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Abstract— Anthracene, biphenyl and selected mixwures have been carbonised to a
maximum temp, of GO0°C., under pressures approaching 300 MNm™*(3 kbar} whilst
sealed in gold tubes and contained within a hydrotiiermal pressure bomb, Resultant
carbons were analysed by Stereoscan miicroscopy, mass spectrometry, N-ray diflraction
techniques and optical microscopy. The carbons were graphitised at 2000° and 2800°C
and examined. A new phenomenon was observed, namely the formation of a spherulitic
(botryeidaly carbon, about p-sized, which although inirinsically anisotropic can eonfer
isotropic properties to the bulk graphite. These spheres ave essentially the mesophase,
the effect of pressure being to prevent their coalescence. Pressure enhances the graphi-
tisibility of the carbons. The addition of biphenyl reduces the graphitisibility of the
carbonised anthracene, but a mechanism involving co-condensation of biphenyl and
anthracene molecules is not considered to be invoked, rather a dilution of the anthracene,

thus preventing mesophase growth,

1. INTRODUCTION

Understanding of the phenomenon of
graphitisibility in soft carbons has been
considerably enhanced by the studies of
Brooks and Taylor[l] into the deveopment
and properties of the mesophase. The
growth of these mesophase spheres in the
isotropic fused state of the carbonised pitch,
or pure organic compound is essentially a
physical process, ie. the growth of nematic
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completed at Newcastle University, England.
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liquid crystals{2]. Honda ef ol.[3] supplemen-
ted the findings of Brooks and Taylor by
examining in greater detail, the effect of
temperature and soaking time upon growth
and physical properties of mesophase, and
finding that temperature and time were
essentially complementary factors. As vet,
the effect of pressure upon mesophase
growth has not been examined and this
study reports an initial survey.

There is some evidence to support initial
predictions that pressure is a significant
parameter. The physical growth of the
mesophase depends ultimately upon the
chemical formation of large aromatic mole-
cules which constitute the essential packing
units of the mesophase. Chemical equilibria
and reaction rates may be critically dependent
upon pressure[4], the effect of which, in
carbonisation systems at a given lemperature
is to promote the formation of the necessary
condensed aromatic molecules. By necessity,
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a4 pressurised  system  must be isolated,
preventing  volatile  evolution and  hence
molecular {ragmentation. In carbonisation
systems  operating  at one  atmosphere,
much of the molecular stacking order
following coalescence of the mesophase i3
lost by disruption arising from such volatile
evolution through the still plastic state of the
systern. It is well documented that pressure
increases the viscosity of Hquids, e.g. Grist,
Webb and Schiessher [5] report an increase of
viscosity (in a substituted tetrahydronaphtha-
cene) by two orders of magnitude over a
pressure range up to 200 MNm™ (2 kbar).
Thus, the effect of pressure will not only
reduce considerably any tendency to bubble
formation, but also reduce disorder produced
by convection currents within the system
{because of enhanced viscosity).

Choice of material to be carbonised was
restricted to anthracene and biphenyl. This
was because of the considerable detailed
knownledge now avatlable of the chemistry of
carbonisation of these materials. Evans and
Marsh [6, 7] completed a study of the carboni-
sation of pure aromatic materials, and mix-
wires thereof, the products of carbonisation
being analysed in a mass spectrometer,
whilst Walker and Weintraub[8)] examined,
by several techmiques, the carbonisation of
anthracene-biphenyl, and phenanthrene-
biphenyl systems, The findings of these two
studies formed a basis {or the interpreta-
tion of the results of this study.

In the study of Evans and Marsh, single
components or mixiures were carbonised
in sealed silica ampoules under conditions
somewhat comparable to those of Walker and
Weintraub. Materials, carbonised singly or
in two-component systems included acenaph-
thylene, anthracene, chrysene, pyrene,
{luorcanthene, and phenanthrene. Products
of carbonisation were analysed in a M38 mass
spectrometer. The aim was the identification
of the products of carbonisation to develop a
model of structure in low-temperature car-
hons which uses, as ‘building-bricks’, the mole-
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cular structures identified in the analysis. One
salient and relevant conclusion of the study
was that no evidence was Tound for reactions
occurring between the individual components
of a mixture or their major producis of
pyrolysis. This non-interaction ol the mix-
ture components was atlributed, partially, to
the lack of coincidence of temperatures of
maximum standing-concentrations of free
radicals {rom respeclive components. It
must therefore not be assumed that compon-
ents of mixtures of aromatic molecules (as in
coal and petroleum pitches) exhibit compar-
able chemical reactivides.

The study of Walker and Weintraub had a
somewhat different objective. They attemp-
ted to control the degree of graphitisibility
ol anthracene and phenanthrene by addition
of biphenyl (a non-graphitising material).
The effect of addition of biphenyl to the
phenanthrene produced a greater decrease
in graphitisibility than  comparable addi-
tion to anthracene. Photomicrographs of
the carbons of the anthracene-biphenyl
system indicated the simultaneous production
of three distinct phases, attributed to anthra-
cene, biphenyl and the binary system.
However, in the carbonisation of phenan-
threne-biphenyl mixtures, three phases of
carbon structure could also be identified, but
they were not produced simultancously —
each carbonised system had a homogeneous
composition, the nature ol the phase depend-
ing upon the composition of the initial
mixture. Walker and Weintraub postulate
that, due to the much greater reactivity of
anthracene to that of phenanthrene or
biphenyl, the carbonisation of anthracene-
biphenyl mixtures will proceed initially via
anthracene-anthracene condensation o give
one phase {(appearance of delayed coke),
then via anthracene-biphenyl condensation
(e.g. 4-(9-anthryl)-1-phenyl benzene) 1o form
a second phase with the biphenyl-biphenyl
condensation occurring last to form the
third phase. However, phenanthrene and
biphenyl have more comparable reactivities,
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and as such, co-condensation occurs continu-
ously.

