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ABSTRACT

When coal-tar pitch is mixed with trinitrophenol (TNP) and
carbonized, the formation of mesophase in the pitch is totally
suppressed, and a porous honeycomb-1ike isotropic hard carbon is
formed, which does not graphitize when heated at 2500°C for one hour,
and only partially graphitizes when heated at 3000°C. The unmodified
pitch coke readily graphitizes when given the same heat treatment.
X-ray data show that at 3000°C the modified pitch coke consists of
two components with dggo = 3.36 and 3.425, respectively. An ESR

spectrum is observed at all stages during the heat treatment of the

*On Teave from the Department of Chemistry, The National Defense
Academy, 1-10-20, Hashirimizu, Yokosuka 239, Japan.



modified pitch coke, even jn the rangé 1000-2000°¢C whefe the spectrum
of the pitch coke disappears. Two components are also observed in
the ESR spectrum of the modified pitch coke at 3000°C. When
1dgaritth’of unpaired electron concentrations are plotted against
values of'AQ (rg=g - 2.0023), a linear dependence is found in the
HTT range from 300 to 3000°C in both cokéé. | |

1. INTRODUCTION

The cakbonization and graphitization of coal-tar pitch mixed
with mono and dinitro compounds have been studied by Yamada [1]. His
study is'wofth noting bécause it shqwed that: (a) the dehydfation
reaction bétween coal-tar pitch and nitro compounds'proceeds ét an
éaf]y stage o% pyrolysis, and (b)Athe dehydration reaction brings

cross-linking into the strucfure.v The cfoss—]inking is so
comp]iéated that 1itt]evgraphitization occurs even at high heat-
treatment temperature.

We are interested in thelmodified pitch coke obtained by
addftion of polynitro compounds to coal-tar pitch in conhection-with
mesophase formationvdufing carbonization. Unless the mesophase
appears during carbonization the carbon-thus:Obtained will not
graphitize. There does not’appear to have been any previous report
concerning mesophase formation during fhe'carbonization and
graphitization}of po]ynitfo compound/coal-tar pitch mixtures.

Moredver, in the previous work the characterization of the structural



changes during heat treatment has been limited mainly to X-ray
analysis.

In this paper, we will study the carbonization of coal-tar pitch
mixed with TNP and the structural changes of this modified pitch coke
when heat-treated up to 3000°C by X-ray diffraction, optical
microscopy, and ESR measurements, and compare the results with those

obtained with unmodified pitch coke.

2. EXPERIMENTAL

The properties of the coal-tar pitch used in this work are shown
in Tabte 1. The 2, 4, 6-trinitrophenol (TNP) used was commercial
reagent grade (mp 121.5-122°C) and was dried before use. The
trinitrotoluene (TNT) used for comparison with TNP was also
commercial reagent grade (mp 80°C). The 2, 2-diphenyl-1-
picrylhydrazyl (DPPH) used as the standard sample for ESR
measurements was purified by recrystallization fwice from benzene,
and was dried under reduced pressure at 80°C (mp 139-140°C).

The coal-tar pitch and polynitro compounds were mixed in vafious
proportions and finely ground in a mortar before heat treatment.
Heat freatments up to 1000°C were performed on 1-2 g of each sample
under an atmosphere of flowing argon gas. At heat-treatment
temperatures (HTT) above 1200°C, the pitch cokes were placed in a
small graphite container and heat-treated to the desired temperature
in an electric graphite tube furnace in pure argon atmosphere. Each

heat treatment was conducted at a heating rate of 120°C/hr up to



1000°C and held fdr one hour at maximum temperature. Above HTT
1zoo°c; each heat treatment was carried out at a rate of 295°C/hr and
he]d_for,ha]f an hour. Temperatures were measured by observatidn of
the surface of the‘gkaphitebcontainer with an,optical.pyrometer which
was calibrated befdrehand. Weight loss (%) was determined from
measurehents of the change in weight before_beginnjng.and after the
comp]et1on of a run.

