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ABSTRACT 

The pyrolyaia mechanisms and thermal reactivity of aromatic 
and heterocyclic compounds are appreciably modified by substitution with 
nitrogen-, oxygen-, and halogen-containing groups.   Aromatic nuclei 
with strongly activating side groups generally lead to a disordered graph- 
itic structure.    The hydrocarbons which yield well-ordered graphites con- 
sist largely of fused planar aromatic compounds.    The complex mixtures 
of aromatic compounds that make up the normal raw materials for carbon 
and graphite form highly-ordered graphites.   Pyrolysis studies have been 
performed for eleven model aromatic hydrocarbons and for two oxygenated 
aromatics.    The planarity of the condensation products of the initial free 
radical intermediate« determines the degree of ordering of the resulting 
graphite.    Electron spin resonance (ESR) studies indicate that free radical 
intermediates may play an important role in the acid catalyzed rearrange- 
ments of methyl benzenes.    Aromatic hydrocarbons and related hetero- 
cyclic compounds with two to four rings which produce no residue at at- 
mospheric pressure have been thermally polymerized at super-atmospheric 
pressures.    Graphite bodies have been fabricated using coke filler mate- 
rial prepared by pyrolysis of selected model aromatic compounds.    The 
physical properties of the fabricated bodies are strongly influenced by the 
molecular structure of the starting compounds. 

Examination of controlled commercial charge stocks was continued 
and an effort to correlate the nuclear magnetic resonance and electron spin 
resonance of these charge stocks with the final graphite properties was 
attempted.    Bench-scale effort was centered around investigations into the 
preparation of Isotropie high thermal expansion graphites and studies to 
improve binder qualities.    Four pilot-scale coker runs to produce high 
thermal expansion isotropic cokes were made at the Marathon Oil Company 
in Robinson, Illinois.   A commercial air-blown asphalt produced a lower 
thermal expansion and a higher strength material than that obtained from 
the air-blown vacuum residuum.   A 2 per cent concentration of acetylene 
black in atmospheric residuum produced a coke with lower electrical re- 
sistance and higher strength than that of yhe 3 per cent concentration. 
Cokes from vacuum residuam and jlurry oil charge stocks were formed 
into graphite.   The test results show that original coke properties affect 
the final graphite properties.    The high thermal expansion cokes were 
more difficult to process and resaHed in graphite having a high compressive 
strength. 
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1.    INT RODUCTION 

This volume covers the final year's work on "Research and 
Development for Improved Graphitic Materials. "   of a program to pro- 
vide graphUe materials for high-temperature aerospace use.    This re- 
search aad development effort is a continuation of selected portions of 
the program for studies leading to the understanding required for develop- 
ment of uniform reproducible carbon-based materials capable of beine 
tailored to meet high-temperature materials requirements in advanced 
aerospace systems conducted under Contract AF 33(6l6)-6915       This 
work included scale-up,  characterization, and evaluation of graphites to 
w/.^    ?r »ucce»8ful u" a" engineering materials.    Major emphasis 
1H ^    i     °n ac(lul.rm8 a better understanding of the specific chemistry 
and pyrolysis reactions of raw material«; the limiting properties of sin- 
gle crystals; the reUtionship between the basic chemical and physical 
processes and processing techniques; and improved testing methods. 
The work conducted under Contract AF 33(616)-6915 is covered in the 
various volumes of WADD TR 61-72. "• ""= 

♦,.1  A       .Th* 0bJf.Ctive of the present program is to obtain a more de- 
tailed understanding of the relation between the chemical characteriza- 
tion of the raw materials and the properties of the final graphite.    This 
has been continued in a two-phase concurred program.    The first phase 
^^l" ^ncern

J
ed Primarily with the chemical mechanisms of pyrolysis. 

carbonization and graphitization of model compounds and the develop, 
me* of »Pecific chemical, and physical techniques to foUow the reactions. 
The second phase has been directed to the examination of the commercial- 
ly avadfblecharg6 stocks and their modification to produce graphites 
^ attt^t 'peC^Um 0f Phyical properties.    The final step has been 
to attempt to use the methods and information developed in phase one to 
correlate the results of phase two. f       <= une to 

ha. Wn I^fPr0*tfh ^ u16 .fir8t Pha8e 0f the prior and current program 
«S 5f      t° follow the carbonization of pure,  ,   3del organic compounds 
tfn-  =w mlxture8 br «Pecialized physical and chemical techniques.    Con- 
siderable progress has been made in the development of differential ther- 
mal analysis,  nuclear magnetic resonance, electron spin resonance. 
^f«0gr!.P      '^    'ay and 8PectraI techniques for the detaUed characteri- zation and mechanism studies. 

ao , v     ■T,J* appli?d "search effort under the previous contract served 
as a basis for much of the present phase one effort and was concerned 
tJr^r.    VT     V*Ur7y 0f ih! carboni"tion behavior of various raw ma- 
ro^i™/ f'6^     /^m!d the ba8i8 for locoing representative model 
compounds for the study of the relation between chemical structure and 
thermal reactivity. 



The work relating thermal reactivity to chemical structure,  em- 
phasizing the effect of substituent groups on the thermal reactivity, has 
been continued. 

Detailed studies have been made on the pyrolytic reaction mech- 
anisms of several selected model compounds. Several of the intermediate 
radicals have been identified. The electron distribution and hence the re- 
activity of a number of aromatic radicals have been determined. Combin- 
ing these various types of experimental information, we have clarified the 
mechanisms of carbonization and graphitization. 

The parallel effort has been directed toward evaluating some of 
the commercially available raw materials, which are complex mixtures, 
as charge stocks to produce binder and filler materials for  graphite. 
Bench-scale batch experimentation has demonstrated that the character- 
istics of coke can be varied over a wide range not only by varying the ini- 
tial compojitions of the material processed,  but also by varying the time, 
temperature and pressure during the coking process. 

Properties of the finished graphites are influenced by the charac- 
teristic of the raw materials, particularly the filler component.    The ma- 
.jor effort has been the investigation of reproducible raw materials with 
desirable combinaticns of thermal and physical properties. 

During the period of this report,  contact with Air Force Con- 
tractors and Subcontractors was maintained to expedite the awareness of 
improved materials developed under this program and to coordinate the 
evaluation of the materials from this program in the different locations. 



Z.    SUMMARY 

The pyrolysia mechanisms and thermal reactivity of aromatic 
and heterocyclic compounds are appreciably modified fay substitution with 
nitrogen-, oxygen-,  and halogen-containing groups.    The activating effect 
of substituent groups is of particular interest in the development of new 
raw materials which will produce very high carbon yields on pyrolysis. 

The degree of crystal order of graphites derived from model 
organic compounds exhibits a strong dependence on the starting chemical 
structure.   The hydrocarbons which yield well-ordered graphites consist 
largely of fused planar aromatic compounds.     Disordered graphites gen- 
erally result from nonplanar molecules which are devoid of fused poly- 
cyclic systems.    Aromatic nuclei  with strongly activating side groups 
generally lead to a disordered graphitic structure.    Heterocyclic com- 
pounds generally produced relatively disordered graphites.    The complex 
mixtures of aromatic compounds that make up the normal raw materials 
for carbon and graphite form highly-or de red graphites.    In general, the 
properties of the graphites obtained from model compounds show a depend- 
ence on two major factors: (1) the planarity and steric overcrowding in 
the original molecule and (2) the chemical reaction sequence and the nature 
of the thermally formed intermediates. 

Pyrolysis studies have been performed for eleven model aromatic 
hydrocarbons and for two oxygenated aromatics.    Differential thermal 
analysis (DTA), thertnogravimetric analysis-gas evolution (TGA-GE), 
elsctron spin resonance (ESR),  nuclear magnetic resonance (NMR),  and 
chemical studies have been employed wherever applicable to the pyrolysis 
of acenapfathylene,  7, 12-dimetfaylbenE(a)anthracene, naphthacene, fluor- 
anthene,  periflanthene,  9.9,-bifluorene,  A,,s,-bifluorene,  9,9'-bianthryl, 
p-terphenyl, or-truxene,  9, 10-dibenzylanthracene,   1,4-naphthoquinone, 
and 1, 4-naphthalenediol. 

Reaction mechanisms have been proposed for each of the hydro- 
carbons.    The carbonization reactions are consistent with an initial cleav- 
age of a C-H or C-C bond at the most reactive site of the molecule.    The 
planarity of the condensation products of the initial free radical intermedi- 
ates determines the degree of ordering of the resulting graphite.    The 
first dehydrogenation reactions are generally accompanied by intermolec- 
ular hydrogen transfers.    At higher temperatures,  direct dehydrogenation 
occurs at a rate influenced by the planarity of the aromatic intermediates. 

Electron spin resonance (ESR) studies have been made of radical 
cations prepared by the oxidation of 24 aromatic hydrocarbons with SbCle 
in CH2Clt solvent.    The coupling constants for the ESR spectra of the radi- 
cal cations of perylene,  anthracene, 9, lO-dimethylaothracene,  and naph- 
thacene in SbCls were essentially identical to those for the respective ions 
in HJSQJ.   The ESR spectra fof the radieal cations of pyrene, naphthalene, 
dibenzo(a, c)triphenylene,  A9's-bifluorene,  and tetraphenylethylene have 
also been reduced to coupling constants.    The positive radical ion result- 
ing from the oxidation of naphthalene is a symmetrical dimer with the un- 
paired electron divided equally between the two molecules. Quantitative 



comparisone were made between experimental coupling conetants and 
those computed from the Colpa-Bolion and Giacometti-Nordio-Pavan 
theories.    Both theories were found to account for the differences in mag- 
nitude between the coupling constants for aromatic negative and positive 
ions. 

Optical spectra were obtained for aromatic i idical cations pre- 
pared by the oxidation of aromatic hydrocarbons with SbCle in CH^Clj. 
Optical spectra of the radical ions of naphthacene, perylene,  anthracene, 
pyrene,  naphthalene,  diben£o(a, cHriphenylene,  AB'    -bifluorene,  and 
tetraphenylethylene are reported.    For a number of the systems,  compet- 
itive oxidations to dipositive ions were indicated at room temperature. 

ESR studies indicate that free radical intermediates may play an 
iiriportant role in the acid catalyzed rearrangements of methyl benzenes. 

Resolved ESR fayperfine structure has been observed during the 
thermal decomposition of 2-diazoacenaphthenone and diazophenanthrone. 
A computer program (SESRS) for simulating ESR spectra is described 
and several examples of the use of the program for verifying coupling 
constant assignments are presented. 

The compounds, 2-diazo-2(-4-mechoxyphenyl) acetophenone, 
9, 9,-diphenyl-9, 9'-bifluorene,  (chloromethyl)pentamethyl benzene,  and 
methylperinaphthene were prepared for ESR investigations of thermal de- 
composition reactions. 

Aromatic hydrocarbons and related heterocyclic compounds 
with two to four rings which produce no residue at atmospheric pressure 
have been thermally polymerized at super-atmospheric pressures.    The 
structure of the initial compound has a dominant influence on the proper- 
ties of the solid polymer.   The compounds have been classified into those 
that lead to   1) nongraphitizing carbon,   2) Isotropie graphite,  and   3) ani- 
sotropic graphite.    The transition from a liquid mixture to a polymer 
which is a solid at the temperature of the experiment occurs at a definite 
stage of th« '.hermal reaction, and this transition is substantially exo- 
thermic.    The reaction to the stage-of solid polymer formation appears 
to follow second-order kinetics.    A possible mechanism for the course 
of the thermal reaction is suggested. 

Graphite bodies have been fabricated using coke filler material 
prepared by pyrolysis of select ad model aromatic compounds.   The physi- 
cal properties of the fabricateti bodies are strongly influenced by the 
molecular structure of the starting compounds. 

In the parallel effort,  examination of controlled commer- °.al 
charge stocks was continued and an effort to correlate the NMR and ESR 
of these charge stocks with the final graphite properties was attempted. 

Bench-scale effort was centered around investigations into the 
preparation of Isotropie high thermal expansion graphites.    Investigations 



have included   1) the eeeding of coker charge stocke and an aephaltic hy- 
drocarbon with finely divideJ carbonaceous materials;   2) the air-blowing 
of various charge stocks prior to coking;   3) the coking of a naturally 
occurring asphalt;   and 4) the effects of certain processing variations 
during graphite manufacture. 

We have also attempted to produce isotropic cokes of intermedi- 
ate thermd expansion levels by   1) causing the coking to occur in a liquid 
phase thus producing regular shaped coke particles;   and 2) by coking 
selected mixtures of aephaltic hydrocarbon and other charge stocks. 

Studies to improve binder qualities have included   1) removing 
by extraction those portions of coal tar pitches which do not contribute 
to binder strength; and   2) thermal and catalytic cracking of heavy petro- 
leum etocks before distilling to a pitch.    Statistical analyses have been 
performed in an attempt to correlate binder properties with flexural 
etrength of 3-inch molded graphite plugs. 

Four pilot-scale coker runs to produce high thermal expansion 
isotropic cokes were made at the Marathon Oil Company in Robinson, 
Illinois. Two rune were an atmospheric residuum charge stock seeded 
with acetylene-black at two different concentrations. One run was made 
with air-blown vacuum residuum as the charge stock and the fourth run 
was made with'a commercial air-blown asphalt. 

The commercial air-blown asphalt produced a lower thermal 
expansion and a higher strength mater.'al than that obtained from the air- 
blown vacuum residuum.    A 2 per cent concentration of acetylene black 
in atmospheric residuum produced a coke with lower electrical resist- 
ance and higher strength than that of the 3 per cent concentration. 

Cokes from vacuum residuum and slurry oil charge stocks 
were formed into graphite.    The test results show that original coke 
properties affect the final graphite properties.    The high thermal expan- 
sion cokes were more difficult to process and resulted in graphite hav- 
ing a low flexural strength and a high compressive strength. 

Under this contract six hundred pounds of coke having high and 
isotropic thermal expansion,prepared in Robinson coker rune 6BS and 
69N,were supplied to the USAEC for their evaluation.    Several pounds of 
a similar coke prepared in the bench scale  work was supplied to the 
Union Carbide Corporation,  Carbon Products Division Research Labora- 
tory for use in the Iridium Coating Program   (Contract  AF33(657)-11253). 



3.    PYROLYSIS MECHANISMS 

3.1.    Thermal Reactivity of Aromatic and Substituted Aromatic 
 Hydrocarbons  

3.1.1.    Differential Thermal Analysie (DTA) 

The thermal reactivity of a large number of model aromatic and 
heterocyclic compounds of interest as components of the complex raw ma- 
terials used to manufacture carbon and graphite has been studied by the 
DTA technique. 

DTA is a dynamic method for determining the thermal changes 
occurring in a sample as it is heated at a uniform rate.    The DTA appara- 
tus is so designed that the temperature of the reactive sample is continu- 
ously compared to the temperature of an inert reference substance having 
similar thermal properties while the tw(   are heated together.    When the 
sample undergoes a physical or chemical transition in which heat is either 
absorbed or evolved, its temperature wiU change from that of the refer- 
ence.    The plot of the temperature differential (AT) between the sample 
and vixe reference as a function of the reference temperature (Tr) is  re- 
ported as the thermogram of the sample. 

The DTA experiments reported here were carried out in a flowing 
argon atmosphere.   Argon is introduced into the lower end of the combus- 
tion tube after passing through a heated coppor wool purification tube to re- 
move moisture and oxygen.    A flow rate of 10 cc per minute is mainteined. 
The argon is passed wp the combustion tube through two diffuser rings and 
over the sample and reference cells and is exhausted from the top of the 
furnace into a KBr trap in which the condensable vapors from the sample 
are collected.    The noneondensable gases pass through the trap and through 
a sulfuric acid bubbler which seals the system.    A heating rate of 10 "C per 
minute is maintained to 750*0 when the sample has been converted essen- 
tially to carbon.    The carbon residue is measured and reported herein. 

The condensable reaction products collected in the KBr traps were 
all examined by infrared absorption spectroscopy using a Perkin-Elmer 
Model 21 or Model 221 double-beam spectrometer.    The KBr pelleting 
technique was used most extensively because of the limited solubility of 
the materials studied. 

A Kftflcr Hot Stage and accessories with an American Optical 
Spencer binocular microscope were used to help interpret the low temper- 
ature transitions indicated in the DTA experiments. 

The compounds examined in this study were obtained from com- 
mercial chemical suppliers and in many cases were used as received. 
Purity and identification were verified by comparing «pectra of each com- 
pound with published spectra.    If contamination was suspected, tii« mate- 
rial was chromatographically purified and the purified compound i eexam- 
ined in the DTA apparatus when possible. 



The solvents used for Chromatographie elution and for spectro- 
scopic measurements were all Eastman Kodak Company,  spectrograde 
solvents.    The KBr powder used for collecting the DTA distillates and for 
IR sampling was IR quality powdered KBr purchased from xhe Harshaw 
Company.    The anhydrous alumim. used in Chromatographie columns and 
as the DTA reference material wus Fisher's Chromatographie grade an- 
hydrous alumina,  80 to 200 mesh.   Catalog No. A-540.    The alumina used 

- as a reference in DTA was specially treated by heating to 800 0 C and then 
stored in a sealed dispenser designed to aroid exposure of the bulk of the 
material to the atmosphere when transfer is made to the DTA cup. 

The results of the continuing study to determine the relationship 
of the thermal reactivity of model compounds to their molecular struc- 
ture are contained in this report.    Compounds have been arbitrarily clas- 
e: 'ied as thermally "unreactive" if tiiey produce no carbonaceous residue 
at 750oC in the DTA experiment and thermally "reactive" if they undergo 
a condensation sequence and yield a measurable carbonaceous residue. 
The activating effect of substttuent groups is of particular interest in the 
development of new materials which will produce very high carbon yields 
on pyrolysis. 

3. l.Z.    Thermally "Unreactive" Model Aromatic Compounds 

The DTA thermograms of 16 compounds which produced no sig- 
nificant residues on pyrolyzing at 10°C per minute to 750'C in an argon 
atmosphere are presented in Figure 1.    The thermal properties of these 
compounds as determined by DTA are given in Table 1. 

DTA offers a convenient if not precise method for measuring 
melting and boiling temperatures for organic compounds.   In the ease of 
extremely high boiling materials such as the polynuclear aromatics,  it is 
extremely difficult to determine boiling points by any more conventional 
method,  so volatility data are thus rather sparse in the literature. 

The DTA method also provides a sensitive method for determin- 
ing the presence of impurities if the melting point differs appreciably 
from that of the major constituent.    The minor endotherms are due to 
impurities,  usually isomers,  in the commercial chemicals used in these 
studies.    The melting point is measured from the DTA endotherm by ex- 
trapolating the forward slope of the endothermic peak up to the baseline 
and recording the intercept. 

The boiling endotherms have no readily defined inflection points. 
The slope of the endotherm is a function of the vapor pressure of the sam- 
ple with increasing temperature.    The normal gradual slope to the endo- 
thermic minimum indicates a slowly increasing vaporization rate.    The 
reported boiling points are the endothermic minima where the vaporiza- 
tion rate is at a maximum. 

The thermograms are all typical of unreactive compounds,  ex- 
hibiting normally sharp and deep melting and boiling endotherms with the 



WO    200    300    400    MO    (00     7ÖÖ 
TEMPCRATIME-X 

M:     200    300    400    MO    «00    700 
TEMPERATWE-T 

N-7055 
Figure 1.   DTA Thermogratns of Thermally Unreactive Aromatic 
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Table 1.    Thermally Unreactive Compounds 

Compound (SMj jjwwfc-jg EKMI». of Cori. 

(, 1,1-1, i. 9-Cyclöd(kl*citrl«i« 

), 4-Baniph«n>nthT«na 

t. },1-Trlchlor<Mnllln« 

Ö 
w 

Has ■ b r Dfn ob« nB • m 

Chlarvndlc «nhydrlda 

I - NaphlhofUvona 

parl(l, 9)-Banao>anthana 

Phanraailna 

Z-(4-Blphanvlyl)-%- 
phmitflOKnalm 

tmlnodlphanyl 

l.2-Bli-|2-Prrldrl)-athrl. 

^ 

«5© 

öS© 
0O<6>O 

0?) 

-     er?.!!« 

l.2-Bla-(4-PrrMvl)-aiH«na 

LS-Naphthyridlna 

-Rianuithrolliia dUtydrata 

olfr 
e» 

S&-v 

oSr- 

91b 14 11 290 

6B 70 440 

441 £07.»      21? 140 

949 T1.9        79 109 

992 106 110 419 

0.0 SM only In Condanaata 

0.0 SM only In Condanaata 

0.0 SM only In Condanaata 

4.0 SM only In Condnnaala 

0. 0 SM only In Condananta 

910 230-4       190 31«        210-209 0.0 

917 194-6        192 491 

49'! 100 |01 410 

927 196 190 170 

920 1(2-5       120 479 

90) 110 106 174 

499       49.9-90.9   120 362 

494        110-111        110 372 

930 79 69 260 

941 «9.9        60 )6Q 

921 1«) 199 169 

SM plu» mlxtura of naw 
product* In Condanaata 

0.0 SM only In Comdananta 

0,0 SM only In Condanaata 

0.0 SM only I« Condanaata 

0.0 SM only In Condanaata 

0.4 SM only la Condanaata 

0,2 SM oiuy In Condanaata 

SM only In Cond. -Trlpla mp, 
Indlcata impura aampla 

0.0 SM only la ComdonaaU 

exception of chlorendic anhydride (510) (which exhibits two small addition- 
al endotherms),  1, 5-naphthyridine (5 >0) (which shows a multiple melting 
endotherm indicating possible impurities),  and m-phenanthroline dihydrate 
(543) (which shows decomposition of the hydrate just over 1000C).    In most 
cases» the condensates collected in the KBr traps consisted of only the 
starting compound.  Indicating no reactivity prior to complete distillation 
of the sample.    However, chlorendic anhydride produced a condensate com- 
posed of starting material plus some products containing a hydroxyl group 



probably due to opening of the anhydride ring; 2-aaphthoflavone (517) 
also produced new condensable products of an unidentified nature. This 
latter compound,  along with 1, 2- bis-(2- pyridyl)-ethylene (499) and 1, 2- 
bis-(4-pyridyl)-ethane (494),  produced very small residues between 
0. 2 per cent and 0.4 per cent.    They are arbitrarily included in the un- 
reactive category because of the very low residue yields even though 
they might have undergone some chemical changes on pyrolysis. 

Although 3,4-benzophenanthrene (575) was not expected to be 
thermally reactive under the conditions of the DTA experiment,  it is an 
interesting aromatic compound because its configuration leads to non- 
planarity and strain due to the close approach of the 4' and 5 positions. 
The related compound,  benzo (g, h, i) fluoranthene. 

was examined previously and found to be slightly reactive, giving a car- 
bon yield of 2.1 per cent.    Benzo (g,h, i) fluoranthene, which has an 
ionization potential of 7. 40 e. v., was predicted to be more reactive than 
3,4-benzaphenanthrene with an ionization potential of 7. 77 e. v.    On DTA 
examination, 3,4-benzophenanthrene proved to be unreactive:   it exhibited 
only a melting and boiling endotherm, gave no carbon yield, and had only 
starting material in the condensate. 

Dinitrodurene (491) is the first nitro-substituted aromatic exam- 
ined in this study that did not react thermally to produce a carbon residue. 
Apparently, the vaporization temperature for dinitrodurene is below any 
reaction temperature. 

In general, the hetv -ocyclic compounds have been found to be 
relatively unreactive toward thermal treatment.    Several additional ex- 
amples are given in Table 1. 

3.1.3.    Thermally "Reactive" Model Compounds 

Differential thermal analyses were performed on a variety of sub- 
stituted aromatic and heterocyclic compounds.    Substituents were chosen 
for their potential activating effect on the thermal reactivity of the aro- 
matic or heterocyclic ring systems. 

3.1.3. 1.    Thermally "Reactive" Substituted Aromatic Hydrocarbons 

A total of 48 substituted aromatic compounds have been classified 
as thermally reactive in the DTA experiments.    These will be discussed 
in the following sections where the compounds have been grouped by type 
of substituent. 
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3.1. 3. 1.1.    Aromatic Hydrocarbons with Aryl and Alkyl Substituents 

The DTA thermograms of 5 aromatic compounds substituted with 
aryl or alkyl groups are shown in Figure 2.   Physical property and ther- 
mal reactivity data obtained from the DTA experiments are summarized 
in Table 2. 

a. Ovalene (555) 

This very large polynuclear aromatic hydrocarbon produced a 
high yield of carbon of 64.9 per cent on pyrolysis to 750*C.    The DTA 
thermogram shows three quite symmetrical endotherms.   The first small 
endotherm may indicate contamination or may result from a phase transi- 
tion.    The extremely simple infrared absorption spectrum of this sym- 
metrical molecule does not indicate any significant contamination.    The 
second endotherm is in all probability the melting endotherm indicating a 
melting point of approximately 515"C as compared to 430*C for coronene. 
The final endotherm at 662'C may be the boiling endotherm but it is un- 
usually sharp.    It is followed by a sharp change in the baseline which often 
accompanies a decrease in the amount of sample in the DTA sample cup. 
The IR analysis of the condensate showed only starting material present. 
One would expect essentially no degradation of this compound,  only dehy- 
drogenation accompanied by molecular growth. 

b. Diindeno(l, 2, 3-cd:l', 2'. 3 '-jtmberylene (Periflanthene) (522) 

This compound is a dimer of fluoranthene.    It is being studied in 
some detail as part of the investigation of the thermal reaction sequences 
involved in the conversion of fluoranthene to graphite.    The large molec- 
ular size of this compound makes it stable to very high temperatures. 
The DTA thermogram indicates a melting point of about 520*C.    This is 
followed by a series of endothermic and exothermic reactions at about 
560*, 625*,  and 660*C which result in a high carbon yield of 54. 7 per 
cent at 750*C.    Surprisingly,  no new condensable products were found in 
the condensate collected during the pyrolysis.    Apparently little or no de- 
gradation to benzene, perylene, fluoranthene, or indeno-perylene occurs. 

c. 1, 3,6. 8-Tetraphenylpyrene (568) 

The usual effect of the phenyl substituent on a polynuclear com- 
pound is to increase its physical thermal stability permitting the material 
to withstand higher environmental temperatures before vaporization be- 
comes appreciable.   In this case, the four phenyl groups increase the 
molecular size and, consequently, the boiling point of the compound to 
well over the temperature where thermal dehydrogenation occurs in most 
hydrocarbon systems.    A carbon yield of 13. 8 per cent was obtained from 
this tetraphenylpyrene.    The DTA thermogram indicates two slight exo- 
thermic reactions between 500* and 600*C followed by a peculiarly small 
vaporization endotherm and possible shift of baseline.    The condensate 
collected during the DTA pyrolysis contained only the starting compound. 
No new reaction products were found. 
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d. 9-EthvUdenefluorene (483) 

This compound,  like dibenzofulvene,  ia expected to be very re- 
active to free radical polymerizations and so should be thermally reactive. 
The DTA thermogram shows the normal melting endotherm at 100  C fol- 
lowed by a broad attenuated vaporization endotherm that extends out to 
400*0.    No exothermic reactivity is discernible although the shape ol the 
vaporization endotherm, with no abrupt end point, is indicative of the grad- 
ual degradation of a polymer.   A carbon yield of 5 per cent was obtainsd. 
The condensate was an entirely new material consisting of a complex mix- 
ture of degradation products. 

e. 1, 4-Bis-(4-phenYlbutadienyl) benzene (497) 

This compound melts at 295°C and then exothermally polymer- 
izes to produce a complex cross-linked polymer which gives a carbon 
yield of 19. 7 per cent at 750*C.    The volatile condensate obtained from 
the thermal degradation of the polymer was a complex pitch-like mate- 
rial. 

3. 1. 3. 1. Z.    Aromatic Hydrocarbons with Oxygen-containing Substituents 

The DTA thermograms of nine polynuclear aromatic hydrocar- 
bons substituted with oxygen or carboxylic acid groups are given in Fig- 
ure 2.    These compounds were all quite reactive thermally and produced 
high carbon yields.    The physical properties and reaction conditions are 
tabulated in Table 3. 

a. Biphenyleneacrylic Acid (498) 

The DTA thermogram of this compound is uniformative.    Fol- 
lowing the melting endotherm at Z35'C. the curve lies along the baseline 
all the way to 750*0.    A carbon yield of 16.4 per cent indicates thermal 
reactivity which must occur slowly over a broad temperature range ac- 
companied by gradual vaporization of the material.   The IR spectrum of 
the condensate substantiates this general view.    The condensate contams 
both starting compound and some new products. 

b. 2, 3-Fluorenoquinone (482-518) 

This ortho-quinone of fluorene reacts exothermally below 200°O 
accompanied,  apparently, by some vaporization.    A large carbon yield 
of 73.6 per cent was obtained at 750*C.    Examination of the condensate 
by IR analysis does not clarify the nature of the thermal reactions. 

c. 1. 8-Pyrenequinone (500) 

The infrared absorption spectrum of this compound exhibits a 
0=0 stretching frequency doublet at 5. 70 and 5. 85 microns which indicates 
that either the material we have examined is not 1, 8-pyrenequinone,  or 
the 1, 8-pyrenequlnone Is not a true qulnone.    The higher frequency 
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Table 3.    Thermal Properties of Oxygen Substituted 
Aromatic Hydrocarbons 

Compound (SM) Structure DTA       Mp'C       Mp'C       BP*C Rm.  TC        % C 
No. Lit. DTA DTA DTA Retidue     lUnwrKi - IR S|>*ctr 

of co«<lenBatei 

niph«>nyl<>nf> acryür acid 

2 ,    1 - FlunrrnoquinDn« 

I.   B-Pyrenftquinone 

""OH 

498 22« 2M 

öp?  tn •" 

^ 
SOfl 270 255 

£90 ^ 16. 4 Condeu&te S. M.   plus new 
compounds.     Spttctrum 
broadened. 

110+ 73. 6 MoetlyS. M.  in con- 
'•0+ denB&U,  small changes 

in spectrum. 

30f * 58.4 Condensate was mostly 
ne** material. 

anthraquinon* (F.modi o^uytPsa, 
•■390 52. Double meltinf endotherm 

possible impurity.    Condct 
sate mostly SM but some 
differences in IF  hand«. 

9-BenEylidene anthrone >l6 U1 ^3 W «0 * 14.4 Condrnsate was S. M.   phu 
broad small amount of nfv 

product. 

Galvinoxyl 
O^^rto     ' %35 ^ ,W 3T0 

2. i' -Dimethylbianlhronr Vy*^ 4 92 2)0.2       210 

12. 2 Condensate trap contained all 
new products.     Strong    OH 
band and strong aliphatic 
C  H bands. 

244 + 54. 3 Condensate wai 
new material. 

Mellitlc Trianhydride 

2, 2' -DibromManthn ^ $$ 

540 KO-d       - 250 ? +J00, 25.2 IR indicates acid impurities 
■  wo ♦**0 were converted to anhydrides, 

which were condensed in KBr 
trap. 

315 7)0?     Br   500+ 66.5 Almost nothing in KBr 
730- trap. 

+ eaothermic 
- endothermic 

absorption bands are more typical of aromatic ketones.    The doublet indi- 
cates possible coupling between the carbonyl groups or a mixture of 
carbonyl-containing compounds. 

The DTA thermogram exhibits an exothermic reaction peak im- 
mediately following the melting endotherm.    A carbon yield of 58. 4 per 
cent was obtained at 750 *C. 
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The IR spectrum of t le condensate was quite different from that 
of the starting material but it still had the C=0 stretching bands at 5.70 
microns and 5. 85 microns. 

d. 1, 3, 8-Trihydroxy-6-Methyl-anthraquinone (Emodin) (528) 

The parent compound,  anthraquinone, has been found to be ther- 
mally unreactive under the conditions of pyrolysis in our DTA apparatus. 
However, multiple substitution,  as in this case,  greatly increased the re- 
activity and resulted in a large carbon yield.    The DTA thermogram has 
a double melting endotherm,  indicating an impurity; and the IR spectrum 
of the compound showed an impurity which contained a carboxyl group. 
An exothermic reaction followed melting,  and some new reaction products 
appeared in the condensate.    A carbon yield of 52. 8 per cent was obtained 
at 750*0. 

e. 9-Benzylidene Anthrone (516) 

This compound produced a DTA thermogram typical of the mod- 
erately thermally nactive materials that have been examined.    The nor- 
mal melting endotherm is followed by a broad, weak vaporization endo- 
therm that terminates in a moderate,  but extensive,  exothermic region. 
A carbon yield of 14.4 per cent was obtained. 

