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ABSTRACT

Carbon lacks an extended polyanionic chemistry which appears eszktiact
carbides with €, G*, and G* moieties. The most common dimeric anion of
carbon atoms is £ with a triple bond between the two carbon atoms.
Compounds containing the dicarbide anion can be regarded as saltsyleinace
C,H; (ethyne) and hence are also called acetylides or ethyridgsred by the
fact that molecular acetylene undergoes pressure induced polgtioerizo
polyacetylene above 3.5 GPa, it is of particular interest to dhelyeffect of
pressure on the crystal structures of acetylides as welhisnwork, pressure
induced polymerization was attempted with two simple metalykdes, L,C,
and CaG. Li,C, and CaG have been synthesized by a direct reaction of the
elements at 800°C and 1200°C, respectively. Initial high pregsegstigations
were performed inside Diamond anvil cell (DAC) at room tempegadndn situ
Raman spectroscopic measurement were carried out up to 30 GP45N&Ra,
Li»C, undergoes a transition into a high pressure acetylide phassr@nt 25
GPa this phase turns amorphous. €& polymorphic at ambient pressure.
Monoclinic CaG-Il does not show stability at pressures above 1 GPa. Tetragonal
CaG-l is stable up to at least 12 GPa above which possibly aupeessluced
distortion occurs. At around 18 GPa, Galrns amorphous. In a subsequent
series of experiments both,0, and CaG were compressed to 10 GPa in a multi
anvil (MA) device and heated to temperatures between 300 an8CL&00Li,C,,
and 300°C to 900°C for CaCThe recovered products were analyzed by PXRD
and Raman spectroscopy. It has been observed that reactionmapatateire



higher than 900°C were very difficult to control and hitherto only shaudtien
times could be applied. ForJXd,, a new phase, free of starting material was found
at 1100°C. Both the PXRD patterns and Raman spectra of products 81100
could not be matched to known forms of carbon or carbides. Fop G/

reflections in PXRD were visible at 900°C with the starting material phase
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CHAPTER 1
INTRODUCTION

When applying external pressure, acetylene undergoes polynaarizati
polyacetylene. Evidence of pressure-induced solid state polymemnizats been
reported in acetylene from vibrational spectroscopy inside Diamond £ell
(DAC). Aoki et al. studied the mechanism and kinetics of pressure induced
polymerization by Raman spectroscopy and reported the incidence of
polymerization reaction in the orthorhombic phase at room temperaiuo
pressure above 3.5 GP&he colorless starting material turned deep red upon
polymerization. The reaction was later investigated by infrapedtsoscopy by
Sakashitaet al? They found that both conjugated and saturated polymers were
formed simultaneously when the reaction was initiated at 4.2 GR&00, Chad
et al.reported that at low temperature (77 K) polymerization of acetylene began at
higher pressure around 12.5 GPa and the reaction was completed during felease o
pressure at 2.5 GPaCeppatelliet al. studied the pressure and laser induced
polymerization of solid acetylene by FTIR spectroscofney concluded that
pressure prompts an orderly growth of trans-polyenic speciese whaldiation
yields the opening of the double bonds and branching of the chains take pla
consequently. In the molecular dynamics simulation study by Beonget al,
ciss and trans polyenic chains were observed with substantial cross linking
between the chairsThe reaction was found to occur only at 400K and pressure

of 25 GPa, a threshold pressure much higher than that observed experimentally.



Several carbides correspond to salts of the acetylide anfore@., lithium
carbide (LyC,), sodium carbide (N&,), calcium carbide (Caf, magnesium
carbide (MgG) and lanthanum carbide (LaC C,* is isoelectronic to §H..
Applying pressure to acetylide-like carbides may provide the royppoy to
achieve chain like, ribbon like and layer like nominally charged carvoatsgres
stabilized by electrostatic interactions from the surroundingreat In contrast
with the various forms that exhibit two and three dimensional backbohes
carbon atoms, ligand free chain-like structures have not yet bakrede This
would add a new aspect to carbon chemistry, and materials contaning
consisting of polymeric carbon anions can be expected to exhibreshte
optical, mechanical and electron transport properties. Especially
superconductivity of relevant material is interesting and fueledhle recent
discovery of several superconducting carbon based materials, whicideinc
graphite-intercalated-compounds (GI6) e.g. CaG KCg and alkali metal
fullerides.