In the pressurised experiments reported
below it was considered opportune to
examine, not only anthracene but also the
anthracene-biphenyl system, in terms of
graphitisibility, ~ chemical  composition,
physical appearance and anisotropy inter-
relating, if possible, the initially described
predictions and the above findings. In addi-
tion an anthracene-SP-1 fines mixture and an
anthracene-ferrocene mixture were carbon-
ised, the former because of possible nuclea-
tion of the mesophase by small graphite
crystals and the second because of the known
action of iron as a graphitisation catalyst
[O-11L

2. EXPERIMENTAL

The pressurised carbonisation apparatus
is outlined in Fig. 1. A hiydraulic compressor,
actuated by compressed air, could transmit
{via water) maximum pressures of 400 MNm ™2
{4 kbars) to the high tensile-strength, Steflite
25 bombs. Taps could isoclate the bombs
during carbonisation runs and provision was
made for release to the atmosphere. The
anthracene, or mixtures with biphenyl,
ferrocene and SP-1 fines (a spectroscopic
grade ol graphite from the Carbon Products
Division, Union Carbide) were sealed in gold
tubes and these tubes placed into the bombs,
the latter were hlled with distilled water and

METER
COMPRESSOR VALVE
I y BOMB
T F T I-“
Fig. 1. Diagram of pressurised carbonisation

apparatus.
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connected to the pressurised manifold.
Heating was at the rate of 0-5°C min™" 10 the
final temperature with a ten minutes soaking
time, except in two experiments when the
soaking time was 16hr and 18 hr (samples
PIT and P12, Table 1). Split-tube electrical
furnaces were raised to and lowered from the
bombs. Rapid quenching in cold water was
carrted out at the end of a carbonisation,
Gold tubing was used because of its chemical
inertness, its malleability allowing the hydro-
thermal pressure to be transmitted dirvectly
on the specimen and because of ease of
sealing. An arc welding technique provided a
seal perhaps stronger than the walls of the
gold tubing. No detectable weight loss from
the sealed, gold tubes occurred during the
carbonisation process. About 1-0 ¢ of material
was carbonised. The details of the experi-
ments, with code number, are hHsted in
Table 1. Here, the code numbers proceed in
terms of pressure and temperature. Several
techniques were used to examine the carbon-
ised samples as removed from the gold
tuebes. ' '

2.t Description
samjres

of original and  graphitised

The physical appearance, colour, hardness
etc., of the samples as taken from the gold
tubes and after further heat-treatment, were
recorded,

2.2 Stereoscan micrographs

Topographical features were revealed
using a ‘Stercoscan’ (Cambridge Instrument
Co., U.K.) scanning electron microscope[12].
A small sample, about Imm cube, was
mounted on the mushroom-shaped specimen
holder of the instrument, shadowed with
gold-palladium alloy in high vacuum[i3]
to promoete electrical conductivity and
examined at magnifications up to 2000x.

2.3 Mass spectrametric analysis
The chemical composition of the carbon-
ised product was determined using an MS9
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Table 1. Description of sample preparation

Soak Pressure
Composition of HTT time
Code sample *C {(min} MNm™ kbar PS5l
Pl Anthracene 500 10 13 013 20060
P2 Anthracene 550 10 13 0-13 2000
3 Anthracene A0 0 88 0-88 13,200
P4 Anthracene 300 10 240 2-40 36,000
P5 Anthracene 350 10 250 2:50 38,000
P8 Anthracene 400 10 250 2-5( 37,000
P7 Anthracene 450 10 170 1-70 26,200
Py Anthracene 490 10 250 2-50 37,000
Py Anthracene 550 10 200 200 30,000
Pl Anthracene 597 10 210 2-10 31,500
Pll Anthracene 460} 1680 230 236 34,000
P12 Anthracene 52 860 250 2.30 34,000
Pi3 Biphenyl 301 10 180 180 27,100
P4 Biphenyl 460 10 1490 1-90 28,000
P15 Biphenyt 602 10 2H) 2:10 31,500
Pi6 Anthracene (75%]) 457 10 210 & H) 52,500
Biphenyl  (25%)
"7 Anthracene (25%) 474 1 190 1-490 28.000
Biphenyl  (75%)
Pi8 Anthracene (75%) 554 10 190 190 28.000
Biphenyl (25%)
P19 Anthracene (90%) 453 10 220 2-2) 33,000
Ferrocene (10%)
P20 Anthracene (90%) 454 10 198 190 28.000
SP-t Fines (109
(AEL (UK.)) double-focussing, high from freshly opened gold tubes, and include

resolution mass spectrometer. The essential
features of this instrument which make i
suitable for this study include,

(1) ability to detect and identify materials of
molecular weights up to about 1000;

high resolution allowing determination
of molecular weights to a precision of
about one in 50,000,

use of a heated probe to examine solids
of low volatility and

rapid pump-out of sample ensuring low
memory effects.

About -1 mg of sample was placed on the
probe of the MS8 (temperature of probe
210°-250°C) and the spectrum run on U.V.
photo-sensitised recording paper. Measure-
ments of values of m/e and relative intensities
were measured manually. Samples were

(2)

{(3)
{4}

P1, P2, P4 and P7-P18.

2.4 X-ray analysis

To study the eflect of pressure upon
graphitisibility, samples P1-P3, P7-712, and
P15 were subject to further heat treatment
at atmospheric pressure, reaching 1000°C at
5°C min~!, followed by heating to Z000°
and/or 2800°C atl rates of H°Cmin™', and
holding at the final temperature for 10 min.
Heating was in an argon atmosphere using
a graphite resistance furnacef14]. Extents of
graphitisation were made from line-breaden-
ing measurements of the profiles of the (002),
(004) and (110) XR-ray diffractions. Samples
were mixed and ground with 10 per cent of
single-crystal silicon (Koch-Light Labora-
tories Ltd) to pass a 240 B.S. sieve and placed
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in a +:3mm silica glass capillary (Pantak
Ltd). X-ray powder photographs (67-4 mm
raclius camera, CoK, radiation) were densito-
metered [15] to obtain the intensity profiles
of the above diffractions. The crystallite
size parameters L. and L, were obtained
using the Scherrer-Warren approach[16].
Corrections were made only for instrumental
broadening. No attempt is made to separate
size-broadening from the strain-broadening
component (see Warren—-Averbach{17]). As
a result litle significance can be placed
upon the absolute values assigned to L, and
Lg, but the direction of change and its relative
magnitude is significant. Comparison with
crystallite sizes determined in other labora-
tories is tenuous. The crystallite size L was
obtained from the formula:

