high-resolution mass spectrum
results obtained by deconvolution of the hydrolyzed
sample extracted by hexane (Table S1) (PDF)
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