The condensate contains a major portion of the starting material 
plus reaction products which are quite similar.    The major effect on the 
IR spectrum is a broadening and smearing out of the absorption bands of 
the starting material rather than the addition of new strong bands. 

f. Galvinoxyl (535) 

This compound reportedly exists as a semiquinone ion.    It if mod- 
erately thermally reactive,  as evidenced by a carbon yield of 12. 2 ps     cent 
upon pyrolysis in the DTA apparatus.    The DTA thermogram has a small 
shoulder on the melting endotherm,  suggesting the presence of impurities 
or an isomeric r^iixture     The large boiling endotherm is preceded by a 
shallow,  broad endothermic region,  indicating continuous vaporization 
above 225'C.    Infrared analysis of the condensable products indicate all 
new products were formed.    The spectra exhibited the broad bands of a 
complex mixture.    Its principal features were the strong  -OH bands, strong 
aliphatic  C-H bands, and the skeletal out-of-plane bending absorptions of 
substituted aromatics.    The strongest of these bands represents mono- or 
di-substitution.    Thus, pyrolysis involves the rupture of the  -CH-  bridge 
as well as the t-butyl substituents in large part,  and the reduction of the 
quinone as well as molecular growth to produce a carbon residue.     The 
reaction sequence appears to be complex,  as one would expect. 

g. 2, 2'-Dimethylbianthrone (492) 

This compound, like bianthrone, undergoes a strong exothermic 
reaction with little evidence of melting.    The dimethylbianthrone produced 
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a small endotherm at 210° to ZZS'C which indicates that the melting was 
interrupted by the large exothermic reaction peaking at 243°C.    This 
was followed by possibly slow volatilization and additional exothermic re- 
activity around 380°C and 425°C.    A final carbon yield of 54. 3 per cent 
was obtained at 750°C. 

The condensate was a complex mixture of new compounds still 
containing the aothrone or quinone structure. 

h.    Mellitic trianhydride (540) 

This completely substituted benzene derivative is of potential 
interest as a reactive additive to aromatic systems.   The sample exam- 
ined hydrolyzed very readily; IB. examination indicated that it consisted 
of a mixture of the anhydride and the carboxylic acids.    On pyrolysis in 
the DTA apparatus, the acids were dehydrated at approximately 185°C 
followed by melting between 2506C and 300*C.    Above 300°Ct  slow vapor- 
ization occurred.    An exothermic reaction (or reactions) begins above 
400°C and reaches a maximum at 4B0°C.    The only material found in the 
condensate collected in the exit KBr trap was mellitic trianhydride plus 
a small amount of water.    A carbon residue of 25. 2 per cent was obtained 
on heating to 750'C.    The volatile reaction products were apparently all 
non-condensable. 

i.    Z, 2,-Dibromobianthrone (483) 

This brominated derivative of bianthrone produced a carbon yield 
of (>b. 5 per cent in the DTA experiment.    Bianthrone, which has a higher 
percentage of carbon in its molecule, gave a 74. 3 per cent residue in the 
DTA experiment.    The dibromobianthrone melted around 315*C and then 
appeared to have reacted with a very weak exotherm at 335°C and a broad, 
very weak exotherm between 425* and 575"C.    The DTA curve also shows 
a small sharp endotherm at 730 *C. 

An extremely small amount of condensable material was found in 
the KRr trap.     From the very weak 1R spectrum obtained, it appeared to 
be mostly starting material.   The TGA thermogram of the starting mate- 
rial will be examined to explain the 730* endotherm and the scarcity of 
condensate. 

3. 1. 3.1. 3.    Chlorinated Polycyclic Compounds 

The DTAthermograms for five polychlorinated polycyclic com- 
pounds are given in Figure 3.    The physical properties and thermal re- 
activity data as obtained from the DTA curves are summarized in Table 
4. 

a.    1, 2, 3,4, 9,9-Hexachloro-l, 4,4a,  8a-tetrahydro-l, 4- 
methanonaphthalene-5, 8-dione   (507) 
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V 
b. 1, 2, 3,4, 9, 9-Hexachloro-1,4-dihydro-1, 4-methanonaph- 

thalene-5.8-diol     (508) 

c. 1,4, 5, 6, 7, 8, 8-Heptach]oro-3a-tetrahydro-4, 7- 
methanoindene     (509) 

d. 2, 3,4, 5, 6, 7, 8, 8-Octachloro-3a, 4, 7, 7a-tetrahydro-4, 
7-TnetKanoindene   (506)  

These four compounds, listed in Table 4,  are all based on the 
chlorendic moiety with an attached 5- or 6-membered ring structure con- 
taining different substituents.    The compounds are listed in order of de- 
creasing carbon yield in the DTA experiments.   All of these compounds 
were thermally reactive and produced appreciable carbon yields.    The 
related compound,  chlorendic anhydride, was also examined and found to 
produce no carbon residue.    It is discussed under the unreactive com- 
pounds although it did undergo a series of reactions as evidenced by both 
the complex DTA thermogram and the changes in the condensate. 

Compound (a) melted near 200'C, began to distill between 250oC 
and 285*0,  and then underwent an exothermic reaction between 285°C and 
355"C.    Infrared analysis of the condensate showed that the dione (a) was 
converted to the diol (compound b) and also produced a carbon yield of 
22. 3 per cent.   Compound (b) showed only a melting and boiling endotherm 
in the DTA thermogram but produced a carbon yield of 16. 8 per cent.   No 
new condensable products were found.    Compound (c) also exhibited melt- 
ing and boiling endotherms and produced no new condensable products. It 
gave a carbon yield of 9. 7 per cent.    Compound (d) showed slight exotherm- 
ic reactivity, produced a 6.0 per cent carbon yield, but yielded no new 
condensable products.    The reaction products of these highly chlorinated 
bridged compounds appear to be primarily carbon and noncondensable 
gases. 

e. Hexachlorophene (553) 

Hexachlorophene is a highly chlorinated phenol-formaldehyde 
dimer.   It is quite reactive on pyrolysis and gave a 22.2 per cent carbon 
yield in the DTA apparatus.    The DTA thermogram shows the melting en- 
dotherm at 160*0 and a small exotherm at 330*0 which interrupts the va- 
porization endotherm.   Infrared analysis of the condensable volatile prod- 
ucts indicate new products quite similar to the starting compound but com- 
pletely lacking the methylene bridge, i.e., chlorinated phenols. 

3.1. 3. 1.4.   Nitrogen Substituents 

The nitrogen-containing substituents included in this study are 
(1) amino, (2) amido,   and (3) nitro-groups.   All of these nitrogen groups 
have an activating effect on the thermal reactivity of aromatics.   The ef- 
fect varies with the position of substitution, with the aromatic structure, 
and, of course, is sensitive to the presence of other substituent groups. 
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3. 1. 3. 1. 4. 1.    Amino-compounds 

The amino group has demonstrated a pronounced effect on the 
thermal reactivity of aromatic compounds although, in general, the nitro- 
group has a greater effect.    The amino group is readily oxidized and also 
has a strong effect on the aromatic ring by contributing an electron pair 
to the Tt-electron system through resonance interaction. 

The DTA thermograms of 12 amino compounds are shown in Fig- 
ure 3, and the physical and thermal properties and behavior are sum- 
marized in Table 5. 

Table 5.    Thermally Reactive Amino Substituted Aromatic Compounds 

Compound (SM) 

h-Amlno Chryiana 

t, lO-DUminophananthrana 

2 - Amlna' S-nkphlhol 

•• Amln<W-naphthol 

-Amlno-9-fluoranoii» 

2 - Mvltiy Umlno- 9 • fliao ra non« 

l-Amliio-4-mathoxv-anlliru|<iliw 

Z-Amtao-l-bTomo-S-chlorO' 
«nthraqulnon« 

1 -Amino- )>4-dlbronw*nthra- 

^S4 16* 16* 

4-AmlnaUphanyl 

o mg 

4. 

220 MO 

«60 206 I9S Hh «400 

*29 120 120, 

144 410 

%M 229 224 

»65 224 210 

0.8 SM only In Conrtamat« 

1.0 SM In C<mrl«naat« plu- 

prodorti. 

49. I Doubla meltlni andothrrm, 
Contain- SM but with many 
IR banda mUalno .    OH Und 
broad and laaa tnlanc^. 
Only ona naw band »I H.Wf 

42.1 SM only In Condanxala 

0.7 SM only In CondanMle 

1,9 SM only In Condanaat« 

41 355 

< 3Ji 41. 1 Naw compounda In condanialr 
C-Obutda at fr.Otiiona.    Nil 
banda praaanli ethnr bando 

• 280 
.425 

33.0 SM only In Con.l^^ta 

.300 
♦ 428 

22. S 

1. 1 

:wo naw in band« •- caimot 
Idantlfy naw product». 

SM only In Condanaata 

l.S'-DluntMtMsUlM ffixP&t 531 180 180 li.S        SM only tn Condanaata 

BanaidlM Clhydrochlorld. 
V-O-0-«<2 

* SM-Startin| Malarial. 
* • bolMnnk Raacllon. 
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a. S-Aminochrysene (6-Chry8enamine) (574) 

The introduction of the amino group in the 6-po8ition increased 
the thermal reactivity of chrysene only slightly to yield a carbon residue 
of 0. 8 per cent.   The DTA thermogram shows only the melting and boil- 
ing endotherms at ZZO'C and 510'C,  respectively.    Analysis of the con- 
densate indicated that no new pyrolysis products were formed.    Only 
starting material was found in the condensate. 

b. 9, 10-Diaminophenanthrene (554) 

The DTA thermogram of 9, 10-Diaminophenanthrene shows only 
the melting endotherm at-1650C and a gradual vaporization endotherm 
starting at approximately Z75'C and reaching a minimum at 440oC.    A 
carbon residue of 3.0 per cent was obtained indicating about the same 
activating effect of the diamino-substitution on phenanthrene as on naph- 
thalene.   The condensate contained mostly starting compound with a 
small amount of new unidentified products. 

c. 2-Amino-5-naphthol (559) 

d. 8-Amino-2-naphthol (560) 

Although a number of diaminonaphthalenes and naphthalenediols 
have been examined and found to be moderately thermally reactive, these 
are the first amino-naphthols studied to date.    The amino-naphthols are 
much more reactive than either the diamines or the diols as judged by 
carbon yield. 

DTA thermogram 559 of 2-amino-5-naphthol has a shallow endo- 
therm beginiäng near 50*C that indicates a contaminant in the sample. 
The melting endotherm at 190°C agrees with the reported values.    The 
melting endotherm is followed by a gradually rising curve which finally 
levels at approximately 500"C and is essentially flat as heating contin- 
ued to 750*C.   A carbon residue of 49.1 per cent was obtained.   The con- 
densate produced an IR spectrum very similar to that of the starting ma- 
terial but with many bands missing.    The OH and NH bands were much 
broadened and of lower intensity,  and one new band at 12. 35 microns was 
observed. 

The thermogram (560) of 8-amino-2-naphthol is somewhat sim- 
ilar but with no indication of an impurity and with somewhat sharper in- 
flections in the rising portion of the curve following the melting endo- 
therm.   A carbon residue of 42.1 per cent was obtained.    The conden- 
sate in this case contained only the starting material.    The IR spectra 
were identical. 

e. l-Amino-9-fluorenone (529) 

f. 2-Methylamino-9-fluorenone (570) 
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Fluorenone was found earlier to be unreactive in the DTA exam- 
ination and the substitution with an amino- or a methylamino-group en- 
hances the reactivity only slightly.    The DTA thermograms of 1- amino-9- 
fluorenone and 2- methylamino-9- fluorenone given in Figure 3 show only 
the typical melting and boiling endotherms of unreactive or slightly re- 
active compounds.   Similarly, analysis of the condensates collected dur- 
ing pyrolysis shows only the starting compounds present. 

g.    l-Amino-4-methoxy-anthraquinone (567) 

h.    2-Amino-l-bromo-3-chloro-anthraquinone (566) 

i.     l-Amino-3,4-dibromo-anthraquinone (565)  

Although anthraquinone has been found to be thermally unreactive 
under the conditions which we have used to define this term,  it has proved 
to be readily activated by a variety of substituent groups including methyl, 
ethyl, benzo, hydroxyl, and halogens.   In general, multiple substitution re- 
sults in increased thermal reactivity and higher carbon yields.    The sub- 
stituted anthraquinones listed above all proved to be thermally reactive and 
produced carbon yields ranging from 22. 5 per cent to 43. 3 per cent.    The 
DTA thermogram of l-amino-4-methoxy-anthraquinone (567) shows strong 
exothermic reactions which result in ultimate high carbon yields.    The 
DTA thermograms of 2-amino-l-bromo-3-chloro-anthraquinone (566) and 
l-amino-3,   4-dibromo anthraquinone (565) are very similar in shape 
with only slight shifts in temperature among the several endothermic peaks. 
They both show sharp melting endotherms and broad gradual boiling endo- 
therms and both have a peculiar slight exothermic peak immediately fol- 
lowing the melting endotherm.    With the exception of 2-amino-l-bromo-3- 
chloro-anthraquinone, new condensable products were found in the con- 
densates. 

j.    4-Aminobiphenyl (562) 

k.    3. J'-Diaminobenzidine (531) 

1.    Benaidine Dihydrochloride (580) 

The polyphenyl moiety has previously been shown to be extremely 
resistant to thermal reactivity.    All unsubstituted polyphenyls from bi- 
phenyl through quinquephenyl examined to date have vaporized out of our 
system leaving no residue.    Similarly, substitution with an acetyl-, benzyl- 
or phenyloxazole-group   simply increased the melting and boiling points 
of biphunyl without inducing thermal reactivity.   Substitution with one or 
more amino-groups, however,  is seen to produce a thermally reactive 
polyphenyl.    The 4-Aminobiphenyl is only slightly reactive,  producing a 
scant 1.1 per cent carbon residue at 750*0.    The thermogram shows only 
strong melting and boiling endotherms.    The 3, 3l-Diaminobenzidene is 
very reactive producing a carbon yield of 23. 5 per cent; however, the DTA 
thermogram does not give much information on the reaction temperatures. 
Only the melting endotherm and an attenuated boiling endotherm with a 
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very shallow, broad endothermic region spanning almost the entire tem- 
perature range between melting and boiling are exhibited. 

The DTA thermogram of benzidine dihydrochloride (580) shows 
a small endotherm starting near 140*C and reaching a maximum at ITS'C. 
followed by a very large and broad endotherm peaking at 375°C.    A car- 
bon residue of 8. 7 per cent was obtained at 750'C.    Only the starting 
compounds were found in the condensates collected during the pyrolysis 
of 4-aminobiphenyl (562) and 3, S'-Diaminobenzidine (531).    In the case of 
benzidine dihydrochloride (580),  the condensate was benzidine.     The 
large endotherm is apparently caused by a combination dehydrochlorination 
and distillation.    The volatile reaction products are all noncondensable. 

3. i. 3. 1.4.2.    Amido-compounds 

The DTA thermograms of 1-acetamidopyrene (541) and 9, 10- 
Bi8-(Formamido)-anthracene (533) are shown in Figure 4,  and the physi- 
cal and thermal properties as determined in the DTA experiment are sum- 
marized in Table 6. 

a; 1-Acetamidopyrene (541) 

The introduction of a highly functional substituent such as the 
acetamido-group to pyrene produced a thermally reactive material which 
gave a carbon yield of 15. 9 per cent in the DTA experiment.    The DTA 
thermogram does little to elucidate the reaction details,  however.    Only 
the melting and vaporization endotherms «.re found.   The condensable vola- 
tiles also reveal nothing about the reaction since only the starting ■   aterial 
was found.    Degradation products of the substituent group appear tc be non- 
condensable vapors. 

b.   9, 10-Bis-(Formamido)-anthracene (533) 

The DTA thermogram of 9,10-bi8-(formamido)-anthracene shows 
a series of broad shallow endotherms beginning at 200',C and finally termi- 
nating in a sharp,  strong endotherm which reaches its minimum at 415°C. 
The reported melting point is 439"C, a value which is difficult to accept for 
a molecule of this size despite the possibility of strong intermolecular at- 
traction.    The shape of the 415*0 endotherm is that of a boiling point. Since 
the carbon yield was only 4. 7 per cent,  considerable vaporization must 
have taken place.    Examination of the condensate shows no starting mate- 
rial.    The condensable volatiles were all new reaction products making up 
a complex mixture.    Although no products could be identified from the IR 
spectrum of the condensate,  several characteristic new bands appeared. 
The amide bands were considerably broadened and shifted, indicating less 
hydrogen bonding than in the starting compound,  and a strong diazo band 
appeared.   In addition,  many new bands appeared in the longer wavelength 
region from 10 to 15 microns,  indicating changes in positions of substitu- 
tion. 
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3.1. 3. 1. 4. 3.    Nitro-compounds 

Nitro-groups greatly increase thermal reactivity of aromatic 
hydrocarbons.    Possible reaction routes include complex-formation, ther- 
mal elimination of the substituent,  activation of other ring carbons by 
the substituent,  and an oxidizing action of the nitro-compound. 

The DTA thermograms of 13 nitro-substituted aromatic hydro- 
carbons are included in Figure 4.    Physical and thermal property data 
obtained from the DTA experiments are summarized in Table 7. 

TWraMM** 

N-7056 
Figure 4.    DTA Thermograms of Thermally Reactive Substituted 

Aromatic Hydrocarbons 
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Table 7.    Thermally Reactive Nitro-Substituted Aromatic Hydrocarbons 
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a. S-Nitrochryaene (487) 

The activating effect of the nitro-gruup is graphically illustrated 
in the DTA thermogram of 6-nitrochry8ene.    After melting at 220*C,  the 
molten nitrochrysene undergoes a strong exothermic reaction which starts 
around 300',C and peaks at 425eC.    The resultant reaction products yield 
a 34. 3 per cent carbon residue at 750oC.    The strong exothermic reaction 
apparently vaporizes a considerable amount of unreacted nitrochrysene, 
as only the starting material was found in the condensate fraction. 

In comparison to the 34 per cent carbon yield from 6-nitrochry- 
sene,  unsubstituted chrysenc gave no carbon residue,  6, 12-dibromochry- 
sene gave a 15 per cent yield,  and 2-aminochrysene produced 12 per cent 
carbon in DTA experiments. 

b. 2, 3-Dinitronaphthalene (551) 

c. 1, 3-Dihitronaphthalene (495) 

d. 1, 5-Dinitronaphthalene (579) 

e. 1, 8-Dinitronaphthalene (534) 

The activating effects of substituent groups on the naphthalene 
nucleus has been examined quite extensively in this study.    The effects of 
both the substituent and the position of substitution have been found to be 
important.    Of the 10 possible dinitronaphthalene isomers,  5 have been 
examined in the DTA apparatus.    All have been shown to be thermally re- 
active. 

2, 3-Dinitronaphthalene (551) gave a very simple DTA thermogram 
consisting of a sharp melting endotherm and a strong,   sharp exotherm peak- 
ing at 410,C.    A carbon residue of 10. 5 per cent was obtained. 

The thermogram of 1, S-dinitronaphthalcne (495) shows a series 
of exothermic and endothermic reactions between 280*C and 4S0oC. Simi- 
lar behavior was observed with 1, 4-dinitronaphthalene. " '   A carbon resi- 
due of 5. 3 per cent was obtained from 1, 3-dinitronaphthalene as compared 
to 10.1 per cent from the 1,4-isomer.   In both cases, the condensates col- 
lected in the exit KBr traps consisted only of starting material. 

The thermogram of 1, 5-dinitronaphthalene is the only one of the 
dinitronaphthalene isomers not showing an exothermic peak.    This com- 
pound showed only a sharp melting endotherm at 2160C followed by a, broad 
distillation endotherm which reached a maximum AT at 382,C.    A ca.rbon 
residue of 3.4 per cent was obtained.   Unlike the other dinitro isomers, 
this one gave some new condensable products in the condensate. 

The 1, 8-dinitronaphthalene appears to be a mixture as it gave two 
melting endotherms, the second one agreeing with the reported melting 
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point of this compound.   Two strong exothermic reactions are indicated 
in the DTA thermogram.   A carbon residue of 11. 9 per cent was obtained. 
The condensate consisted almost entirely of starting material.    The IR 
spectrum of the condensate had three small new carbonyl bands,  indicat- 
ing some oxidation products.   Since in almost every case only the start- 
ing compounds are found in the condensed fractions after pyrolysis,  addi- 
tional studies such as thermo-gravimetric analysis and gas evolution 
analysis and fractionation and analysis of the residual, condensable,  and 
noncondensable products of these nitro-substituted aromatics will be nec- 
essary to understand the nature of the reactions occurring. 

f. 5-Nitroacenaphthene (532) 

g. 5-Amino-4-nitroacenaphthene (564) 

Acenaphthene which has a relatively low melting point and a high 
vapor pressure boils out of an unrestricted thermal reactor long before 
it can be carbonized.    The substitution of a ring hydrogen with a nitro- or 
an amino-group greatly enhances the thermal reactivity. 

The DTA thermogram of 5-nitroacenaphthene indicates that after 
melting near 100°C it undergoes a violent exothermic reaction starting 
near 225"C which results in a carbon yield at 750"C of 44. 8 per cent.   As 
expected with a nitro compound, ths condensate was found to contain only 
the starting -ompound.   The 5-Amino-4-nitroacenaphthene produced a 
very sharp,  clean DTA thermogram.    Immediately after melting near 
220T   the rrolten material underwent an exothermic reaction that peaked 
at 272  C and then leveled off all the way out to 750,C.    A carbon residue 
of 56.1 per cent was obtained.    The condensate was mostly starting mate- 
rial but with several small changes in the IR spectrum, indicating that 
some new products were trapped in the KBr condenser. 

h.    2,6-Dinitro-9-Fluorenone (581) 

The thermogram of this compound, which gave an 18.1 per cent 
carbon yield at 750"C, exhibits a complex series of exothermic and endo- 
thermic reactions between 350* and 470*C.    The condensate coUected in 
the KBr trap contained only starting material.    In this case, as in most 
m which mtrocompounds are pyrolyzed, the reaction products appear to 
be carbon and noncondensable gases. 

i.    2,5-Dinitrofluorene (578) 

The DTA thermogram of this compound indicates that a very power- 
ful exothermic reaction occurs immediately after melting is completed and 
is foUowed by a second,  somewhat less violent,  exothermic reaction.    The 
first reaction peaked at 287° and the second at 426"C.    Although a residue 
of 36. 5 per cent was measured, it should be considerably greater,  since 
the sample had foamed and overflowed the DTA container.   Previous DTA 
examination of 2, 7-Dinitrofluorene'1' showed no exothermic reactivity; 
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however, there wa» indication of high reactivity in that a carbon yield 
of 25. 8 per cent was obtained.    In the case of both dinitrofluorene iso- 
mere, the condensable volatile products were completely new materials. 
The infrared absorption spectra of the condensates had strong carbonyl 
bands indicating an oxidative effect of the aitro-groups.   Some 9-fluore- 
none appears as one of the products in both instances along with other 
unidentified compounds. 

j.   2-Formamido-7-nitrofluorene (569) 

The DTA thermogram obtained from this compound shows that 
a very strong exothermic reaction begins soon after melting has occurred. 
This reaction is followed by a becond less intense but broader exotherm. 
These reactions produce a 750*C residue of 68.8 per cent. Since the start- 
ing material contains only 66. 1 per cent carbon, the 750*C coke must 
still retain a considerable quantity of oxygen and nitrogen as well as the 
usual small amount of hydrogen.   Previously,  2-nitrofluorene was found 
to react similarly to give a 67.4 per cent yield in the DTA experiments, 
which was 91 per cent of the theoretical carbon yield.    The formamido- 
group increases the reactivity somewhat in this case.    The condensate 
collected during the DTA pyrolysis of 2-formamido-7- nitrofluorene con- 
sisted of a mixture of entirely new products.    None oi the starting com- 
pound vaponued without reacting.   The IR spectrum of the condensate 
looks much like that of a pitch with broad bands, making »jiy compound 
identification difficult. 

k.    2, 2,-Dirutrobiphenyl (577) 

1.    4,4'-Dinitrobiphanyl (576)^ 

The polyphenyl structure has been shown to be extremely resist- 
ant to thermal reaction.   Substitution with the nitro-group usually in- 
creases the thermal reactivity of aromatic nuclei, and the two dinitrobi- 
pher.yls listed here proved to be thermally reactive. 

The substitution of the biphenyl nucleus in the 4,4' positions by 
nitro-groups produced a more reactive material than 2, 2' substitution. 
The DTA thermogram of 4, 4'-Dinitrobiphenyl showed a melting endotherm 
followed by a strong exotherm starting at 400'C.    The doublet effect in thio 
exotherm is probably caused by a rapid endothermic volatilisation super- 
imposed on the exotherm at 420*C.   A carbon residue of 9. 2 per cent was 
o> Uk>.ed.  and only starting material was found in the condensate.   Apparent- 
ly, the. volatile reaction products were all noncondensable gases.   The 2, 2'- 
DinUrobiphenyl thermogram is somewhat similar to that of the 4,4,-isomer; 
however, the reaction exotherm occurs about SO'C lower in temperature, 
A carbon yield of 4. 8 per cent was obtained and only starting compound was 
found in the condensate. 
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m.    2, Z'.^'.t.b'-Hexmitrobiplwnyl (561) 

The OTA tkermogram for 2, Z'.^'^.i'-Hexanitroblphenyl is dif- 
ficult to interpret.   The melting point reported in the literature agree* 
with the third endothermic peak exhibited at 240*0.   The two endotherm* 
preceding indicate either considerable contamination or other physical or 
chemical transitions.    Immediately following the 240*C endotherm,  a very 
strong exothermic reaction begins which reaches a maximum at 350*C. 
This reaction generates sufficient heat to flash distill much of the start- 
ing material out of the reaction cup.    This result is evidenced by the low 
yield of residue of 6. 2 per cent and the composition of the condensate 
which contained only the starting material.   Apparently, all volatile re- 
action products are noncondensable gases. 

3.1.3.1.4.4.    Miscellaneous Substituted Hydrocarbons 

The DTA thermograms of two substituted triphenylmethyl com- 
pounds are shown in Figure 4.    The physical and thermal properties of 
these compounds are summarised in Table 8. 

Table 8.   Thermally Reactive Substituted Aromatics 

DTA      Mp-'C **■*€    Sp-'CM.T.-'C      »C 
CMnpmU (SM) atraetan        Ho.       Lit.     DTA        OTA     DTA MiMin R«m»rt« 

S. I, l-TrlrkMTlvrarienttrlh  —vXrw-  "T       i**     "' 4,0 *•'      SM o«lr In COKO««»»». 

TrlrkMrlnr>««irlm«rc«rU>       /IVX . ,M        ""      ,os M<      ♦"2 '•*      SM flui ««w m«t«rl«l •« 
Xjrf'W ulJ«tUI*a utar*. 

a. 3, 3, 3-TriphenYlpropionitrile (537) 

The OTA thermogram of this compound ahows only the melting 
and boiling endotherms with no indications of thermal reactivity, although 
a small carbon yield of 2. 2 per cent was obtained.   The condensate was 
found to contain only the starting compound. 

b. Triphenylmethylmercaptan (538) 

The OTA thermogram of this compound shows a strong exother- 
mic reaction occurring ghortly after melting.    The reaction products, how- 
ever, are too volatile to produce a significant carbon residue, which in this 
experiment resulted in only a 1.6 per cent yield.   The spectroscopic anal- 
ysis of the condensable volatile products indicated that new compounds 
were formed, but we were unable to identify or characterise them because 
the condensate was predominantly the starting compound. 
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3. 1. 3. 2.    Thermally "Reactive" Heterocycllc Compoundg 

An additional 15 heterocyclic compounds have been examined by 
DTA during this report period and found to be thermally "reactive . The 
majority of these materials are substituted polycychc compounds, and 
t™e r reactivity is attributed in general to the activating effect of sub.tU- 
uent groups or io multiple heteroatom substitutions m the ring systems. 
The compounds have been grouped by type of heteroatom substitution for 
discussion. 

3. 1. 3. 2. 1.    Heterocycllc Oxygen Compounds 

a.    9-Xanthylideneanthrone (515) 

Only one thermally reactive heterocyclic oxygen compound was 
examined by DTA at this time.   The DTA thermogram is «hown In Figure 
5 and the physical and thermal properties determined by DTA are tabu- 
lated In Table 9. 

This rather high molecular weight compound does not melt until 
290'C.    Upon melting it reacts rapidly and exothermally to produce an 
ultimate yield of 67. 2 per cent carbon residue at 750  C, 

The infrared spectrum of the condensate exhibits a strong -OH 
stretching band, not hydrogen-bonded, as well aB » ^«"^5=° ^s 
shifted to lower frequency as in a true quinone. Other general features 
of the spectrum are quite different from the starting material indicating 
extensive alteration in the structure of the condensable volatile products. 

Table 9.    Thermally Reactive Heterocycllc Oxygen Compounds 

DTA      MpIC       M^C       Bp-'C BK.T.    "C       *C 
Compound (5M( Structure  No. Lit. DTA        DTA      DTA "«■"'"« 

•   „    .,   ... .i ■^_~..-   >■■ 101  I       J« ...     Mi* 67.2 Coi><l«in»t« new compounil«. 
9-X.nthylldcne.nthrone   X)Cr   »H »01-'       2" »•♦ '■ str<>„, OH bend. 

3. 1. 3. 2. 2.   Heterocycllc Nitrogen Compounds 

The nitrogen heterocycllc compounds,  particularly those con- 
taining more than one nitrogen atom in a single ring,  have been somewhat 
more thermally labile than the other heterocycllc compounds. 

The DTA thermograms for eight heterocycllc nitrogen compounds 
are given in Figure 5. The physical and thermal properties are summar- 
ized in Table 10 
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m.    Z, Z'.l.V.b.b'-Hexaaitrobiphenyl (561) 

The DTA thermogram for 2, Z1,^'^, b'-Hexanitrobiphenyl is dif- 
ficult to interpret.   The melting point reported in the literature agrees 
with the third endothermic peak exhibited at 240*C.    The two endotherms 
preceding indicate either considerable contamination or other physical or 
chemical transitions.    Immediately following the Z40°C endotherm,  a very 
strong exothermic reaction begins which reaches a maximum at SSO'C. 
This reaction generates sufficient heat to flash distill much of the start- 
ing material out of the reaction cup.    This result is evidenced by the low 
yield of residue of 6.2 per cent and the composition of the condensate 
which contained only the starting material.    Apparently,  all volatile re- 
action products are noncondensable gases. 

3. 1.3. 1.4.4.    Miacellaneous Substituted Hydrocarbons 

The DTA thermograms of two substituted triphenylmethyl com- 
pounds are shown in Figure 4.    The physical and thermal properties of 
these compounds are summarized in Table 8. 

Table 8.    Thermally Reactive Substituted Aromatics 

DTA      M|»."CMp*C    Bp-'CHii.T.-'C       *C 
Compound (SM) Stroctur« Ho. Lit      DTA DTA     DTA ftoaidue ««mark« 

©-T-CHjCS 
Z.Z      5M only lu Condtatftt«. 

Triphonrlmothrlnorcnptnn       /=VT •-        "'        ,0'      1<" *"      *"i ''*       SM plui now tn»t«rl«l of 
t/"!   *** unid«ntUl«d ii*tur«. 

a. 3, 3, 3-Triphenylpropionitrile (537) 

The DTA thermogram of this compound shows only the melting 
and boiling endotherms with no indications of thermal reactivity,  although 
a small carbon yield of 2. 2 per cent was obtained.    The condensate was 
found to contain only the starting compound. 

b. Triphenylmethylmercaptan (538) 

The DTA thermogram of this compound shows a strong exother- 
mic reaction occurring shortly after melting.    The reaction products, how- 
ever,  are too volatile to produce a significant carbon residue, which in this 
experiment resulted in only a 1.6 per cent yield.    The spectroscopic anal- 
ysis of the condensable volatile products indicated that new compounds 
were formed,  but we wer.' unable to identify or characterize them because 
the condensate was predominantly th; starting compound. 
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Figure 5.    DTA Thermograms of Thermally Reactive 
Heterocyclic Compounds N-7059 

33 



Table 10.   Thermally Reactive Substituted Heterocyclic 
Nitrogen Compounds 

DTA       MP-'C      MP--C    BP-'C      Rlc.T.-'C        »C 
Structure No. Lit. DTA        DT* DTA «••Hu« Reilxrfc«* 

?A 
N- Ethylcarbasole 

3 - Amlno - 9 - Cthylc»rb»»ole 

M4 6« «5 «T 

^ 55« 

1-AniinocarbKEole 

101, 420 br 
110 

597 254 2 55 440 

1.9      SM only in Condfinsatc. 

28. 0      SM only >a CondvnsAte. 