L =KMNBcost

where A = wavelength of X-ray
¢ = Bragg angle
B =width of
(radians)
K =0-80(002) (004) and 1-84 (110).

half-peak  intensity

2.5 Optical micrographs

Stereoscan microscopy is limited to surface
topography. Structural differences, e.g.
isotropic and anisotropic constituents, are
not detected. Recourse was therefore made
to optical microscopy using reflected polarised
tight. Samples were mounted in Bakelite
resin, surfaces initially ground and then
polished with grades of alumina, and
examined in a Carl Zeiss Standard Universal
microscope, using partially crossed-polars
and an oil-immersion with an Antiflex-Epi
Zeiss objective lens. Images were recorded
on Kodachrome IIA film from which were
made black and white prints. Structural
antisotropy was revealed by colour change,
actual colour not being significant, isotropic
material giving a continuous purple colour
on rotation of the polariser.

3. RESULTS
8.1 Description of original and graphitised
samples

Pl and P2, although both black in colour
had a paste-like and a brittle structure
respectively, with P3 being less brittle buc
more friable than P2. Samples P4-P5 were
unchanged, P6 was purple compared to the
white colour ol P5, P7 was a black oily paste
and P8-P10 black becoming progressively
harder, P8 being malleable but not oily.
P11 and P12 were essentially dry, black, soft
solids. P13, P14 were of unreacted biphenyl,
with P15 being a black dry brittle solid. P16
was an oily paste softer than P7; P17 was a
loose brown powder and P18 was dry but
paste-like, In contrast, P19 and P20 were
dry black solids.

On further heat treatment it was the paste-
like samples which subsequently fused with
appreciable loss of volatiles i.e. PI, P7 and
Pil, see Table 2. The remaining samples
did not fuse, pseudomorphs of the original
sample being produced, often in high yield,
e.g. P2, P3, P10 and P12.

8.2 Stereoscan micrographs

Selected micrographs are Figs. 2-13, and
itlustrate the development of quite a new
phenomenon. Samples Pl and P2 (heated at
the lower pressures of 13 MNm™) possessed
a surface topography of litde interest, com-
parable to that of P7 (Fig. 3), but on increasing
the pressure at 550°C to the intermediate
88 MNm™* (0-88kbar) the micrographs
revealed a structure compesed almost
entirely of spheres, P3 (Fig. 2) about u-size.
Most of these spheres were attached to other
spheres at points of contact, and resembled a
collection of pearls in a dish, or a bunch of
grapes (the adjective botryoidal is used to
describe such structures). Such structures
were not observed at the lower temperatures
of 300°C, 350° 400° and 450°C (P4-P7) at
the upper pressure range used (about
200 MNm™). When P7 was subsequently
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Table 2. Description and yields on further heat treatment

Yield, %

Code Description 1008°C 2000°C 2800°C
Pl F 75 74 60
P2 P 96 95 94
P3 r 89 89 89
7 F 57 50 447
P8 P 79 78 77
PS P a3 88 86
P10 P 95
Pl F 86
P12 P 91
5 r 62

F, fused and swollen 1o produce a sponge-like or frothy

carbon.

P, pseudomorph produced; no swelling or fusing obvious.

heated 1o 2000°C (Fig. 4) signs of fusion are
obvious. On increasing the temperature to
490°C at 250 MNm™ (2-50 kbar) the sample
P8 exhibited discrete sub-units, not spheroidal
in this case but rather elongated (spagheit-
shaped), (Figs. 5, 6), these sub-units retaining
their characteristic shape on heating to
2800°C (Fig. 7). On further raising the
temperature to 550°C at comparable pressures
the botryoidal structure was again observed,
(P9 shown in Tig. 8 and 9), but with spheres
more perfect than those of P3. On heating
PY to 2800°C the sphere structure persisted
but became rather more oblate and developed
circumferential cleavage or shrinkage cracks
(Fig. 10). The spheres are also seen in sample
P10 (597°C at 210 MNm? but there is evidence
of coalescence of spheres (Fig. 1i). On
increasing the soaking time from 10min to
16 br at 500°C, the spaghetti-like structure
did not disappear but grew somewhat larger
(ct. P8 with P12, Fig. 6 and 12). The remain-
ing samples possessed essentially featureless
surfaces except Fig. 13 (sample PI8) of the
binary system, anthracene (75%)-biphenyl,
from a fractured surface of which could be
seen small proturberances. The graphite
granules of P20 could also be seen. An electron
diffraction examination of the spheres of P9

(2800°C) showed them to be polycrystalline
and  showing considerable preferred
orientation,

3.3 Mass spectromelric analysis

The mfe values and intensities relative to
anthracene (178) and biphenyl (154) are in
Tables 3-6. Samples P4 and P13 are of non-
carbonised anthracene and biphenyl respec-
tively. During the ionisation process in the
mass spectrometer and along the flight path
of the ions and ion-radicals, certain new
chemical species are produced. These are also
observed in the carbonisation process and
intensily corrections may be necessary. In
making comparisons between the spectra
and drawing conclusions from them, it is
not possible to relate intensities of the
specira o concentrations in the original
carbonisation  sample. Molecular  com-
ponents have different vapour pressures
at the probe temperature, and different
efficiencies of ion-production. But com-
parisons of intensities of the same molecular
species are valid provided these intensities
are normalised relative to the same principal
component, e.g. anthracene or biphenyl
Structural formulae of fifty-five component
molecules which can be equated o given
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Anthracene 550°C-2820%C LT " Fig.11. Anthracene 597°C |
30,000 psi. . 31,500 psi.
PR-CR3/42. P10~CRI/43.

il d
5 50,
Anthracene 502°C L fig.11.  Anthracene 25% -
34,000 psi. 16 hours. Biphenyt 75%. 554°C
P12-CRI/125. 27,000 psi.
P18-CRI/S1.