The X-ray d1ffract1on profiles of the (002) line of the powdered
samp]es were measured with Ni - filtered CuK radiation.”fThe dog2
'.dnter]ayer spacing was determ1ned by reference to an internal
J standard of s111con, and L. parameters were estimated from the (002)
Tinewidth after correction in the usua] way [2]. |
| The ESR measurements were carried out with a JEOL X-band
spectrometer, model JEsfPE-IX, using'lOb KHz magnetic field
1modu1atioﬁ. The g va]ues'were measured by comparison with Mn2* in
'Mgo placed in the ca?fty close to the samp1e position. The resonance
dcodditfdn§vf0r the'sfandard §amp1e and the test sample aredgiven by.

the equations:

standard: hv = g7 BH
g8 (H - aH) .

W

samp]ei" hv

Here is the frequency of microwave, gk is the g value, 8 is the
Bohr magneton, H is the field at resonance for the standard sample,

and OH is the difference between the field at resonance for the test



sample and H. The change of field at resonance, AH, between these
two samples was determined from the change of position of the center
of the resonance on the recorder traces. Thus, the g value of the

sample was calculated using

The g value of Mn2* was determined beforehand by comparison with the
value of DPPH (g = 2.0036). The unpaired electron concentration of
each sample was estimated from the area of the absorption spectrum
based on that of DPPH. The area S was estimated from the equation S
= AW - h, where AH is the line width and h is the peak-to-peak
height of the derivative spectrum. This approximation was used
because the shape of the observed spectra after carbonization was
almost Lorentzian [3]. For HTT below 400°C the absorption line shape
was different from the Lorentzian line shape, but the unpaired
electron concentration estimated using S = AHZ -« h did not differ
appreciably from that estimated from the double-integrated absorption
intensity of the first-derivative spectrum. The temperature for ESR
measurements was controlled by a standard JES-VT-3A variable-
temperature controller. Prior to recording an ESR spectrum the heat-
treated sample was ground, put into a standard sample tubé, heated at
1500C for several hours and then sealed after evacuation by a vacuum-

1ine system (< 104 Torr).



v Optical observations were made on the surface of samples which
had been mounted in a resin, cured and polished with SiC abrasives

followed by 0.5 um A1,03 powder to obtain a mirror finish.

3. RESULTS

Al

Yield and Optical Observations
| Figure 1 shows the weight loss for the coal-tar pitch'énd the
coal-tar pitth/TNP mixtufe versus HTT. It can be seen that the
weight losses are far'éma]]ef.from the mixture than from the pitch
- coke a]one.: Similar cdfves were obtained from the other mixtures.
: Figure 2 shoWs thé7y1e1diof the modified pitch coke at HTT IOOOOC
versusbthe coal-tar pitch/TNP weight ratio (Curve'(a)), and also
show§ the.calculatéd carbon contenfs veréus mixing rat%o (Curve (C)L‘
It can be seen that the yield of the modified pitch cokes initially
incréaééd with incréasé of TNP content, and a maximum yield was
-~ obtained from the 80% coal-tar pitcH/ZO% fNP.mixture; Af this mfxing
ratio; the carbon in the'coa]-tar’pitch_was‘fiXed in the largest
.Mamount. (Tﬁe yield was abdut 70%; whereas the calculated carbon
content before carbonizatibn wasv79.8%J‘ A similar curve of yeild
versus,hiking ratio for;coal-tar pitch/TNT mixtures is also seen in
Fig. 2 (Curve (b)). Itvappears that the increase of the yie]d of the
coke obtained from-a mixture of coalftarvpitch and aromatic polynitro
compounds fs a common phenoménon.' TNP has a larger effect of fixing

the carbon in the coal-tar pitch than does TNT. The 80% coal-tar



pitch/20% TNP mixture was chosen for a starting sample in all further
experiments in this work.

On heating above their melting points the coal-tar pitch/TNP
mixtures did not melt completely, and began to foam at HTT about
200°C. The foaming was vigorous if the heating rate was rapid.
During this foaming, condensation of water vapor could be seen on the
sight window in a closed system.

Optical micrographs, Figure 3, show sections of a foamed
fragment of modified pitch coke for several HTT. Many small pores
were present at 200°C, they became smaller and the number diminished
at HTT 300°C, and they could not be seen at HTT 500°C. It is known
that the disappearance of these pores occurs during the carbonization
of thermosetting polymner resins which convert to glass-1like carbons
(4-6]. When the sections of modified pitch coke shown in Fig. 3 were
viewed under polarized 1ight, no anisotropic area coh1d be observed.
After heat treatment at 2500°C, the modified pitch coke is completely
isotropic as shown in Fig. 4(a). On the other hand, when the coal-
tar pitch was heat-treated at various temperatures, regions of
mesophase appeared at HTT 450°C and a change to bulk mesophase
occurred at HTT 600°C. After HTT 2500°C, the bulk mesophase changed
to the flow-type texture as shown in Fig. 4(b). That 1is, an
anisotropic texture was maintained after high temperature heat-

treatment.