. 0      SM only In Condensate. 

3, d   Oiaminocarbatol«' 

^ß^"6    * 
556        >290 310 »425 br 48.2      Mostly SM in Condensate but 

4-520 br «11 IK  bands are broadened 
^580 br and several new bands occur. 

Spectrum is pitchlike In 
appearance. 

1, 3.6.8-TetranitrocarbaBole    Jft/Jfj2 %6J Z9* i9 +360 17.0**   ♦♦Overflowed  -% Renidu< 
higher.     SM only  in 
Condensate. 

I, 10   Phonanlhrollne 

IO-AEadtb«nEo(a.c| 

(8 ' 23 91.5       MO 4Z5 

502        215-17       216 

1. 3        SM only in Condensate. 

4 350 88. 1       Condensate was a 
miKture of new tar 
like products. 

6,7-Dimethyl   2. 3 di(2-pyridyl)^!rt^f!*rfr  «0 
-quinoxaline "^ 

195 495 3. 4        Condensate cuntained 
S. M.   only 

•SM - Starting   Material. 
+ - Exothermic reaction. 

a.    N-Ethylcarbazole (544) 

The DTAthermogram of N- ethylcarbazole ie typical of an un- 
reactive material although in this case a carbon residue of 1. 8 per cent 
was obtained.   Only the melting and boiling endotherme are evident in the 
thermogram. The condensable fraction contained only the starting mate- 
rial. 
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b. 3-Amino-9-Ethylcarbagole (558) 

The thermal reactivity of N-ethylcarb    ole (544) is greatly in- 
creased by the additional substitution with an .    dno-group.    The com- 
pound,   3-amino-9-ethylcarbazol3 produced a carbon yield of 28. 0 per 
cent in the DTA apparatus.    The DTA thermogram indicates possible con- 
tamination of the sample by exhibiting a double minimum on the melting 
endotherm.    The boiling endotherm is shallow and broad,  typical of re- 
active materials when no strong exothermic activity is evident.    Follow- 
ing the minimum in the vaporization endotherm at 420°C,  the curve rises 
slowly with several small inflections, indicating continued thermal activ- 
ity in the residue remaining after the major volatilization was complete. 
Since the condensate consisted entirely of starting material,  no informa- 
tion on the nature of volatile reaction products was obtained. 

c. 3-Aminocarbazole (557) 

Although carbazole was thermally unreactlve,   3-aminocarbazole 
pioduced a carbon yield of 3. 0 per cent in the DTA examination.    The 
DTA thermogram (557) shows only the sharp melting and boiling endo- 
therme with no indication of thermal reaction temperature or type.  The 
condensate contained only the starting material. 

d. 3,6-Dlaminocarbazole (556) 

Substitution with two amino groups increased thermal reactivity 
immensely.    The 3, 6-diaminocarbazole produced a 48.2 per cent carbon 
residue.    The DTA thermogram shows a strong,  sharp melting endotherm 
near 300°C followed by a series of broad,  very weak exotherms on a 
gradually rising curve.    The high residue yield indicates that exothermic 
and endothermic changes were probably occurring simultaneously and 
continuously over most of this upper temperature region.    The IR spec- 
trum of the condensate looks similar to that of the starting compound, 
but all bands are broadened and several new bands occurred.    The spec- 
trum reveals pitchlike absorption bands. 

e. 1, 3, 6, 8-Tetranitrocarbazole (563) 

The DTA thermogram of this compound indicates that a very 
strong exothermic reaction occurred as soon as the material melted.  The 
reaction was so violent that much of the sample was lost,  and only a 17 
per cent residue was measured after the run was completed.    However, 
if compensation were made for these losses,  the carbon yield would be 
much higher.    As in the case of most nitro-substituted compounds which 
react violently exothermally, the condensate contained only the starting 
compound which appears to flash vaporize as a result of the rapid tem- 
perature rise brought about by the reaction, 

f. 1, 10-Phenanthroline (523) 

In general,  those unsubstituted heterocyclic compounds having 
only one heteroatom in any given 6-membered ring have exhibited a high 
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resistance to thermal reaction in our DTA examination.    The 1, 10-phenan- 
throline is one of the few that has produced a carbon residue.    The DTA 
thermogram has a small endotherm preceding the major melting endo- 
therm, probably caused by vaporization of excess water of crystalliza- 
tion.    Above ZSO'C, vaporization Increases gradually to the boilint, point 
at 425 "C.    A carbon residue of 1. 3 per cent was obtained.    The conden- 
sate contained only the starting material.    Apparently, no condensable 
reaction products were formed. 

g.    10-Azadlbenzo(a, c)phenazlne (50Z) 

This compound gave one of the largest carbon yields ever ob- 
tained by carbonizing a pure compound in the DTA experiment.    The 
thermogram shows two sharp peaks.    The first is a melting endotherm 
at ZiB'C,   and the second a strong exotherm peaking at 350oC.    A carbon 
yield of 88. 1 per cent was obtained.    The condensate was a tarlike mate- 
rial which gave an IR absorption spectrum having a lew broad bands simi- 
lar to pitch or asphalt residues. 

h.    fe,7-Dimethyl-Z, 3-di(2-pyridyl)-quinoxaline (490) 

The DTA thermogram of this highly substituted heterocyclic com- 
pound is typical for a moderately reactive material.    There is no exo- 
therm evident.   The vaporization endotherm is broad and not too deep.  A 
carbon   yield of 3.4 per cent was obtained at 75Q°C.    The volatile fraction 
consisted entirely of the starting compound. 

3. 1. 3. 2. 3.    Heterocyclic Compounds Containing both Nitrogen and 
 Oxygen Atoms in One Ring  

The DTA thermograms for thermally reactive oxazole and oxa- 
diazole compounds are also shown in Figure 5.    The physical and thermal 
properties of these compounds rs determined in the DTA experiments are 
summarized in Table 11. 

Table 11.    Thermal Properties of Heterocyclic Compounds 
Contrining Both Oxygen and Nitrogen 

l.t-M-K-Ufkrarlirll-       OO'CUVO     *•♦ '"■'        "'■ *"-       '••*      C«HW»U «««UMM 
"•»*• WWrt* „„„l S.M. pliiiuorroducU 

Mdatferm. SONM CO bu4. «I 
l.«0M6.0«Ucrow. 

l.l-Ot-U-MphMriirl)-        AAlttAA   *•» 2»-M      2M- •IW          If.l    |.u, 
bnpiirit|r~doiibU n.p. 
CMMU«.ftU CMUlMd 
S. M,  plui MW fro4aeta 
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a. 2,5-Di-(4-biphenylyl)-oxazole (489) 

This compound ie structurally similar to the next-listed com- 
pound (see Table 11) except that the heterocyclic ring contains one nitro- 
gen atom instead of two.    The effect of replacing one nitrogen with -CH- 
is    almost negligible.    The thermogram (DTA No. 489 in Figure 5) is 
very similar to DTA No    488,   showing a melting point of 230°C and a 
weak,  hit somewnat more complex,  vaporization and reaction endotherm 
between 4B0°C and 525°C.    The condensate contains some oxidized prod- 
ucts as well as starting material.    A carbon yield of 14.6 per cent was 
obtained. 

b. 2, 5-Di-(4-biphenylyl)-l. 3, 4-oxadiazole (488) 

The DTA thermogram for this compound bhows a double melt- 
ing endotherm,   indicating the presence of an impurity.    The melting 
point of the major constituent is ZZB'C.    Following melting,  no reaction 
occurs until the temperature reaches 460°C,   at which point a weak va- 
porization endotherm begins.    A carbon yield of IS. 1 per cent was ob- 
tained.    The-condensate contained some reaction products in addition to 
starting material. 

3. 1. 3.2.4. Heterocyclic Sulfur Compounds 

Four heterocyclic sulfur compounds were examined in the DTA 
apparatus.    The DTA thermograms are given in Figure 5,   and the re- 
lated physical properties and carbon residues obtained in the DTA ex- 
periments are summarized in Table 12. 

Table 12.    Thermal Properties of Heterocyclic Sulfur Compounds 

Compottod (SM) 
MP-*C 

1.11. 
MP-'C 

OTA 
BP-'C 

DTA 
v; 

H«»ldu« 

I -ChlorophcBothUslM 

ThtoMnthoM 

öHo0 

ob 

10.5     Condantat« conUlnad moitly 
SM     but «II bands war« 
broadanad. 

1. 3     Condanaata cootalnad SM only 

2 -Chlo rothlMaathoM ob0 
1.0     Condanaata cootalnad moatly SM 

ptua ■mall amount at aaw produclt 

♦ Ikotbarirtc 
- Cadotbarmtc 

Condanaata conUlaad naw 
product! plus aoma SM. 
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The majority of the heterocyclic sulfur compounds examined in 
this survey to date have been unrecctive under the experimental condi- 
tions used.    These four compounds are all reactive, but also have various 
additional structural features such as oxygen or halogen substituents,  or 
multiple hsteroatoms in a single ring. 

a. 2-Chlorophenothiazine (484) 

This compound was the most reactive of the group examined.  The 
DTA thermogram shows a typical sharp,   symmetrical melting endotherm 
and a somewhat attenuated vaporization endotherm also typical of a mod- 
erately reactive material.    A carbon yield of 10. 5 per cent was obtained. 
The condensate consisted primarily of starting material contaminated with 
a small amcunt of reaction products which broadened the absorption bands 
in the IR spectrum. 

b. Thioxanthone (514) 

The thermogram obtained from this compound gives no indication 
of thermal reactivity,   showing only two large,   sharp endotherms due to 
melting and boiling.    The condensate collected in the KBr trap consisted 
only of the starting material.    A small carbon residue of 1. 3 per cent 
was obtained as a result of thermal treatment in argon. 

c. Z-Chlorothioxanthone (485) 

The thermogram of the 2-chloro-derivative of thioxanthone is 
similar to that of the parent heterocycle ,  showing only the melting and 
boiling endotherms.    The condensate contained a small amount of uniden- 
tified new products in addition to starting material.   A carbon residue of 
1. 0 per cent was obtained.    The chlorine substituent apparently has little 
activating effect in this compound. 

d. Trithiane (519) 

Trithiane is a cyclic trimer of methylene sulfide which is of more 
interest as a carbonization initiator than as a primary source of carbon. 
Its thermal behavior is illustrated in the DTA thermogram which shows 
a slight forward shoulder on the melting endotherm and a second endo- 
therm that indicates a boiling point of about 315°C.   The condensate in- 
dicates considerable thermal decomposition occurred along with the va- 
porization.    A carbon residue of 1.9 per cent was obtained. 

3. 1. 3. 3.  Thermally "Reactive'1 Anthracene-SbCU Complex 

The interactions of aromatic hydrocarbons with a strong electron 
acceptor,  SbCle, form thermally reactive complexes.    Anthracene and 
SbCle interact at room temperature to form a black,  solid polymeric com- 
plex that reacts further with moisture in the atmosphere to introduce hy- 
droxyl groups in the complex. 
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This anthracene-SbC!B-HzO complex was heated in the DTA ap- 
paratus at ICC per minute in dry argon.    The complex melts above 50  C 
and reacts  endothermaUy abo-e 200°C to produce a mixture of chloro- 
anthraquinones and a carbonizable residue.    A ca-bon yield of 9.6  per 
cent was obtained in the DTA experiment.    This reoult is low compared 
with the 72 per cent yield obtained in the standard UCC long-coking value 
test of heating at 60°C per hour to 1000»C in a nonoxidizmg atmosphere, 
but it does indicate the strong activating effect of the Lewis acid.    The 
DTAthermogram is shown in Figure 5. 

3.2.    Chemical Structure and Graphitization - X-Ray Diffraction Studies 
 of Graphites Derived from Model Compounds   

3. 2. 1.    Introduction 

An important aspect of this program is to relate graphite prop- 
erties to chemical structure of the original raw material.    A general sur- 
vey of eraphites derived from model co-pounds has therefore been under- 
taken     The model compounds examineu »re those which have been inves- 
tigated in our DTA program for relatii g chemical structure to thermal 
reactivity. 

It is generally accepted that the properties of graphites are re- 
lated to the degree of ordering of the crystal structure.    The most direct 
method for characterizing order-disorder phenomena is the X-ray diffrac- 
tion technique.    Previous reports have described some attempts to meas- 
ure X-ray parameters of synthetic graphites. <s'   The average semilattice 
spacing as measured by the (OCU) bands was found to be a roughly suitable 
method for classifying graphites.    The direct measurement of the 002 peak 
position by diffractometer methods seemed to have a gross dependence on 
the experimental X-ray procedure employed.    Such experimental variables 
as sample packing and sample size caused considerable variation in the 
width and position of the 002 line.    The direct measurement of the 002 line 
by camera methods improved this situation but still resulted in poor repro- 
ducibility. 

It haa been suggested(3) that the most reliable method for meas- 
uring the 002 reflection consists of measuring the higher orc'.er 004,  006. 
and 008 lines of graphite.    By employing the appropriate factors,  the line 
position of the 002 reflection can be determined accurately.    These meas- 
urements have been made on the graphites prepared from model com- 
pounds which produced sufficient carbon yields.   The results are discussed 
in terms of the chemical structure of the model compounds. 

3.2.2.    Experimental 

3.2.2. 1.    Preparation of Synthetic Graphites 

The DTA residues from 160 model compounds have been heated 
to SOOO-C in a conventional graphitizing furnace.    A number of organic 
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compounds which are of interest do not produce a carbonaceous residue 
in the DTA experiments.    These compounds have been carbonized to 
450°C in a closed pressure system,  and the synthetic carbons obtained 
were then graphitized in a conventional manner. 

i.Z.Z.Z.    X-Ray Measurements 

The graphite samples were all ground through 100 mesh.    They 
were mounted on a 5~mil thick tantalum fiber which had first been dipped 
in Apiezon grease.    The function of the grease was to permit the graphite 
particles to/adher? to the tantalum fiber.   The use of tantalum permitted 
the accurate measurement of the 002,   004,  006,  and 008 reflections in 
the synthetic graphites.    The interference effects that had previously been 
found for tungsten were thus obviated.    Tantalum additionally provides 
distinct lines in the back-reflection for film shrinkage corrections. 

I 
■the X-ray patterns were measured on films with the use of a 

Norelco diffractometer and a Debye-Scherer powder camera,   114.6 mm 
diameter.    Copper radiation and a nickel filter were employed,   and the 
films were exposed for a period of 20 hours.    Each film was measured 
and corrected for shrinkage a total of four times.    After each measure- 
ment, the film was removed from the film measuring device and then re- 
inserted.    An average of the four measurements was then obtained for 
all values.    A second correction for the thickness of the tantalum fiber 
mount was necessary to eliminate a systematic error between results 
calculated from the 008,  006,  004 and 0C2 reflections. 

For the well-ordered graphites,  the 008 rather thai   the 006 line 
gave the most accurate measure of the semilattice spacinij.    In the com- 
pounds where the 008 line could nqt be detected,   the 006 line was meas- 
ured and then corrected by 0. 004 A which is the averse deviation oe- 
tween the 008 and 006 values.    This correction reflects the error due to 
the thickness of the tantalum fiber mount.    Materials which showed no 006 
lines had extremely high semilattice spacings and the position of the J04 
lines were then employed directly.    The   semilattice   spacings expressed 
in Angstrom units for the 002 lines are reported along with the particular 
reflection employed in the measui jment.    It should be emphasized that 
for the purposes of this ctudy it is the relative,  rather than the absolute, 
x-ray values which are important. 

3.2.2.3.   Results 

The 002 and 004 lines were observed in all the synthetic graph- 
ites.    The 006 lines could be observed in nearly all of the materials while 
the 008 lines were discernible in approximately one-half of the films. 
The 008 reflections even when evident,   however, were faint and difficult 
to measure.    All the line positions were converted to comparable values 
in Angstroms by the use of the appropriate factors.    In general,  good 
agreement is found among the 004,  006* and 008 values.    The 002-line 
positions appeared to be the most divergent in that the experimental error 
decreased in the higher order reflections.    In several instances,  there 
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was poor agreement between the 004 and 006 values. When the 008 line 
could not be measured, position of the 006 reflection was chosen as the 
most reliable measure of the 002 line position. 

The graphites have been grouped according to structural type of 
the original compounds in order to facilitate evaluation of the results. 
The compounds have been listed in the tables in the order of increasing 
002 values; thus,  those compounds producing the best-ordered graphites 
are listed first. 

3.2.2.3. i.    Graphitized Raw Materials; Natural Graphites,  Pitches and 
 Cokes  

The X-ray values for the semilattice    spacings of graphites pre- 
pared from several of the raw materials conventionally used for the pro- 
duction of manufactured graphite products are listed in Table 13.    All of 
the line positions were converted to comparable values of semilattice 
spacing in Angstroms by the use of the appropriate factors.    These re- 
sults are useful for comparison with the data from model compounds. 

Table 13.    002-Semilattice   Spacings   Obtained from Various 
Reflections for Some Graphitized Raw Materials 

Material 002 A 2(004) A 3(006) A 4(008) A 

(1) Canadian Natural Gra phite 3.353 3.347 3.350 3.354 

(2) 30 Medium Pitch 3.358 3.351 3.350 - 
(3) AX Coke 3.366 3. 345 3.351 3.357 

(4) 15 Vacuum Pitch 3.343 3. 337 3.353 - 
(5) Acenaphthylene Pitch 3.363 3.352 3.354 3.356 

(6) DK Coke 3.363 3. 352 3.355 3.358 

3.2.2.3.2.    Aromatic Hydrocarbons 

The 002 semilattice    spacings listed ;n Angstroms r.long with the 
reflections from which they were derived, for graphites derived from 27 
aromatic hydrocarbons are presented in Table 14.    The DTA coking values 
are also included in Table 14. 

3. 2. 2. 3. 3.    Aromatic Hydrocarbons with Alkyl and Aryl Substituents 

The 002 semilattice    spacings for graphites derived from 17 
Alkyl and Aryl-substituted aromatic hydrocarbons are given in Table 15; 
the DTA coking values are also given, 
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Table 14.    002-Semilattice   Spacings    for Graphites Derived 
from Model Aromatic Hydrocarbons 

Aiomatlc Hydrocarbon 
DTA 

902, Adtoflactloa) C.V.,« 

9.9I-Bl«nlliryl (glojo) 
(pToTo) 

3.154   (00§) 0.0 

DllMnsoCb. kkhryian« J. 354   (000) 

Banao(a)coron«na 

(gloi 
rejojolo) 
TtoToJ 3.354   (008) 31.0 

Acanaphthylan« 3.356   (000) 

B«nso(a)pYr«n« 3.35«  (000) 0.0 

Dlb«nso(a, l)pf r 3.356  (008) 9.1 

Dib«nco)a, l)p«ntacana 3.356  (008) 5J.0 

Plcana 3.357   (008) 

BlacanapMhyltdana "• 3. 357   (008) 40.9 

Naphthacane 3, 35«   (008) 13.9 

Dacacyclana 

Dlb«nao(h, rat )p«ntaph«na 

3.351   (008) 

3.351  (008) 

3.351   (008) 

66.3 

14.0 

64.« 

Continued .  . 
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Table 14,     Continued 

PantficaiM 3.3M   4006) 

P»rlfluith«n* ocg^o i.iii  (006) S4.7 

Ruble «n« ).)•>]   (0M) 9.0 

PyrBnthrwi« i.%1   (001) M.l 

14 H-Ac:«ill>h(l,Z-JHnde 
(I.Z-lKtaoruithnM 

3.J65  (00«) <6.» 

QtutarryUiM ]. it,»  (00«) »I.I 

5.170   (006) 

Flttoruithma 3.371   (006) 0.0 

Dib«iuo(>, cHrlp>>«>ir>«<M 

».»'-»Ifluorena 

3.373   (006) 

3.374   (006) 

14, l»-Dlhy<lro-9H-dlliideiio 
(I, Z-«; 1', 2 '-C Kino««« 

3. 3(0  (006) 

10, IS-D^hrdra-SH-dlladnw-d.Z- 
Z', I'-cKlior««« 

3.3M   (006) 27.8 

p-Ttrfhmafi 

^''-BUIaonM 

(ö)-0-0 J.437   (004) 

3.474   (004) 
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Table 15,    002-Semilattice     Spacings for Graphites Derived from 
Alkyl and Aryl Substituted Aromatic Hydrocarbons 

Aromatic Hydrocarbon 002,  A (lUfUctlon» 
OTA 

C.V., % 

9, |0-Dlm*thylanthrkc*n* 

1-VltiylnaphthaJatM 

9,6, II, IZ-Totrapb*fitrln*phthac*R«     (p&JptS) 

9- EthylW»n»nuor«n« 

T, IZ-Dlm«thylbona(a)a"thrac*na 

CH, 

T-Methyl(llbenco(a.h)pyrenc 

). )M   (001) 

J.554    (00«) 

3.396   (ooe) 

*  CM, 

Cll, 

T, 14-Dim.tliKMll>«n.o(..Ml>rr.i..      (oIoTol ).J5«   (00«)' 

DI-9-fluor«nrl«thmn« 

9. IO-OI-l-naphChrUnthr*c«n« C^Wp^ 

H«K*ph«nyl«th«n« 

4-VliijlWptwr.rl 

2-Vinrln>phth>l«i» 

9* lO-Mbancyluithracvn« 

V*) (o) 

0^-CII.CH, 

©gr"' 

^^- cii,-^Vr.ii,-^) 

OlpkaiirUUeatrUiM Q-C-C-C^C-Q 

1, 4- BU (4-ph«iirlbat«4UnrH>«i>»«>>«) 

). 360 (006| 

). )62 (006) 

>. 363 (006) 

3.406 (004) 

3.421    (004) 

1, S. 6, t-T«trKph*nrlprr«n« yßo >      3.40     (002) 

■ ■ -M  
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3. 2. Z. 3. 4.    Aromatic Hydrocarbon with Oxygen SubBtituentB 

X-ray data for graphites derived from 44 oxygenated aromatice 
are compiled in Table 16; the DTA coking values are also given.    Com- 
pounds with a variety of oxygen-containing functional groups are included. 
These compounds are of special Interest since they are believed to repre- 
sent the kinds of structures for    ed during any oxidation of the usual 
graphite raw materials. 

3. 2. Z. 3.5.    Aromatic Hydrocarbons with Nitrogen Substituenta 

Listed in Table 17 are the X-ray parameters for graphites pre- 
pared from 35 nitrogen-substituted aromatict;.  and the DTA coking values 
are also given.    Nitrogen substitution has an extreme activating effect on 
the thermal reactivity of aromatics.    None of the unsubstituted aromatic 
structures in Table 17 would be thermally reactive in the DTA experi- 
ment. 

3. 2. 2. 3. 6.    Aromatic Hydrocarbons with Halogen Substituents 

The 002- semilattice     spacings for 14 graphites prepared from 
halogen-substituted aromatic hydrocarbons are given in Table 18; the DTA 
coking value is also given.    Halogen substitution generally increases the 
thermal reactivity of the aromatic moiety which results in enhanced car- 
bon yields.    The graphite semi-lattice spacings of the halogenated com- 
pounds are generally high. 

3.2. 3. 7.    Aromatic Compounds with Sulfur Substituents 

The X-ray diffraction pattern of only one sulfur-substituted aro- 
matic compound,  p-xylylenedithiol has been measured.    The results, 
shown in Table 19,  include the organic structure, the 002-semilattice 
dimension,  the reflection used,  and the DTA coking value.    An excellent 
graphitic structure was obtained from this material. 

3. 2. 2. 3. 8.    Heterocyclic Compounds 

3.2.2.3.3.1.    Oxygen Heterocyclics 

The 002-semilattice    spacings for graphites derived from ♦our 
heterocyclic oxygen compounds,  along with the DTA coking value,  are 
listed in Table 20.    In general,  the graphites are relatively poor, with 
large 002 spacings,   and exhibit very weak or no higher order reflections 
of the OCX bands. 

3. 2. 2. 3. 8. 2.    Nitrogen Heterocyclics 

The thermal reactivity of the heterocyclic nitrogen compounds 
is increased by substitution and by the presence of more than one hetero- 
atom in a ring as in the phenazines.    The X-ray diffraction parameters 
for 15 graphites derived from heterocyclic nitrogen compounds, along 
with their DTA coking value are listed in Table 21.    The Lc spacings 
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Table 16.    002-Semilattice Spacings for Graphites Derived 
from Oxygenated Aromatics 

Compound 

Ant hanthrone 

P«rlnaphthenor« 

Pur pur in 

1, 7-Naphthalenediol 

1,6- NaphthalenedLol 

o^" 
0 OH 

«^ 

1.4-N»phthalen«<illol 

^5^-. 
i, 8-DIbydroxyinthranol W^ 

OH      O   OH 

2. T-Naphthalenxliol 

oj 1, 4-Naphthoqulnore 

1, 6  Naphthalenedlol 

3-Acet/lphen»Tithrene 

Isovlolanthrone 

Mellitlc trlanhydrlde 

1 3, 1 S'-Dlbemanthronirl 

1,2,5, e-Tetrahydroxyanthraquliione 

1, r-Bl-2-i aphthol 

Continued 

002,  A (R«fl«ctlon) 

J. 3M   (008) 

o 

3.316   (008) 

3. 3S8   (008) 

OH 
3.358   (008) 

3.359   (008) 

^ 
3. 360   (008) 

3.360   (006) 

HO YYY*      3-363 <008• 

„QJUU 

). 370   (006) 

>. 372   (006) 

3. 373   (006) 

3. 376   (006) 

"§>4-r '" 8   (006) 

HOCH 

3. 381    (004) 

3. 382    (004) 

DTA 
C.V.,  % 

30.5 

6.7 
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Table 16.      Continued 

l, S-DLhydroxybetiKoquinone 

1,2, 3-Trlhydroxyanthr»quinone 

Jr 

l, 6-Pyrenequinon« 

b, il-Dlhydroxynaphthacenaqulnone 

1, 3-Naphthal«nedlol 

I -Hydroxyanthraqulnone 

l»2,7-Trihydroxyanthraqulnone 

2, 3-rluorcnoqiilnone 

Pyranthrone 

VloLanthron« 

},4-DlhydroxyanthranoI 

OS«, 

0 OH 

OH 

Naphthalene -1,4,5,8 tetraL.irboxyllc 
acid 

&>. 
J - Amlnoanthraquinone 

4,4'- Dlmeth/lblanthrone 

Emodln 

Continued 

0 Ml 

tXp 

cHj-Cy^w 

oÄ 

cffi> 

<¥ 

Vs 

HOOC COOH 

HOOC :OOH 

3. 383   (004( 

3.385   (004) 

3.386    (006) 

3.387   (004) 

3.390   (006) 

3.390   (004) 

3. 39Z   (004) 

3.392   (004) 

3.393   (004) 

3.394   (004) 

3. 397   (006) 

.398   (002) 

3.402    (004) 

«3 3.406   (004) 

3.408   (004) 

29.6 

20.6 

47.8 

79.8 

19.« 

12.9 
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Table 16.    Continued 

Phenanthr«nequLnon« 

5-Hydroxy -1,4-naphlhoqutnon* 

2 - EthfUnthraqulnone 

9-Ph«nyl-9-nuorenol 

9-B«niyUden«anthrone 

- Methyl- 1, 4-naphthoqulnone OC? 

3.411   (004) 

3.412   (004) 

otp™^ i-4n 12 (004) 

3.412 (0041 

OjP 3.414 (002) 

3.422 (002) 

6.9 

14.4 

A,*"0-Blanthrone 

AcenaphthenequLnone 

2, 2'-Dimethyl-1, 1'-dlanthraqulnone 

1,2- Naphthoqulnone 

Coerulignone 

^♦- Fluoreneacetic acid 
(Biphenylene acrylic acid) 

Galvln-.xyl 

w 

0&0 

'OH 

Hf.6 OtHj 

3.422   (004) 

3.426   (004) 

3.458   (002) 

>    3.40      (002) 

>    3.40     (002) 

>    3.40      (002) 

T-Ui.       T-CjH, 
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Table 17.    002-SeTr.Uattice Spacings for Graphites Derived 
from Nitrogen-Substituted Aromatics 

Compound 002,  A (Reflection) 
DTA 

C.V..   % 

I -/. cetamldopyrci.e 

I, I'-Iminodlanthraqulnone 

Naphtha dine 

4-Amino-l, 8-naphthallmLde 

1, 3-Dlnltrnnaphthalene 

Benxidine dihydrochloride 

Z-AinLnochrysene 

2, 2 *~ Azonaphthalen« 

1, 8- Dlamlnonaphthaler -. 

I -Nltropyrene 

2, 3-Dlnttronaphthalene 

I, 6-Dinitronaphthalene 

1, 4-Dinitrcmaphthalene 

e-Amlno-2-naphthol 

p-NltrobenEyltdenefluorene 

J-Amlnofluorauthen« 

I -Amino-4-methoxy-9. lO-anthraquinone 

Continued 

.CHj 

Wo 

C&O! 

"i 

:OTO) 
[OTO 

NHi NU, 

OP 

ccc^ 

ÖVNO, 

o   rfo 
l 

.« HCI 

lSlgf'"l8)3l 

ÖCr" 

3.358 (008) 

3. 359 (006) 

3. 359 (006) 

3. 359 (008) 

3. 360 (006) 

3. 361 (006) 

^. 362 (006) 

3. 362 (006) 

3. 364 (008) 

3. 365 (006) 

3. 372 (004) 

3. 376 (004) 

3. 382 (004) 

3. 383 (006) 

3. 389 (004) 

3. 398 (004) 

3. 399 (004) 

0 OCH) 

39.5 

11.9 

45.9 
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Table 17.    Continued 

9*DiaBonuorttn« 

2 - Amino - 9-fluo r« nou« 

3, J'-DUminobanzldlna 

Z-Amlnonuorene 6)nßl.... 3-'D7     'c04l 12-' 

9- Fli .or«noneaElne 

2, S-Olnltronuorene C if TJT   - 3.409     (002) }6. S 

2, T-Dlatnlnonaphthalene NKL ^^^^HHj 3.413     (004) 

« 
E/"' 3.400 (00*) 

® 
oücr- 3.406 <004) 

«Jfe-^Sfe 3.407 (006) 

3. '.07 (004) 

H 3.408 (008) 

3.409 (002) 

W" 
6-Nitrochryiene 

9 - N!t roanth racene 

2-Fortnamldo-7-nUrofluoren« 

Z, 6-Dlnltro-9-fluor0none 

2-Amtno-5-naphthol 

Z.Z'-Dinitroblphenyl 

2,2*, 4, 4*, 6, 6'-Hexmnitrobiphen 

Of 3.416 (002) 

»0! 