Figs. 10-13. ‘Stereoscan’ micrographs of surfaces of carbonised anthracene.
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Fig.5.  Anthracene 490°C O Fig.7.  Anthmicene 490°C-2800°C L%
37,000 pst. 37, 000 psi.
PB-CR3/73. PE-CR3/140.

25 5
Fig.8. Anthracene 550°C L.__E_....J Fig.?. Anthracene 550°C I_E__l
30,000 psi. 30,000 psi.
P9-CR3/EL. PRCR3/60,

Figs. 6-9. ‘Stereoscan’ micrographs of surfaces of carbonised anthracene.
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Fig.z. Anthracene 550°C L.__io_u'_._,_n Fig.3. Anthracene 450°C s,m..m_..(.}i___....}
13,200 psi. 26,200 psi.
P3-CR3/101. P7-CR3/6%.

25
Fig.4. Anthracene 450°C-2020°C L_i'ﬂ-___l Fig.5. Anthracens 490°C O
26,200 psi . 37,000 psi.
P7-CRI/I3. PA-~CR3/46.

Figs. 2-5. 'Stereoscan’ micrographs of carbonised anthracene.
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Fig.1B. Anthrocene 550°C lFig‘W. Anthracene 530°C
2,000 psi. 13, 200 psi.
P2. P3.

37,000 psi.
PB.

e

Fig.22. Anthracene 350°C Fig.2d. Anthracene 597°C

36, 000 psi . 31,500 psi.
9. P10,

1001

i ]

Figs. 18-23. Optical micrographs of polished surfaces of carbonised anthracene and bi-
phenyl, using polarised light.






Fig.24. Anthracene 460°C Fig.25. Anthracene 502°C
34,000 psi. 18 hours. 34,000 psi. 16 hours.
P1t. PI2,

Fig.2s. Biphenyl £02°C Fig.27. Anthracene 25%

31,500 psi. Biphenyl 7% 554°C
p1s, 27,400 psi.
P8,

Fig.28. Anthrocene 90%, Fig.29. Anthracene 0%, o
Ferrocene 10%, 453°C SPI Fines 109, 450°C
33,000 psi. 28,000 psi.
P19, P20.
1003,

Figs. 24-29. Optical micrographs of polished surfuces of carbonised anthracene and bi-
phenyl, using polarised light.
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Table 3. Mass spectrometric data from carbonised samples

Parent
mfe P4 P7 P8 Py PLO molecule
56 13 3 1 1] 0 i
63 0-3 8 9 12 9 II
75 4 G 6 9 6 11
THB 10 13 5 16 13 Ii1
78 05 3 6 10 3 431
88 6 g 1t 13 19 v
89 ) 5 16 15 5 v
126 1-1 260 5 24 17 iI
127 -7 15 4 I8 8 i1
128 0-8 g 13 100 11 I
142 -8 14 36 44 7 v
151 55 77 9 9 g Vi
152 50 44 H): 1} 4 VII
166 01 64 14 11 ) VIH
163 05 66 3 4 5 IX
164 0-2 52 8 4 28 IX
165 (-8 79 6 17 84 IX
176 13 95 15 16 20 IV
177 7 56 9 8 i1 v
178 100 1@ HX) 10 160 v
179 16 66 16 17 21 v
180 1-3 33 ] 4 11 v
182 1-2 a7 4 3 28 v
191 0-6 3i 12 24 36 h. 4
199 -8 23 18 41 67 X
)2 E3] 18 6 30 54 XlorXI
204 -3 8 2 12 LR] Xi
206 04 13 4 16 21 X1
215 6 26 b 28 36 XIVor XV
216 (-3 (& 3 25 40 XIVorXV
217 (=< i8 by 12 15 XVI
218 1-8 28 3 23 28 XVi
298 0-2 8 4 17 28 XVII
239 -2 5 9 i4 13 XVIII
249 0 0 1 I3 0 XIX
252 1 26 f 46 15 XX1
954 (} G 2 a5 17 XK1l or XXII
263 O 20 1 4 0 XK
265 0 33 pd 9 0 XX
266 0 98 9 15 0 XX
268 0 6 i 23 5 XXV
974 0 16 2 ] &
276 0 26 [ 2 2
278 0 28 1 3 0 XXV
280 0 96 l 4 0 XXVi
282 ] 10 l 12 0 KXV or XXVI
289 0 40 1 } it XXV
269 ] 32 l 9 0 NXVII
244 { 16 ] 4 it XXVIior XXIX
296 0 6 1 2 2 KXV or XXIX

65
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Table 3. {contd.)

Parent
mle P4 P7 P8 P9 P10 molecule
302 0 98 5 2 10 A
304 0 38 i 2 0 VI
306 0 42 1 ! 0 Vi
308 o 20 05 i 0 Vil
316 0 139 it 0 0 XXX
318 ] 70 33 1 1) KKK
330 Y 74 1 0 10 XXXHorlX
349 0 49 2 0 t] KK
344 0 66 0 0 it XXl
452 0 172 6 0 11 XXKIV
356 0 200 2 0 0 XXXV
358 0 197 0 0 0 AXXV
360 0 193 1] 0 0 XXXV
474 0 44 0 ¢ 4 XXXV

mfe values are as in Figs. 14-17. No attempt
is made to show structural isomers.

3.4 Xeray analysis

The results of the effect of pressure and
other factors upon the graphitisibility of
anthracene and biphenyl, in terms of
crystallite sizes L, and L, are listed in Table 7.

3.5 Optical micrografihs

The original colour micrographs are
reproduced in black and white, in Figs.
18-29. The essential findings from each
specimen are as follows:

Sample P1. This was too soft to polish and
dissolved in the mounting Bakelite resin.
However, grinding produced some relatively

smuooth areas which revealed a total fack of

anisolropy or anisotropic structures.