X-Ray Diffraction

Typ1ca1 (002) X-ray diffraction pfofi]es of the modified pitch
coke heat-treated at various temperatures are shown in Fig. 5. The
profiles are very broad up to HTT 2500°C. After heat treatment at

30009C, the profiles narrowed and split into at least two componenté.
:The composite profile can be:separafed into. two components as shown
in Fig. 6. From this ffgure_dooz and L. of the components were
~ estimated. Component A had dgg, of 3. 3604 and LC greater than 1000&
whereas component B had dggo of about 3. 424 and LC of about 60A The
- (002). diffraction prof11e of;the pitch coke up to HTT 2000°C was
always much sharper.then that of ﬁhe modified pitch coke, and
contained enfy'One component. That is,vthe pitch coke was more
-easi1y gfaphitized. The changes °f'd002 and‘LC of pitch’coke-with
- HTT are shown 1n F1g 7 Thevvalﬁeeof LCKincreased~sharh1y'after

: d002 decreased be]ow 3 425A

ESR Measurement

The unpaired electron concentration as a function of HTT is
shown in Fig. 8. The unpaired electron concentration in the pitch
coke and in the modified pitch coke increased.as the carbonfzation
reaction proEeeded, ettained a maximum in the HTT range 600-8000°C,
and thereafter decreased to HTT 1000°C. In the HTT range'IOOO-
2000°C, the ESR spectrum of the pitch coke could hot be obserVed,-but
a spectrum was observed throughout this range for the modified pitch

coke. It is worth noting thet the ‘unpaired electron concentration of



the modified pitch coke increased in this HTT range. For the pitch
coke heat-treated at 20000C, the ESR spectrum appeared again and the
unpaired electron concentration gradually decreased with increasing
HTT as in the case of the modified pitch coke. Figure 9 shows the
ESR spectrum of the modified pitch coke heat-treated at 3000°C
measured at 20°C and at -160°C. It was assumed that two components,
broad and narrow, are present in each spectrum. By comparing the
intensities the broad-1ine component was found to be more affected by
measurement temperature than the narrow one. The change of Ag (Ag =
g - 2.0023) with HTT is shown in Fig. 10. This change was cantrary
to the change of unpaired electron concentration with HTT. That is,
the Ag decreases with the increase of unpaired electron
concentration. Near the maximum point of unpaired electron
concentration, the Ag showed negative values, i.e., the g value

becomes smaller than the value of free spin, g = 2.0023.

4. DISCUSSION

The results show that mesophase formation during the
carbonization of coal-tar pitch was suppressed by mixing with TNP.
The observed foaming and evolution of watef vapor indicate that
cross-linking occurs at HTT as low as 200°C. This agrees with the
earlier observation that a dehydration reaction occurs between mono
and dinitro compounds and coal-tar pitch at an early stage of
pyrolysis as shown by Yamada [1]. As the dehydration reaction

proceeds, the cross-linked structure is formed, and this prevents the



appeérance of liquid phase.  Moreover, this cross-linking reaction
brings a high yield of coke as shown in Fig. 1. Presumably instead
of'evapbrating, smd]i hydrocarbon molecules assist in producing the
cross-1linking. The 80%:coaf-tar pitch/20% TNP mixture'appears'to be
opfimumv for building é vfhfee dimensional network from these
| compbﬁénts. ‘waever, nof only the nitro groups but also thé hydroxy1'
';group in TNP works to build the ﬁetwork. This is supported by the
obéeryatién that the‘yiefd’of coke obtained from the:coai-tar
pitch/TNP mixture is higher than that from the coa]-tar.pitch/TNT
mixture as shown in Fig. 2. .