@^@             3.427 

NO. 
(004) 

mP^^mcvo 3.435 (002) 

^oV02 > -" (002) 

^ 
>   3.40 (002) 

>   3.40 

(002) 

(002) 

4,4l-DlnltroWph«iyI 0?N-O-C^'N02    *   ' 40 (002) 9.2 

^HO, 
5-Amlno-4-nltro«cenaphthei>« WAfl. >   3-40     (002) 56-' 

NH2 

2-Nltroflaor.ne fVu >   3-40    <002, 67-4 

S-Nitrcacaiuphthene KKf) >   »•♦O    I002) 
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Table 18.    002-Semilattice Spacinge for Graphites Derived 
from Halogen-Substituted Model Compounds 

Compound 

l-Brotnopyrene 

9, 10-Dichloro«nthr«c«ne 

1 -Amlno-2,4-Dlbromo»nthr«qulnone 

2-Amlno-I-Bromo-3-CHoroant>iraqulnone 

9, lO-Dlbromoanthracon« 

S-BromobenKXitliron« 

2, Z'-DlbronnoManthrone 

9-Chloro-9-phenylfluorene 

Dlchloroqulnone chlordlmWe 

Heptmchlcr 

Octachlor 

1,2,3,4,9,9-H«xachloro 
i(4-dlhydro-l,4- 
methanonaphthaleno- 3,8-dlol 

1,2, 3,4,9, 9-Heiiachloro- 
1, 4, 4a, 8a, -tetrahydro 
-1.4-,  methanonaphthalene-5. 8-dione 

H«x«chloroph«n« 

0   Br 

Br 

002, A (K«n«ctloii| 
DTA 

C.V.. * 

a 

a 

d£c 

3.361 (006) 

3.3(6 (004) 

3.5'»9 (004) 

3.401 (004) 

3.4IS (004) 

3.466 (002) 

9.2 

0.0 

66.5 

cS > 3.40    (002) 51.7 

> 3.40    (002) 39.4 

sfe > 3.40    (002) 9.7 

OHO 

> 3.40    (002) 6.0 

^W 
> 3.40    (002) 16.S 

> 3.40    (002) 22.3 

a OH  OH a 

a a   a a 
> 3.40    (002) 22.2 
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Table 19.    002-Semilattice Spacings for Graphites Derived 
from Model Organic Compounds 

Compound 

DTA 
Structure 002. Ä{Reflection)        C.V.,% 

(1) p-Xylyleuedithiol HS-CH2-Q-CH2-SH       3.356 (006) 15.5 

Table 20.    002-Semilattice Spacings for Graphites Derived 
from Heteiocyclic Oxygen Compounds 

Compound Structure 002-Ä(Reflection) 

2-Hydroxydibenzofuran     (vf^fo) 

9-Xanthylideneanthrone 

9, 9- Bixanthylene 

Dicoumarin 

DTA 
CV-% 

3.382     (004) 7.6 

3.406      (004) 67-2 

3.422      (002) 35.0 

27. 3 
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Table 21.    002-Semilattice Spacings for Graphites Derived 
from Heterocyclic Nitrogen Compounds 

Compound 
002-A(Betleclioii) 

1!    12-Dimeithyldiben7.o(a,c)phc'na7.in<! CH^N 

cii,-vANVd 
3. 362 (008) 

DTA 
CV-* 

9.7 

1 1 -Mi-thyl-<liben7.o(a, c) phrnazine 
3. 362 (008) 

2.   3-Diphcnyl   S. 6-bfn7.oquinoxalinc 
.0 

r^ 
3. 362 (006) 7.9 

b. 6, 7. 8-Dibenzoquinoxalinc 

U N 
(008) 

I, 3, 6. 8-T<'tranitrocarbA7,olr 3. 365 (006) 

Dibcnio (t. h) pyrido (3, 4-h) 
qninnxaline 

^I 3. 366 (006) 

Phthalazine 

Indanthrone 

C^N 3. 392 (004) 

^^    5■39,,004, 

53.9 

9-Mcthy ethylacenapthoquinoxaline tHf^V-1*? 3. 400 (004) 

2, 3-B<!nso-1.4-diazo  (2', 3', 6, 7 
-naphtho) - cyclooctatetraene 

(gl^TlJO)     3-407(004I 

Continued 
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Table 21.      Continued 

3-Armno  9-ethylcarb»role 

6-Nitroindazole 

3, 6-Diaminocarbazole 

CH, 

3.412 (004) 

y "hü'" ). 422 (002) 

.JOÖX. 3. 4 JO (004) 48.2 

2, 5-Di-(4-biphenylyl)--oxazole OC^OKiHy      >3.4O(002) 14.6 

2,5-Di-(4-hiphenylyl)-l, 3,4 
-oxadiazole O^^KJ 5.40 (002) 

vary from those of an intermediately-ordered graphite to those of a 
highly-disordered graphite,  depending on the initial heterocyclic struc- 
ture. 

3.2. 2. 3. 8. 3.    Sulfur Heterocyclics 

The graphites derived from only two heterocyclic sulfur com- 
pounds were examined by X-ray diffraction.    The results are summarized 
in Table 22.    The first compound listed,  diacenaphtho(l, 2-^1', 2'-^)- 
thiophene,  produced a relatively well-ordered graphite with a J02 spacing 
of 3. 358   k    The second compound,   2-chlorophenothiazine (which is 
chloro-substituted and contains a heterocyclic ring with both sulfur and 
nitrogen atoms),  gave a relatively disordered graphite with a semilattice 
dimension of 3. 370 A. 

Table 22.    002-Semilattice Spacings for Graphites Derived 
from Heterocyclic Sulfur Compounds 

DTA_ 
Compound Structure 002-A (Reflection) CV-% 

Diacenaphtho(l, 2-b: I'.r-d)- 
thiophene 

3.358 (008) 68.2 

2- -'.hlorophflnothiaaslne db01 
3.370 (004 10.5 
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3.2. 2. 3. 9.    Modification of Graphites from Aromatic Hydrocarbons by 
 Reactive Additives and Rapid Heating Rates  

Previous work has shown how reactive additives can modify the 
thermal reactivity of aromatic compounds.    Such additives can affect the 
character of the derived graphite,  as well.    Several examples are given 
in Table 23.    The addition of p-benzoquinone to naphthacene results in a 
poorly-ordered graphite.    A similar effect is demonstrated for benzoquinone ■ 
fluorene   and    for    anthracene-chloranil.    Also shown in Table 23 
are the effects of the powerful complexing agent SbCU on two hydrocarbons 
which yield highly-ordered eraphites when carbonized alone.    High 002 
spacings (the order of 3.42 i) are observed for the mixtures.    The final 
example in Table 23 illustrates how the heating rate can affect the graphite 
properties for 9, 9'-bifluorene.    The "rapid graphltization" sample was 
heated to 3000oC in 30 minutes directly from the 475* polymer stage. 
The "normal graphltization" sample was heated at öCC/hour to 1000"C 
before graphitizing to 30C0,C at the rapid rate.    The rate of heating 
through the coke forming stage is seen to exert a marked effect on the 
002 spacing of the graphite. 

Table 23.    002-Semilattice Spacings for Modified 
Aromatic Hydrocarbon Graphites 

System 002-Ä (Refection) CV-% 

Naphthacene-p-Benzoquinone (1:1) 

Fluorene-p-Benzoquinone (1:1) 

Anthracene-Chloranil (1:1) 

Acenaphthylene - SbCl5 (1:1) 

Anthracene - SbCl5  (1:1) 

9, 9'-Bifluorene (Normal Graphltization) 

9, 9'-Bifluorene (Rapid Graphltization) 

3. 398 (004) 36. 1 

3. 399 (004) 17. 1 

>3.40 (002) 10.9 

3.417 (004) -- 

3.420 (004) 9.6 

3. 374 (006) 5.8 

3.413 (004) 5.8 

3. 2. 2. 3. 10   Physical Mixtures of Cokes and Graphites from Model 
 Hydrocarbons Acenaphthylene and p-Terphenyl  

X-ray measurements were performed on a graded series of mix- 
tures of graphites derived from acenaphthylene and p-terphenyl.    Acenaph- 
thylene has been shown to produce an excellent highly-ordered graphite, 
whereas p-terphenyl graphite is very poorly-ordered.    The purpose  of 
these experiments was to determine the effects of possible contamination 
of the graphites derived from the model compounds with the highly-ordered 
graphite from the capsules in which the samples were graphitized.    Oc- 
casionally,  results had been obtained where the 002 reflection was rather 
diffuse and gave very approximate spacings near 3.40 Angstroms; but the 
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higher ort'jr 004,  006,  and 008 reflections were also present and yielded 
values near 3. 356 Angstroms,  indicating a highly-ordered graphite.    The 
data in Table 24,  showing the 002 spacing parameters computed from the 
various order reflections,  satisfactorily explains this type of diffraction 
pattern.    The 1:4 mixture of acenaphthylene coke to p-terphenyl coke ex- 
hibits a isimilar X-ray pattern.    The other mixtures show that if the con- 
centration of good graphite is too high (1:1 mixture) the poor graphite is 
not definitely detected (but a possible increase in average spacing may be 
introduced); conversely,   if the concentration of good graphite is too low 
(1:10 mixture), only the pattern of the poor graphite is obtained. 

Table 24. 002-Semilattice Spacings from Physical Mixtures of Cokes 
and Graphites Derived from Model Kydrocarbons Acenaph- 
thylene and p-Terphenyl 

002-Spacing 
Mixture Components Ratio A (Reflections) 

Acenaphthylene Graphite Only 

p-Terphenyl Graphite Only 

Acenaphthylene Coke - 1:1 
p-Terphenyl Coke 

Acenaphthylene Coke - 1:4 
p-Terphenyl Coke 

Acenaphthylene Coke - 1:10 
p-Terphenyl Coke 

3,356 
3.355 
3.349 
3.348 

(008) 
(006) 
(004) 
(002) 

3.437 
3.419 

(004) 
(002) 

3.362 
3.359 
3.358 
3.353 

(008) 
(006) 
(004) 
(002) 

3.357 
3.354 
3.416 

(006) 
(004) 
(002) 

3.424 
3.437 

(004) 
(002) 

3.2.2.4.    Discussion of Results 

The data presented in the previous Tables indicate that the nature 
of the final graphite is highly defer.dent on the chemical structure of the 
starting materials.    The connection is not obvious in all cases; however, 
it appears that two major factors are involved: 
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1. The planarity and steric overcrowding in the original 
molecule; 

2. The chemical reaction sequence and the nature of the 
thermally-formed intermediates. 

Other factors,  of course, also affect graphite structure (heating rate, 
pressure,  atmosphere,  and contamination),  but they operate primarily 
through their effect on the chemical reaction sequence.    These present 
results, therefore, do show the importance of detailed mechanism studies 
on model aromatic systems.    Such studies can reveal the general types of 
thermal reactions, which can be related to the starting structure as well 
as to the ultimate structure of the graphite. 

3. 2. 2. 4. 1.    Natural Graphites and High-Grade Cokes 

The raw materials normally used for the manufacture of syn- 
thetic carbon and graphite, coal tar pitches,  and petroleum cokes form 
highly-ordered graphites, as illustrated in Table 13.    The 002 spacings 
derived from the 008 reflections vary from 3. 354 k for Canadian Natural 
Graphite to 3. 358 1  for DK coke.    It is evident that the variation in graph- 
ite structure introduced by the raw materials alone covers a narrow range 
on the 002 lattice spacing scale as used in this study.    These results are 
useful for comparison with the data from model compounds. 

3. 2. 2. 4. 2.    Aromatic Hydrocarbons 

Nearly all of the compounds in Table 14 are known constituents of 
the usual raw materials for carbon and graphite,  i. e.,  coal tar pitch and 
petroleum residues.    The majority of these aromatic compounds yield 
highly-ordered graphites with low 002 spacings.    Approximately one-half 
fall in the same range of well-ordered graphites as represented by the raw 
materials in Table 13. 

Especially interesting are the compounds showing large 002 spac- 
ings.    Most of the compounds with lattice spacings greater than 3. 363 A 
are either nonplanar or sterically overcrowded.    The thermal reactions 
of these structures would very likely yield nonplanar reactive intermedi- 
ates.    The 002 spacing obtained fo?  such planar aromatic systems as 
quaterrylene and coronene are surprisingly large.    Such symmetrical 
structures may not yield the mobile reactive species presumed necessary 
for rearrangement to planar graphitic structures.    The large spacings 
for graphites derived from fluoranthene and fluorene derivatives are also 
likely a result of the nonplanarity of thermally formed reaction intermedi- 
ates. 

3.2. 2. 4. 3.    Aromatic Hydrocarbons with Alkyl and Aryl Substituents 

Of the 17 alkyl and aryl-substituted aromatic hydrocarbons listed 
in Table 15,  approximately one-half produced graphites comparable to the 
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complex raw materials used in manufacturing synthetic graphite.    For the 
compounds with low 002 values,   reactivity seems to be of major impor- 
tance.   Alkyl  substitution and side chains increase thermal reactivity and 
enhance the degree of graphitization.    Such compounds readily form aro- 
matic radicals on thermal treatment.   The side chain groups offer a mobil 
means of rearrangement to planar conjugated systems through radical 
intermediates.    This type of sequence has been proposed for the hydro- 
carbon acenaphthylene.    The position of substitution influences graphite 
properties as well.    This is illustrated by the difference between 1-vinyl- 
naphthalene (3.354 k) and 2-vinylnaphthalene (3. 363 A).    The non-planar, 
nonfused aromatics exhibit high 002 values,  grouped at the end of Table 
15.    The value for 9. 10-dibenzylanthracene is nurprisingly high; however, 
values near 3.40 A have been obtained for several different samples of 
this material. 

3. 2. 2. 4. 4.    Aromatic Hydrocarbons with Oxygen Substituents 

The oxygen-substituted aromatics are of interest in that they repre- 
sent the types of structures presumed to be formed during the oxidation of 
aromatic raw materials for graphite.    Although a total of 44 oxygen-substi- 
tuted aromatics were^ examined,   only five produced graphites with low 002 
values (below 3.360 A).    These results substantiate the conclusions con- 
cerning the effects of oxidation on raw materials; oxidation results in a 
higher reactivity and a more disordered graphite structure. 

DTA studies have shown that oxygen substitution generally in- 
creases the coking value of aromatic hydrocarbons.    The oxygen substitu- 
ents usually encountered in the raw materials for graphite can either serve 
as reaction sites for thermal polymerization: 

or they may serve as activated sites for carbon-carbon bond cleavage and 
radical formation: 
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The nature of the graphite formed from oxygenated aromatics is 
variable,  depending both on the nature of the substituent and the position 
of substitution.    Highly-disordered graphites are obtained from the sever- 
al nonplanar quinone materials listed at the end of Table 16.   Anthan- 
throne,  however, yields a well-ordered material,  presumably as a re- 
sult of the formation of planar intermediates which could be formed by 
the elimination of CO: 

(c) 2CO + 

The effects of oxygen substituents are complex,  however.    The oxygen sub- 
stituent can provide a direct site for thermal polymerization or can facil- 
itate direct thermal cleavage of carbon-carbon bonds.    Perinaphthenone and 
purpurin also produce highly-ordered graphites (sharp 008 lines).    This re- 
sult is expected for perinaphthenone, which could readily eliminate CO and 
produce vinylnaphthalene radical moieties.    These radicals have been 
postulated as intermediates in the pyrolysis of acenaphthylene and would 
give rise 'o planar aromatics of the zr ihrene type.    The formation of a 
well-ordered graphite from the hydroxyanthraquinone,  purpurin,  is unex- 
pected.    Only one other substituted anthraquinone,   1, I'-Iminodianthra- 
quinone,  produced a graphite having a well-ordered structure.    The most 
striking feature of the results for the quinones (in addition to the very high 
coking yields) is the high graphite semilattice spacing. 

The ^fect of the position of substitution on the nature of the final 
graphite can b«.  seen in the following comparison for the naphthalenediols. 

Structure   |OlO 

»02, A 3.359 

OH 

OH 

3.360 
OH 

3.372 3.390 

OH 

The symmetrical derivatives give rise to the best ordered graphites.   It 
is evident fiat reaction mechanism studies are required to explain the ef- 
fect of oxygen substitution on the nature of the final graphite.    Oxygen sub- 
stitution can cause a wide variation in graphite structure. 
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3. 2. Z. 4. 5.   Aromatic Hydrocarbons with Nitrogen Substituents 

Substitution with nitrogen-containing groups has a strong activat- 
ing effect on the thermal reactivity of aromatics.    None of the parent hy- 
drocarbons of the compounds listed in Table 17 was thermally reactive 
enough to yield carbon residues in DTA.    A variety of nitrogen groups are 
represented in our data,  including -NH2,  -NHCOCH3,   -NH-,  -N=N-,   and 
NOj groups. 

The amino group exerts an activating effect on the thermal re- 
activity of the aromatic compounds.    The character of the final graphite, 
however,  depends on the nature of substitution.    Three aminonaphthalene 
derivaties,  with the NHj group in the or-position,  form well-ordered graph- 
ites.    The compound 2, 7-diaminonaphthalene,  which contains ß-NH2 
groups,  produces a poorly-ordered material.    The compound 2-amino- 
fluorene exhibits a behavior which is typical of fluorene derivaties.   An 
explanation of these effects for aromatic amines must await further 
mechanism studies, however,   the NH2 substituent,  unlike the C=0 group, 
apparently does not generally induce a thermal rupture of the aromatic 
ring system. 

The oxidative nitro group also exerts a strong activating effect 
on thermal reactivity; however,   it generally produces a disordered graph- 
ite (high 002 values).    This conclusion is well illustrated by 9-nitroanthra- 
cene,  6-nitrochrysene,  and other examples in Table 17.    In almost all 
cases,  the nitro-substituted compounds produced more disordered graph- 
ites than did the corresponding amino-,  hydroxy-,  or alkyl-substituted 
compound.    The N02 group in the majority of cases appears to cause rup- 
ture of the aromatic rf' g during pyrolysis,  producing very reactive non- 
planar radical intermediates.    Further mechanistic studies on nitrogen- 
substituted aromatics are necessary to understand these results. 

3. Z. Z. 4. 6.    Ha1 ogen-Substituted Aromatic Hydrocarbons 

Halogen substitution appears to induce the cleavage of carbon- 
carbon bonds and a disruption of the planar aromatic, system.    This ef- 
fect can be seen in the large 002 values for the halogenated anthracenes 
in Table IS.    All of the organic halogen compounds examined showed poor 
graphite ordering (high 002 values).    The majority of the compounds,  un- 
like anthracene,  are nonplanar and would be expected to yield rather poor 
graphite. 

3.2  2. 4. 7.   Aromatic Hydrocarbons with Sulfur Substituents 

The p-xylylenedithiol was the only sulfur-substituted aromatic 
compound examined in this study (Table 19).    This compound unexpectedly 
produced na excellent graphite,  indicating the probability of simultaneous 
elimination and condensation reactions to produce a condensed ring sys- 
tem,  perhaps of the anthracene type.    The graphite spacing of 3. 356 A is 
comparable to that obtained from acenaphthylene,  dibenzo(a, l)pentacene, 
and naphthacene.    In contrast,  the dimer,  Di-p-xylylene,  produced a graph- 
ite with an 002 spacing of 3.406 A,  a highly-disordered graphite structure. 
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3. 2.Z.4.8.    Heterocyclio Compounde 

A total of 22 heterocyclic compounds,  including oxygen, nitrogen, 
and sulfur heterocyclics,  were examined.    Of this group,  only one (the 
diacenaphthothiophene listed in Table 22) produced a highly-ordered graph- 
ite,   comparable to those obtained from the complex raw materials used to 
produce synthetic graphite.    In addition,  several phenazine and quinoxaline 
compounds which contain two heteronitrogen atoms in 1,4-positious and a 
tetranitrocarbazole also produced fairly well-ordered graphites with 002 
tracings between 3.362 k and 3.366 k.    All other heterocyclics examined 
gave highly-disordered graphites.    It is postulated that ring-opening re- 
actions occur during pyrolysis, producing nonplanar radical intermediates. 

3. 2. 2. 4. 9.    Reactive Additives 

In addition to modifying the thermal reactivity of aromatic hydro- 
carbons,  additives such as benzoquinone,  chloranil,  and Lewis acide also 
alter the characteristics of the resultant graphite.    In every case shown in 
Table 23,  the effect of the additive was to increase the disorder of the 
graphite structure to produce a very hard,  glaesy-type graphites.     The 
p-benzoquiucAe and chloranil are known to react with polynuclear aro- 
matics through the formation of non-planar adducts.    The inorganic SbCle, 
unlike the organic quinones,  cannot contribute materially to the graphite. 
It is likely that complex formation by the SbCle prevents the continuous 
planar growth process observed for the uncomplexed hydrocarbons,  anthra- 
cene,  and naphthacene. 

3.2.2.5.    Conclusions 

The results of this X-ray diffraction study have shown that the de- 
gree   of crystal order of graphites derived from model organic compounds 
exhibits a strong dependence on the starting chemical structure.    The fol- 
lowing general conclusions can be made relating chemical structure and 
thermal reaction mechanisms to graphite properties. 

a. The complex mixtures of aromatic compjunds that make up 
the normal raw materials for manufacturing carbon and graph- 

ite products, that is,  coal tar pitches and petroleum cokes,  form highly- 
ordered graphites. 

b. The graphites derived from unsubstituted aromatic hydro- 
carbons show a dependence on the starting molecular struc- 

ture.    The connection is not always obvious,  however,  and it appears that 
two major factors are involved: 

1) The planarity and steric overcrowding in the original 
molecule and 

2) The chemical reaction sequence and the nature of the 
thermally formed intermediates. 
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The hydrocarbons which yield well-ordered graphites (low 002 
values) consist largely of fused planar aromatic entities.    There is con- 
siderable graphite variation among even these types of structures and sev- 
eral exceptions,   such as quaterrylene and coronene, produce poorly- 
ordered graphites.   In general, the hydrocarbons which yield highly- 
disordered graphites are largely nonplanar molecules which are devoid 
of fused polycyclic systems. 

It is apparent that no relationship exists between thermal re- 
activity (carbon yield on pyrolysis) per se and graphite character. 

c. Substitution of the aromatic nucleus with strongly activating 
side groups generally leads to a more disordered graphitic 

structure.    Single or multiple substitution by halogens, nitro,   amino, 
and azo groups results in almost all cases in a degradation of graphite 
ordering. 

d. Oxygen substitution is seen in most instances to result in 
a more disordered graphite than that obtained from the un- 

substituted hydrocarbon.    This effect is variable,  however,  and depends 
on the site of substitution and the oxygen functionality.    The results ap- 
pear to depend specifically on the thermal reaction mechanism of the oxy- 
genated structure. 

These resultB substantiate empirical observations con ;erning 
the effects of oxidation on raw materials,  namely,  a higher thermal re- 
activity and a more disordered graphite structure. 

e. Alkyl and Aryl substitution of the aromatic moiety enhances 
thermal reactivity and,  in general,   results in a highly- 

ordered graphite.    These substituents readily form aromatic radicals and 
offer a mobile means of rearrangement to planar conjugated systems 
through radical intermediates. 

f. The thermal reactivity of aromatic hydrocarbons can also be 
modified by reactive additives such as quinones and Lewis 

acids.    These additives affect the character of the derived graphite as 
well by altering the reaction mechanisms through the formation of nonplanar 
intermediates.    The results in all cases examined were to produce highly- 
disordered graphites. 

g. Heterocyclic compounds generally produced relatively poor 
graphites with high 002 semilattice spacings compared with 

the complex raw materials.   However,  the degree of disorder was highly 
dependent on the nature of the heterocyclic ring system. 

h.    These present results illustrate the importance of detailed 
mechanism studies on model organic systems.    Such studies 

will delineate the general types of thermal reactions which can be related 
to the starting molecular structure as well as to the ultimate structure of 
the graphite. 
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3.3.    PyrolyBis MechaniamB of Model Compounds 

3. 3. 1.    Introduction 

Sections 3. 1.   and 3.2.   have described the general relationships 
between chemical structure, thermal reactivity,  and graphitization be- 
havior for an extensive series of model compounds.    Both the thermal re- 
activity and the graphitization sequence are known to be intricately related 
to the reaction mechanisms during the initial stages of pyrolysis.    A major 
effort of this program has been the investigation of the pyrolysis mecha- 
nisms for a selected group of model rompounds.    Compounds were chosen 
which show extremes in carbonization and graphitization behavior and 
which possess unique structural features. 

The detailjd pyrolysis studies involved the application of a variety 
of physical and chemical studies including:   thermogravimetric aualyuis, 
chromatography,   hifrared and optical spectroscopy,  and electron spin and 
nuclear magnetic resonance.    These techniques have been employed wher- 
ever applicable to the pyrolysis mechanism studies of the 13 selected com- 
pounds.    The compounds are listed in Table 25 along with their thermal re- 
activities fdetormined by DTA) and the serrdlattice spacings of the resultant 
graphites (meaBured by X-ray). 

Table 25. Model Com] 
Mechanism 

pound 
Studi 

j Employe: 
06 

d in Py rolyeis 

Compound 
Coking Value 
DTA (750°C) "002" - Spacing,  A" 

Acenaphthylene 23.5 3.356 

7, 12-Dimethylbenz(a .)anthracene 4.7 3.358 

Naphthacene  (tetracene) 13.9 3.358 

Fluoranthene 0.0 3.371 

Periflanthene 54.7 3.363 

9, 9,-Bifluorene 5.8 3.374 

A^'-Bifluorene 28.0 3.474 

p-Terphenyl 0.0 3.437 

9, g'-Bianthryl 0.0 3.354 

10,15-Dihydro-5H-diindeno- 
(l,2-a;-2l-l,-c)fluorene   (o-truxene) 

27.8 3.385 

9,10-Dibenzylanthiacene 8.9 3.412 

1,4-Naphthalenediol 52.6 3.360 

1, 4-Naphthoquinone 40.4 3. 370 
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The experimental techniqu,1'! are described in Section 3. 3.2. ; the 
results are summarized for each compound in Section 3.3.3. ; and, finally, 
our general conclusions on the mechanisms of carbonization are presented 
in Section 3.3.5. 

3. 3. 2.     Experimental Procedure 

3.3. 2. 1.    Model Compounds 

The compounds listed in Table 25, with the exception of A9'9  - 
bifluorene,  were obtained from commercial sources.     All the materials 
were   purified by solvent recrystallization prior to use.     The compound 
A9'9,-bifluorene was synthesized by the method outlined below. 

(CH2CO)2NBr KOH 

CiH^ CH3COCH3 
~ SO-C 10-20°C 

Fluorene 5 hours 30 Min. 

A''' -Bifluorene 
Yield: 27.3% 

3. 3. 2. 2.   Thermal Analysis Measurements 

3. 3. 2.2. 1.    Differential Thermal Analysis (DTA) 

DTA measurements were made on the compounds before the 
more detailed pyrolysis studies.    The apparatus,  experimental condi- 
tions,   and general techniques have been described previously^1). 

3.3.2.2.2.   Thermogravimetric-Gas Evolution Analysis (TGA-GE) 

Thermogravimetric analysis (TGA) is a commonly used tech- 
nique which involves the continuous measurement of the weight of a sam- 
ple while it is heated at a uniform rate.    The simultaneous measurement 
of the weight change and the evolution of noncondensable gases frcm a 
hydrocarbon system during pyrolysis provides additional information im- 
portant to an understanding of the carbonization mechanisms. 

We have developed an apparatus in which materials can be pyro- 
lyzed under precisely controlled conditions of atmosphere,  pressure,   and 
temperature.    The sample weight and the volume of fixed gases evolved 
are monitored and recorded continuously.    The condensable volatile prod- 
ucts are collected and prevented from undergoing secondary reactions. 
From such experiments, the rate and extent of distillation of unreactive 
components,   as well as considerable information about the thermally re- 
active species,  can be deduced.    Periodic removal and analysis of the 
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products during the course of the pyrolysis permits some inferences as 
to reaction mechanisms. 

The TGA-GE apparatus'*'   has undergone continual evolutionary- 
modification as a result of difficulties encountered with different mate- 
rials.    A schematic drawing of the modified TGA-GE apparatus is shown 
in Figure 6. 

COdT»«.- 
t. e. 

^C/^ (TtTCM 
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CMTIIOI. CONTROL 

14!=®=!!=®=^ 
«•HOKtlEK 

CONTROL 

L^iOLCNOt •OLCNOtO 
CONTROL 

DIPraRENTUL 

TRMItrORMIR 

N-5Ö18 
Figure 6.    Schematic Diagram of TGA-GE Apparatus 

The tarry condensable products always produced in the pyrolysis 
of hydrocarbons have presented the major problems with the apparatus. 
These materials had to be removed from the pyrolysis ZOT;<5 and controlled 
so that they could not undergo secondary reactions or affect the operation 
of the balance. 

The change from an argon to a helium atmosphere drastically 
changed the buoyancy of the hydrocarbon vapors.    They descended to the 
lower end of the pyrolysis chamber instead of rising to the condenser 
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above the sample container.    The most satisfactory pyrolysis chamber 
design for use with hydrocarbon systems is shown in Figure 6.    The 
covered sample container with a small hole in the cover was used to main- 
tain a relatively high vapor concentration over the reacting sample, thus 
favoring a thermal reaction process ov-.r simple distillation. 

A method was developed for removing gas samples periodically 
using gas-tight syringes and storing them until they could be analyzed by 
gas chromatography.    The disposable plastic syringes,  available through 
medical supply houses, have been found to be superior to the Hamilton- 
type syringes. 

Diffusion of helium and hydrogen through the plastic bodies was 
found to be negligible in the times involved in these experiments.   A 
vestibule-type gas-sampling port which could be alternately evacuated and 
flooded with helium completely eliminated contamination of the gas sam- 
ples with air.    A gas sampling port was put in the pyrolysis chamber exit 
line so that gas samples could be taken with a minimum of mixing with the 
accumulated gases.    A second gas sampling port (not shown in Figure 6) 
was also installed at the top of the gas buret to sample the accumulated 
gases. 

The performance characteristics of the TGA-GE apparatus are 
as follows: 

The sensitivity of the balance is 0.1 per cent. 

The gas evolution detection system measures the change in height 
of the mercury column in the gas collection buret.    A change in height of 
0, 25 mm can be detected.    With the 20 mm diameter gas buret used in 
these experiments, a sensitivity of about 0.08 cc is achieved.    A total vol- 
ume change of 250 cc can be accommodated.    The volume of the pyrolysis 
chamber and the inert gas flow rates had to be kept small.    Measurements 
were made to determine the degree of reproducibility of the volume ex- 
pansion of tl ^ gas in the furnace section of the system and the uniformity 
of the inert gas flow rates.    The volume expansion and gas flow rates must 
be used to correct the measured evolution in order to determine the true 
gas evolution curves of the sample.    We found that the volume expansion 
correction was reproducible at all temperatures to within 0. 7 cc for any 
given inert atmosphere.    Measurements on helium flow rates between 
0. 20 cc per minute and 2. 0 cc per minute were made for periods of eight 
hours.    In all cases,  flow rates were found to fluctuate about ±0.035 cc 
per minute on a 15- to 30-minute cycle.    Consequently,   fluctuations in gas 
evolution rates, as shown in the fine structure of the derivative gas evolu- 
tion curves,  are interpreted to have originated with the sample. 

3. 3. 2. 3.    Electron Spin Resonance (ESR) Measurements 

ESR investigations of the pyrolysis of a number of the compounds 
listed in Table 25 were performed by the general method described pre- 
viously. (6,B)    The pyrolyses were performed in an improved high-tempera- 
ture cavity which had been redesigned to accommodate larger samples 
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than previously possible.   This cavity enabled measurement of samples 
in situ at temperatures as high as 550°C.    Seven of the compounds in 
Table 25 were examined by this method.    The hydrocarbons were general- 
ly measured as solutions ia m-quinquephenyl.    Several variations of tem- 
perature and concentration were employed for each system in an attempt 
to improve the resolution of the ESR spectra. 

3.3. 2.4.    Chemical Studies of Pyrolysis 

Independent chemical studies of the pyrolysis reactions for the 
compounds in Table 25 were conducted.    The following procedure was 
employed: 

The compounds were initially purified by solvent recrystalliza- 
tion.    The pyrolysis assembly consisted of a Vycor tube inserted in a 
tube furnace and directly connected to a sulfuric acid trap.    A 1-gram 
sample was placed in a ceramic boat and heated at approximately 15"C 
_-er minute in a continually flowing argon atmosphere.    The compounds 
were heated to temperatures at which thermal reactions were indicated 
in the DTA thermograms.    The condensates and residues were collected 
and examined by infrared and ultraviolet spectrosoopy.    A single residue 
was then selected and subjected to detailed Ltudy.    The residue was chro- 
matographically separated on an alumina coluir.n.   The Chromatographie 
column was protected from light and maintained in a nitrogen atmosphere. 
Infrared, ultraviolet and nuclear magnetic jpectra, and melting point 
determination were made on individual Chromatographie fractions. 

3.3.3.    Experimental Results 

The experimental results from the pyrolysis mechanism studies 
for each compound are discussed individually. Quantitative estimates of 
the reactivity have been provided for most of the compounds. 

3.3.3. 1.    Acenaphthylene 

The mechanisms of the pyrolysis of acenaphthylene have been 
described previously/ •6•7'    This report discusses additional attempts 
at isolation and identification of thermal reaction products of acenaphthy- 
lene. 
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3. 3. 3. 1. 1.   TGA-GE Analysis of Acenaphthylene 

Two thermogravimetric-gas evolution analysis experiments 
(Runs 47 and 48) were performed on acenaphthylene.    This compound has 
beer studied in considerable detail because its thermal behavior results 
in excellent carbon yields and because the carbon structure, being well- 
ordered,  produces a good graphite upon heatii.g to 3000'C. 