Sample P2 (Fig. 18). The surface was
entirely anisotropic such as could have arisen
from a complete coalescence of mesophase

structures. There were isochromatic areas of

considerable size. These results suggest that
at the relatively low pressures of 13 MNm™
(0-13 kbar) a mesophase may be identiliable
at a temperature between 500° and 550°C.
Sample P3 (Fig. 19). The botyroidal struc-
tures prepared at 550°C and the intermediate

pressure of 88 MNm™ (0-88 kbar) are essen-
tially isochromatic apart from a colour
change at the ‘poles’ of the sphere and as
such are very comparable to the mesophase
spheres described by Brooks and Taylor{l1].

Samples P4-P6 could not be polished.

Sample P7 (Fig. 20). This shows clearly the
formation of mesophase spheres from an
isotropic matrix which is presumed to be a
tiquid at 450°C —the maximum, lreat-treat-
ment temperature. Anisotropic condensation
occurs in the vicinity of the walls of the gold,
containing tube. There is no indication of
mesophase formation in the ‘Stereoscan’
photographs, suggesting that these spheres
(Fig- 20 are still contained within the matrix
of the material and do not appear on the
surface.

Sample P8 (Fig. 21). This micrograph con-
firms the presence of the ‘spaghetii’ struc-
ture of the Stereoscan micrographs (Fig.
6,7). The length of the rods are essentally
isochromatic, indicating absence of strain or
mis-orientation, but the head of the rod is
often of a different colour so that growth is
accompanied by some re-alignment. No
isotropic or coalesced anisotropic phases
were detectable.

Sample P9 (Fig. 22). The great majority of
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Table 4. Mass spectrometric data from carbonised

samples
Parent

mje P13 Pl4 P15 molecitle

76 16 10 24 1

77 8 ) 12 11}

78 2 1 3 23]

89 1 ] 9 v

91 a 1 5 NKKVII
102 2 9 6
115 4 4 14 HNXXII
126 2 2 7 i
127 2 2 5 i
128 3 3 G 131
134 1 2 6
152 24 22 40 XXX VI
i 28 31 44 XXXVII
Hig] 100 100 100 XXXVII
155 12 13 12 XXXVIHI
165 2 i 36 XXXIX
167 4 i a0 KXXNIX
168 -6 04 A6 XXXIX
178 -5 15:) 94 v

182 0 G il XXXVII
192 0 t] 53 x
202 -6 06 8 Xlor Xl
230 4 4 70 XL
244 1 (-4 H XLI
252 05 -5 ) XX
3544 It 0 6 XXI
306 {4 17 22 AL
320 t] 1 6 XL
330 -2 it 3 XXXI
394 01 1 g XLIV
HEE! 4] t] 1 KXXIHI
382 0 0 6 XLV
496 ] 0 2 NLVI
4 1) ] (] 05 XLVII
458 -6 4] 02 XLVIH

this sample was made up of almost perfect
spheres, of approximately equal size with a
lile coalesced anisotropic phase, showing
actual growth of spheres into the condensed
phase. On heating to 2800°C the spheres and
coalesced phase show cleavage cracks, not
dissimilar to those described by White,
Dubois and Souillart[18]. The individual
spheres lose their isochromatic appearance
and appear speckled as crystallisation

within the sphere has re-orientated surface
structure,

Sample P10 {Fig. 23}. The botryoidal spheres
are less frequent, somewhat larger and
possess nodes (see Fig. 11). The optical
microscope shows these larger spheres to
result from coalescence of smaller units,
there is much less isochromatism, and also
that the phase formed from the coalescence
of these larger spheres shows considerable
misalignment or strain. There do not appear
the polarised-light extinction contours of
nodes and crosses, as observed by White
et al.[18] suggesting that the structure ol
these spheres has enhanced lamellar align-
ment over the structures of White et al.

Sample P11 (Fig. 24). Although prepared at
about the same temperature (460°C) as P7
(Fig. 20} the effect of increased soaking time
is to remove entirely the isotropic phase and
the mesophase to produce a coalesced phase
possessing very considerable misalignment
and strain. The extinction contours of White
et al. [18] are much in evidence.

Sample P12 (Fig. 25) The effect of enhanced
soaking time is to promote growth of the
‘spaghetti’ structure of P8 (Fig. 21) as also
observed in the Stereoscan micrographs
(Figs. 6, 12). But the preparation temperature
of 502°C is probably too low to allow signifi-
cant annealing in these larger structures of
Fig. 25. The continuous, coalesced phase of
P11 (Fig. 24) was quite absent.

Samples P13, P14 and P17 could not be
polished.

Sample P15 (Fig. 26). The carbonised
biphenyl (602°C) could be polished, no
mesophase  structures comparable to the
anthracene were present, but although
apparently totally isotropic, there were
structures present, almost at the resolving
power of the microscope, which exhibited
anisotropic properties, changing colour or
going from black to white. Heating to 2800°C
enhanced the content of this second phase,
but overall it still remained a minor
component.
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Table 5. Mass spectrometric data from carbonised samples

Parent
ntfe P16 P17 P18 molecule
56 4 0 20 i
63 9 4 150 i
75 7 4 75 I
76 21 9 360 {11
77 9 4 200 1H
78 2 1 80 i
88 9 7 40 v
89 19 0 70 v
91 6 1 60
52 1 1 15
102 3 2 80
115 10 4 190
126 7 8 75 11
127 5 12 80 o H
128 7 5 150 H
139 10 10 60
142 30 3 25 v
15} ih 24 190 Vior XXXVIII
152 24 19 600 VIior XXXVIII
153 36 40 800 XXXVII
154 75 24 1250 XXXV
155 16 4 300 XXXV
156 4 2 25 VIiI
163 19 25 25 IX or XXXI1I
164 13 18 25 IX or XXXII
165 45 40 190 X, XXX or XLIV
167 48 G 250 XL1V
168 16 1 300 XXXIX
176 40 18 25 v
177 19 4 il v
178 100 00 100 v
17 45 22 30 v
180 22 47 25 v
182 75 2 60 v
342 ib 4 10 X
192 20 3 10 x
196 14 ] H{
202 H 9 760 XlorXll
204 4 2 60 X1Ii
206 ] 0 )] XiH
215 12 15 40 XiVorXV
216 G 4 15 XIVorXV
217 9 1 ] XV
218 15 1 10 XVi
228 3 13 G0 XVIi1
230 3 9 550 XL
242 2 1 10 KIX
244 2 1 50 XL1
252 4 5 -6 XX or XXI1

254 2 4 0-7 XX1
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Table 5 (Contd.)