The X-ray data, Fig. 5, clearly show that the modified pitch .
coke does not graphitize up to 2500°C HTT. Although it is possible
to maké a separation into two components at 30000C HTT, thé’origin'of
the nar%ow‘component is ndf clear. It mayﬁbeithat, owing to
_inéféasihg crystailite size a phase préSent at 1bWer_HTT has provided
an intensity just Targe enough to‘measufe. However, it §eems more
- Tikely that_the harrow'compoﬁent is due to a partial stress
graphitization; It is well known that when mixture of hard carbon,
_é.g”' glassyvcarbon, and pitches are heat-treated above ZOOOOC,
graphitization of .the hard carbon phase goes to completion readi}y.
Thus, if a second phase were present at lower HTT, the modified pitch
gdke would have.graphitized at 3000°C.

In view of the above, it is natural to interpret the ESR data of
the modified pitch coke by comparison with data obtained from heat-

treated hard carbons. In another investigation, to be reported

10
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later, it was found that the ESR data obtained from the modified
pitch coke in the present work is similar in all respects - line
shape, temperature dependence, the maximum value of N - to those
obtained froﬁ a variety of glassy carbons.

The processes of carbonization and graphitization of the two
pitch cokes can be correlated with the unpaired electron
concentration. They can be separated into three stages.

The first stage corresponds to the region of HTT up to 1000°C.
In this stage the unpaired electron concentration increased up to a
maximum in the HTT range 600-800°C and thereafter decreased. This
behavior is commonly observed during the carbonization reaction and
the maximum value of N attained, which corresponds to about 10-3
unpaired electrons per carbon atom, seems to be independent of the
precursor hydrocarbons. The unpaired electron concentration probably
increases because impurity atoms - hydrogen, oxygen, nitrogen - are
removed from the hydrocarbons in the coal-tar pitch and TNP leaving
dangling bonds. The decrease is attributed to the synthesis of
larger aromatic molecules from smaller ones. The unpaired electron
concentration reaches a maximum in the region of the temperature
where the carbonization reaction nears completion, which is supported
by the observation in Fig. 1, that the weight loss was very small at
HTT above 800°C. Also, it is well known that carbons experience very
little weight loss above HTT 1000°C [8-9]. The decrease of the
unpaired electron concentration seen at HTT above 800°C means that

the rate of the disappearance of unpaired electrons by synthesis of

11



larger m§1ecu1es is faster than the Eate of removal of impurity
~atoms.

The second stage correspdnds to the HTT range from about 1000 to
12000°C. * This stage can be explained by assuming fhat at the
completion of fhe first stage the. structure consists of fused:
aromatic rings whosé separation is maintained by interléyék carbon-
carbon or carbon-hydrogen bonds. Heating abové'lOOOOC removes these
interTayer atoms. The X-réy data in Fig. 7 shows that the interlayer
spacing in the pitch coke begins to decrease in this region and
decreased strohgly when HTT reaches 2000°C. Concurrently, the ESR.
sbéctrum cQu]d‘not be obseryed in the pitch coke heatQtreated at
1250, 1500 and 1750°C. The disappearance of the ESR spectrum in the -
temperature range 1000-2000°C is well known for soft carbons, and a
deCreése in this range is also commonly observed. in hard carbons. In
_generai, it haé been consideréd ihat the diéappearance is an
artifact, i.e., because the Tine width of the spectrum-is too wide to
be observed. Figure 11 shows the ﬁhangé of‘lfne width of the ESRa
spectrum ofvthe'pitch cokes heat-treated at various temperatures. fIf'
it is assumed that the 1ine-wid£h cohtinues to increase in the HTT
range from 1000 to 2000°C, the ESR spectrum should not be 6bservab&e
under ordinary conditions. The 1ine width of ESR spectrum is related-
to the spin-spin relaxation time Ty, and becomes short accordiﬁg to.
the equation T, = h/(/3§BAH).{3]. However, the disapbearahcé of the
ESR spectrum of pitch coke in the HTT range of 1000-2000°C - cannot be

explained by the line-broadening only, because it can be enhanced by

12



changes of both sweep width and modulation of the ESR apparatus.
This was tried without success in this experiment, even when the
spectrum has a width greater than 500 gauss.