The DTA and TGA-GE curves obtained for acenaphthylene are 
shown in Figure 7.    The experimental conditions and results for Run 48 
are given in Figure 7.    In Run 47,  argon was used to maintain an inert 
atmosphere and the flow rate averaged 1.96 ±0. 15 cc/minute over the ap- 
proximate 8-hour period required to complete the run.    This 8-hour peri- 
od included 2 hours to measure the gas flow rate at constant temperatures 
before heating was started, 4 hours to heat and cool th'; sample,  and 2 
hours to recheck the gas flow rate at room temperature.    In Run 48, the 
argon was replaced with helium gas and an average flow rate of 0. 86 
±0. 10 cc/minute was used.    The change to helium was made in order to 
increase the sensitivity of the gas Chromatographie analysis of the fixed 
gas products and in order to permit the detection of oxygen in the gases. 
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DTA,  TGA-GE Thermograms for Acenaphthylene (Run 48) 
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The results for Runs 47 and 48 are in close agreement,  indicat- 
ing no significant effect resulting from the differences in inert atmos- 
phere or from differences in the flow rates.   The derivative curves for 
Run 48 of the weight loss rate and gas evolution rate for acenaphthylene 
as a function of temperature are shown in Figures 8 and 9.    In Figure 9, 
the weight loss and gas evolution curves have been corrected for the 
residue remaining in the reaction cup at the indicated temperature. 

200      300     400 
TEMPERATURE 

500 

C 

Figure 8. Thermogravimetric-Gas Evolution and Weight 
Loi-s Rates for Acenaphthylene (Run 48) 

N-7118 
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100     200     300     400     500    S00 
TEMPERATURE -•C 
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N-7119 
Figure 9.    Thermogravimetric-Gas Evolution and Weight Loss Rates 

for Acenaphthylene Expressed Relative to Amount of Resi- 
due in Reaction Cup (Run 48) 

Acenaphthylene melts at approximately 95 °C, and a very slight 
weight loss was registered at this temperature.    The vaporization of 
acenaphthylene between lOO" and ZOO'C that was reported in an earlier 
experiment' ' using a shallow open sample cup was largely suppressed 
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in these experiments.    The plateau in the weight loss curve between 200° 
and 3b5°C, which occurs because of the thermal stability of the poly- 
acenaphthylenes, was at 1 per cent weight loss as compared with about 
15 per cent in the open cup experiments.   At 360"C,  the polymer begins 
to react thermally, producing a large amount of volatile material.    In- 
frared analysis of the condensate showed it to be 80 to 90 per cent ace- 
naphthene, with small amounts of acenaphthylene,  ethyl naphthalene,  and 
some unidentified mixtures which are probably methyl naphthalenes and 
naphthalene.    The weight losses above 500°C were small and were due to 
the loss of fixed gases rather than higher molecular weight hydrocarbons. 
The gas evolution curves indicate that low molecular weight gases begin 
to appear around 475° after the major weight loss has been completed. 
The gas evolution shows a maximum rate near 600°C and a second maxi- 
mum at about 735°C. 

The results of analyses of the fixed gases taken at progressively 
highor temperatures during the course of these runs are given in Table 
26.    Samples taken at temperatures below 500°C contained no evolved 
gas and are not listed in the table. 

Table ^.6.    Composition of the Fixed Gases Evolved During the 
Pyrolysis of Acenaphthylene in Helium,   TGA-GE 
(Run 48) 

Temp. 
Gas 

When Sample Taken -*■ 

Hydrogen {Ht) 
Methane    (CH4) 
Ethane       (CjHa) 
Ethylene    (CjH«) 
Carbon Monoxide 
Carbon Dioxide 

(CO) 
(C02) 

Mol % of Gas in Fraction 
5iö*C 6l3*C Tib' 'C 75ö4c * 

87 67 70 ** 81 
5 28 25 16 
4 2 2 2 
0 1 1 ~ 0.1 
4 1 2 1 
0 0.4 0 trace 

*      Average of three duplicate analyses. 
**   Hydrogen peak reversed - not accurate. 

3. 3. 3. 1. 2.    Chemical Studies of Pyrolysis Intermediates 

Extensive chemical studies of the carbonization of acenaphthy- 
lene have been reported previously. C3«*'8)     The initial reactions of car- 
bonization were shown to involve thermal carbon-carbon bond cleavage 
within the 5-membered ring systems of polymeric acenaphthylene units 
(I). 
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These reactions can lead to the formation of a variety of alkyl substituted 
naphthalene free radicals depending on the mode of bond cleavage.  These 
mobile radicals can readily rearrange during the carbonization process to 
form planar conjugated aromatic hydrocarbons,   such as zethrene (III). 
The condensation of such structures produces the planar aromatic units 
required for ordered graphite. 

We have attempted to isolate some additional condensation prod- 
ucts from the pyrolysis of acenaphthylene by Chromatographie techniques. 
A sample of acenaphthylene was heated t') 450"C, and the black residue 
was subjected to Chromatographie separation. In addition to the reaction 
products such as acenaphthene, biacenaphthylidene, and decacyclene 
which could be readily identified and were reported earlier, the following 
materials were obtained. 

1.    Fraction 9 - A Red Hydrocarbon Product 

The infrared spectrum of this material was quite similar to that 
of biacenaphthylidene.    The ultraviolet-visible absorption spectrum of 
Fraction 9 is shown in Figure 10a.    This spectrum shows a pattern of ab- 
sorption bands identical to biacenaphthylidene; however,  the absorption 
bands for Fraction 9 are all at a wavelength about 20 mji longer than those 
of the latter compound.    From the physical and spectral data,  this red 
fraction appears to be identical to the hydrocarbon fluoroeyclene which 
was first isolated by Dziewonski and Leyko. I7'   These investigators did 
not assign a structure to fluoroeyclene,  although they envisioned it as a 
tetramer of acenaphthylene.    The structure of Fraction 9 is thought to be 
a conjugated triaeenaphthylidene (II). 

A cyclic product, decacyclene (IV),   is known to form from the 
pyrolysis of acenaphthylene.    The compound (II) may be considered a 
linear analog of decacyclene.    The increased conjugation for (II) relative 
to biacenaphthylidene (I) could cause the shift in the UV absorption spec- 
trum. 
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Figure JO.    Ultraviolet Spectra of Chromatographie Fractions 

of Heat-Treated Acenaphthylene,  Solvent: Benzene 
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2.    Fraction 11 - Red Hydrocarbon 

This material is believed to be the hydrocarbon zethrene (III). 
In the presence of light and air,  it underwent rapid oxidation and self- 
hydrogen-transfer to form a green hydrogenated derivative. 

(HI) 

3. Fractions 17 to 23 - Red Hydrocarbon 

This compound was one of the major products obtained from 
the pyrolysis of acenaphthylene at 450°C.    At first we thought that this 
substance was zethrene.    The UV-visible spectrum, which is shown in 
Figure 10b,  resembles that of zethrene but is definitely different. 'B' 
The infrared spectrum for Fractions 17 to 23 shows a strong aliphatic 
C-H absorption and a complicated aromatic substitution pattern. 

This material was insoluble in concentrated H2S04 but gave a 
purple solution with SbCle which showed a paramagnetic resonance. No 
reference to a compound which resembled this substance could be found 
in the chemical literature. The visible absorption spectrum with bands 
at 544, 486, and 454 m(J. is indicative of a highly conjugated aromatic sys- 
tem and resembles that of highly condensed pyrene and perylene deriva- 
tives. 

This red hydrocarbon could be a hydrogenated derivative of an 
aromatic condensation product formed from three or four acenaphthylene 
units.    Due to the mobility of the acenaphthylene side chain, numerous 
structural possibilities exist for such products.    Further structural 
studies are needed to chemically characterize this hydrocarbon. 

4. Fractions 24 to 40 - Brown Hydrocarbon 

The last major product.  Fractions 24 to 40, was a brown hydro- 
carbon which came off the column along with the decacyclene (IV). 
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(IV) 

The optical spectrum for Fractions 24 to 40 is shown in Figure 10c and 
exhibits a poorly resolved absorption region extending into the visible. 
This type of unresolved absorption is typical of nonconjugated acenaph- 
ihene or acenaphthylene units.    The infrared spectrum of the brown frac- 
tion shows evidence of both acenaphthylene and acenaphthene ring units, 
i he condensation product (V) postulated by Oziewonski (9) is a likely 
structure for this material. 

(V) 

Structure (V),  which has been named leukacene,  could readily form 
through condensations at the reactive 1, 2 and 5, 6 positions of acenaph- 
thylene molecules. 

3. 3. 3. 1. 3.    Thermal Reactions of Acenaphthylene 

The TGA-GE    and chemical data obtained for acenaphthylene 
are consistent with the thermal reaction sequence previously proposed. (*' 
The important first reactions involve rearrangements of alkyl substituted 
naphthalene radicals to planar aromatic units.    A number of different 
aromatic species of the shape and size of zethrene form between 400° 
and 500oC.    Above 500oC, the aromatic growth occurs by direct dehydro- 
genation between these planar units.    The formation of methane above 
600 "C is a result of the cleavage of the remaining aliphatic side chain 
groups. 

3. 3. 3. 2.    7, 12-Dimethylbenz(a)anthracene 



The compound 7, 12-dimethylbenz(a)anthracene (VI) like acenaph- 
thylene,   can be converted to a highly-ordered graphitic carbon.    The for- 
mer compound was selected for study in order to determine the manner 
ir, which methyl substituents increase the thermal reactivity of aromatic 
hydrocarbons. 

3. 3. 3. 2. 1.    Differential Thermal Analysis (DTA) 

The DTA thermogram for (VI) (shown in the upper portion of ^ 
Figure 11) exhibits a complex thermal sequence between 300'   and 500oC.» 
The strong endotherm associated with the rapid evolution of volatile prod- 
ucts is almost entirely compensated for by the exothermic chemical re- 
activity in this temperature region. 
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Differential Thermal Analysis,  Thermogravimetric and 
Gas Evolution Curves for the Pyrolysis of 7, 12-Dimethyl- 
benz(a)anthracene (Run 56) 
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Interrupted DTA experiments between 315°C and 425°C were per- 
formed in order t.o examine the condensates and residues.    Both the con- 
densate and the residue obtained at 3( i"C were primarily the starting 
compound,  although there was some c    dence that thermal reactions were 
progressing.    The condensate obtained at 425°C was almost identical to 
that obtained at the end of the 750"C DTA and TGA experiments,  a com- 
plex mixture of methyl- and di-methyl benzanthracenes.    The 425"C 
residue is a black,  viscous tar which gave a very complex infrared spec- 
trum.    The spectrum showed very strong methyl C-H bands which were 
more intense than those given by the starting dimethyl compound.    A 
strong band around 11.4 microns resulted from isolated ring hydrogens. 
Other bands Indicated the presence of pyrenes and 3, 4-benzopyrenes. 

3.3. 3. 2. 2.    TGA-GE of 7. 12-Dimethylbenz(a)anthracene, (Run 56) 

The TGA-GE thermograms of 7, 12-dimethylbenz(a)anthracene 
(VI) are shown in Figure 11.    The derivative TGA-GE curves are given 
in Figures 12 and 13.    In Figure 13, the derivative curves have been cor- 
rected for the weight of residue remaining in the reaction chamber at the 
indicated temperature.    The experimental conditions are tabulated in Fig- 
ure 11. 

7, 12-Dimethylbenz(a)anthracene melts at 122°C and begins to 
distill slowly near Z50°C.    Distillation is nearly complete at 460°C.  The 
evolution of fixed gases begins near 300"C and continues at a slow rate 
to approximately i4Q°C.    Between 340° and 450°C,  gas evolution is rapid; 
above 450°C,  the rate again drops off.    The decrease in total gas evolved 
that occurs between 4D0,>C and 460oC is caused by the condensation of 
some of the volatiles after their formation has ceased.    Above 460"C, 
the weight loss and gas evolution are caused by the dehydrogenatlon and 
demethylatlon of the residual polymer as it carbonizes. 

The composition of the gases evolved during the pyrolysis was 
determined at 50°C intervals by gas Chromatographie analysis.    The re- 
sults are summarized in Table 27.    Below 350',C,  no effluent gas,  other 
than a small amount of residual oxygen, was detected.    At 350°C,  methane 
appeared; at 40G°C,  small amounts of ethane,  ethylene, and propane were 
also found; and at 450oC,  hydrogen was detected.    At higher temperatures, 
the concentration of hydrogen increased and that of methane decreased. 
Methane was the major gaseous product,  accounting for 84. 5 mol per cent 
of all the gas evolved.    In Table 28,  the composition of the total gas col- 
lected is summarized in terms of volume, weight,  and moles of each gas. 
The last column gives the ratio of the moles of gas evolved per mole of 
(VI) in the original sample. 

Infrared and ultraviolet absorption analysis of the condensable 
products collected during the pyrolysis Indicate these products are mostly 
methyl and dlmethylbenzanthracenes.     NMR data also indicated the pres- 
ence of dihydrobenz(a)anthracene. 
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the Pyrolysis of 7, i2-Dimethylbenz(a)anthracene 
(Run 56) 
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N-6948 
Figure 13.    Weight Loss and Gas Evolution Rate Curves for 

the Pyrolysis of 7, 12-Dimethylbenz(a)anthracene 
Expressed Relative to Amount of Residue in 
Reaction Cup (Run 56) 
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Table 28. Measured and Calculated Compositions of Total Fixed 
Gases Collected During Pyrolysis of 7, 12-Dimethyl- 
benz(a)anthracene (TGA-GE Run 56) 

Gas 

Gas Sam 
#16 Tak< 
From Gi 
Buret. 
Mol. % 

3.9 

pie          Volame 
sn            of Each 
is            Ga> 

Evolved 
cc 

Mole a of 
Each Gaa 
Evolved 
Moles 

.0000814 

Total Weight 
of Each Gas 
Evolved 
Grams 

.0026 

Moles of Each 
Gas per Mole 
of Starting 
Material 1.0 gm = 
.00391 Moles 

Qi 1.82 .021 

H, 9.0 4.20 .000188 .0004 .048 
CH« 84.5 39.40 .00176 .0282 .450 

C1H4 2.0 0.93 .0000415 .0013 .011 

C.H« 0.6 0.28 .0000125 .0004 .003 
CjH, Trace "•"^f., .00000313 .0001 .001 
CO None 0.00 .00 .0000 .00 

CC^ None 0.00 .00 .0000 .00 
Total 100.0 46.70 .0020865 .0330 0.533 

3.3 J^ Z. 3.    ESR Measurements 

The pyrolysis of dimethylbenz(a)anthracene (VI) was studied by 
ESR.    ESR experiments were performed for pure (VI) and for 10 per cent 
solutions of (VI) in m-quinquephenyl.    With pure (VI),  an ESR signal was 
first observed at 450*C.    This signal was totally unresolved when meas- 
ured at 200°C and consisted of a single line 10 gauss wide.    A 10 per 
cent solution  of (VI)   did not   exhibit any ESR until 500 "C.    The only 
spectrum obtained for this solution when measured at lower temperatures 
was that of a single broad line. 

The dimethylbenz(a)anthracene ESR signal indicates that the ob- 
served broad line can be attributed to unresolved proton hyperfine struc- 
ture of radicals in solution. The large number of inequivalent protons in 
the starting compound could lead to a considerable overlapping of the hy- 
perfine components and a lack of resolution in the spectrum of the free 
radical. This result is consistent with the observation of a poorly-resolved 
spectrum for the radical cation of (VI) as discussed in Section 3.4.2. 

3. 3. 3. 2. 4.    Chemical Studies of Pyrolysis 

Figures 14 and 15 show a series of infrared and ultraviolet spec- 
tral curves for residues of (VI) pyrolyzed between 400° and 500',C.   Changes 
in band intensities at 6,9,   11.4,  and 13.4 microns are evident in the in- 
frared spectrum of the 400°C residue.    A major change is observed in the 
450'C spectrum.    The 13.4 micron band intensity (four adjacent hydrogens) 
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has broadened and increased relative to the 12.4 micron baud.    The bands 
between 14 and 15 microns are largely gone.    A major band at 11.4 mi- 
crons (single hydrogen) has developed.    The material has also become less 
aliphatic.   At SOO'C, the bands at 11.4 aud 13.4 microns have become the 
dominant ones.    Additional structural changes and greater aromatization 
are indicated by the remainder of the spectrum. 

The ultraviolet spectra for the identical series show pronounced 
changes in the UV-visible region with progressing temperature.    The ma- 
jor absorptions of the benz(a)anthracene ring system at 320 to 380 milli- 
microns diminish,  and new bands at 370,  388, 410,  440, ard 540 milli- 
microns develop. 

25*0 

200 300 400 500 600 
WAVELENGTH IN MILLII^ICRONS 

Figure 14.    Ultraviolet Spectra of Pyrolyzed 
7, 12-Dimethyl(a)anthracene 

N-5852 
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ts-^Y^v^w 

450*C-DlstUlate 

400'C-Resldue 

450,C-Resldue 

SOO-C-Resldu«! 

I    ■    I    ■    I    ■    I    ■    I    ■    I    ■    I    ■ 
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WVEUNGTH - MICRONS 

Figure 15.    Infrared Spectra of Pyrolyzed 7, 12- 
Diinethylbenz(a)anthracene 

N-5851 
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A one-gram sample of (VI) was heated to 450°C in the pyrolysis 
apparatus.    The resultant black residue was chromatographically sepa- 
rated.    The distillates of the 450 "C pyrolysis were collected and their 
I Rand UV absorption spectra are recorded in Figures 14 and 15. 

NMR measurements were made on the distillate and residue 
obtained at 450 "C.    The NMR spectra showed a marked decrease in the 
12-methyl group intensity, the formation of naphthenic ring hydrogens at 
4. 1 ppm.,  and the development of an extremely downfield aromatic proton 
peak at 8. 8 ppm.    The latter is similar to the chemical shift observed for 
the protons in coronene (VII) in which the large ring size results in an ex- 
tensive ring-current effect. 

(VII) 

About 40 fractions were obtained from the Chromatographie sepa- 
ration on an alumina column of the 450°C pyrolysis residue.    In spite of 
precautionary measures taken to exclude oxygen during the Chromatographie 
process,  several of the last fractions were found to be aromatic quinones. 
Absorption spectra of these substances indicated that they were highly con- 
densed and they are believed to have been formed by alumina catalyzed oxi- 
dation of reactive radical intermediates. 

A close similarity was found between the infrared spectra of 
these oxidized products and those from naphthacene.    Both showed a single 
dominant aromatic substitution band at 13.5 microns and major bands at 
9.4,   8.9,   7.8,   6.9,   6.2,   and 5.85 microns. 

One of the major products separated in the early Chromatographie 
fractions was identified as 7-methylbenz(a)anthracene (VIII).    Two other 
low molecular weight products were characterized as dihydrobenz(a)anthra- 
cene (IX) and 7-ethylbenz(a)anthracenc (X), based on IR and NMR spectra. 
A small quantity of a wax-like aliphatic hydrocarbon material was also 
isolated.    The predominant condensation product separated from the 450*C 
residue was a red-brown methylated aromatic hydrocarbon.    Its UV absorp- 
tion spectrum contained bands at 532,  490,  and 460 millimicrons.    This 
product is also believed responsible for the NMR aromatic proton peak 
observed at 8. 8 ppm for dimethylbenzanthracene pyrolysis residue. 
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The closest analogs that could be found in the published litera- 
ture were dibenzo(bc, ef)coronene (XI) (with absorption bands a* 536,  496, 
and 463 millimicrons) and 1,2, 7, P-jU^enzoperylene (XII) (with bands at 
558, 516,  and 478 millimicrons) 

!, 7, 8-diSenzoperylene (XII) (with 

(XI) (XII) 

3.3.3. Z. 5.    Thermal Reactions of 7, lZ-Dimethylbenz(a )anthracene 

On the basis of the combined pyrolysis studies,  a reaction se- 
quence can be proposed for the carbonization of (VI).    The initial step in- 
volves the cleavage of the methyl group at the 12-position to yield a meth- 
yl radical and a 7-methylbenz(a)anthryl radical (XIII). 

(1) (VI) 
-400*C 

+  CH, 

CH-, 

(XIII) 

The 7 and 12-positions are tha most reactive in the benz(a)anthracene 
molecule.    Molecular models show that the 12-methyl group is highly 
strained through interference with the hydrogen at the 1-position.  Thus, 
the easy thermal cleavage of the 12-methyl group is expected.   The re- 
active methyl radicals can readily abstract hydrogens from the starting 
material (VI) to form methane and 7-niethyl-12-benz(a)anthryl-methyl 
radical (XIV) as the most likely products. 
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(2) (VI) + CH3 + CH« T 
CH, 

(XIV) 

The free radicals (XIII) and (XIV) are thought to contribute to the 
ESR spectrum observed for (VI) at about 450°C. Due to the unsymmetri- 
cal nature of these radicals, the observation of hyperfine structure would 
not be expected in the ESR experiment. Both (XIII) and XIV) can undergo 
hydrogen and methyl abstraction to form the various volatile hydrocarbon 
products,   (Vni),   (IX), and (X). 

+ 
CH, 

(XIV) 

CH5 

(VIII) 

4- 

(IX) 

Hydrogen abstraction can also involve the protons on the aromatic ring. 
Subsequent methyl rearrangement would lead to the isomeric monomethyl- 
benz(a)anthracenes. 

The aromatic radicals (XIII) and (XIV) can condense into dimers 
of varying structural configuration,   such as (XV), (XVI), and (XVII).  These 
products are expected to show optical and NMR spectra similar to those 
found for the major condensation products of (VI). 
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Further reactions (Figure 16) would induce additional polymeri- 
zation and arotnatization through dehydrogenation and demethylation re- 
actions.    Because of the general symmetry of the dimeric products, these 
condensations arc expected to produce large planar aromatic molecules, 
such as (XVin). 

Ä-700,C 

(xvm) 

Figure 16.    Postulated Carbonization Sequence for 
7, 12 - Dimethylbenz(a)anthracene 

N-7121 

3.3.3. 3.    Naphthacene 

eu 

(XIX) 

Naphthacene can be converted to a high yield of a well-ordered 
graphite.    The unpaired spin densities for a naphthacene free radical 
are shown with the accompanying structural formula.    The 5, 6, 11,  and 
12-positions possess the highest spin density and are expected to be the 
most reactive positions. 
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3. 3. 3. 3. 1.    Differential Thermal Analysis (DTA) of Naphthacene 

The DTA thermogram of naphthacene shows an endotherm start- 
ing at the melting temperature of 343 0C followed by an exothermic re- 
action sequence between 450°C and BP.S'C.   The DTA thermogram of naph- 
thacene is shown in Figure 17 together with the TGA and GE thermograms. 

+ 
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DTA 
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to 
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HEATIN« mre t. «C/MIN 
CARRIER «M...   HELIUM 
FLOW RATE  0,278. CC/MIR. 
WT. SAMPLE      ' 000°   «M. 
» WT. LOSS       TS.5g   % 
MS EVOLVED..._miL CO 

500  400  500 
TEMPERATURE-"C 

600     700 

Figure 17.    Thermogravimetric and Gas Evolution Curves 
for the Pyrolysis of Naphthacene (Run 55) 

N-7124 
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3. 3. 3. 3. 2.    Thermogrrvimetric and Gas Evolution Analysis of 
 Naphthacene (Run 55)  

Naphthacene was an extremely difficult material to study in the 
TCA-GE apparatus.    Its high volatility near the melting point and the 
very long, hairlike crystals which formed a bridge between the balance 
staff and the pyrolysis tube and the condenser coils forced us to make 
numerous modifications of the apparatus before a successful experiment 
was completed.    Even ir this run, the balance seized at 480°C; but, since 
99 per cent of the total weight loss was recorded at this point,  it was felt 
that a simple linear extrapolation of the data to the end of the run at 
725"C was valid and that little or no information was lost. 

The thermogravimetric and gas evolution curves are plotted in 
Figure 17.     The derivative curves of the weight loss and gas evolution 
are given in Figures 18 and 19.    In Figure 19, the derivative curves were 
recalculated relative to the amount of residue remaining in the reaction 
cup at the indicated temperature.    The experimental conditions are tab- 
ulated in Figure 17. 

1*1- 
at 
1 

§.-i 

i-l 
.V-vvJ N.H 

X 
no   2N 300     400     500 

TEMKMTUK-'C 

J L 

Figure 18. 

too   no 

N-6709 
Weii ht Less and Gas 
Evolution Rates for 
Napnthacene (Run 55) 

200  300   «0   W0   «00 
TEMPERATURE - 'C 

N-6708 
Figure 19. Weight Loss and Gas 

Evolution Rates for 
Naphthacene (Run 55) 
Expressed Relative to 
Amount of Residue in 
Reaction Cup 
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Naphthacene began to sublime approximately 100 "C below its 
melting point of 343'C.   After melting, the weight loss (Figure 19) rose 
very sharply for several minutes; at 420'C, it began to slow; and, above 
460*0, very little additional weight loss occurred.    Since the TGA bal- 
ance seized at 480°C, an extrapolated dotted line is shown at the higher 
temperatures.   The residue and cup were cooled to room temperature 
and weighed on an analytical balance to determine the final weight.    The 
gas evolution curve indicates that fixed gases began to form near 430°C 
and were evolved at a fairly uniform rate until heating stopped at 725 "C. 
The initial rise in the gas evolution curve between 350° and 430*0 w^s 
caused by the rapid vaporization of condensable products. 

Infrared absorption analysis of the condensable products ob- 
tained during this period of very rapid weight loss indicates that these 
products are principally 5, 12-dihydronaphthacene.    A small amount 
(roughly 10 per cent) of naphthacene was also separated from the conden- 
sate.    The absence of any evolved fixed gas until after the major weight 
loss has occurred indicates that the initial intermolecular transfer of 
hydrogen forms the volatile dihydronaphthacene.    Above 430*C, the re- 
sidual polymer begins to carbonize with the release of gaseous products. 
The curves in Figures 18 and 19 show that the gas evolution rates be- 
tween 430* and 630*C are fairly constant.    The sudden increase in rate 
at 650*C may have been caused by a drop of condensate falling from the 
upper condenser into the hot zone of the furnace. 

The results of analyses of the fixed gases taken at progressively 
higher temperatures are given in Table 29.    The gas samples (No. 7 
through No.  14) were taken during the heating phase of the experiment 
from the gas stream flowing between the pyrolysis chamber and the gas 
collection buret.   The final sample (No.  15), taken from the gas collec- 
tion buret at the completion of the run, represents the average composi- 
tion of the total gas evolved. 

The data in Table 29 show that hydrogen is the major gaseous 
product formed during the conversion of the naphthacene polymer to car- 
bon.    The relative proportion of hydrogen in the effluent gas increases 
as the temperature increases, and the final composition of the accumu- 
lated gas contained 83. 5 mole per cent of hydrogen.    Methane is the next 
most abundant gaseous product.    A relatively high proportion of methane 
occurs in the lower temperature samples, but the ratio decreases as the 
temperature increases.    Ethane,   ethylene,  and propane are also present 
in higher proportions in the lower temperature samples than in the high 
temperature ones.    Carbon monoxide increases in concentration as the 
temperature increases, approaching Z mole per cent in the sample taken 
at 724*C just before the furnace shut off.    The oxygen must have been ad- 
sorbed on the sample,  since there was no detectable oxyg'in in the helium 
atmosphere at the start of the run. 

In Table 30, the composition of the accumulated gaseous products 
has been converted into total molar quantities-   In the last column of Ta- 
ble 30, the gaseous composition data have been recalculated to represent 
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the ratio of moles-of-gas to moles-of-naphthacene units in the polymer. 
The total calculated weight of gaseous products agrees closely with the 
TGA weight loss curve between 460° and 725"C.    The weight loss above 
460oC is caused by dehydrogenation and ring scission producing low mo- 
lecular weight methyl,   ethyl, or propyl fragments.   The material balance 
indicates that no more than about 0.01 mole of products with molecular 
weights above Cj per mole of naphthacene forms between 460'' and 725*0. 

3.3.3.3.3.  ESR Studies 

ESR investigations were made of the pyrolysis of naphthacene, 
(XIX) and for solutions of (XIX) in m-quinquephenyl.    The conditions and 
results of these measurements are shown in Table 31, 

Table 31.    ESR Measurements of Naphthacene 

Cone,  in m-         Oecomp.           Measurement     Resolved or       Linewidth 
quinquephenyl       Temp.,   °C*       Temp. ,'C/     Unresolved (Gauss) 

100% 350 192    . (U) ~5.5 

10% 350 230 (U) -5.0 

3% 350 230-550 \ (U) -5.5 

* Lowest temperature at which an ESR signalyas observed.  

Naphthacene and solutions of naphthacelke in m-quinquephenyl all 
showed intense ESR signals at 350°C.   These spectra were measured at 
temperatures between 230° to 550°C and^jhawred no trace of resolution. 
The overall width of the naphthacene spectrum was of the order of 5 gauss. 
This narrow spectrum,  in contrast to the 40 gauss width observed for the 
naphthacene radical ion in solution (Section 3.4. 2. ), indicates that the 
ESR signal may be due to solid insoluble free radical intermediates.    The 
insolubility of naphthacene in m-quinquephenyl would also explain the lack 
of any effect of dilution on the measured decomposition temperature. 

3. 3. 3. 3. 4.   Chemical Studies of Pyrolysis 

Naphthacene was heated to temperatures of 400°, 450°,  and 500oC. 
Infrared and ultraviolet spectra for distillates and residues of these re- 
actions are shown in Figures 20 and 21,  respectively.    The presence of 
two new bands at 528 and 578 millimicrons in the UV show that some slight 
reactions have begun at 400°C    Significant changes in the spectra from 
the temperature increase to 450*C indicate that major reactions have be- 
gun.    The UV spectrum of the 500"C product exhibits the complete lack of 
detail which is characteristic of complex highly aromatic materials.   The 
Infrared spectrum of the 500*C product shows a fairly simple aromatic 
substitution pattern.   The band at 13.6 microns is the basic band (found in 
naphthacene)for four adjacent ring hydrogens.    The band associated with 
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Figure 20.   Infrared Spectra of Pyrclyzed Naphthacene 
N-5849 
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300 400 500 
WAVELENGTH IN MILLIMICRONS 

600 

Figure 21.    Ultraviolet Spectra of Pyrolyzed Naphthacene 
N-5850 

the isolated hydrogen atoms at the 5, 6, 11, and 12 positions of naphtha- 
cene has been shifted from 11.1 to 11. 5 microns and has broadened con- 
siderably. 

The most significant chemical changes occur at 4S0'C,  as 
shown by the spectral data of the residues.   Spectral examination of the 
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J^VPf;*.? lormed
L
a* thi" temperature showed the presence of considerable 

5,12-dihydronaphthacene. 

=    « The A5,0'C re"idue wa8 subjected to an extensive Chromatographie 
separation.   A large amount of (XX) as well as some unreacted naphthacene 
and a more aliphatic material were separated in the early Chromatograph- 
ie extracts.   The aliphatic product has been characterized through spec- 
examination as probably being 5. 6, 11, IZ-tetrahydronaphthacene. (XXT) 

L   , A        I^t Py'rty*™ ot naphthacene largely involves reaction at the 5. 
b. 11. and IZ-positions and initiates with carbon-hydrogen deavaee at 
these sites.   This result is consistent with the reactivity data presented 
for the naphthacene molecule. 

The major condensation products which we isolated were a red 
and a brown hydrocarbon with closely related spectra.    The first mate- 
L «^V.A^itf i8,tiC UV 8Pfctra with niajor visible absorption bands 
at 528 and 567 miUimicrons and a minor band at 4C7 millimicrons.    The 
second material showed absorption bands at 505.  535,  and 578 millimi- 
crons in addition to distinct bands at 336 and 354 miUimicrons.   Infrared 
spectroscopy indicated that the basic naphthacene substitution pattern 
arom^Twtf ♦?iVeuy ^"^ ^ the8e P10^*«. although the two main 
SS^r l8ub8titUll0n band8 were shifted to 11.45 and 13.75 microns. 
^LtL^tHl**        CtZ Were hig!Ür reaCtive and'  on «»»»ding, underwent oxidation to quinone- type material. 

oo„lH K. tZSlUt, of *eJtterat«»« revealed no reported compounds which 
could be identified with these substances.    The spectra appeared to be 
most closely related to those of the dibenzperylenes (XXIIa) and (XXIIb). (10) 

(XXII) (XXIII) 
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The reaction products are thought to be tetrabenzoperyiene   de- 
rivatives such as (XXIII) formed by direct fusions at the 5, 6, 11, 12 posi- 
tions.    This type of planar derivative would be expected to proceed to an 
ordered graphite system.    Tetrabenzoperyiene   (XXIII)  is unknown,  al- 
though' its quinone has been prepared.'11'   The formation of XXXIII should 
involve a binaphthacene intermediate (XXIV).    Our attempts to synthesize 
(XXIV) are described in Section 3.6. 