In this work, the pressure induced polymerization of anion$)(fresent in
acetylides like LIC, and CaGhas been attempted. There are only a few reports
on high pressure studies of acetylides. In metal acetylides, the betvdsen the
carbon atoms in the dumbbells are “covalent” in nature whereasttraation
between metal and.€ is “ionic”, so they are of mixed covalent-ionic bonding
environment. Kulkarnet al. computationally explored the enthalpy landscape of
CaG on theab initio level by employing a simulated annealing algorithm as a
global exploration methodlt was found that at pressures above 30 GPa the six-
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fold coordination of & units by C&" ions (similar to NaCl structure), which is
characteristic of ambient pressure structures, becomes unsitblespect to a
denser packing with 8-fold coordination (similar to CsCl str@turThe
postulated denser packed dumbbell structure was later experimewetdied for

a high pressure polymorph of Bat® BaG, transforms from the tetragonal ground
state structure, at around 4 GPa, to an eight-coordinated rhomélohedr
modification (space grouR3m), (distorted CsCl-type structure). A second high
pressure transition occurs at 33 GPa to a more or less amorphousnpblym
Pressure induced amorphization, at 13 GPa, was also observed fowhm@i
has the same ground state structure as,BaBinally, and most relevant to this
study, a computational stufy by Chenet al. suggested the accessibility of
polymeric carbon chains from the pressure treatment ¢€,Land which,
according to this study, at around 5 GPa is expected to trangftonthe CrB
structure with zigzag chains of carbon atoms. This transformegtidriven by a
large volume reduction of about 25%.

Lithium carbide (L4C,) and calcium carbide (CaCwere chosen to study the
polymerization of acetylide under high pressure.iArsitu raman spectroscopic
study inside diamond anvil cell was performed with botiCtiand Cag at room
temperature up to 30 GPa pressure. A wide range of high pregsiiheses with
both L,.C, and CagG at different pressure and temperature conditions was done in
multi anvil apparatus. The products obtained were characterizedpawtider

XRD and Raman spectroscopy.



CHAPTER 2
EXPERIMENTAL METHODS

2.1 Synthesis of acetylides:

All steps of sample preparation were performed in an Argaedfifflove box
(H20O concentration < 0.3 ppm and, @oncentrations <0.1 ppm). Starting
materials were rodsb=12.7 mm, [~165 mm) of Li (99.9%), dendritic calcium

(99.8 %) and graphite powder (99.9%)

Li,Co:

A nearly quantitative synthesis of microcrystallineQ. was reported by
Juza, Wehle, and Schuster by a reaction between lithium vapor ardhamus
coal or graphite in a steel container at temperatures betwee@ 886 900°C?
The synthesis has been modified by taking stoichiometric amounithiofm
metal and graphite powder in a tantalum (Ta) ampoule. Li met®dnsitive to
moisture. The surface of lithium metal was scratched witlzar fialade prior to
the synthesis to remove impurities. Lithium metal pieces watrevith pliers and
sandwiched between top and bottom layers of graphite powder in a Ta ampoul
Both sides of the Ta ampoule were arc-welded inside glove box. nipeute
was placed inside quartz tube, and kept in RF furnace at 800°C fondHr
vacuum. The samples were allowed to cool by turning off the furaadethen

returned back to glove box, where it was opened and ground to powder in a



mortar with a pestle. The product was white or grayish in coloe phase purity

of the product was checked with powder X-ray diffraction.

CaCy:

Synthesis of pure CaGwvas reported by Ruschewigt al by the reaction
between elemental calcium and graphite in a graphite cylindabaut 800°C
inside a horizontal tube furnace for about sixteen hfufse synthesis has been
modified by reducing the reaction time to three hours and raisingnihgerature
to 1200 °C. For the synthesis of 200 mg sample, calcium (120.48 mg, 3.01 mmol)
and graphite (79.52 mg, 6.62 mmol) were mixed in a molar ratio of h&ide
the glove box and pressed to a pellettot 8 mm. The pellet was taken in a Ta
ampoule. Both sides of the Ta ampoule were arc welded insideotres lghx and
was put inside quartz tube outside the glove box. The quartz tub&kepast
1200°C for 3 hours in RF furnace. The sample was allowed to cool to room
temperature and transferred to the glove box where further handisigarried

out. The phase purity of the product was checked with x-ray Powder Diffraction.



2.2 High Pressure Experiments:

High pressure experiments are usually carried out eith@r) iDiamond Anvil
Cell (DAC),or in (2) Multi Anvil (MA) press= In DAC studies pressures from
0.1 to several hundred GPa (0.1 GPa £ Ba = 1 kbarc 1000 atm) can be
achieved within tiny samples (0.1 mnor even smaller) held between two
opposed diamond anvils. Due to the transparency of diamond anvils fois X-ray
infrared and visible light, many properties of the compressed sataplebe
measuredn situ by spectroscopy and diffraction. The small sample size however
limits the DAC as an observatory tool. To obtain the large sanipldsy forex
situ characterization of structural, chemical, and physical pregedf reaction
products multi anvil apparatus should be used. This anvil device indiyve
large hydraulic press and pressure is applied on the sample from sevetairdire
simultaneously. The pressure range that can be reachedMA device is
obviously lower than in the DAC (typically up to 25 GPa), but sample
temperatures and the synthesis environment are much better cdntrdid. In
DAC, simultaneous heating can be achieved either internally thrughfrared
laser or externally through electrical (resistive) heatingmulti-anvil devices,
high temperatures can be attained by inserting a resistivacki(usually made of
graphite or LaCrg@) into the pressure transmitting medium around the sample. In
multi-anvil press and in externally heated diamond cells, temperaumost

conveniently measured by thermocouples whereas in laser-heatezhdiasils,



temperature can be determined by measuring the spectrabutistni of the

emitted blackbody radiation.