Another possible explanation for the disappearance of the ESR
signal is the "silicon effect." Singer and Wagoner have shown that
impurities such as Si0y, SiC, Si and Ge cause this phenomenon [10].
Their explanation is that Si or Ge or heavy elements diffuse into the
sample rapidly at temperatures around 1000-1100°C, probably forming
surface complexes which act as effective agents for spin-lattice
relaxation. These impurities are driven out at about HTT 14009C and
above. This explanation was verified by purifying samples showing
the "silicon effect" in flowing Cl, gas, after which the effect
disappears, i.e., the ESR signal becomes observable. A more detailed
study on the impurity broadening of the ESR spectrum has been made by
Mrozowski [11]. In view of the fact that no pufification treatments
were given to the samples in this work, it is not possible to rule
out the silicon effect as the cause of the signal disappearance. 'It
seems likely that the same phenomenon is also present in the modified
pitch coke, but to a lesser extent.

The third stage corresponds to the region of above HTT 2000°C.
In this stage no large scale rearrangement of layer planes occurs but
the crystallite size increases. The decrease of the unpaired
electron concentration in this stage is attributed to annealing of

the remaining point defects.

13



The change of unpaired electron concentration with HTT shown in

Fig. 8 is well known as a general behavior in carbons, and the peaks
seen at HTT 600-800°C and around 2000°C are exp]ained.from a
contribution of localized spins and mobile carriers [12,13}

However,gthere,are fewlrgports concerﬁing the rélation betweenvthe
unpaired electron concentration and-the g shift [14,15]. None have
.suggested a specific re]ationship* When tﬁe'1ogarithms of unpaired
e]ectron concentration (Iog N) were plotted égainst the values of Ag
of pftéh coke and modified pitch coke, a good linear fe]ationship was
established as shown in Fig. 12. That is, the'empibiéa] equation is

given by
Tog N= A +B - Ag x.10% .,

Where A and B are parameters dépénding on the materials. From_a
linear least-squares analysis, A =19.2 + 0.1 and B = -0.05 * 0.002
were obtained on the pitch coke and A = 20.5 + 0.2 and B = -0.064 +
0.005 were obtained on the mddifiéd pitch coke. There is Tittle
difference between A and B from both cokes. The above equation shows
that in pitch coke and modifiéd pitch coke.the unpaired electron
concentration can be estimated from a.measurehent of the g value.

In summary, the present work shows that when polynitro cbmpounds
are mixed Qith pitch coke the carbonization-graphitization behavior

is similar to that found with mono and di-nitro compounds. That is,

14
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a hard carbon is formed which is similar to glassy carbons formed by

different synthesis procedures.
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Table 1. Properties of Coal-Tar Pitch

‘Chemical composition, wt%

C 91.92
H 4.84
N 1.29
S 0.50
ash 0.02

Distribution for solvent, wt%

toluene insoluble 14.60
quinoline insoluble 0.57

Density 1.28 g/cm3
Softening point (R & B) 101°C

17
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Fig.. 1. Weight loss as a function of HTT.
(a) Coal-tar pitch

(b) Coal-tar pitch/TNP (80/20) mixture
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Fig. 2. Comparison of yield and carbon content.
(a) Yield of pitch coke modified by mixing of TNP at HTT
1000°C.

(b) Yield of pitch coke modified by mixing of TNT at HTT
1000°C.

(c) Calculated carbon content in coal-tar pitch/TNP mixture.
(d) Calculated carbon content in coal-tar pitch/TNT mixture.
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Micrografts—of medified pitch coke by mixing of TNP.
(a) Heat-treated at 200°C

a
(b) Heat-treated at 300°C
(c) Heat-treated at 500°C
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Fig. 4. Comparison of micrographs under crossed nicoles of (a) modified
pitch coke and (b) pitch coke heat-treated at 2500°C.
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X-ray diffraction profiles of modified pitch coke.
(a) Heat-treated at 2000°C

(b) Heat-treated at 2500°C
(c) Heat-treated at 3000°C
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Fig. 6.

20 (°)

XBL 8412-5868

Scheme of separation of composite profile shown in Fig. 5(c).
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Fig. 7. Changes in interlayer spacing (dOOZ) and crystallite thickness
(LC) of pitch coke.
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Fig. 9. ESR spectrum of modified pitch coke heat-treated at 3000°C.

(a) Measured at 20°C in vacuum
(b) Measured at -160°C in vacuum
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Fig. 12. Relation between unpaired electron concentration (N) and Ag.
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