(XXIV) 

3. 3. 3. 3. 5.    Reaction Mechanisms 

A postulated reaction sequence for the pyrolysis of naphthacene 
is given in Figure 22.    The initial thermal reactions involve the cleavage 
of C-H bonds at the reactive 5, 6, 11, or 12 positions to form naohthacenyl 
radicals (XXII),  and dihydronaphthacene (XX), by intermolecular hydrogen 
transfer.    The failure to observe any hydrogen evolution during this proc- 
ess indicates that the reactions are bimolecular.    The reactive free radi- 
cals can polymerize to dimeric and trimeric structures of varying sym- 
metry,   such as (XXIII),  (XXIV),   and (XXV).    Structure (XXUI) is favored 
by both symmetry and reactivity considerations.    Further thermal treat- 
ment induces dehydrogenations and polymerizations which could produce 
symmetrical trimeric aromatic structures such as (XXVI) from (XXIII). 
For other less symmetrical structures,  protruding rings may open,  lead- 
ing to the formation of methane and ethane anti to larger aromatic nuclei, 
such as (XXVII) and (XXVIII).   These structures could exist either as hy- 
drocarbons or as free radicals. 

Elementary analysis of the residue at 725 "C gave 2. 27 per cent 
hydrogen.    This low hydrogen content requires structures at least the 
size of (XXVI) in this residue. 

3.3.3.4.    Fluoraüithene ' 

. MO 

040 

, 015 . UZ 

(XXIX) 
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~aao» 
-400* (si^f+(si^t+^?^ 

(XK) (XX) Majo -      (XXI) Minor        (XXII) Hydrogen-poor 
Product Product Naphthacenic 

Radicals (Residue) 

>*0O-7OO' 

(XXIII) (XXIV) (XXV) 
Polymeric Radicals of Varying Symmetry 

etc. 

(XXVIH) 

etc. 

N-67C6 
Figure 22.    Postulated Carbonization Sequence for Naphthacene 

Fluoranthene (XXIX) is a relatively unreactive hydrocarbon and 
must be carbonized under pressure.    At 3000'C,  the fluoranthene carbon 
appears intermediate to a well-ordered and disordered graphite.    The 
unpaired spin densities,  computed for a fluoranthene radical ion,  are 
shown.   These data predict the 3,4-püsition8 to be the most reactive in 
(XXIX). 

3. 3. 3. 4.1.    Thermal Dehydrogenation of Fluoranthene 

Initial studies of the carbonization ot fluoranthene have been re- 
ported previously. '*'   A series of fluoranthene samples have been carbon- 
ized to temperatures up to 1000'C.    Elementary analysis data were ob- 
tained for these products and are listed in Table 32. 

Plotted in Figure 23 is the percentage hydrogen-versus-heat 
treatment temperature for fluoranthene. Above 600*0, a smooth dehy- 
drogenation sequence is observed. 
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Table 32. Elementary Analysis for Pyroly« ed Fluoranthene 

PyroXysis Weight Weight 
Temp., 'C %C %H Atomic C/H 

25 95.02 4.98 1.60 
450 95.21 4.91 1.58 
475 94.95 5.02 1.59 
500 94.61 4.84 1.64 
525 95.88 4.12 1.94 
550 95.99 3.21 2.51 
600 95.95 2.96 2.94 
700 95.26 1.67 4.78 
800 97.50 1.05 7.81 
900 98.27 0.83 9.98 

1000 99.70 0.50 16.60 
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Figure 23.   Dehydrogenation Curve for Carbonized 
Fluoranthene 
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3.3. 3.4. 2.    Chemical Studies of Pyrolysis 

A portion of the residue obtained at 525"C from fluoranthene 
was chromatographically extracted.    This residue had been obtained by   . 
heat treating fluoranthene under pressure.    The only pure condensation 
product that could be extracted in quantity was the dehydrogenated dimer 
periflanthene,   (XXX).    A black, completely insoluble,  carbonaceous 
residue remained on the column after the extraction was completed. 
There was very little indication of any aliphatic material in the 525*C 
pyrolysis product,  indicating that the formation of periflanthene involves 
the direct loss of hydrogen.   As predicted, this dehydrogenation sequence 
appears to involve primarily the reactive 3, 4-positions. 

+ 2H2 

(XXX) 

The fluoranthene molecule itself is apparently a poor hydrogen acceptor. 
Further studies of the fluoranthene pyrolysis have been continued with 
periflanthene itself. 

3.3.3.5.    Periflanthene 

(XXX) 

Periflanthene (XXX) is the first thermal reaction product of the 
pyrolysis of fluoranthene. This compound is quite stable and undergoes 
no reaction until about 550*C( where carbonisation begins. An approxi- 
mate 55 per cent yield of carbon can be obtained from this compound. 

To obtain an experimental quantity of periflanthene, a portion 
of the 525*C fluoranthene residue was repeatedly chromatographed. This 
extracted product, along with some commercial material, was employed 
in the subsequent reaction studies. 

3. 3. 3. 5. 1.   Differential Thermal Analysis (DTA) of Periflanthene 

The DTA thermogram for periflanthene ^hown in Figure 24 indi- 
cates irslting at a temperature of approximately 520*C followed by a series 
of endothermlc and exothermic reactions at higher temperatures. 
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Figure 24.   Differential Thermal Analysis,  Thermogravimetric 
and Gas Evolution Curves for the Pyrolysis of 
Periflanthene (Run 57) 

3. 3. 3. 5. Z.   Thermogravimetric and Gas Evolution Analysis 
 (TGA-GE) of Periflanthene  

The TGA and GE curves for (XXX) are plotted in Figure 24. The 
derivative curves for the weight loss and gas evolution are given in Fig- 
ures 25 and 26.   In Figure 26, the derivative curve« were corrected for 
the amount of reactants remaining at the indicated temperature.   The ex- 
perimental conditions are tabulated in Figure 24. 
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Periflanthene begins to sublime slowly at approximately 475'C. 
After melting at SZO'C, the weight loss rate increases slowly to about 
575*C, then, very rapidly to a maximum at about 6?.0*C.    The rate drops 
very rapidly to a very low level above a temperature of 650*C.   A car- 
bon residue of 71.6 per cent was obtained in the TGA experiment.    The 
gas evolution curve indicates that fixed gases begin evolving at approxi- 
mately 500*C, although none was detected by gas Chromatographie analy- 
sis in either the 500*C sample or the 5S0*C sample.    The gas evolution 
rate increases rapidly above 550'C,  reaching a maximum at about 615*C 
and then dropping off at higher temperatures to between one-fourth to one- 
half of the maximum rate.    The compositions of the effluent gas samples 
at various intervals are given in Table 33.    Hydrogen is the major gaseous 
product released during the entire heating period and the proportion of 
hydrogen in the effluent gas drops only slightly with increasing tempera- 
ture.    The second major gaseous product is methane.    The proportion of 
methane was almost constant as the temperature increased.    Minor a- 
mounts of ethane,   ethylene,  and propane were found in the 600°C sample, 
and their relative amounts decreased rapidly as the reaction temperature 
increased; only traces were found in the 750oC sample.    Fairly large a- 
mounts of carbon monoxide were identified in all of the gas samples taken 
above 600 °C. 

Table 33.    Composition of Effluent Gas Collected at Various Tempera- 
tures during the Pyrolysis of Periflanthene (TGA-GE Run 57) 

(Mol %) 

Sample No. 7 8 10 11 12 Cumulative Gases 

Temperature 550 'C 597'C 702°C 750oC Cooling Collected in Gas Buret 
during Entire Run 

o. . _ 0.6 0.7 0.9 0.3 
Hj - 84.8 83.0 81. 5 80.0 82.3 
CH» - 10.0 10.4 10.0 10.0 11.3 
CJHJ - 3.7 0.7 0. 1 trace 1.3 
CjH, - 0.9 0. 1 trace si. trace 0.4 
C,H, - 0.2 trace - - trace 
CO - 0.2 5.2 7.7 9. 1 4.4 
COz - - - . . - 
Total — 100.0 100.0 100.0 100.0 100.0 

Although the atmosphere in the system was analyzed before heat- 
ing began,  and no oxygen was detected,  a small amount of residual oxygen 
was detected in the high-temperature gas samples.   The helium used in 
these experiments is passed through a molecular sieve column and has 
been checked many time? and found to be oxygen free.    The oxygen must 
originate with the sample, either as adsorbed gas or as a contaminant. 
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In Table 34, the composition of the total gases collected in the 
gas buret during the entire heating cycle are presented in several forms 
to aid us in understanding the physical and chemical changes occurring 
during the pyrolysls.    Of the total weight loss,   14 per cent was due to 
gaseous products.    The remaining 86 per cent was condensable and 
proved to be almost pure perifUnthene.   On this basis, it is reasonable 
to assume that ~25 per cent of the original periflanthene distilled off and 
that the remaining 75 per cent reacted thermally to produce the carbon 
residue and gaseous products.   A material balance can be made which 
indicates that approximately 1 atom of carbon and 16. 5 atoms of hydrogen 
are removed as gaseous products from every two molecules of reacting 
periflanthene.   This result givtfe a carbon residue at 750*C containing 
approximately 2.0 weight per cent hydrogen,  in good agreement with meas- 
ured values on residues from fluoranthene,  naphthacene,  acenaphthylene, 
and terphenyl. 

Table 34.    Measured and Calculated Compositions of Total Fixed 
Gases Collected during Pyrolysis of Periflanthene 
(TGA-GERunNo. 57) 

Average Compoeltion     Tot»! Volume   Total Weight     Mole« of    Moln« of Ca. 
of Oa» from Buret of Each Caa      of Each Caa      Each Ga«  per Mole of 
at End of Run (Mol ft)     Evolved (cc)     Evolved (gma) Evolved     Starting Com- 

pound.   1.00gm= 
0. 0025 mole 

Molea of Ca« 
per Mole of 
Periflanthene in 
Reaidue at 625'C 
0.775 gm =  0.00194 
mole 

o, 0.3 
Hi 82.3 
CH^ 11.3 
C.H» 1.3 
CjH« 0.4 
C,H, trace 
CO 4.4 
CO, 0.0 
Total 100.0 

0. 5 
134. 5 

18. 5 
Z. I 
0.6 

trace 
7.2 
0.0 

163.4 

0. 0007 
0.0120 
0.0132 
0. 0028 
0. 0008 

0.0000223 
0. 00600 
0. 000826 
0.0000938 
0.0000268 

0.0090        0.000322 

0.0385       0.00729 

0.01 
2. '10 
0. :i3 
0. 04 
0.01 

0. 13 

2.92 

0.01 
3.0? 
0.43 
0.09 
0.01 

0. 17 

3.3.3.5.3.    ESR Studies 

A sample of periflanthene (XXX) was pyrolyzed in the ESK cavity. 
A signal was first observed at 450*C;   a  temperature well below the melt- 
ing point of the compound.    This signal, approximately 5. 0 gauss wide, 
was totally unresolved. 

A 10 per cent solution of periflanthene in m-quinquephenyl first 
showed an ESR signal at 542 "C. This sample, when cooled and measured 
at 234°C,  showed signs of resolution.    A complex spectrum with lines 
0. 20 gauss wide was obtained at this temperature.    Further work on this 
system should permit an analysis of the spectrum and a structural assign- 
ment of the free radical. 
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3.3.3. 5. 4.    Chemical Studies of Pyrolysig 

The pyroiysis reactione of periflanthene were quite difficult to 
control.    This material is highly stable and undergoes only slight decompo- 
sition below 500"C.    Initially,  a sample of the periflanthene was heated to 
565'C in an inert atmosphere.    At this temperature, the periflanthene re- 
acted instantly to form an infusible,  porous carbon residue.    In subsequent 
efforts, it was found that,  at 545<>C,  the pyroiysis of periflanthene proceeds 
much more gradually.    After a 30-minute hold at this temperature,  a black 
but fusible residue is obtained.    An infrared spectrum of this mater .ai is 
shown in Figure 27.    Although the major bands of periflanthene are present, 
reaction is indicated by the appearance of .1 new band at 11. 55 microns 
(isolated hydrogen) and a shift of the aromatic substitution band from 11.95 
to 12. 20 microns. 

> 4 6 8 10 12 
WAVELENGTH IN MICRONS 

Figure 27.   Infrared Spectra of Heat-Treated 
Periflanthene 

14 

N-6676 

Chromatographie extraction of the 545"C material was attempted. 
After extraction with numerous solvents, the major portion was not dis- 
solved and remained on the column as a black, pitch-like residue.   The 
infrared spectrum of this material was similar to that of the original resi- 
due.    The small portion which was eluted proved to be an oxidized alipha- 
tic material.   This material is thought to result from ring cleavage re- 
actions involving the bridging phenyl group. 
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3.3.3. 5. 5.    Thermal Reactions of Periflanthene 

A thermal reaction sequt-nce can be pos     ated which principally 
involves dehydrogenation and polymerization of ti t periflanthene moieties. 
Ring rupture and carbon bond cleavage are minor side reactions which 
produce the light hydrocarbon gases.    The following thermal reaction se- 
quence is readily suggested by the symmetry and reactivity of periflan- 
thene 

A 

(XXX) 

A 

+ 3H2 

+2H2 I 
(XXXII) 

Condensations at the reactive 6, 7,   and 14, 15 positions would 
lead to structures such as (XXXI).    Such a structure would explain the 
infrared spectrum in Figure 27.    The large molecule would also be in- 
soluble and infusible.    Structures such as (XXXI) could readily form free 
radicals by ring opening of the phenyl bridge.    These large aromatic 
radicals could have several configurations but would all be nonplanar. 
As the temperature increases,  some of the protruding rings will open 
and cleave off as methane,  ethane,   etc.    In instances where growth occurs 
without further rearrangement,  imperfections in the planar structure will 
result from the missing carbon atoms. 

3.3.3.6.    9,9'-Bifluorene 

The pyrolysip reactions of 9, 9l-büluorene (XXXIII) have been 
discussed previously.'2'4' The initial thermal reactions involve the for- 
mation of AB'ö'-bifluorene (XXXV) and fluorene (XXXVI).    TGi.-GE analy- 
ses  have been obtained for (XXXIII) and are presented along with addition- 
al ESR studies for this hydrocarbon. 
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3.3.3.6.    «J.^-Bifluorene   (Cont'd) 

(XXXIII) 

3.3.3.6.1.   Differential Thermal Analysis of 9, 9'-Bifluorere 

The DTA thermogram of 9, 9'-bifluorene which is given in Fig- 
ure 28 shows a melting endotherm at 250°C,  followed by a broad vapor- 
ization endotherm between i40°C and 400°C.    Above 400oC,  an exother- 
mic reaction occurs,  peaking near 460°C.    At higher temperatures,  no 
DTA activity is evident.    A 5. 8 per cent carbon yield was obtained in the 
DTA experiment.    The compounds identified in the condensable volatile 
products included fluorene,   A9'9 -bifluorene,  and dibenzo(a, c)tripheny- 
lene. 

3. 3. 3. 6. 2.    Thermogravimetric - Gas Evolution Analysis (TGA-GE) 
 of 9, 9'-Bifluorene  

The thermogravimetric curve in Figure 28 shows that 9,9'-bi- 
fluorene begins to volatilize around 325°C.    Above 4Q0°C, the weight 
loss rate is very rapid.    This material foamed so badly during the ex- 
periment that the TGA curve had to be terminated at 550°C and no deriva- 
tive curves could be obtained.    The gas evolution curve in Figure 28 is 
essentially the attenuated gas evolution curve for A9'9 -bifluorene.   Based 
on the carbon residue and the total gas evolution,  the conversion of 9, 9'- 
bifluorene to A9'9 -bifluorene appears to be abo it 35 to 40 per cent.    The 
condensate collected on the water-cooled condenser coil was predominant- 
ly fluorene, with appreciable amounts of 9, 9'-bifluorene,  As>   -bifluorene, 
and dibenzo(a, c)triphenylene. 

The results of gas Chromatographie analysis of gas samples 
taken during this run are tabulated in Table 35.    As in the case of acenaph- 
thylene,  naphthacjne,  and periflanthene, the major gaseous product is hy- 
drogen, which accounts for approximately 87 per cent of the total gas 
evolved. 
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Figure 28.    Differential Thermal Analysis,  Thermogravimetric, 

and Gas Evolution Curves for the Pyrolysis  of 
g.g'-Bifluorene {Run 51) 

Table 35.    Composition of the Fixed Gases Evolved Durine 
the Pyrolysis of 9, 9'-Biflourene in Helium 
(TGA-GE Run 51) 

Temp.  When S&mple Taken 
Gas 

WO'C -55FT 
Mol.  % of Gas in Fraction 

ro^c— 605'C B9B,C 

Hydrogen   (Hji 
Methane     (CH4) 
Ethane        (C2He) 
Ethylene    {C,Hi) 
Carbon Monoxide (CO) 
Carbon Dioxide     (COj) 

Sl.trac< 

Average of three analyses of final gas products. 

750'C-*- 

81 79 83 87 
13 16 13 12 

3 
1 

2 
1 

1 
trace 

1 1 trace 
sl.tr. sl.tr. sl.tr. sl.tr. 
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3. 3. 3.6. 3.    ESR Studies 

The compound 9, 9,-blfluorene (XXXUI), when heated between 
Z70°C and 400oC in a m-quinquephenyl solvent   yields an ESR spectrum 
consisting of six poorly resolved lines.'5'   The pyrolysis of 9, 9,-bifluo- 
rene has now been reinvestigat.ed in order to determine the effects of 
temperature and hydrocarbon concentration on the ESR.    The various 
ESR experiments which were performed,  along with their results,   are 
summarized in Table 36. 

Table 36.    Summary of ESR Experiments on 9, 9l-Bifluorene 

Decomp. 
Concentration in              Temp, 
m- Quinquepheny 1              0 C * 

Meas. 
Temp. 

"C 
Resolved (R) or 
Unresolved (U) 

Linewidth 
Gauss 

10%                              262 

10%                            274 
Pure                             250 

262-398 
450-570 

127 
260 

(R) 
(U) 
(R) 
(R) 

~2.5 
-9.0 
-0.25 
-0.25 

* Lowest temperature at which an ESR si gnal was observed. 

The resolution and linev/idths of the 9, 9'-bifluorene spectrum 
varied with both the temperature of measurement and the sample con- 
centration.    A 10 per cent solution of 9, 9l-bifiuorene in m-quinquephenyl 
first showed an ESR signal at 262°C.    This signal was completely unre- 
solved when measured above 4500C.    Between 260"C and 400"C,  the 
6-line spectrum with linewidth of 2. 5 gauss was observed.    At about 
127"C,  the resolution was appreciably improved,   and lines on the order 
of 0.25 gauss wide were present. 

A   neat   sample   of    9,9'-bifluorene first gave a resonance at 
250°C.    At 2Ü0°C,  this signal was resolved with lines on the order of 
0. 25 gauss wide.    A portion of this spectrum is reproduced in Figure 29. 
Apparently,   at 260°C,  the unreacted bitluorenyl serves as a solvent for 
the free-radical intermediates, thus obviating the need for any additional 
solvent.    Further study showed that the ESR resolution was limited at 
high temperatures by the effect of the current in the htating element of 
the heater cavity.    This current produced a slightly inhomogeneous mag- 
netic field on the order of a few hundred milligauss at the sample.    This 
problem is being corrected. 

ESR studies of pyrolysis provide a means of obtaining kinetic 
data for some of the reactions involved in the carbonization of aromatic 
hydrocarbons.    We can measure spin concentrations as a function of 
time or temperature for any of the stable free radical intermediates. 
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Figure 29.    ESR Spectrum of 9, 9,-Bifluorene at 260oC 
N-7003 

Seme preliminary experiments of this nature nave been performed on the 
9, 9,-bifluorene system. 

Figure 30 shows the effect of temperature on the line intensity of 
one of the resolved components of the 6-line 9, 9l-bifluorene spectrum. 
This spectrum was measured for a 10 per cent solution of 9, 9l-bifluorene 
in m-quinquephenyl.    No signal is observed until a temperature of 250°C 
is reached.    A steady-state concentration of radicals is reached rapidly 
at every temperature above 250oC.    This steady-state concentration 
reaches a maximum at about 3150C,  decreases abruptly between 3150C 
and iBCC,  and decreases more slowly between 350<'C and S15°C. *    Al- 
though no radicals are formed below 250"C,  radicals formed at higher 
temperatures can be quenched to a metastäble state below 130°C.   These 
radicals disappear rapidly when attempts are made to measure their ESR 
between 130oC and 250°C.    Above 250oC,  new radicals form and the steady- 
state situation again ensues.    The clarificition of the reactions involved in 
these effects awaits further experimental study. 

ESR measurements were also made on some pyrolysis residue 
from 9, 9,-bifluorene which had 'jeen graphitized to 3000°C.    No signal 
was observed for either the pure material or for a dispersion of the graph- 
ite in SiO . 

The vertical dashed line in Figure 30 indicates the temperature 
(approximately 4200C) at which the hyperfine lines begin to broaden. 
Above this temperature,  the signal amplitude is not a quantative 
measure of the spin concentration. 
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Figure 30.    Variation of the ESR Intensity of 9, 9'-Eiiluorene 

with Temperature 

3.3.3.6.4.    Thermal Reactions of 9, 9'-Bifluorene 

The studies included in this report are consistent with the fol- 
lowing reaction sequence for 9, 9'-bifluorene (XXXIII). 

(XXXIII) (XXXIV) 

(2) 4 (XXXIV) 

(XXXV) (XXXVI) 

HO 



We believe that the ESR spectrum in Figure 29 results from the 
neutral fluorene radical (XXXIV).    The carbonization reactions of 9, 91- 
bifluorene proceed by way of the unsaturated dimer (XXXV). 

3.3.3.7.    A9.B'-Bifluorene 

«K 

.»02 

(XXXV) 

The compound Zi9'9,-bifluorene (XXXV) is the initial thermal re- 
action product of 9, 9''bifluorene.    The computed spin densities  for a 
A9»8 -bifluorene radical cation are shown with the structure.    The 9,9'- 
positions are the most active positions,  but the 1, I1,  and 8, S'-positions 
are the most reactive of the hydrogen containing sites. 

The carbon produced from (XXXV) forms a highly-disordered 
"graphite. " The pyrolysis of (XXXV) has now been studied in detail in 
order to clarify the thermal reaction sequences. 

3.3.3. 7. 1.   Differential Thermal Analysis 

The DTA thermogram given in Figure 31 shows a melting endo- 
therm at 188°C.    The liquid (XXXV) is quite stable up to 400°C. where 
an exothermic reaction ensues.    A carbon yield of 31. 5 per cent was ob- 
tained.    The condensable volatile products consisted primarily of fluo- 
rene and a major aromatic product that could not be identified. 

3.3. 3. 7. 2.    Thermogravimetric-Gas Evolution Analysis (TGA-GE.) 

| Two TGA-GE analyses.   Runs 49 and 50,  have been completed on 
A9»9 -bifluorene (XXXV).    The experimental conditions for both runs were 
nearly identical.   During Run 49, the gas Chromatograph became inoper- 
able and no gas analyses were obtained.    The purpose of the second experi- 
ment was to obtain gas analyses of the fixed gases. 
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Figure 31.    Differential Thermal Analysis,  Thermogravimetric 

Analysis,  and Gas Evolution Curves for the Pyroly- 
sis of AB»9,-Bifluorene (Runs 49 and 50) 

The TGA and GE curves for the pyrolysis of (XXXV) in a helium 
atmosphere are shown in Figure 31.    Good agreement was obtained be- 
tween Runs 49 and 50,  particularly in the gas evolution data,  despite the 
fact that this material foamed badly.    The total weight losses of the two 
runs were in agreement.    The knee in the TGA curve corresponds to the 
exothermic peak exhibited in the DTA thermogram at about 475"C.    The 
evolution of low molecular weight gaseous products began just above 
500°C,  at a temperature corresponding to the second increase in weight 
loss rate.    These effects are better illustrated in the derivative curves 
shown in Figures 32 and 33.    The two major weight-loss-rate peaks have 
several superimposed minor peaks.    The significance of these secondary 
peaks has not been determined;   they may be the result of foaming or they 
may indicate specific reactions.    The same comment is applicable to the 
gas evolution rate curve, which exhibits several consecutive maxima. 

The results of Chromatographie analysis of the fixed gases 
evolved at progressively higher temperatures during Run 50 are given 
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in Table 37.    The evolved gas,  predominantly hydrogen,  also contains 
about 10 to 20 per cent methane and only a few per cent of ethane,  ethy- 
lene,  and carbon monoxide.    We do not know how the oxygen gets into 
our system unless it is strongly adsorbed on the sample.    The helium 
carrier gas is passed through a molecular sieve 13X trap before it is in- 
troduced into the TGA apparatus.    The entire apparatus,  except the mo- 
lecular sieve trap, is evacuated to below 20 microns before each run to 
test for leaks as well as to purge the sample and assure an inert atmo- 
.iphere.    Despite these precautions,  CO and in some cases COa continue 
to be present in the off-gases.    Samples taken at temperatures below 
550"C did not contain any evolved gas.    The condensable volatile products 
were collected on the water-cooled condenser,  chromatographed on 
alumina,  and separated into four relatively pure fractions.    The first 
three were identified by infrared absorption as fluorene,  A9'9,-bifluorene, 
and dibenzo(ac)triphenylene.    The highest molecular weight fraction 
(i. e., last to elute from the column) has a very simple IR spectrum, 
with only two sharp major bands at 13. 10 and 13.68 microns,  indicating 
three or four adjacent hydrogen atoms on aromatic rings as the principal 
structural feature; however,  its structure has not been identified. 

Table 37.    Composition of the Fixed Gases Evolved During the 
Pyrolysis of A9>9,-Bifluorene in Helium.  TGA-GE 
Run 50 

 Mol % of Gas In Fraction 
Temp.  When Sample Taken^   5Ö0'C        BBfl'C böB'C   652^   t98'C   7BÖ'C* 

Gas 

13 16 13 12 
3 3 2 1 
1 1 1 trace 
2 1 1 trace 

sL-tr. sl.tr. sl.tr. sl.tr. 

Hydrogen  (H2) SI.trace     trace 81 79 83 87 
Methane     (CHJ 
Ethane       (CzHe) 
Ethylene   (C2H4) 
Carbon Monoxide (CO) 
Carbon Dioxide    (COj) 

♦Average of three analyses of final gas products. 

3.3.3.7.3.   ESR Studies 

Some preliminary ESR investigations for the pyrolysis of (XXXV) 
have been reported.1 •*' The effects of temperature and hydrocarbon con- 
centration on the ESR spectrum have been determined. Table 38 lists the 
various ESR experiments which have been performed for (XXXV). 

No ESR is observed for (XXXV) until a temperature of 300°C is 
reached.    This temperature is about 40,C higher than that required to ob- 
serve an ESR in 9, 9,-bifluorene (XXXIU).    The resolution of the ESR sig- 
nal of (XXXV),  like that of 9, 9,-bifluorene,  is sensitive to changes in tem- 
perature and concentration. 
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Table 38.    ESR Meaeurement» for A9'9 -Bifluorene 

Concentration in 
m- Quinquephenyl 

Decomp. 
Temp. 
"C* 

Meas. 
Temp. 

'C 
Resolved (R) or 
Unresolved (U) 

Linewidth 
Gauss 

Pure 
10% 
10% 
10% 

300 340 (R) ~0.30 
384 160. 247 (R) ~3.0 
384 384 (R) ~2.5 
384 147, 160 (U) -9.0 

* Lowest temperature at which an ESR signal was observed. 

The spectrum has not been sufficiently resolved to peimit an 
analysis. 

Kinetic data have also been obtained from the ESR experiments. 
Figure 34 is a graph of the line intensity for one of the resolved com- 
ponents of the six-line /i9.9l-bifluorene spectrum as a function of time 
at 384°C.    It is evident that the radical formation is not a simple uni- 
molecular process.    After 60 minutes,  the lines begin to broaden,  and 
the line intensity is no longer a criterion of concentration.    The optimum 
resolution of the ^9•9 -bifluorene signal occurs at about iSO'C.   Quench- 
ing the 350°C sample to lower temperatures does not affect the free radi- 
cal concentration,  but does impair the resolution. 

40 

20 40 60 80 
TIME,   MINUTES 

Figure 34.    Variation of the ESR Line Intensity of i9.9'- 
Bifluorene with Time at 384''C 
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3.3.3.7.4.    Chemical Studies of Pyrolysis 

Chemical studies have been performed on the pyroVsiß  of fi9'9 - 
bifJ.uorene.    Figure 35 shows infrared spectra of samples which have been 
heat-treated to temperatures between 390*C and 500°C.    The thermal 
transformations are gradual,  involving rearrangements as evidenced by 
the changes in the aromatic substitution region (10 to 14 microns) and in 
the 7 micron region.    The spectrum of the distillate obtained in these py- 
rolyses has beea identified as pure fluorene (XXXVI).    The formation of 
fluorene requires a disproportionation of the molecules and an abstraction 
of hydrogen from the aromatic rings. 
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Figure 35.    Infrared Spectra of Heat-Treated A9'9 -Difluorene 

116 



A considerable amount of dibenzo(ac)triphenylene was isolated 
from the 500"C residue by Chromatographie extraction.    A large quantity 
of a red hydrocarbon product was also separated from the residue.    On 
the basis of UV and IR analysis, this product was shown to contain rubi- 
cene (XXXVII) in addition to some high molecular weight material. 

(xxxvn) 

3.3. 3. 7. 5.    Thermal Reactions of A9'9 -Bifluorene 

The ESR spectrum observed during the pyrolysis of A9' 9 - 
bifluorene (XXXV) is thought to be attributable to the biradical (XXXVIII). 

(1)      (XXXV) 

(XXXVIII) 

The formation of (XXXVIII) through a thermal activation process would 
relieve the strain in the initial (XXXV) molecule. 

| The radical (XXXVIII) can abstract hydrogen atoms from other 
A9'8 -bifluorene molecules.   These hydrogen abstractions are expected to 
occur at the reactive 1, 3-positions to produce radicals such as (XXXIX) 
and (XL). 
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(2) (XXXV) + 

(XXXVIII) (XXXIX) (XL) 

The rearrangement of radicals like (XL) would result in the formation of 
the nonplanar dibenzo(a, c)triphenylene (XLI). 

(3) 

(XL) (XLI) 

Radicals of structure (XXXIX) would produce fluoreae by further hydrogen 
abstraction, while compound (XXXVIII) could react directly to form rubi- 
cene (XXXVII). 

(4) 

(XXXVIII) (XXXVII) 

Additional nonplanar aromatic structures can be formed by re- 
combination of various kinds of similar free radical intermediates. 
Thus, the carbonization of (XXXV) is expected to involve a nonplanar 
condensation process. 
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3.3.3.8.    9,9'-Bianthry] 

(XLII) 

The compound 9,9l-bianthryl (XLU) yields an extremely well- 
ordered graphite.    Preliminary ESR and chemical pyrolysis studies are 
reported for this compound. 

3.3.3.8.1. ESR Studies 

A 10 per cent solution of (XLU) in m-quinquephenyl first ex- 
hibited on ESR signal at bSO'C.    This signal which consists of a complex 
pattern of lines with linewidths on the order of 0.25 gauss is shown in 
Figure 36.    The spectrum is believed to be that of a neutral anthryl radi- 
cal (XLiUI) formed by thermal disassociation of (XLI).    Further work will 
be required,  however, to confirm this conclusion. 

3.3.3.8.2. Chemical Studies 

Since the compound 9, 9,-bianthryl begins to pyrolyzc at a fairly 
higl temperature,  its reactions are difficult to control.    At 520oC,  an in- 
fubible black product is formed which shows two major aromatic C-H 
absorptions at 11. 3 to 11. 7 \i and 13. Z to 13. 6 p. in the infrared.    The start- 
ing material (XLU) has major bands at H. 3,   12. 8,  and 13. 7 ji. 

At about 500°C, a fusible black product was obtained,  a portion of 
which could be chromatographically extracted.    A number of hydrogenated 
aromatic fractions were obtained in addition to some red aromatic prod- 
ucts which had infrared absorption bands at 11. 5,   12. 3,  and 13. 1 ji and 
visible absorption between 420 and 550 m\i.    These spectral data are indi- 
cative of benzoperylene derivatives. 
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N-6999 
Figure 36.    ESR Spectrum of 9, g'-Bianthryl at SbO'C 

j. 3. 3. 8. 3.    Thermal Reactions of 9, 9'-Bianthryl 

The initial thermal reactions of (XJJI) are thought to involve a 
dissociation to anthryl radicals (XLIII). 