Diamond Anvil Cell Experiments

DAC experiments were carried out in a Diacell (MerrillsBatt type)
instrument. The diamonds were always mounted on some support pkdat)(“s
made out of a hard material, usually tungsten carbide. Thigrdedibwed the
seats to be tilted and moved horizontally, in order to make surénhthatitets of
the diamonds were exactly parallel and the culets werehmgtcLoad was
applied by means of two bolts, one of which had a left-hande@dhighis
arrangement allowed a symmetrical load to be applied to the antile no net
twisting was put on the device. No pressure transmitting mediasnused since
Li,C, and CaG are extremely sensitive to moisture and readily hydrolyads w
common pressure-transmitting media, such as methanol/ethanol onesild.
Stainless steel gaskets with an initial thickness ofi2zbQ@vere indented to 6om.
The sample compartment corresponded to aytb@iameter central hole which
was pressurized using 3@@n culet diamonds. For monitoring the pressure the
ruby fluorescence line shift was employ&diccordingly, a small chip of ruby

crystal was placed along with the sample in the gasket aperture.



Ruby

The principle of a DAC.

a) b)

Figure 1. Diamond anvil cell (DAC) (a) Schematic diagram and (b) real

apparatus



Multi-Anvil (MA) Experiments

High pressure experiments were carried out in a 6-8 WalkerMypdigh
pressure module. The six steel wedges (outer anvil) creatgniacavity for the
inner anvils and were placed in a confinement ring. The module wasressed
in a hydraulic press (maximum uniaxial load of 1000t). The innet aag made
of eight 25 mm edge length tungsten carbide (WC) cubes miticdted corners.
The corner truncations of the WC cubes created an octaheditgl atethe centre,
in which a ceramic pressure-transmitting medium was placegicdlly a
castable ceramics with a composition of 55 weight percentage MgD45
weight percentage spinel and a porosity of about 20 volume percentage was
used*’ By varying the Truncation Edge Length (TEL) and the Octahdshigk
Length (OEL) of the pressure medium different pressure ramged e attained.
For most of our MA runs a 18/12 assembly was used (OEL= 18 mm, TEL=
mm). To support the truncations and seal in the high-pressure regiskets,

normally of pyrophyllite, were placed between the anvils.



Figure 2. Assembly of multi anvil apparatus, (a) parts (b) octahedron tedhés
the cavity of cubes with truncated edges, (c) closed cubbwatidhedron inside,

ready to go inside multi anvil

Samples were loaded either inside hexagonal BN capsule ( h-BNaltor
(NaCl) capsule inside Ar filled glove box (oxygen concentratiorss than 0.1
ppm). The inner diameter (ID) and outer diameter (OD) of both ¢ymmpsule
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were 4 mm and 6.1 mm respectively. Length of the h-BN andajpdules were

7.3 mm and 8 mm respectively. The shorter length of BN capsule was
compromised with MgO disk. The capsule was taken out from the gtoveari
positioned inside a graphite furnace. This arrangement was theed fglagether
with a zirconia thermal insulating sleeve inside a magnesahedton. After
reaching the target pressure the samples were heated shot@iypperatures. The
temperature was measured close to the sample using a thermotgel€
(W5%Re-W26%Re wire) in an ADs; sleeve. Afterward, the pressure was
released over a period of several hours and the samples wereredcovéhe

glove box.

2.3 Differential Thermal Analysis:

Differential Thermal Analysis (DTA) experiments were rezd out in a
Shimadzu DTA-50 instrument. Powder,Cp sample was sealed in a stainless
steel capsule inside the glove box. Temperature was incresedhte of 10°C
per minute till 1100°C and cooling process was done at a rate@fpE0Iminute.

A constant Argon flow during the experiment was maintained.

2.4 High temper ature XRD measur ement:

The measurement was performed on a Stadi P diffractometerStoenwith
Cu tube and myths detector. The temperature adjustment was perfesmgcd

11



Stoe Kapillarofens. The furnace consisted of a graphite rod, whiclendssed
by a water-cooled metal cylinder. The interior of the furnacenduhe heating
phases were kept under nitrogen atmosphere to prevent oxidationgrafiinte
rod. Temperature was measured with a Pt / Rh thermocouple. boahG6mm
thick longitudinal hole of the graphite rod, maximum 0.5mm thick caa

were introduced. A wide transverse bore allowed the passage of the.X-ray

2.5. Powder X-ray Diffraction:

The highly moisture sensitive products were analyzed by powdery X-ra
diffraction. Samples were ground and loaded into 0.3 mm glass ca&gillaside
the glove box. Measurements were performed on a Bruker D8 Advanced
diffractometer (Gobel mirror, Cu dradiation) for a 2 range from 10° to 90°

with an increment step of 0.008°.