Parent
mle P16 P17 P18 molecule
265 3 4 0 XXII
265 7 4 0 XXI1ii
266 G 2 4] NXIIT
268 2 2 0 XXIV
274 2 3 0
276 6 8 0
278 7 & O
280 B i 07 XXV
282 2 0 0 XXV
289 8 8 -3
202 6 4 0 XLIX
204 4 3 5 XLIX
206 I 0 0 XLIX
302 H} 16 {} Vi
304 7 1t {
306 15 275 45 XLI
308 3 66 0 XLil
316 21 G 0 XXX
318 12 4 0 XXXI
320 12 9 0-7 X1L.ill
330 36 290 0 KNX1
334 18 95 0 XLV
342 13 0 0 XXXIH
344 12 M) 0 XXXI1I
352 57 b4 )] XXXNIV
354 25 4 0 1.
356 42 g 0 L
358 44 2 0 XXXV
360 24 1 & XXXV
582 2 I 0 XLV
396 I 0 () XLVI
406 * LI
438 # LIl
456 ® LI
482 * Liv
406 i LV

#hust detectable,

Sample P16. This sample was almost entirely
isotropic, but also present were small aniso-
tropic components, larger than in Fig. 26
but quite difficult to photograph. The
addition of the 25 per cent of bipheny! has
completely altered the mesophase growth
characteristics of P7 (Fig. 20) and PII
(Fig. 24).

Sample PI8 (Fig. 27). There was a certain

resemblance to P16 but the anisotropic
structures in the isotropic matrix were now
larger and quite distinct. There is essentially
a bi-phase systemn and it 15 possible that the
small protruberances in the Stereoscan
micrograph (Fig. 13) could be this anisotropic
phase,

Sample P19 (Fig. 28). To anthracene was
added 10 per cent of ferrocene and this
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Table 6. Mass spectrometric data from carbonised samples

Parent
mje Pl P2 P P12 molecule
128 4 G 8 32 i1
142 4 O 42 7 v
154 3 3 ] 5 XAXVIH
156 4 06 8 4 Vil
178 100 100 100 {40 v
192 19 30 11 12 X
209 2 6 2 3] Xior Xil
206 4 3] 4 5 X1l
216 2 3 4 5 XIVor XV
218 3 G 1 3] xVi
228 4 6 1 2 KVil
232 ] 0 I 2 XVIH
242 3 0 \; 2 XixX
252 3 i 3 12 XX
254 1 0 { 4 XX or XXI1
266 3 0 2 8 KXIII
268 I 0 1 1 KXIV
280 3 0 1 5] ARV
294 1 ] 1 2 XXVIH
298 0 24 0 0
302 5 15 5 79 Vi
A4 ] 6 2 15 Vil
306 ] 4] I 5 Vil or XLII
308 1 4 0 1 Vil
316 5 2] 1 3} HXX
350 b4 g 6 24 KX N1l

350 9 24 6 27 XXXIV
3549 3] 33 8 8 XXIV
354 3 48 9 9 L

366 I 33 14 7

376 £} 1] 12 14

182 & 0 8 13 XLV
486 { 0 5] 4 XLVI
406 0 {] 3 4 Li
418 0 {} 5 4

496 0 £} 1] i LI
428 ] & 6 1 L1
454 { i 4 0

456 {1 it 2 0 LI
470 0 0 4 t] LI
484 ] 0 3 ] LI

fipure shows a mesophase structure quite
different from Fig. 20, or Fig. 24 (comparable
preparation temperatures ol 450°C). The
{errocene is exerting an influence here, the
exact nawure of which is not undersiood.

Evidently there is considerable scope for
further imvestigation of the effect of addition
of organometallic compounds.

Sample P20 (Fig. 29). The presence of the
small graphite particles of the SP-1 material
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Table 7. Crystallite sizes [rom X-ray line-hroadening data

2000°C 2800°C

(002) (004) {002) {004) (110}

Sample LA LA La A
P — - 360 220 310
P2 180 166 650 630 5000
P3 350 i50 7490 450 3700
P7 144 120 750 35( 5000
P8 190 140 1460 460 5000
PG 390 155 1500 480 4600
P16 e — 1600 560 7000
Pl e — 860 570 5000
Piz — —_ 950 640 5000
P15 = - 260 100 330

has apparently promoted mesophase coales-
cence as, at this preparation temperature of
450°C, no isotropic phase is detectable.

4, CONCLUSIONS
4.1 Growth of the botyroidal spheres

The development of discrete spherical
structures, (Figs. 2, 8, 9, 19, 22) is a new
phenomenon not previously reported. They
appear to show considerable internal pre-
ferred orientation, but are randomly ar-
ranged relatively, The spheres retain their
identity on graphitisation to produce a
material which would exhibit isotropic bulk
properties, but possess intrinsic anisotropic
properties. The bulk density of such material
could be controlled by compaction. Lowering
the temperature of preparation from 550°C
to 500°C produces, instead of spheres, rods
or inter-connected ‘spaghetii’-type units,
with otherwise, similar properties to the
spheres.

The growth mechanism of the isolated
spheres is of interest. They could be the
extended growth of the mesophase from the
isotropic fluid, or they could result from a
nucleation mechanism in a super-critical
system enclosed in the bomb. In either case
the individual spheres would grow [reely

suspended in a hydrostatic pressure medium.
The optical microscopy evidence suggests
growth from the fluid phase. The observed
structures arise {rom a rather unique
situation created by a combination of
temperature, soaking time and pressure,
all three parameters promoting growth of
the nematic hiquid crysial type of structure
and subsequent chemical condensation and
increase in density (see Ref. [8]).