(1)       (XLII)  » 

(XLIII) 

These planar free radicals can recombine to form the symmetrical, 
planar derivatives of perylene such as (XLIV) and (XLV). 

(2)  (XLIII) 

(XLV) 



The formation of 1,2, 7, 8-dibaizoperylene (XLIV) is favored from re- 
activity.    Further carbonization reactions could proceed by condensa- 
tion of these derivatives.    Hydrogen abstraction by the radicals (XLIII) 
leads to the formation of the hydrogeaated derivatives of (XLII),  such 
as anthracene and dihydrodianthranyl, which have also been isolated in 
the reaction product. 

3.3.3.9.    p-Terphenyl 

(XLVI) 

The compound p-terphenyl is an extremely stable aromatic hy- 
drocarbon,  precluding any TGA or ESR study.    By thermal treatment 
under pressure,  it can be converted to a highly-disordered carbon. 

Previous results for the pyrolysis of p-terphenyl'4) showed that 
carbon-carbon bond cleavage between phenyl rings was an important first 
reaction.    Subsequently, the thermally formed phenyl and biphenyl radi- 
cals underwent hydrogen abstraction or condensation to infusible product. 

3. 3. 3. 9. 1.    Chemical Studies of Pyrolysis 

Chromatographie extraction of the black residue prepared from 
p-terphenyl at SSCC'" was attempted.    Although a variety of solvents 
were employed, only a slight amount was eluted from the column. 

At 550°C, the major change in the p-terphenyl product appeared 
to be the formation of species with major infrared bands at 13.60,  12. 70, 
and 12. 15 microns.    The first band is characteristic of aromatics con- 
taining four adjacent hydrogens of the triphenylene and 1, 2, 5, 6-dibenz- 
anthracene type.   Such substituted structures could be formed through 
condensation reactiond of the following type: 

<öH5>-(5> 
-<ö>- 

This type of fusion process would involve the reactive ortho positions. 
A variety of polyphenyl products ranging from benzene to quinquephenyl 
appear to be side products of the ring cleavage reaction. 
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The complete insolubility of the residue prevented further study 
of the condensation product by chemical methods.    The carbon residues 
from p-terphenyl were studied by small angle X-ray methods.   It was 
found that in the first stages of carbonization no unique reaction inter- 
mediates are formed.   Instead,  a mixture of ncmlanar aromatic struc- 
tures with little ordered layer stacking is observed.    The layer growth 
accelerates between 600° and 800,,C,  but even at 3000°C the structure 
does not approach a graphite. 

3.3.3.9.2.    Thermal Dehydrogenation of p-Terphenyl 

Elementary analysis data have been obtained tor the series of 
thermal reaction products produced from p-terphenyl.' '   These data are 
listed in Table 39. 

Table 39.    Elementary Analyses for Pyrolyzed p-Terphenyl 

Pyrolysis Temp. "C      Wgt. %C Wgt. %H Atomic C/H 

25 93,88 
525- 4 hrs 94.43 
525- 10 hrs 94.72 
525- 20 hrs 95.26 
535 95.32 
550 96.37 
600 96,23 
700 97.02 
800 97.99 
900 98.38 
1000 99,27 

6.12 1.29 
5.74 1.38 
5.50 1,44 
4,85 1,65 
4.52 1.77 
3.90 2,07 
3.76 2,15 
1.69 4.81 
1.13 7,29 
0.83 9.99 
0.70 12,0 

The percentage hydrogen as a function of temperature is plotted 
in Figure 37 for p-terphenyl. As in the case of fluoranthene, major loss 
of hydrogen occurs in a smooth manner above 600*C. 

3.3.3. 10.    10, IS-Dihydro-SH-diindeno-Cl^-a; 1', 2l-c)auorene (g-Truxene) 

(XLVU) 
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Dehydrogenation Curve for Carbonized p-Terphenyl 

Pyrolysis studies were initiated on the hydrocarbon ar-truxene 
(XLiVU).    This compoimd is thermally reactive and gives a 28 per cent 
carbon yield in the DTA experiment.    The graphite derived from (XLVII) 
shows relatively low order. 

A sample of (XLVII) has been pyrolyzed at 470"C,  and the resi- 
due was chromatographically separated.   Preliminary analyses of the 
products indicated an extensive amount of thermal hydrogen transfer with- 
in the molecule.    Thermal cleavage of the strained 5-membered ring 
systems was also indicated by infrared analysis of the products.   Such 
reactions would give rise to nonplanar aromatic radicals and are consis- 
tent with the ultimate structure of the graphite obtained from a-truxene. 
At 47Q°C,  insufficient reaction product was separated to permit detailed 
analysis.    Further studies on this system were discontinued. 

3.3.3. 11.    9,10-Dibenzylanthracene 

The compound 9, 10-dibenzylanthracene (XLVIU) yields a relative- 
ly disordered graphite when heated to 3000oC.    Some preliminary ESR 
pyrolysis experiments have been performed for this compound.   Pure 
(X1.VIII) first showed an ESR signal at 400,C.    This signal was unresolved 
and consisted of a single 10 gauss wide line.    When the hydrocarbon was 
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& 
CH, CH; <E> 

(XLvin) 

diluted in m-quinquephenyl, a resolved spectrum could be observed at 
450°C.    The individual linewidths in this spectrum were 0.25 gauss at 
235•C.    This spectrum has not yet been analyzed but can probably be 
attributed to the free radical formed by the dissociation of a single 
benzyl hydrogen atom. 

3.3.3. 12.    1, 4-Naphthoquinone 

^0 
o 

(XLIX) 

Quinones are presumed to be important intermediates in the oxi- 
dation of aromatic raw materials for graphite.    The introduction of the 
carbonyl group on the aromatic ring has been shown to modify the thermal 
reaction sequence and to lead to a more disordered graphite.    Some ini- 
tial studies were therefore made on the pyrolysis of a representative 
quinone,   1,4-naphthoquinone. 

3.3.3.12.1.    Chemical Studies 

The compound 1, 4-naphthoquinone begins to pyrolyze at about 
290oC.    Figure 38 shows infrared spectra for the residue and distillate 
obtained from 1,4-naphthoquinone at 2950C.    The distillate appears to be 
largely the reduction product,   1, 4-naphthalenediol (L). 

OH 

OH 

(D 
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N-6402 
Figure 38.    Infrared Spectra of Heat-Treated 1, 4-Naphthoquinone 

The dehydrogenation which leads to the formation of (L) is believed to in- 
volve the 2, 3-position8,  a conclusion which is based on the absence of 
the 11.60 micron IR band in the spectrum of the residue. 

H 

(XLIX)' 

OH 

(L)OH (LI) 

Further reaction could involve recombination of radicals such as (LI), 
9 

followed by a rupture of the C-C bond. 
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3. 3. 3. 13.    1. 4-Naphthalenediol 

OH 

OH 

(L) 

Some preliminary thermal reaction studies were performed on^ 
1,4-naphthalenediol.   This reactive compound begins to pyrolyze at 245"C. 
The infrared spectrum of the pyrolysis product obtained at 245*0 is pre- 
sented in Figure 39. 

At 245"C, the compound undergoes partial dehydrogenation to 
form quinone products as shown by the IR carbonyl band at 5. 95 p.    Con- 
siderable change occurs in the aromatic substitution region at 13-13.5 \i 
as well as in the 7-7. 5 |i region.    More detailed studies of these reactions 
have not yet been attempted. 

I 1 1 1 1 ± 
6 8 10 12 

WAVELENGTH IN MICRONS 
14 N-7126 

Figure 39.    Infrared Spectra of Heat-Treated 1, 4-Naphthalenediol 
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3.3.4.    Thermal Dehydrogenation of Aromatic Hydrocarbona 

Elementary analysi» data have been obtained for the pyrolyais 
residues from ZS'C to 1000'C for the four aromatic hydrocarbons;   ace- 
naphthylene, fluoranthene. 9.r-hifluorene, and p-terphenyl.    Table 40 
compares the hydrogen content for the four aromatic hydrocarbons at 
lOOO'C.    Included are the semilattice spacings for graphites prepared 
from the same materials.    These data show that the rate of thermal de- 
hydrogenation can be related to the structure of the final graphite.    The 
"weU-graphitizing materials" graphitize at a faster rate.    It would be 
expected that reactions which proceed through planar aromatic intermedi- 
ates would result in products of greater stabUity than those involving non- 
planar entities and should occur more readily. 

Table 40.    Hydrogen Content and Graphite Properties of Cokes 
Derived from Aromatic Hydrocarbons 

Weight 
Aromatic Hydrocarbon Per cent H at 1000'C 002, A 

(1) Acenaphthylene 
(2) Fluoranthene 
(3) 9, 9,-Bifluorene 
(1)   p-Tarphenyl 

0.23 3.356 
0.50 3.371 
0.53 3.374 
0.70 3.437 

3. 3.5.    General Conclusions Concerning the Mechanisms of Carboniza- 
 tion of Aromatic Hydrocarbons  

On the basis of the studies which have been completed,  the follow- 
ing general conclusions can be made concerning the mechanisms of car- 
bonization of aromatic hydrocarbons: 

a. The mechanisms of carbonization are complex and do not 
involve single reactions occurring in discrete steps; however. 

a good representation of the general carbonization sequence for an aro- 
matic hydrocarbon can be based on a knowledge of only a few of the many 
reactions occurring during pyrolysis. 

b. The initial carbonization reactions involve the thermal 
cleavage of a C-H or a C-C bond to form an aromatic free 

radical.    This cleavage generally occurs at the most reactive site, the 
position of highest electron density, in the molecule. 

c. For condensed aromatic hydrocarbons containing no side 
chains, this initial reaction   usually involves the thermal 

dissociation of a C-H bond.   The formation of the aromatic free radicals 
is generally accomplished by a transfer of hydrogen from the most re- 
active site of one molecule to an acceptor site of a neighboring molecule. 
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The production of 5, IZ-dihydronaphthacene during the initial free radical 
formation from naphthacene is a typical example of such a reaction.  Di- 
rect dehydrogenation car. occur in molecules which are poor electron ac- 
ceptors. 

d. In aromatic hydrocarbons containing side chain groups, the 
initial reaction proceeds with C-C bond cleavage in the side 

chain.    If these groups are attached to planar condensed aromatic ring 
systems,   such as in acenaphthylene,  rearrangement of the mobile side 
chains leads to planar polycyclic structures.    If the side chain is not joined 
to a condensed aromatic system,  as in A9<e,-bifluorene,  then cleavage of 
these side chains leads to the formation of nonplanar free radical inter- 
mediates. 

e. Methyl substituents on aromatic rings are thermally cleaved 
to methyl radical.    The ease of cleavage of these groups 

accounts for their activating effect on aromatic hydrocarbon pyrolysis. 

f. The structure and properties of the final graphite can be re- 
lated directly to the structure and reactivity of the initial 

free radical intermediates.    Aromatic radicals which can readily condense 
or rearrange to form planar structures yield well-ordered graphite.    Re- 
active nonplanar radicals polymerize to form nonplanar aromatic mole- 
cules producing a disordered graphite. 

g. The initial free raciical formations and condensations occur 
for most aromatic hydrocarbons below 500"C.    The extent 

of molecular rearrangements to planar intermediates depends on the rela- 
tive rates of the competing rearrangement and condensation reactions.    If 
molecular growth occurs too rapidly and stable nonplanar polymers are 
produced,  the molecular disorder is frozen in and results in a disordered 
graphite. 

h.     The condensations of the free radicals proceed at the most 
reactive positions or points of highest spin density. 

i.     At higher temperatures, between 500° and 750oC, the ther- 
mal polymerization proceeds by fusion of aromatic ring 

systems by a direct dehydrogenation process.    Aromatic polymers con- 
taining approximately 100 carbon atoms are formed.    Aliphatic side chains 
which have formed as a result of hydrogen transfers also cleave to form 
CH*,  CiHe.  CjHb,  etc. 

3.4.    Electron Spin Resonance (ESR) and Optical Studies of the Electron 
 Distribution in Aromatic Free Radicals  

3. 4.1.    Introduction 

The pyrolysis mechanism studies reported in Section 3.3. have 
shown the importance of free radical intermediates in the carbonization 
of aromatic hydrocarbons.    The initial reactions were shown to involve a 
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thermal bond cleavage at the most reactive site in the molecule.    The sub- 
sequent reactions of carbonization were related to the structure and re- 
activity of the first radical intermediate. 

Section 3.4.  presents the results of studies of the electron dis- 
tribution in the free radicals of aromatic hydrocarbons.    The ESR tech- 
nique has been used to measure the proton hyperfine coupling constants 
for aromatic radical cations prepared by the oxidation of hydrocarbons 
with SbCle .    These data can be used to predict the course of thermal re- 
actions of aromatic hydrocarbons.     Optical studies have helped to clarify 
the chemistry of the aromatic hydrocarbon-SbCle interactions.    ESR 
studies are also presented for a completely methylated free radical pre- 
pared by the oxidation of hexamethylbenzene. 

3.4.2.    Electron Spin Resonance of Radical Cations Produced by the 
 Oxidation of Aromatic Hydrocarbons with SbCjg  

3.4.2.1.    Introduction 

This section describes the electron spin resonance (ESR) of 
positive radical ions produced by the oxidation of aromatic hydrocarbons 
with SbCle in CH2Cli solvent.    This oxidation procedure is a generell meth- 
od for the preparation of aromatic hydrocarbon cations in solution.    Fur- 
thermore,  SbCle and CHjClz provide the proper combination of oxidant 
and solvent required for the observation of resolved ESR hyperfine struc- 
ture.    The proton hyperfine coupling constants determined in this study 
have enabled us to make a comprehensive comparison of Hückel (HMO) 
spin densities with experiment and to examine the generality of the 
McConnell relationship, aH = Qp."  ' 

ESR has been particularly successful in measuring electron dis- 
tributions in aromatic radical anions and cations.   The comparison of 
coupling constants for corresponding anions and cations provides an im- 
portant additional test of HMO theory, which predicts identical spin dens- 
ities for positive and negative ions of alternant hydrocarbons.  However, 
the few cations of alternant hydrocarbons which have been examined"  ' 
were found to have coupling constants slightly higher than those for re- 
spective anions.    Aromatic radical anions can generally be prepared by 
the reduction of the parent hydrocarbon with an alkali metal in an inert 
solvent.    With this method,  resolved ESR spectra have been obtained for 
the radical anions of benzene,  toluene, naphthalene,  anthracene,  pyrene, 
perylene,  tetracene, 'ia"17) and a variety of other aromatic hydrocarbons. 

Since aromatic radical cations are more difficult to prepare, 
they hive been les'j extensively investigated.    The most satisfactory 
methoc1 of prepai ation of aromatic radical cations for ESR studies has 
utilized 98 per cent H2SO4 as an oxidizing medium for the parent hydro- 
carbons. (lB'1'9' This oxidation process, however, requires a prior dis- 
solution and concomitant protonation of the aromatic hydrocarbon.    The 
unsubstituted aromatic hydrocarbons; anthracene, perylene,  naphthacene 
biphenylene,  and coronene have been oxidized in this manner. 
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Other oxidizing agents which have been employed in ESR 
studies of aromatic radical cations include: BFJ-CF.COOHC33) SbCl,  ^ 
SbCle.K*3.^ MCU.W ijtf V2CV.^T SiO^Al^WvOcJr^r 
KjFe(CN)a -HCIO4, (3Ö)' and S02-BFs. P

1)    None of these oxidants have yet 
been found superior to HzSO* for studies of ESR hyperfine structure of 
radical cations.    A more suitable system requires both an oxidizing agent 
of high electron affinity and a solvent of sufficient polarity.    We have 
found that these criteria can be met by the oxidant SbCle in conjunction 
with a CH2C12 solvent.    This combination has permitted the preparation 
of a variety of previously unreported aromatic radical cations. 

SbCle has been employed by various mvestigators as an oxidant 
for aromatic hydrocarbons.    HUpert and Wolf!33' initially reported the 
formation of olored solutions for mixtures of aromatic hydrocarbons 
and SbC^j.    The solid complexes of SbCfe and aromatics were studied by 
Brass.»   ' Weissman, DeBoer,  and Conradil38'first observed a para- 
H11*8»'?^ resonance spectrum for several of these aromatic hydrocar- 
bon-SbCle solid compounds.    A number of investigators t33.3* .36) have 
measured the optical spectra of aromatic radical cations formed by the 
oxidation of hydrocarbons with SbCle in solution.    No observations of 
resolved ESR hyperfine structure have been reported for these systems. 
In all cases,  either a single sharp line characteristic of a solid,  or a 
broad unresolved line was observed. I13-38'   Kinoshita (37) reported a 
partially resolved spectrum for the heterocyclic thianthrene with SbCU 
m nitrobenzene. 

Leftin and Hobson^) recently found that the paramagnetic solid 
compounds formed from the addition of SbCfe to diphenylethylene could 
be dissolved in CH2C12; ' owever, they reported only a broad unresolved 
ESR spectrum for this solution.   We have found that if the oxidation of 
aromatic hydrocarbons with SbCle is carried out in CH2C12 under care- 
fully controlled conditions of atmosphere,   concentration,  and tempera- 
ture,  resolved h"perfine structure can be observed for numerous aro- 
matic radical cations. 

This section presents the results of ESR studies of radical ca- 
tions prepared from 24 aromatic hydrocarbons.    The experimental proce- 
lA6/0» p"parm8 and measuring the radicals is described in Section 
3.4.2. 2.   Since the observations were critically dependent upon the ex- 
perimental conditions of concentration and temperature, the ESR experi- 
ments are described in detail in Section 3.4.2.3.     Section 3.4.2.4.   con- 
tains a brief discussion of the reactions of SbCle with aromatic hydro- 
carbons.   The assignment and tabulation of coupling constants are given 
m Section 3.4.2.5.    Employing coupling constant data for cations and 
anions from both this study and the literature,  correlations with theo- 
retical spin densities are presented in Section 3.4.2.6. 

3.4.2.2.    Experimental Procedure 

• r. ci.r-iESR' ßPectra were obtained for 24 aromatic hydrocarbons treated 
with SbClB in CHjClz solution.    Three compounds,  perylene, naphthacene, 
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and 9, 10-dimethylanthracene,  exhibited well-rssolved ESR spectra when 
Boltttions Of the hydrocarbons in CH2C12 were treated with SbCle in air at 
room temperature and then measured in the absence of oxygen.    Since the 
majority of vhe hydrocarbons examined did not exhibit resolved spectra 
when treated in this manner,   a low-temperature method of sample prepara- 
tion in vacuum was devised. 

The vacuum transfer apparatus is shov,n in Figure 40.    Atypical 
preparation procedure involved the foUowing steps.    The hydrocarbon- 
CH2Cli solution and SbCle were deoxygenated separately by freezing,  pump- 
ing,  and thawing.   A known quality of SbCfe vapor was introduced into the 
10 cm* bulb by controlling the temperature of the SbCle reservoir. ^       The 
SbCle in the bulb was transferred to the ESR sample tube by cooling the hy- 
drocarbon solution (lO"0-«"6  molar) to ITK.    The final concentration of 
SbCle in the CH2C12 solution could be calculated by assuming that all the 
transferred SbCle dissolved in the CH2C12 (about 0. 06 ml.  volume).    For 
example,  from SbCle vapor pressure datal   '  extrapolated by use of the 
Clapeyron equation, the vapor pressure of SbCle at 25°C is 1.26 mm of Hg. 
Thus,  a 10 cm3 volume of SbCle at this pressure dissolved in 0.06 ml.  of 
CH2C12 yields a 1 x lO"1 M solution. 

The sample tubes were sealed-off with a torch.    The samples 
were melted and shaken in a Dewar containing solid C02,  and then inserted 
into the microwave cavity which had been precooled to -90"C.    Since 
CH2C12 is extremely lossy at low temperatures, it was necessary to use 
sample tubes with an ID not greater than about 2 mm.    Even so, the un- 
even distribution of Hi (rf n agnetic field) throughout the sample cau8edi 
the ESR lines to be asymmetric as a result of the slight admixture of X . 
The line shapes became particularly distorted when the resonance was 
partially saturated.    In order to minimize saturation and line distortion 
effects,  superheterodyne detection was employed at microwave powere 
less than 0. 1 mw. 

3. 4. 2. 3.    Summary of ESR Observations 

The aromatic hydrocarbons were reacted with SbCle in CHjClz 
solvent at -78°C in the absence of air.    The ESR spectra were measured 
at temperatures near -90oC and,  in some cases,  at several higher tem- 
peratures.    Table 41 summarizes the results for the compounds which ex- 
hibited resolved spectra.    The ESR spectra of the 16 compounds in Table 
41 all contained evidence of proton hyperfine structure.    In most cases, 
the spectra were essentially completely resolved with the individuaJ line- 
widths varying between 0. 04 and 0. 50 gauss.    The spectra of the last 
three compounds in Table 41 were only partially resolved.    In additirn to 
the number and widths of the ESR spectral lines, the colors of the indi- 
vidual hydrocarbon-SbCle solutions are listed in Table 41.    In a number 
of instances, the colors were temperature dependent. 

Similar data for the compounds which exhibited totally unresolved 
spectra are included in Table 42.    The spectra for these hydrocarbons con- 
sisted of either a single sharp line with a linewidth on the order of several 
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Figure 40.    Vacuum Transfer Apparatus for the Preparation of 

Hydrocarbon - SbCle Solutions at Low Temperatures 
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gauss or a single broad line with a width of about 10 gauss.    Since the 
nuclear hyperfine structure in practically all aromatic free radicals ex- 
tends over about 30 gauss,  a simple broadening of the hyperfine com- 
ponents usually results in a Gauss Ian-shaped line with a peak-to-peak 
linewidth of about 10 gauss.    On the other hand,  a solid free radical or 
paramagnetic charge-transfer complex generally exhibits an exchange- 
narrowed single line only a few gauss wide, 'ivith either an asymmetric 
shape or a symmetrical line s, ape tending toward Lorentzian. 

The hydrocarbon and SbCls concentrations and the ESR measuring 
temperatures are given in Tables 41 and 42.    These conditions were not 
the only ones tried.    The stability of the radical ions and resolution of the 
spectra were critically dependent on both the hydrocarbon and SbCU con- 
centration as well as on the measuring temperature.    Although attempts 
were made to optimize the experimental conditions,  it is possible that the 
resolution could have been imprc /ed for several of the systems listed if 
additional combinations of concentrations and temperature had been tried. 
The ESR observations and their dependence on the experimental variations 
are discussed for each compound in order of appearance in the Tables. 

3.4.2.3.1.    Resolved Spectra 

a. Naphthacene,  Perylene,  and 9, 10-Dimethylanthracene 

These three hydrocarbons exhibited well-resolved,  hyperfine 
structure when the SbCls was added either in vacuum or air.    A sharp sig- 
nal characteristic of a solid free radical was observed,  however,  if the 
amounts of hydrocarbon or SbClepresent were excessive.    Solutions less 
concentrated than 10     M in hydrocarbon were found to be adequately dilute 
for resolution of the hyperfine structure.    In each instance,  the hyperfine 
patterns proved to be virtually identical to those observed for the corre- 
sponding compounds in H2S04.    The proton hyperfine coupling constants ob- 
tained from the analyses of these spectra are given in Table 43. 

b. Naphthalene 

A considerable effort was required to obtain a well-resolved ESR 
spectrum for naphthalene positive ion.  A broad signal with no trace of re- 
solved hyperfine structure was seen in samples measured at room temper- 
ature.    Resolved structure was observed in a solution 10"° M in naphthalene 
and 10    M in SbCls. prepared and measured at -90°C.    However,  the sig- 
nal became smaller with time and disappeared in about 20 minutes.    One 
possible reason for the disappearance was a reaction of the radicals with 
excess SbCls.    To test this idea,   several additional samples were pre- 
pared using smaller amounts of SbCU.    With the solution 6 x lO-0 M in 
SbCls,  although the initial decrease in signal was just as rapid,  a small 
stable signal remained indefinitely.    For a 2 x 10    M concentration of 
SbCle, the signal grew for about 15 minutes and then remained stable in- 
definitely at -91*C.    Figure 41 (c) shows the spectrum for this sample. 
The signal disappeared rapidly at -72°C, with no apparent broadening. 

136 



Table 43.    Coupling Constants for Aromatic Hydrocarbon Radical Ions 

Compound 
».,•   N«g«tlve Ion      i^,   Poiltl« Ion,   ■,,. SbCl, 

p (HMO» > (Gkuii) H^SO^ (GHUBS) ^0«u««r 

(1)    Perylene 

(2)    Anthracem 

(J)     }, If   1     . ill /la 

(4)    f        .Sirens 

(5)    Pyren« 

(6)    Naphthalsne 

(9)    TelraphcnylethyUne 

(10) Biphenyrlen« 

:#$^i: 

. 108 ' 

.OflJ 

.013 

.097 ' 
,048 
.193 

,07« ^ 
039 

.056  ' 

.034 

. 147 

.136 
0 

,087 

. 181  ' 

.069 

.0Z7 

.056 

.002 

.067 

Anton Cation 
■.0U .067 
,017 .002 
.042 .056 
,009 .02 7 
,145 .134 

3 
3 
0 

.53 
,09 
.46 

2 
1 
5 

.74 

.57 
, 56 

2 
1 
3. 

,90 
.52 
98 

1. 
1. 
4. 

49 
17 
25 

4, 

2. 

75 
09 
08 

4. 
1. 

95 
87 

.048 

.019 

.056 

,027 ■ 
.087 

Und.tsrmln.d 

Undet.rmlned 

4. Jl 
3.09 
0.46 

1.11 
1.40 
6.6; 

!.54 
I. 19 
8.00 

1.74 
1.03 
5.17 

(11) Corouene 

0.21 
3.69 

Und.termlnsa 1.5) 

4.04 
3.04 
0,44 

3.0« 
1.3« 
6.49 

2.46 
1.23 
7.50 

1.68 
1.02 
5.01 

5.3« 
1. 1« 
2. 12 

2.77 (5.54) ' 
1.03 (2,06) 

0,60c 

1.99 
<0, 03 

2.2« 

2. 14' 
0.15 
1.9« 
0.46 

2.06 
0.52 
2.93 

.)   V.tuaa .re for positive Ion obtained from ref.   43,    CH,  .plittlngB .re by hyperconjug.tlon. 

b) Value. In p.r.nthe.e. are the experimental value, multiplied by 2, on the «•sumntlon of a naphthalene dlmer in shcl   . 

c) The specific .a.lgnments of coupling constant, to the molecular po.ilion. ihown were made on the ba.i. of . comp.riion between 

experiment.] and HMO ipln denaltlea. 

Continued. . . 
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Table 43,    Continued 

Compound p (HMO) 
, t>fativ« Ion 

(CaiiK«) 
a„,   Poaldvn Ion,       «.   , SbCl, 
HjS04(CM^) TG»«.? 

(12) Bansan« ^ 

03) CyclooctftUtraan« o 
(14) Biphanyl 

(15) Phanftnthrana 

(16) Asulana 

(17) p.Tarphanyl 

(18) Acanaphthylana 

(19) Pintacana 

$> 

.090 2.73 

.ozo 0.43 

. 158 5.46 

. 116 44 3,71 

.002 0.43 

.099 2.88 

.054 0.63 

. 172 4.43 

Anion Cation 
.064 .H5 "  '7 
. 100 .000 3.95 
.221 .026 6.22 
.010 .113 1.34 
.261 .000 8.83 

.060 53 2.07 

.008 0.56 

.088 3.30 

.049 0.95 

Anion C«tion 
.104 .264 3.06 
. 151 .044 4.51 
.014 .027 0.46 
. 1?8 .060 5.60 

.035 4« 
0.88 

.025 0.88 

.106 3.08 

. 141 4.27 
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GAUSS 

Figure 41. ESR Spectra for the Radical Rations of (a) 
Tetraphenylethylene, (b) A9'9 -Bifluorene, 
and (c) Naphthalene 

N-6689 

c. Anthracene 

A 5 x 10""* M polution of anthracene exhibited a large,  fairly well- 
resolved signal at -85*C.    At room temperature, the signal broadened ir- 
reversibly to a   15 l;",ne spectrum with linewidths ~0.6 gauss.    The reso- 
nance disappeared completely in about 30 minutes.    The broadening could 
be due to rapid electron exchange with the diamagnetic dipositive ion.  Di- 
positive ion formation has been observed in other hydrocarbon ion sys- 
tems.'31' 

d. Pyrene 

The positive ion of pyrene has not yet been reported.    This radi- 
cal ion can be prepared in SbCl6-CH2Cl2 at room temperature in air.  How- 
ever,  only an incompletely resolved spectrum consisting of 15 lines 0.6 
gauss wide is observed.   If the concentrations of pyrene and SbCls are too 
large,  a solid precipitates and an intense signal about 0. 3 gauss wide is 
observed.   If the preparation is carried out in vacuum at low tempera- 
tures with small quantities of SbCle and pyrene, no signal is observed at 
-90"C.    Presumably, the hydrocarbon is not sufficiently soluble in CHzC^ 
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at low temperatures.    Upon warming a 5 x 10     M sample of pyrene-dbClB 
to -380C,  some hydrocarbon dissolved and both the sharp peak due to the 
solid and a well-resolved hyperfine structure are observed.    If the pyrene 
concentration is decreased to 1 x 10     M, only the well-resolved hyperfine 
spectrum is obtained.    This spectrum, which consists of about 50 lines 
0. 15 gauss wide, broadens and loses its resolution irreversibly above 
-IS'C.    The irreversible broadening may,  again,  be due to electron ex- 
change with the pyrene dipositive ion. 

e. Tetraphenylethylene 

At -91°C,  a ID-3 M solution and a 5 x lO"* M solution of hydrocar- 
bon containing identical amounts of SbCfe gave about the same radical con- 
centration and the same resolution of hyperfine structure.    Under these 
conditions,  a spectrum of about 100 lines with an average linewidth of 0. 05 
gauss was obtained.    Figure 41(a) shows the ESR curve for a 10    M solu- 
tion run at -91°C.    A 4 x 10-5M solutiongave a smaller signal with no im- 
provement in resolution.    When a 2 x 10    M solution is warmed from 
-910C to -5b°C, a large increase in radical concentration occurs, but the 
individual lines broaden to about 0. 3 gauss.    These changes in radical con- 
centration and linewidths are not reversible when the sample is recooled 
to -91'>C.    The radical concentration for the 5 x 10    M solution does not in- 
crease on warming.    This behavior is similar to that observed for pyrene 
and again indicates the critical dependence of radical concentration on hy- 
drocarbon solubility in CH2Cl2.    The increase in linewidth for the more con- 
centrated solution may be due either to rapid electron exchange or to di- 
polar broadening resulting from the high radical concentration.    There is 
a broad background signal in Figure 41 (a) which cannot be explained by 
line overlap alone.     This signal must arise from a second radical species 
which exhibits a poorly-resolved spectrum. 

f. A9'9'-Bifluorene 

Figure 41(b) shows the spectrum o       5 x 10    M hydrocarbon solu- 
tion run at -91°C.    This spectrum consists of about 100 lines with individ- 
ual linewidths of 0.04 gauss.    It was later found that the 0. 1 mw value  of 
microwave power used for this measurement partially saturated the reso- 
nance.    Note that the individual hyperfine lines are not symmetrical.    The 
asymmetry is presumably due to a slight admixture of X    resulting from 
the very lossy CHzClj.  solvent.    There was no change in the signal when 
the sample was measured at -38°C. 

g. Dibenzo(a, c)Triphenylene 

A 10"° M solution of this hydrocarbon gave an t tremely intense 
signal at -910C after treatment with SbCls.    Approximately 70 lines with 
a linewidth of 0. 5 gauss were recorded.    The analysis of this spectrum is 
discussed in the following section.    No paramagnetic solid formation was 
observed for this compound. 
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h.     Triphenylene 

The ESR spectrum of the triphenylene positive ion is of consider- 
able interest because of the two-fold degeneracy of the energy levels of 
the ground state, r0»41) At -9i°C,  a 5 x 10"*M solution of triphenylene- 
SbCle exhibited an incompletely resolved ESR spectrum with 30 lines ap- 
proximately 0.2 gauss wide.    The fairly narrow linewidth suggests that 
time-dependent Jahn-Teller distortions which lead to line broadening 
are probably absent, t*3'   More concentrated solutions of triphenylene ex- 
hibit a single sharp line of a paramagnetic solid in addition to the hyper- 
fine structure. 

i.     Chrysene 

Chrysend reacts with SbCle at -780C to form a paramagnetic 
solid which at -910C exhibits a single ESR line 0. 5 gauss wide.    As the 
sample is warmed,  the solid dissolves and hyperfine structure appeals. 
At -560C,  a 5 x 10"4 M solution of chrysene exhibited more than 50 lines 
each about 0.2 gauss wide.   HMO theory predicts a total of 729 lines for 
the chrysene radical cation.    The incomplete resolution,  to be expected 
for a spectrum consisting of so many lines, did not permit a detailed 
analysis. 

j.     3,4, 5, 6-Dibenzophenanthrene 

This hydrocarbon was quite insoluble in CH2CI2 at low tempera- 
tures and only a weak signal was observed at -910C.    When dilute solu- 
tions of 3,4, 5, b-dibenzophenanthrene-SbCle were warmed to room tem- 
perature,  the ESR signal intensity increased,  consisting of a single sharp 
line of a paramagnetic solid superimposed on the hyperfine pattern of the 
soluble ion.    In this instance,  the radical ion as well as the hydrocarbon 
has a low solubility in CU2C1Z.    At -Zi'C it was possible to^record the hy- 
perfine structure in the absence of the solid signed for a 10    M solution of 
hydrocarbon.    A complex pattern of approximately 75 lines was obtained 
under these conditions.    The poor signal-to-noise ratio, however, made 
the analysis of the spectrum difficult. 

k.    1,2,5.6-Dibenzanthracene 

A 5 x 10"* solution exhibited no signal at -91°C,  but when the 
solution was warmed to -40°C,  a partially resolved signal consisting of 
~30 lines 0.2 gauss wide was observed.    Above -iO'C, the signal decreased 
rather rapidly with time.    The complexity of the molecule and the incom- 
plete rfjsolution precluded a detailed analysis of the hyperfine spectrum. 