2.6 Raman Spectroscopy:

The Raman data were collected using a custom built Ramanmapetgr in
180° geometry. The sample was excited using a 532 nm laser. SEneptaver
was adjusted using neutral density (ND) filters. The laser faassed using a

50X super long working distance objective (Mitutoyo). The numerical apestur

12



the objective was 0.42. The signal was separated from theelasigation using
two filters; first a Kaiser laser band pass filter wasduand it was followed by a
Semrock edge filter. A liquid nitrogen cooled CCD detector was. usker X-
ray diffraction measurement, the same capillary was mounteal dean glass
slide. Laser power of 0.65 mW was used. Increase of laser pouwssdchurning

of the sample/glass capillaries. The image was observed using PixeLin&rsoftw
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CHAPTER 3
RESULTS AND DISCUSSION

3.1. Ambient pressureinvestigation of CaC, and Li>C»

Figure 3. Crystal structure of (a) g€, [ Immm (No. 71), Z = 2 ] and (b)

CaG -1 [14/mmm, Z=2]

Figure 3 has been drawn by collecting the crystallograpiiccrnation from
literature (Ruschewitbt al) and with the help of Diamond software.
3.1.1 CaC»

In literature, Cag is reported to exist in four modifications. In 2001,
Ruschewitzet al. reported about the phase transition of £a€ detail and
discussed all of these four modifications with referenceltthalprevious work

14



on CaG.** At room temperature CaGCexists as a body centered tetragonal
modification CaG-l (I4/mmm, Z=2) where & dumbbells align along the
tetragonal axis. In Cadl, each Ca atom is coordinated by four’Cdumbbells in

a side-on fashion and two, dumbbells in an end-on organization that leads to a
overall coordination number 8+2. This tetragonal form converts to a low
temperature monoclinic form Cad (C2/c, Z=4.) This form crystallizes in the
ThGC; structure type. There is also a meta stable modification,-Ca(C2/m,
Z=4). A cubic high temperature modification of Ga/ (Fm-3 m, Z=4) is found

at 490°C. The crystal structure of Galds depicted in figure 3(b).

Crystalline powders of CaCwithout any impurities were obtained by the
reaction between graphite and elemental calcium. The colorkeofetsulting
samples were light to dark gray. The color obtained depends upon therreac
condition. The obtained samples were characterized with X-ray powder
diffraction and Raman spectroscopy. Powder XRD revealed thenpeesé all
the three modifications reported in literature. Powder X-rayatifion patterns
were plotted and compared with literature. The presence of Ma@ppeared to
be really small, and sometimes it was not formed at allvast found that CaCl
and CaG-Il were the major phases in the sample. Long synthesisandesmall
scale sample preparation favored the tetragonal phasgl©@&€r the monoclinic
phase Cagll.

From diffraction patterns shown in figure 4 it can be understood thall s
scale sample preparation favored Ga@hase, if the reaction temperature and
reaction time were kept constant. Diffraction patterns in figusbow that longer

15



reaction time favored Cag phase over the Cadl, if the reaction temperature
and sample amount were kept constant. In figure 5 some additioeaticefs are
visible in 1.5 hour experiment, which are shown as red and blue arReus.
arrows correspond to TaC (F m -3 m) phase whereas blue arrongspmord to
TaC (P 63/m m c) phase. Probably during reaction Ta materialtlierampoule

reacted with graphite and formed tantalum carbides. Scratching sanmpl&dro

L (NN B L (N N L (L L L N LN L

Intensity (Arbitary unit)

20 25 30 35 40 45 50 ) 60 63 To U5 80
20 (degree)

Figure 4. Powder XRD of Cagstarting material, longer reaction time favors

CaG-1 phase over Cagll phase
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Figure 5. Powder XRD of Cagstarting material, smaller sample amount favors
CaG-1 phase over Cagll phase. Red arrows correspond to TaC (F m -3 m)

phase where blue arrows correspond tgCT@ 63/m m c) phase

ampoule caused these tantalum carbides impurities and hence wisdawooiall
other syntheses of calcium carbide.

The Raman spectra of Ca@t ambient pressure and room temperature are
shown in figure 6. The wavenumbers of Raman active modes forICa@ Il,
are compiled in Table-I with the help of literatdfeThe spectra of CaCis
divided into two regions: C-C stretches have large intensitie®erut at higher

wavenumbers (between 1800 and 1900cmwhereas libration modes of,C

17



dumbbells and translation modes, which comprise mostly of displaceofahts
metal ions, have low intensities and is obeserved at wavenumbers below 500 cm
The first-order Raman spectrum of tetragonal £hConstitutes of the C-C
stretching mode (fy) and the double degenerate libration gfddmbbells (g).
These bands are observed at 1864 and 314 @spectively. Monoclinic Cagdl

has two formula units in the primitive unit cell and eight Ramawodes are

expected.
0.2 T T T I T T rrTT Frrr e

1.0 1864 1874 ]
0.8 } -

X 311

= 262

o

2

= 0.6 | -

‘E 0_1 | .