It would appear that at the pressures of
13 MNm™, mesophase growth and coales-
cence occur over a short temperature interval
between 500° and 550°C (see Ref. [1]). In-
creasing the pressure enhanced molecular
condensation reactions as well as the inirinsic
viscosity of the system. Thus, at pressures of
about 200 MNm™ at 450°C, the mesophase is
still observable, the enhanced viscosity
affecting both diffusion and coalescence rates,
On further heating to 50° and 550°C, the
isotropic liquid phase is entirely removed
but the viscosity and surface tension of the
spheres is such as to still prevent coalescence.
At 800°C, the viscosity is reduced sufficiently
to allow some coalescence. The creation of
either rods (P8) or spheres (P3, P9) may
depend upon temperature and soaking time.
The entire phenomenon must therefore he
atributed to a molecular system which
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G,z O - CH, ~ CH3

I Butene

C4H8 36

a0

IV Anthracene

CMH]O 178

VIl Nophthyl anthrecene

Coqhlye 304

o™

X Methyl anthracene

CISHIZ 192

OO0

X Dimethyl anthcacene
C]éHM 206

THy

XVl Methyi phenyl
nophthalene

CI7H14 218

a0

1 MNaphthatene

C]OHB i28

sol

V' Methyl naphtholene

CHHIO 142

EHy
3

VIl Dimethyl nophtholene

O

[ Benzene

CéHé 78

VI Benzperylene

CZdHM 302

Ty

3
=
o

1X Dimethyl benzperylene

CI.?H'IZ 156 CzéHEB 330
Xl Fluoroanthene X1l Pyrene
Cus“m 202 C]éHID 202
Liy
EHy
AV Methyl fluoroanthene XV Methyl pyrene
C]7H]2 216 C17H12 216
Elty thy

00

AXVIl Tetracene

CEBHW 278

o4

XVHI Dimethyl phenyl
anthrocene

C 232

81

Fig. 14. Structural formulae of molecules identified in carbonised

sarnples.

which does

not allow coalescence until

decomposes over a convenient temperature
range to provide large lamellar molecules
which can form the mesophase and have
that specific viscosity at the requisite pressure

temperatures of semi-coke formation are
reached. The mass spectrometric evidence
supports the growth in size of molecules
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thy

:

&3

XIX Methyl tetrocene

CI9H]4 242

53

XX Dinaphthyl

CogHyy 234

XXV Dimethyl
perylene

€222H“3 280

XXV Trimethyl
perylene

C 294

2a1s
thy

i

oo
oo

XXX1 Methyl naphthyl
anthrocene

C 3i8

25Me

XX Perylene

C20H§2 252

CH,

3

XXIH Methyl perylene
C21H14 266

Y
i

XAVS Diphenyl
naphthalene

C 28C

216

City

w8v

XXX Diphenyl methyl
naphthalene

c 294

23H18

XXX11 Diphenyl anthracene

C26H18 330

04

XXI Phenyl onthrocene

C20H14 254

Eliy

o8

XXV Methyl phenyl
onthrocene

C21H16 268

XXV Benzfluoroanthene

(:23f'1‘13 289

CHy

gt

XXX Methyl
benzoperylene

C25H16 316

Chy

XXX Methyl diphenyi
anthracene

C 344

27M20

Fig. 15. Structural formulae of molecules identified in carbonised

further reaction up to 600°C.

Brooks and Taylor[l] report the growth
of the mesophase from large molecular

weight

samples.

pyranthrone, naphthacene etc. This study

has shown growth from the smaller anthra-

{152 a.m.u),

cene molecule (178 a.m.u) confirming the
report by Evans[6] for mesophase formation

material, e.g. isodibenzanthrone, from acenaphthylene Such
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o

KXK Dibenzperylene

C28H16 352

ety (et

XXXVH Dimethyl biphenyl

CMHM 182

o000

XL TFriphenyl

ClBHM 230

XXXV Dimethy! diphenyl
anthrocene

C 358

28''22

o0

XXXV Biphenyl

Cl?_HlO 154

XLI Methyl triphenyl

C]9H16 244

O_{O];Ocna cuao_[O]:OsHa

XLHE Methyt tetraphenyl

XLIV Dimethyl

c_H 390 tetraphenyl
2520 C, H,, 334
2622
O‘fOE‘O% nu3o~{ ]—OEH;,
3 O 3
XLV Methyl XLV Dimethyl
m-quinquephenyl m=quinquephenyl
C3¥H24 3%6 &'32H26 410
Lhy
{iy Chy
KLiX  Trimethyl
perylene
CZGHIB 294

XXXV! Benzbisanthene

CBOHM 374

OO

XHAXIX Methyt biphenyt

C13H12 168

O{CEO

XL Tetraphenyl

C24H18 306

SAChe

XLV m-quinque
phenyl

C30H22 382

OlOLO

XLV Sexipheny!

C36H26 458

Fig. 16, Structural formulae of molecules identified in carbonised

samples.

growth is therefore dependent upon the

reacting molecule providing large lamellar

products in a temperature range where
fluidity and viscosity considerations are
relevant.

These botryoidal structures seen in the
Stereoscan  and  optical  microscopes  do
resemble other reported structures, but their

properties and mode of formation are quite
different. Commerical cokes made in ‘bee-
hive’ ovens exhibited a ‘herring-pore’ or
‘Aish-roe’ structure resembling a collection
of pearls or beads. They are said to result
from the thermal cracking of methane as
distincs from acetylene, ethylene and ethane
[19]. Brown et al.[20] report the formation of
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gél.m__.l
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250

L Dianthryl L} Triphenyl Ll Pheny! dibenz-~
anthrocene perylene
CZBHIB ! H 406 C, . H 428
C32 22 34 20

CH

LHI Dimethy! phenyl
dibenzperylene

C., H 456

C. . H
36 24 28

20

| S—|
E E-h

LiV Tetrophenyl
onthracene

482

B

LY Methy! teiraghenyl
anthracene

C‘]‘)HZB 496

Fig. 17. Structural formulae of molecules identified in carbonised samples.

a spherulitic pyrolytic carbon from the
cracking of tar vapours on high-tempera-
ture coke al temperatures above 700°C, but
structure and mechanism of formation are
quite different.