L

5 352

= 171 04l |

[V

(= | i ]

1829
0.2 —_—/\118@ .
Lossslossslossslssaal Lisis 00 PR TN TN N [N T TN N T TN TN T T

0 Lo :
200 300 400 500 1800 1850 1900 1950
Raman shift (cm1)

Figure 6. Raman spectrum of Ca@t ambient pressure and room temperature,

libration modes are much less intense

These are two C-C stretches, four librations and two tréamslatodes. In the
spectrum of Cagonly one stretch is observed at 1874crthree libration

18



modes occur at 352, 262, and 171 crespectively. The fourth libration mode
most likely overlaps with the Cad single libration mode. The contribution from
3¢ and™“C to the C-C stretch vibration of CaCand Il is separated by about 35

cmt,

Table-l Compilation of Raman active stretching and libration modes fop CaC

CaG-| (D4p) CaG-ll (Cyp)

Experimental (cil) | Raman| Experimental (cril) Raman
active active
mode mode

1864 Ag - By
1874 A
311 E 352 lib B,
~311 lib B,
262 lib A
171 lib B,
- trans Ay
- trans B
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3.1.2Li,Cy:

Li»C, occurs in two forms. At room temperature the structure is reptotbe
orthorhombic (space group Immm (No. 71}i,C, crystallizes isotypic to R,
and CsO,. The crystal structure of 4G, is depicted in figure 3(a). The,€
dumbbells are aligned parallel to theaxis of the orthorhombic unit cell. Each
C,* dumbbell is coordinated by eight Li cations, four in a side-on andifican
end-on fashion. Each Li cation is coordinated side-on and end-on to fivo C
dumbbells. so that overall obtained co-ordination number is 6. There issa pha
transition to high temperature cubic anti-gaffucture at 420°C.

Crystalline powders of kC,, without any impurities, were obtained by the
reaction between elemental lithium and graphite. The samplesgnayish white,
bluish white to pure white. The color depended on the stoichiometryhafnh
used. A perfect 1:1 stoichiometry of lithium and graphite lechéoformation of
complete white sample. A tiny amount of excess graphite foarsainple gray
in color whereas the crystallization of,Cp from a little excess of metallic
lithium produced bluish white sample, which is also reported in titex® The
resulting samples were characterized with X-ray powder diftna and Raman
spectroscopy. Powder XRD revealed the presence of low tempgeratur
orthorhombic modification reported in literature. Powder X-ray ddffion pattern

is plotted and compared with literature.
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Figure 7. X-ray powder diffraction pattern for iC, recorded at room

temperature (Immm, No. 71, Z = 2)

The Raman spectra of X3, at ambient pressure and room temperature are shown
in figure 8. The wavenumbers of Raman active modes #@,lare compiled in
Table-1l with the help of literatur® The spectra of LC, are divided into two
regions, like Cag Orthorhombic LiC, contains four atoms in the primitive unit
cell, hence nine optic modes are expected. Out of these nineroaas, six are
Raman active: the C-C stretch, two librations and three ttarslmodes. The
former modes are clearly visible in the spectrum of figure Bagpear at 1872,

318 and 284 cih respectively. The stretching mode contribution frof@ and
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12C is at 1838 ci. The weak feature, at around 390 Gmmay be assigned to the

Bsg translation (Table-Il).
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Figure 8. Raman spectrum of 4G, at ambient pressure and room temperature,

libration modes are much less intense
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Table-ll Compilation of Raman active stretching and libration modes feC4.i

Li>C (D2n)
Experimental (cr) Raman active mode
1872 N
- trans A
385 trans By
318 lib Byg
- trans By
284 lib Bsg

3.1.2a Resultsof DTA experimentswith lithium carbide:

A phase transition of LC, from orthorhombic to a cubic anti-CaBtructure
with disordered Cdumbbells was found in literature at a temperature of about

420°C. DTA measurement withd, showed a phase transition around 426°C,
which supports literature value. The DTA measurement indicates another phase

transition around 763°C which needs more investigation.
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Figure 9. DTA experimental results for lithium carbide {Cp)

3.1.2b High temperature XRD experiment with Li,C,:

The first phase transition at about 420°C was investigatedigsee 10 (the
plot of the temperature program starts at the bottom). The cuase @ppeared at
460°C, the conversion was complete at 475°C. On cooling, the orthorhombic
modification appeared again only at 435°C, the cubic could be sean aga
405°C, though weak.
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Figure 10. Temperature-dependent course of the Bragg reflections b Li

(400°C - 500°C)

Longer diffraction measurement (about 2 h) at room temperaturd &00°¢C
(figure 11) showed the (almost) pure orthorhombic and cubic phasks. (T
reflections in the @ range between 33° and 36° do not belong to the sample, but
are built in by certain settings of the primary beam trap.)
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Figure 11. XRD patterns of LiC, at room temperature and at 500°C (shaded bar

graphs with the ICDD PDF database)

A second phase transition was investigated in the range betwee@ @0@°
850°C. Unfortunately the sample reacted with quartz and formg&iCsi and
Li4SiOs. It can be concluded from this study that high temperature XRD
investigation inside quartz capillary with lithium carbide sanpleot applicable
for temperatures higher than 600°C. The probable way out will be neutron

measurements inside vanadium containers {LitsC, sample.
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3.2 Room temper atur e Diamond anvil cell experiments with acetylides

Li,C, and CaG, were studied at room temperature by Raman spectroscopy
inside a diamond anvil cell to understand the effects of high pre@goure® 30
GPa) on the structural properties of these acetylides.

A complete Raman spectrum was taken at each pressure. Likenkhenta
pressure condition spectra have been divided into two regions: t@&{Chss
(between 1800 and 1900 dnand libration modes of Cdumbbells and
translation modes (between 150 and 50d)cm

Pressure dependence of stretching and libration mode of both cabibitec

and lithium carbide were studied by plotting wavenumbers with pressure.

3.2.1 DAC study with CaC,

A set of Raman spectra of Caél various pressures has been shown in figure
12 a). With increase of pressure, the intensity of the modes of tmoadzaG-li
diminishes and above 2 GPa only GdGsurvives (See figure 12 b). Most
certainly CaG-ll either transforms into Ca&l at only slightly high pressures, or
its Raman spectrum appears to be featureless due to amorphizadeems that
the tetragonal form maintains the spectrum until about 14 Girerewband
broadening happens and intensities become weaker. Above 18 GPa, the Rama
spectrum of Cagis basically featureless. When the pressure is reledsied, t

remains unaffected and thus indicates an irreversible amorphization of CaC
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Figure 12. a) Raman spectra of Ca@t various pressures. b) Disappearance of

CaG-1l, monoclinic phase at lower pressure region

The pressure dependence of frequencies is plotted in figure 13. A
discontinuity may be observed at around 12 GPa, which suggests aiveistor
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structural transformation of tetragonal GadCln conclusion, Raman spectroscopy

shows that instability of Ca&ll with pressure, and indicates a pressure-induced

distortion of CaG-l followed by the formation of amorphous phase.
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Figure 13: Pressure dependence of stretching and librational modes of CaC
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3.2.2 DAC study with Li,C,
A set of Raman spectra of )0, at various pressures has been depicted in

figure 14. At around 15 GPa, additional modes appear which is thought
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Figure 14: (a) Raman spectra of G, at various pressures. (b) Evolution of high
pressure phase
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as the beginning of a phase transition. Until about 20 GPa the orthodhombi
ground state phase coexists with the high pressure phase. Bandsiigpathts
above 23 GPa and the Raman spectrum becomes featureless above PhisGPa.
remains unchanged when the pressure is released and an irreversible
amorphization of LiC,.is indicated

The development of the high pressure phase and the pressure tahge o
non-equilibrium two-phase mixture is shown in figure 14b. The occwerehthe
high pressure phases is also observed visually as a darketivegsaimple in the
DAC at about 15 GPa. The C-C stretch of the high pressure phasarsah
lower wavenumbers compared to the ground state phase. The m@kcated
spectrum in the low wavenumber libration-translation region indicatésger
primitive unit cell. The wavenumber of the high frequency mode makes it obvious
that the the high pressure phase structure gE.Lis based on acetylide,€
dumbbells and not on zigzag chains of carbon atoms. Thus the obsensgttra
does not match up to the predicted polymerization of dumbbell ions. The
subsequent amorphization of,Cp is observed at higher pressures compared to
CaG (25 as against 18 GPa).

Figure 15 depicts the pressure dependence of frequencies. Ab&Ral3he
B1g libration mode of the orthorhombic phase — which has a lower intensity
compared to the § one — becomes a mode of the high pressure phase, which is
indicated by the kink. The structures of alkali metal peroxides arfteavier
alkali metal carbides may be considered as possible candidatée fLp,C, high
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pressure form. The structure of the high pressure phase is still not cométasiv

the study, but may be elucidated from a future X-ray diffraction study.
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Figure 15: Pressure dependence of stretching and librational modesgGaf hiue
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32



3.3 High temperature Multi anvil call experiments with acetylides

3.3.1 Multi anvil cell experiment with CaC,
A series of multi anvil cell experiments were performed at a constant gressur

of 10 GPa and at temperatures of 300°C, 600°C and 900°C.