4.2 The X-ray analysis and effect of pressure

It would be unwise to place significance
upon the actual values of L, and L, listed
in Table 7, but correlations are possible.

Comparison of Pl with P8 shows that
increasing the pressure of carbonisation
from 13 1o 250 MNm™ at 500°C considerably
enhances the extent of graphitisation of the
2800°C sample; L. (002) increases from 390
to 1460 A, with Ly increasing from 310 to
greater than 5000 A. This is confirmed by
comparison of P2 with PY (550°C) where a
similar increase in pressure increases the
L. of the 2800°C sample with P3, carbonised
at an intermediate pressure {88 MNm™),
occupying an  intermeciate position, Evi-
dently increasing the HTT enhances sub-
sequent graphitisation. The effect of soaking
time (comparison of P7, P8 and PlI, P12)
suggests that the increasing soaking time
enhances subsequent graphitisibility  (cf.
Ref. [3]). Heating P15 (biphenyl 602°C;
190 MNm ™} to 2800°C produces a product
considerably more graphitic than that

reported by Walker and Weintraub[8].
This confirms the limited anisotropy seen
in P15 by optical microscopy (Figs. 26, 27).

To summarise: increasing pressure, HTT
and soaking time all contribute to enhanced
graphitisibility of the product subsequently
heated under atmospheric pressure.

4.3 Carbonisation  of  Anthracene-Biphenyl
mixieres — Mass spectromeltric analysis

The mass spectrometer has provided
information describing the molecular species
produced during the carbonisation of
anthracene and biphenyl under pressure
and of any possible interactions between the
anthracene and biphenyl. The [ollowing
conclusions are drawn from the data of
Tables 3-6.

Anthracene

Significant reactions of anthracene are
ring breakage to produce Cyk, units, phenyl
and methyl radicals and condensation of
anthryl, naphthyl, phenyl and methyl
radicals to produce molecules of progressively
increasing size. Some thirty molecular species
have been identified with intensities far
exceeding those produced by pure anthra-
cene. The greatest number of species
appear in P7 (450°C) when the intensities,
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and probably the concentrations of benz-
perylene (302, VI), dimethylbenzperylene or
diphenylanthracene (330, IX or XXXIl),
methylated derivatives of IX and XXXII
(344), methylbenzperylene (316, XXXI),
dibenzperylene {352, XXXI1V) and dimethyl
diphenyl anthracene (358, XXXV) exceed
the concentration of the remaining anthra-
cene. On further heat treatment to higher
temperatures (P8-P10), species of molecular
weight above 260 tend to disappear, with a
reappearance of material with molecular
weight below 260,

Carbonisation at pressures of about
200 MNm ™ produces more molecular species
than carbonisation at lower pressures
(obtained from comparison with Evan's
study{6]). In particular, more fragmentation
of the anthracene molecule occurs resulting
in quite extensive methylation and phenyla-
tion. Evansf6] also observed the rise and
fall and subsequent rise in the number of
molecular species with increasing HTT. This
15 attributed to initial fragmentation of the
anthracene, subsequent condensation of the
fragments, followed by the [ragmentation of
the smaller ‘branched’ species as condensation
proceeds to produce molecules of molecular
weight of several thousands. The effect of
pressure is also to lower the temperature of
[ragmentation. For example, Evans[6] noted
little decomposition on heating anthracene
to 450°C. These considerations are very
relevant m discussion of mechanism of
formation of the botryoidal structures.

Many, if not all, carbonaceous materials
on carbonisation produce carbons having
ESR properties. The maximum .{ree spin
concentrations are of the order of 10 per
gram ol carbon, associated with 1 per cent
of all carbon atoms present. Likewise, to a
first approximation, one molecule in every
100 molecules will possess the free electron.
On examining the mass spectrographs for
radicals these will only occur at very low levels
of intensity if the radicals possess a diversity
of structure. 1t is doubtful if they could ever

be found. But, if one radical structure is
making a significant contribution to the ESR
properties, then it could be located with a
reasonable intensity. The major difliculty
is one of distinguishing odd number m/e
values of the radical from dehydrogenated
products of molecules. In the samples of
carbonised anthracene the m/e value of 289
occurred in P7, P16, P17. The intensity of the
285 peak was about 2 per cent of the sum
of the intensity of all the peaks. The m/¢ of
289 is somewhat removed from materials of
nearest molecular weight, e.g. diphenylnaph-
thalene 280, XXVI, wimethyl perylene, and
diphenylmethylnaphthalene 204 (XXVIi
or XXIX). The structure of radical of
mass 289, C,,H,, could be XXVII. This
ractical could exist as such, or be bonded to

a variety of structures giving it a range of

thermal stability and accounting for the lack
of fine resolution in the ESR signal (see, e.g.
Ref. [21]).

Bipheny!

The biphenyl molecule is more stable than
the anthracene (Table 4). On heating
biphenyl to 460°C dimerisation was the
principal reaction, but methylated tetra-
phenyl was also produced (320, XLIIT and
334 XLIV). On heating to 602°C extensive
ring breakage occurred to produce anthra-
cene, naphthalene, and methyl and phenyl
derivatives of these molecules as well as
biphenyl, triphenyl, tetraphenyl and
quinquephenyl.

Anthracene—-Biphenyl mixtures

On heating to 450°C there is no direct
evidence of co-condensation between anthra-
cene and biphenyl. The amounts of phenyl
anthracene correspond closely to those occur-
ring when pure anthracene is carbonised
(Table 5). Even in sample P17, with a Jarge
excess of biphenyl, the amount of diphenyl-
anthracene corresponds very closely to the
amount expected from the anthracene. On

wo EEEER
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heating P16 10 551°C the anthracene has
evidently reacted leaving most of the biphenyl
cither unchanged, or as wriphenyl. The
formation of tetraphenyl appears 1o be
restricted. Little or no phenylated anthra-
cene is found, but this tends to disappear
even in carbonised pure anthracene (Table ).
The overall conclusion appears to be that
no phenylation of the anthracene appears
10 occur below 550°C and that beyond this
temperature when the biphenyl may be more
reactive, there is no anthracene remaining
lor reaction with the biphenyl,
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