Table-lll MA reaction conditions for CaC

Pressure Temperature Heating rate  Dwelling tjme Capsule
10 GPa 300°C 5C/min 1 hour h BN

10 GPa 600°C 5C/min 1 hour h BN

10 GPa 900°C 5C/min 1 hour h BN

10 GPa 900°C 5C/min 1 hour Salt (NaC

Products from multi anvil cell experiments were charaaeriby powder
XRD and Raman spectroscopy. Figure 16 and figure 17 depict compatatay

diffraction pattern and Raman spectroscopy respectively of multi anvil eampl

300°C sampteThe powder XRD reveals that product is poorly crystalline and
most of the Cagll disappears and Cadq survives. In the Raman spectroscopic
measurement, peak splitting at C-C stretching is no longdsle/jisand only one
libration mode is present, indicating the presence of one major.pfde

wavenumber of C-C stretch drops to 1848’ arompared to 1864 cfnat ambient
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pressure and temperature condition. Possible explanation for this lowring
wavenumber may be the less electrostatic interaction of theblmklimwith
surrounding cations, as the sample becomes less crystallinéhaftein. The two
humps at 1129 and 1507 ¢mrespectively are present which cannot be explained

at this moment.
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Figure 16. Comparative Powder XRD study: Multi anvil experiments with £aC
at fixed pressure ( 10GPa) and at different temperatures.. Red arrow indicates

CaO impurity phase

34



600°C sample Powder XRD reveals sample is more crystalline than 300°C

sample. Peaks corresponding to the £lghase are sharper. Sample gets a little
oxidized here, and forms CaO and Ca(@H)s CaG is highly sensitive to
moisture, probably it reacts with moisture during the timekiggao transfer from

multi anvil apparatus to glove box after the experiment. A newdbpeak starts
developing at around two theta equals 34.05 degree, which do not match with any

of the CaG known phases. This broad peak may be formed due to overlap of

T
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.
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Figure 17. Raman spectra of different parts of Ga@ulti anvil experiment

sample (a) 300°C (b) 600°C (c) 900°C sample
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highest intensity peak of Ca(Ok)and probably some peaks from a new phase.
This interpretation will be clear when 900°C sample will be diszlisRaman
spectroscopy shows mostly disordered amorphous carbon feature ighea
intensity D band at around 1349 ¢rand a lower intensity G band at 1593 tm
Possible explanation may be some of the La@hich disappears might turn

amorphous at 600°C.

900°C sample Sample shows more crystalline nature than 600°C sample-ICaC

is present with a very small amount of GdC A tiny amount of CaO impurity is
present in the sample but no Ca(@Has been found. The broad peak at two theta
equals 34.05 degree of the 600°C sample splits into three peaks for the 900°C
sample at two theta equal to 33.93, 34.4, 34.82 degrees respectively. Ehe sam
reaction condition when applied with a different sample container|(bigfSule),

(see figure 18 )the powder pattern is reproducible indicating lileahew peaks
correspond to sole CaGample and there is no impurity from reaction with

capsule material.
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Figure 18. Comparative Powder XRD study: Multi anvil experiments with £aC

at fixed pressure (10GPa) and at fixed temperature (900°C) with diffaraptes

capsules (h BN and salt)

Some additional new peaks are also visible in the powder pattewo ahéta

equal to 31.75 and 32.4 degrees respectively. The Raman measurersembtdoe

show any promising new feature. It shows mainly amorphous carborbvatid

G band overlap in contrast to the 600°C sample where D and G batdgsHit

prominent. Probably the new phase is not Raman active.

These series of runs indicate that higher temperature is needethin a new

phase. Hence effort was made to do more runs at higher te¢orpebait the

attempt was not successful. The sample environment becomes higlalyleradt

higher temperature and it is difficult to maintain the tempeeafiorr longer time.

Another important factor is the choice of capsule materials. BetiNaCl or BN

capsule materials have some drawbacks, the former softens rapidiigh
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temperatures while the latter can give rise to impurities €aBN3). Therefore

investigations into a superior capsule material should be performed.

3.3.2 Multi anvil cell experiment with Li,C,

A series of multi anvil cell experiments were performed at a constant gressur

of 10 GPa and at temperatures of 300°C, 600°C and 900°C, 1100°C.

Table-IV: MA reaction conditions for L,

Pressure Temperature Heating rate  Dwelling tjme Capsule
10 GPa 300C 5C/min 1 hour h BN
10 GPa 600C 5C/min 1 hour h BN
10 GPa 900C 5C/min 1 hour h BN
10 GPa 1100C 5C/min 10 mins h BN
10 GPa 1100C 5C/min 15 mins NaCl

300°C sample : This sample does not show any noticeable change in powder

XRD with starting material, other than a less crystallintinea Raman spectra is

also similar to the starting material with an additional palround 481 cth

Like CaG, the wavenumber of C-C stretch appears to be much lower (1892 cm

than the one (1872 ¢hhat ambient pressure and temperature condition. Possible

explanation may be the less rigidity of dumbbell ipCzias the samples become
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less crystalline. Here again two humps appear in some spotssatipde at 1121

and 1493 crfrespectively, which cannot be explained.
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Figure 19. Comparative Powder XRD study: Multi anvil experiments wityChi

at fixed pressure (10GPa) and at different temperatures

600°C sample : The powder XRD reveals some weak reflections in addition to
the starting material phase. Raman shows the starting nhatleaise with some
amorphous carbon feature. The D and G bands are not well resolved andaappear
1336 and 1552 cihrespectively. It is quite comparable with the Ga®00°C
sample.
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900°C sample: The weak additional reflections at 600°C sample are much
prominent for the 900°C sample. A new phase should be present withrtiveyst
material phase. Longer reaction time experiment (4 hours) hetpgadotuce
more crystalline new phase but it does not help to get rid dingtanaterial
phase (which has not been shown here). Raman spectroscopy of aaiSie s
shows C-C stretching and libration mode comparable with that ofingtar
material. Additionally 900°C sample shows two sharp humps at 1112 and 1483

cm* respectively.

1100°C sample Products at 116G were free from starting material. Reactions

at 1106C were very difficult to control and hitherto only short reactiiones
(about 10 min) could be applied before the sample environment in the pressur
cell turned highly unstable. Characteristic of the PXRD pattéonsthose
products are three broad reflections with d spacings of 6.7, 3.4 and 2.3 A
respectively. Additional sharp peaks become visible when a reaitierot 15

min is applied. The Raman spectrum of products at Cl@lisplay a, most
prominent feature, band centered around 143 with a shoulder toward lower
wavenumbers. It might be guessed that two humps of 900°C sample amstlap
form a broad hump here at 1100°C sample. Both the PXRD patterns arah Ra
spectra of products at 11 have not been found in literature for any known

carbons or carbides.
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Figure 20. Raman spectra of different parts of,@i multi anvil experiment

sample (a) 300°C (b) 600°C (c) 900°C and (d) 1100°C sample

Again, these series of runs indicate that higher temperatoseded to obtain

a new phase. Therefore investigations into a superior capsuldainsiteuld be

performed.
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CHAPTER 4
CONCLUSION

Lithium carbide and calcium carbide have been synthesized and ehiaextt
by PXRD and Raman spectroscopy. Thermal behavior e€,Lhas been
investigated by DTA experiment in which two phase transitioea®bserved. The
first phase transition from orthorhombic to cubic phase near 420°Gdwlre
reported in literature, is supported by high temperature XRD uneagnt inside
quartz capillary. DTA experimental data on the(. sample indicates the
occurrence of a second phase transition around 750°C to 800°C. Attempts have
been made to explore the details of this transition by high tetnperXRD
experiment; unfortunately it was unsuccessful as lithium carkedets with
quartz capillary. One of the possible explanations for this phassition may be
rotational disorder in the acetylide dumbbell.

Inside DAC, LpC;, and CaG have been studied by Raman spectroscopy up to
pressures of 30 GPa at room temperaturgCluindergoes a transition to a high
pressure acetylide phase near 15 GPa. Amorphization®©f isi observed around
25 GPa. At ambient pressure GaContains mainly Cagl and CaGll.
Monoclinic CaG-Il is not stable at pressures above 1 GPa. The Raman spkctra
CaG suggest a pressure induced distortion on the,Cabase after 12 GPa.
Analogous to LiC,, finally the CaG also turns amorphous at very high pressure,
around 18 GPa. Therefore these pressure induced structural areméailowed
by amorphisation is observed for both,@&i and CaG. Similar sequential
structural changes are reported for BaC
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Multi anvil cell experiments are not conclusive. It has been obdehat the
sample environment in the MA cell turned extremely unstable of 1@ERsure
when the temperature was higher than 900°C. So short reaction diméec
applied at temperatures higher than 900°C. FgCJ.a new phase free of starting
material, was found at 1100°C. The PXRD data displays mainly tmeed
reflections with d-spacings of 6.7, 3.4 and 2.3 A, respectively. The Raman
spectrum of products at 11 display a broad band centered around 1438, cm
with a shoulder towards lower wavenumbers. Both the PXRD patterrfiaandn
spectra of products at 11 are unique. Longer reaction time may help to form
the phase with better crystalline nature. For £a€w additional reflections in
PXRD were observed at 900°C with the starting material phasabt@m a phase
free from starting material, experiments were attemptéigater temperature but
were not successful.

Systematic efforts will be required to understand the behavioii,@k land
CaG at high pressures and high temperatures. This usually includes new
experimental conditions such as establishing a stable reactionreneint at high
temperatures (above 10W) and utilizing a proper sample container (for example
Ta) for MA experiments. DAC experiments need to be perforatedlevated

temperatures.
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