1.     Fluor ene 

At -91°C,  a lO^M solution of fluorene-SbCk gave a weak ESR 
signal consisting of three broad lines with a separation of about 4 gauss. 
No paramagnetic solid formation was observed in this case,  but attempts 
to improve the resolution by varying temperatures and concentrations 
were unsuccessful. 
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m.    Fhioranthene 

At -91°C,  the signal for a 10    M solution consisted of a 1-gauss 
wide, intense signal of a solid superimposed on several weak hyperfine 
peaks of about the same width.    When the sample was warmed, the para- 
magnetic solid dissolved without producing any improvement in the hyper- 
fine pattern.    A more dilute solution showed no improvement in resolu- 
tion. 

n.     7, 12-Dimethylbenz(a)anthracene 

This hydrocarbon gave a poorly resolved spectrum consisting of 
several broad lines.    The observed poor resolution may be due in part to 
the large number of hyperfine lines which would be expected for such an 
unsymmetrical molecule.    No improvement in resolution was observed for 
a more dilute solution. 

3.4.2.3.Z.    Unresolved Spectra 

By considering in detail the results for the hydrocarbons which 
gave resolved spectra,   one may rationalize the lack of resolution or total 
absence of a signal for the hydrocarbons in Table 42. 

A 10~*M solution of coronene-SbCle exhibited an intense signal ap- 
proximately one gauss wide.    Such a signal is characteristic of solid para- 
magnetic free radicals.    Similar signals were also seen for samples of 
tetracene, psrylene,  chrysene,  and others in which the hydrocarbon concen- 
tration was too high and in which solid precipitates were also observed. 
However, the solubility of the paramagnetic solid in those compounds was 
presumably sufficient to permit also the observation of the resolved signal 
from the radicals in solution (10"* to ID-6 M).     Apparently,    CHjClj is 
not a sufficiently good solvent for the coronene radical cation. 

ESR signals were seen for biphenyl and azulene only at high con- 
centrations of hydrocarbon (ID-1 to 10    M).    These hydrocarbons possess 
high ionization potentials and are apparently relatively unreactive to SbClg. 
At these high concentrations,  either totally unresolved broad lines or sin- 
gle sharp "solid" signals were observed for both compounds.    Attempts to 
resolve the broad lines were unsuccessful.    It may be that the required high 
concentrations of reactants introduced line broadening from electron ex- 
change phenomena. 

The compounds trans-stilbene, phenanthrene, and diphenyldiacety- 
lene all exhibited broad,  fairly weak signals.    The broad signal is charac- 
teristic of a radical in solution with unresolved hyperfine structure.    The 
broadening could again be due to electron exchange phenomena. 

ESR. was observed for p-xylene and benzene only after concen- 
trated solutions of hydrocarbon and SbCle stood at room temperature for 
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several hours.    These solutions gave a weak, broad resonance when meas- 
ured at low temperatures.    Although the signals might be those of the sim- 
ple xylene and benzene radical cations,  it is more likely that they arise 
from products of chemical side leactions. 

Solutions of acenaphthylene in CH2Cl2 turned deep green when 
treated with a large excess of SbCU at room temperature.    These samples 
exhibited broad,  fairly strong ESR signals.    DUute solutions prepared in 
vacuum at low temperatures were also green but did not exhibit any sig- 
nals.    It is interesting that the green solution which forms when acenaph- 
thylene is added to HzSO« also shows no ESR.   We have investigated the 
NMR of these solutions and found no proton resonance.    The absence of 
NMR signal strongly indicates the presence of paramagnetic species. 
These phenomena may be associated with electron exchange or polymeri- 
zation reactions involving several kinds of ionic species. 

3.4. Z. 4.    Reactions of SbCls with Aromatic Hydrocarbons 

These studies have shown that SbCle is one of the most effective 
electron acceptor reagents found to date for aromatic hydrocarbons.    With 
SbCU,   electron transfers can be achieved for hydrocarbons,  such as naph- 
thalene, with ionization potentials ZB high as 8 e. v.    The initial reaction 
is believed to involve a reversible one-electron transfer from the aromatic 
hydrocarbon to SbCle: 

ArH + SbCle   "   ArH •    +   SbCls • 

Although ESR signals were observed for concentrated solutions of SbCU 
with benzene and its derivatives,  it is felt that these signals resulted from 
complex reaction products rather than from the simple cations. 

With the use of CH2C12 as solvent,  stable solutions of many of the 
hydrocarbon unipositive ions can be produced by SbCle at low temperatures. 
However, both the concentration of radicals in solution and the resolution 
of the ESR hyperfine structure depend critically on the concentrations of 
hydrocarbon and SbCle.    For many of the aromatics of high ionization po- 
tential, high concentrations of hydrocarbon and SbCle are required to ob- 
tain sufficient quantities of free radical for ESR observation.    With the 
aromatic hydrocarbons of large size, the concentration of reagents munt 
be kept low to prevent paramagnetic solid formation at low temperatures. 
For the reactive aromatics,  concentrations of hydrocarbons as low as 
10"6 M are suitable for ESR study.    At high temperatures or with SbCle 
concentrations which are too high, further irrevero.ble oxidation reac- 
tions leading to dipositive ions are thought to occur.    Electron exchange 
reactions between uni- and dipositive '.ons can cause a loss of resolution 
in the ESR hyperfine structure. 

With more eifective control of these various factors, it may be 
possible to improve the ESR resolution and signal-to-noise ratio suffi- 
ciently to permit the determination of hyperfine coupling constants for all 
the hydrocarbons listed in Tables 41 and 42. 
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3.4.2.5.    Coupling Conntants and Spin Densities in Aromatic Hydro- 
     carbon RadicaJ Ions  

The main result of this investigation was the determination of 
proton hyperfine coupling constants for a number of previously unre- 
ported aromatic hydrocarbon cations.    Our data further confirm the valid- 
ity of simple HMO theory for aromatic hydrocarbons and are consistent 
with previous observations that the coupling constants for positive ions 
are larger than those of corresponding negative ions.    From the litera- 
ture, we have compiled ESR coupling constants and HMO spin densities 
for unsubstituted aromatic hydrocarbons,  and have presented these data 
along with the data obtained in the present investigation in Table 43. 

The HMO spin densities, p,  are listed in column 4 of Table 43. 
References are  given for the spin densities obtained from the literature. 
For the alternant hydrocarbons, p values are identical for both the ca- 
tions and anicns.    For the few nonalternant hydrocarbons in Table 43, the 
p values for both the positive and negative ions are included.     Column 5 
lists the experimental coupling constants aH which have been reported for 

aromatic anions.    Columns 6 and 7 list the proton coupling constants for 
the radical cations prepared with H2SO4 and SbCls .    Literature references 
for the anion data and the H2304 data are indicated.    The SbCle data in the 
last column have all been determined in this study. 

Our coupling constants were determined by compa^ng experi- 
mental line spectra (stick plots) with stick plots constructed from various 
coupling constant assignments.    Of course    for incompletely resolved 
spectra,  line overlap can give rise to consi    -   ble error in the experi- 
mental line intensities.    For those cases whicu were ambiguous,   compari- 
sons were made with spectra synthesized by an SESRS (Simulation of Elec- 
tron Spin Resonance Spectra) computer program, t53) This program is de- 
scribed in detail in Section 3.4.5.    The SbCle data for eacL compound are 
discussed below. 

a.    Perylene,  Anthracene,  9, 10-Dimethylanthracene,  and 
Naphthacene  

The positive ions of perylene,   anthracene,   9, 10-dimethylanthra- 
cene, and naphthacene have all been prepared previously in H2SO4. i16'43) 
Our coupling constants for the radical ions produced by SbCle are remark- 
ably close to those prepared by the H2S04 method.    This result leaves no 
doubt that the oxidation of these hydrocarbons with SbCle leads to the for- 
mation of unipositive radical cations.    It  should be noted, however, that 
our SbCle results are all lower than the H2^04 results by 1 or 2 per cent. 
This difference may be due to a solvent eüfe^t. 

The pyrene positive ion has not been reported previously.     The 
coupling constants for the pyrene radical cation are given in Table 43. 
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A comparison of the experimental stick plot with that computed from these 
coupling  constants  is   shown in Figure 42.    It is of interest to compare 
the coupling constants with thoae obtained for the negative ion(1''' and with 
HMO theory. 1   '   The coupling constants for the positive ion arR higher 
than those of the negative ion,  especially at the reactive l-position.    A 
similar trend for other arcunatic hydrocarbons has b^sn discussed by vari- 
ous investigators, t*t• 8B»B7'   The pyrene radical ion is of additional interest 
because HMO theory predicts zero spin density at the 2- and 7-positions. 
This prediction is not borne out by either the negative or positive ion.  In 
both species, a negative spin density corresponding to about 1. 1 gauss  is 
induced at these sites by the spin densities at the neighboring positions. 

PYRENE 

EXPERIMENTAL 

I i. 

4 GAUSS 

I i, i i 

COMPUTED 
4H a, =5.38 GAUSS 
4H a4=2.l2 GAUSS 
2H a2= 1.18 GAUSS 

N-6698 
Figure 42.   Comparison of Experimental and Computed Stick Plots 

for the Radical Cation of Pyrtne 

c.    Naphthalene 

The results obtained for naphthalene were very unusual.    The 
ESR experiments show that the positive ion of naphthalene exists as a 
dimer.    The negative ion, which has been nrepared by Turtle,  at al., (B6) 
and subsequently by Carrington,  et al., t16' is a simple monomer.     The 
coupling constants for the negative ion are in agreement with HMO theory, 
which predicts two sets of four equivalent protons with spin densities of 
0. 181 and 0.069. 
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Figure 43 shows a comparison of the experimental and two dif- 
ferent computed stick plots for the ESR of naphtnalene-SbCle-    It is ap- 
parent that the expected 4-4 proton model (Figure 43c) does not agree at 
all with experiment.    However,  it is evident that an assignment resulting 
from two sets of eight equivalent protons (Fierure 43b) is in excellent 
agreement with experiment.    Furthermore,  the coupling constants, 2.77 
and 1.03 gauss, are much smaller (in fact,  about a factor of two smaller) 
than those for the naphthalene negative ion.    Final confirmation of the 
8-8 assignment is provided by a comparison of the experimental and 
SESRsW curve shown in Figure 44. 

The 8-8 assignment leads to the conclusion that the positive ion 
produced by the oxidation of naphthalene by SbCle exists as a dimer with 
ore unpaired electron equally distributed between the two naphthalene 
mulecules.    The sharp lines and measured g-value of 2. 0023 suggest that 
the SbCle does not interact strongly wjlth the pi-system.    As far as we are 
aware, this experiment is the first EBR observation of a radical cation for 
a dimer of an aromatic hydrocarbon. 

NAPHTHALENE .'©§) 
EXPERIMENTAL 

(a) 

•   i .1 II 

(b) 

.. .. i .1 li. 

4 GAUSS 

ic) 
,  I  III 

ill, i  i 
COMPUTED 
8H a, = 2.77 GAUSS 

8H  a2= 1.03  GAUSS 

i. .ii i, i .... . 

COMPUTED 
4H Q, = 2.77 GAUSS 

4H a2 * 1.03 GAUSS 

N-6694 
Figure 43.    Comparison of Experimental and Computed Stick Plots 

for the Radical Caticn of Naphthalene 
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•   I 

NAPHTHALENE   l(ofo)l 
9    4 

EXPERliViENTAL 

N-7000 
Figure 44.    Comparison of Experimental and Computed (SESRS) 

Curves for the Radical Cation of Naphthalene 

Dimers of neutral aromatic hydrocarbons,  includiM naphtha- 
lene, have been shown to exist in excited states (eximers).*     Our ESR 
results for naphthalene suggest that the radical cation of a dimer of an 
aromatic hydrocarbon can exist in the ground state.    Dimeric complexes 
of aromatic hydrocarbons and SbCleare also known.    Tetracenel   ' and 
perylene{81) both form solid complexes in which there is a 2:1 ratio of 
hydrocarbon'to SbCfe.    Also,  Handa"3'has recently obtained spectral 
evidence for the association of polycyclic aromatics in concentrated 
HiSO«. 

d.   Dibenzo(a, c)Triphenylene 

The ESR signal of the cation of dibenzoCa, c)triphenylene was 
one of the most intense observed.   The spectrum was reduced to the 
coupling constants given in Table 43.   A comparison of the experimental 
spectrum with an SESRS curve synthesized from these coupling constants 
is shown in Figure 45. 

The symmetrical dibenzo(a,c)triphenylene molecule contains 
four groups of four equivalent protons.   However,  as seen from the cou- 
pling constant assignment, one of the groups has eosentially zero spin 
density associated with it.   Neither experimental data on the negative ion 
nor HMO calculations have been reported.   We have calculated the HMO 
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OIBENZO (o,c) TRIPHENYLENE 

I GAUSS 
i 1 

COMPUTED 
4H a4= 2.28 GAUSS 

1.99 GAUSS 

4H a, =0.60 GAUSS 

N-7002 
Figure 45.    Comparison of Experimental and Computed (SESRS) 

Curves for the Radical Cation of Dibenzo(a, c)Tri- 
phenylene 

spin densities for dibenzo(a, c)triphenylene and the agreement with experi- 
ment is excellent (see Table 43). The good agreement with Hückel theory 
which assumes planar aromatic systems, is unexpected in view of the non- 
planarity of the dibenzo(a, c)triphenylene molecule. I83' 

The nonalternant hydrocarbon A8»9 -bifluorene is a structural iso- 
mer of dibenzo(a, c)triphenylene and,  like the latter compound,  is non- 
planar.'   '   The HMO spin densities for the A9>9 -biflucrene positive ion 
are identical to those for dibenzo(a. c)triphenylene ion.    However,   since 
A9> 9 -bifluorene is nonalternant, the spin densities of the positive and nega- 
tive ions differ (see Table 43). 

The A9' 9 -bifluorene exhibited the complex hyperfine structure 
shown in Figure 41 (b).    Both the overall width of the spectrum and the indi- 
vidual lines were quite narrow.    Small spin densities at the ring protons 
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are to be expected,   since the central   •J.'J'-carbon atoms are shown in 
HMO theory to be regions of high spin density.    The coupling constants 
for the A^'-bifluorene cation are given in Table 43.    Figure 46 shows a 
comparison of the experimental and computed stock plots.    To compen- 
sate for line overlap, the computed spectrum was obtained by adding the 
calculated intensities of all lines within a linewidth of eich experimental 
line position. 

Employing a Q » 30,  there is good agreement between the experi- 
mental coupling constants and those derived from simple Httckel theory. 
This agreement is rather remarkahle for a nonalternant hydrocarbon 
which is known to be nonplanar.'8*'   It should be noted that the coupling 
constants for the A9'9l-bifluorene cation are approximately the same as 
those for the cation of its structural isomer,   dibenzo(a, c)triphenylene. 

9 9' 
A'-BIFLUORENE 

EXPERIMENTAL 

3 GAUSS 

H.lllill.lllllll 

 .Illllllllllll 

li   'II Hin hJl.il., 
COMPUTED 
4H 0,-2.14 GAUSS 
4H a,* I.986AUSS 
4H a> 0.46GAUSS 
4H aj«0.17 GAUSS 

lliilllllllli.,, 

N-7029 
Figure 46.    Comparison of Experimental amd Computed Stick Plots 

for the Radical Cation of t?'9 -Bifluorene 
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f.    Tetraphenylethylene 

The ESR spectrum for the tetraphenylethylene cation should con- 
tain a maximum of 9 x 9 x 5 = 405 lines.    The observed spectrum in Fig- 
ure 41 (a) contains 12    lines of about 0. 05 gauss linewidth.    The approxi- 
mately equal spacing and partial line overlap make   the assignment of 
coupling constants rather difficult.    However,  a good agreement between 
experimental and computed spectra is obtained for the assignment, 4H 
(2. 93 gauss),   8H (2. 06 gauss),  and 8H (0. 52 gauss).    A comparison of ex- 
perimental and computed stick plots is shown in Figure 47.    The previous- 
ly mentioned procedure of collecting and adding line intensities wss again 
used for obtaining the computed spectrum in Figure 47.    The approximate 
superposition of many of the 405 predicted lines leads to the much smaller 
number shown. 

TETRAPHENYLETHYLENE 

4 GAUSS 

&:& 'CT^ 

@rci@ 

MIIIMI.IIIIIIIIIIII 

EXPERIMENTAL 

I'lllliill lllllllllllhlnllli, 

.. .i .m.ll.ll.ll.lull 

COMPUTED 
4H  o4 »2.93 GAUSS 
8H  02*2.06 GAUSS 
AH   o3-0.52 GAUSS 

lIlllllllllilll.ll.ll.M,,,,,., 

..,      „ N-7030 
Fxgure 47.    Comparison of Experimental and Computed Stick Plots 

for the Radical Cation of Tetraphenylethylene 

The coupling constants for the tetraphenylethylene cation are con- 
siderably larger than those predicted from HMO theory (Q "? 30).     This 
discrepancy cannot be explained by the nonplanarity of tetraphenylethylene 
alone, \   ' since one would expect deviations from planarity to decrease 
rather than increase the unpaired electron density in the phenyl rings. ^ 
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3.4. 2. 6.    Correlation of Spin Densities with Proton Hyperfine 
 Coupling Constants  

We have employed the experimental data in Table 43 to test quan- 
titatively several of the theories which relate coupling constants to theo- 
retical spin densities in aromatic radical anions and cations. 

The McConnell relationship ^a' 

»H   =   QP (1) 

states that the proton coupling constant,  a„,  in aromatic free radicals  is 

related to the unpaired spin density,  p,  at the attached carbon atom by a 
single constant,  Q,    However,  the ESR data for the alternant hydrocarbons 
perylene, anthracene, naphthacene, pyrene, naphthalene, and biphenylene in 
Table 42 show that the measured coupling constants of aromatic hydrocar- 
bon cations are generally larger than those for the corresponding anions. 
Since it has been shown' 7' that the spin densities for positive and negative 
ions of alternant hydrocarbons should,  to a high degree of approximation, 
be identical, the McConnell relationship must be modified accordingly. 

In Figures 48 and 49,  the proton coupling constants for the aro- 
matic hydrocarbon anions and cations listed in Table 43 have been plotted 
separately against spin densities determined from simple HMO theory. 
These plots show good linear relationships for data which include both al- 
ternant and nonalternant radical ions, i68' 

Least squares fits to the data in Figures 48 and 49 yield expres- 
sions (2) and (3) for the anions and cations,  respectively. 

a^   =   28.6 p (Standard Error = ±0.43 gauss) (2) 

+ 
*H aH   =   35.7 p (Standard Error = ± 0.38 gauss) (3) 

The two different Q values show that the proton hyperfine coupling con- 
stants for hydrocarbon cations are, on the average, about 25 per cent 
greater than for the respective anions. 

There have been several recent quantitative attempts to account 
for this apparent difference in Q.    Colpa and Boltonf14' proposed a modifi- 
cation of the McConnell relationship which takes into account both the ef- 
fects of spin density and excess charge density on the C-H bond.    For the 
case of HUckel spin densities, they obtained the expression 

^(CB)   =   -(Qp^Kp*). (4) 
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Figure 48.    Relation Between Experimental Coupling Constants,  aH, 
and HUckel Spin Densities, p,  for Aromatic Hydro- 
carbon Negative Ions N-7006 

.10 ,15 
p, (HMO) 

Figure 49.    Relation Between Experimental Coupling Constants, a^, 
and Hückel Spin Densities, p, for Aromatic Hydro- 
carbon Positive Ions'68' N- 7007 
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This relationship which employs a single value of Q,  accounts for the dif- 
ference between positive and negative ions by the excess charge density 
term ±Kp2. 

We have tested the Colpa-Bolton (CB) relationship (4),  using the 
average of our Q values (32. 2) for positive and negative ions.    The value 
of K in equation (1) was determined to be 16 by a least squares analysis of 
the combined positive and negative ion data in Table 43. ^8'   Colpa and 
Bolton in their analysis employed Q = 31. 2 and K = 17.    In Figure 50, the 
experimental coupling constants a» are plotted against the corresponding 

± coupling constants a. H(CB)' calculated from the equation 

*U{CB) = 3Z-*P±ibf,Z (5) 

The fit of the data in Figure 50 (Standard Error = ±0.40 gauss) is as good 
as that obtained for the individual Q plots in Figures 48 and 49. 

aH(C.|-322^-,6/>* 

o NEGATIVE IONS 

a POSITIVE  IONS 

»M«. (GAUSS, 

N-7031 
Figure 50.    Comparison Between Experimental Coupling Constants 

for Both Aromatic Negative and Positive Ions and 
Those Calculated from the Colpa-Bolton (CB) Theory(6B) 
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Recentlv Giaconietti, Nordio, and PavPn*56) (GNP) have modified 
the McConnell relationship without introducing i.n explicit charge eifect. 
Starting with HUckel theory,  they derived expression (6) by a first order 
perturbation calculation which considered terms ai ising from hydrogen- 
next-nearest-neighbor-carbon p-orbitals.    The result of their calculation 
was expressed in the form 

aH1(GNP)=QlP'  ^l?  c*cl| (6) 

and is analogous to the (CB) relationship (4),  except that the second term 
involves the products of Huckel coefficients of neighboring carbon atoms. 

(es)     We have alBO tested equation (6) using the combined data in Table 
43,        and th ; results are shown in Figure 51.    The coupling constants 

^(GNP) were calculated from the equation 

^(GNP)   =   32.2pt±7.o|i: cic^. (3) 

in which a value of Qi= 7.0 was determined by a least squares analysis. 
For Qi, we have again employed our average value of 32.2.    The standard 
error for the fit of the data in Figure 51 is ±0. 38 gauss, which is only 
slightly better than the (CB) fit in Figure 50. 

It appears that both the (CB) and (GNP) modifications of the 
McConnell relationship account for the differences in magnitude between 
the coupling constants for aromatic negative and positive ions.    It is also 
evident that none of the relations provides precise quantitative agreement 
between experiment and theory.   However,   in view of the simplicity of 
HMO theory, the agreement between HMO spin densities and coupling con- 
stants for the wide variety of alternant, nonalternant,  planar,  and non- 
planar aromatic hydrocarbons included in Table 43 is impressive.    Any 
bettti agreement with experiment will probably require more accurate 
calculations of spin densities  such as those recently reported by Savetta 
and Memory. I57' T       7 

3.4. 3.    Optical Spectra of Aromatic Radical Cations 

3.4. 3. 1.   Aromatic Hydrocarbons - Antimony Pentachloride 

Optical spectra have been obtained for radical cations prepared 
by the interaction of aromatic hydrocarbons with SbCls in CH2C12 solution. 
At room temperature,  many of the systems examined proved to be un- 
stable, and the spectra changed with time.    The stability was generally 
found to be highest for solutions containing lÖ"0 M SbCls and KT* M hydro- 
carbon. 
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Figure 51.    Comparison Between Experimental Coupling Constants 
for both Aromatic Negative and Positive Ions,  and 
Those Calculated from the Giacometti-Nordio-Pavan 
(GNP) Theory t68' 

Figure 52 shows a spectrum of 10:1 SbCle-naphthacene miirtare 
in CH2Cli.    This spectrum is compared with one obtained for a si     tion 
of naphthacene in the oxidizing medium H^O«.    In H^SO*. the following 
sequence of reactions has been shown to take place between polynuclear 
aromatic hydrocarbons and HzSO«. * ' 

(1) ArH   +   HjSO« =    ArlC  +   HScJP 

(2) ArH   +   ArHz    a    ArH •   +    ArHj 

..© 
3HSO4   +  so2 

(3)   ArHi +   tHjSO^  ArH^ +  2H,cP + 

The spectra of the diamagnetic cation (ArHT) and the radical 

cation (AxK?) are both generally observed when sulfuric acid is used as 
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Figure 52.    Optical Spectra of Naphthacene Radical Ion 

the oxidizing agent for aromatic hydrocarbons.    The major bands at 457 
and 607 m(i for naphthacene in H2S04 are attributed to the diamagnetic 

fit). cation (ArHJ ).    The bands at 741 and 850 mp. have been assigned to the 

#, radical cation (ArH^) of naphthacene. 

Protonation is not a necessary prerequisite for radical-ion for- 
mation.    Therefore, when the spectrum of naphthacene is recorded in the 
presence of the strong Lewis acid,  SbCls,  only the bands of the radical 

cation (ArH^) are observed.    The overall reaction is believed to involve 
a direct transfer of an electron from the aromatic hydrocarbon to SbCle. 

(4)   ArH   +   SbCls  a ArK F  +   SbCl^ 

Further oxidation is possible, leading to the formation of the diamagnetic 

dipositive ion (ArH       ). 

(5)   ArH? +   SbCls«   ArH       +   SbCÜ 

Optical spectra have been obtained for 1:10 mixtures of the aro- 
matic hydrocarbons perylene, anthracene, 9, 10-dimethylanthracene, py- 
rene, naphthalene,  dibenzo{a, c)triphenylene.   A9»9 -bifluorene,   and tetra- 
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phenylethylene with SbCU in CHjCl2.    The spectra which were obtained 
for these deeply-colored solutions are shown in Figures 53 and 54. 

WAVELENGTH [N MILLIMICRONS »T    yny 7 

Figure 53.    Optical Spectra of Aromatic Hydrocarbon Radical Ions 

100 500 700 900 
WAVELENGTH IN MILLIMICRONS 

N-7028 
Figure 54.    Optical Spectra of Aromatic Hydrocarbon Radical Ions 
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The wavelengths of the major absorption bands of each spectrum 
have been compiled in Table 44 together with the wavelengths of the cor- 
responding radical cations and anions which have been prepared by other 
chemical methods.    For alternant aromatic hydrocarbons,  the negative and 
positive ions are expected to have similar spectra.    Finally,  columns 5 
and 6 of Table 44 list the wavelengths of the absorption bands for the few 
dipositive and dinegative ions which have been reported.    A brief discus- 
sion of the SbCle spectra of each compound listed in Table 44 follows. 

a. Naphthacene 

The spectrum of naphthacene-SbCle agrees fairly well with that 
reported for the radical cation prepared with sulfuric acid. 'yo' The bands 
in the SbCle spectrum appear to be shifted to longer wavelengths and to be 
better resolved than the HjSC^ spectrum,  however.    After about 3 hours, 
the naphthacene-SbCle spectrum changes,   showing the development of a 
strong band at 650 m|i.    The naphthacene dipositive ion also shows a 
strong absorption at 650 mfi.    Thus,   it appears that, with time, further 
oxidation of naphthacene by SbCle leads to dipositive ion formation by re- 
action (5). 

b. Perylene 

Shown in Figure 53 is the ultraviolet-visible spectrum of perylene 
in SbCle-CH2C12 solution.    It can be seen from Table 44 that the major ab- 
sorption bands at 541 and 727 mfi agree very well with those reported by 
Aalbersberg, et al./72' for the radical cation prepared in CF3COOH-BF3, 
H20 solution. 

c. Anthracene 

The spectrum of anthracene (Figure 53) shows strong absorption at 
698 mil which is presumed to correspond to that at 728 m|J. for the radical 
cation prepared by Aalbersberg, et al. ,»Ta' in CF3COOH-BF3,  H20 solution. 
The anthracene-SbCle spectrum also shows strong absorption at 569 m(i 
which could possibly be that of the dipositive cation.   The spectrum of the 
dipositive cation of anthracene has not been reported, but the dinegative 
ion has a strong band at 620 mn. l,s' 

d. Pyrene 

The spectrum of pyrene (Figure 53) is poorly resolved,  perhaps 
due to the presence of several ionic species in solution.    The broad band 
in the 500 to 700 mji region includes the absorption reported for the uni- 
positive radical cation^   ' and could also contain bands of the dipositive ion. 

e. Naphthalene 

The spectrum of naphthalene is shown in Figure 54.    The absorp- 
tion wavelengths in Table 44 do not agree with the data published by Paul, 
Lipkin,  and Weissman for the negative ion. '7B'   However, the band with 
maximum at 680 mfi is broad and unresolved and extends over the absorption 
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Table 44.   Optical Absorption of Aromatic Hydrocarbon Radical Ions 

nip«rlm«ntmim 
@ (SbCI,) ® 0 © 

Compound K, m|t X, mil V. mit X. mn \, m|i 

MarMhtcvn« 211 271 «'•I 35^') 27l(^ 1J2(»1 
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PtfyUu« 381 w 5521 "> 5751''> 446<"l 
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region reported for the negative ion.   Here, again, the poor resolution 
may be due to the presence of more than one ionic species. 

f. 9,10-Dimethylanthracene,  Dibenzo(a, c)triphenylene, 
A9»9'-Bifluorene, Tetraphenylethylene  

The compounds 9, 10-dimethylanthracene, dibenzo(a, c)tripheny- 
lene,  A9«9,-bifluorene, and tetraphenylethylene gave well-resolved and 
characteristic spectra with SbCle.    The spectrum of dimethylanthracene 
exhibits the same radical ion hands which have been observed in HjSCV* ' 
Dibenzo(a, cHriphenylene,  Ä9'9,-bifluorene, and tetraphenylethylene are 
all insoluble in HjSO« and no radical cation spectra have been previously 
reported for these compounds.    The spectra in Figure 54 are believed to 
be those for the respective radical cations.    The ESR of these solutions 
have already been discussed. 

g. Miscellaneous Aromatica 

Spectra were obtained for biphenyl,  benzene,   and fluorene with 
SbCle in CHjClz.   They all gave colored solutions, the spectra of which 
were almost completely unresolved or changed with time.    These results 
indicate the presence of more than one ionic species in each case. 

3.4.3.2.    Aromatic Hydrocarbons-Sulfuric Acid 

Optical spectra are reported for two aromatic hydrocarbons, 
pentamethylbenzene and A1-1'-biacenaphthene,  in sulfuric acid. 

a.    Pentamethylbenzene 

CH, 
HjC^X^CH, 

H,C -"Sj^CH, 

Figure 55 shows the spectra obtained for pentamethylbenzene in 
HjSO^ as a function of time.    The behavior of this compound resembles that 
of hexamethylbenzene.P'' A strong band forms at 385 millimicrons imme- 
diately; with time, a peak develops at 514 millimicrons. 

It is likely that pentamethylbenzene in sulfuric acid rearranges to 
form hexamethylbenzene. 
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Figure 55.    Ultraviolet Spectra of Pentamethylbenzene in H2S04 

b.   A1'1 -Biacenaphthene 

Biacenaphthene is an intermediate in the pyrolysis of acenaph- 
thylene.   It would be of interest to prepare a radical from this material 
by oxidation in sulfuric acid.    A1'1'-biacenaphthene does react in sulfuric 
acid initially forming a blue solution which later turns green.    The spec- 
tra are shown in Figure 56 and are somewhat similar to that obtained for 
acenaphthylene itself.   A major band develops at 630 millimicrons and 
some changes in the spectra occur in the 420-millimicron region. 

3.4.4.    The Electron Spin Resonance of the Radical Ion Formed by the 
 Reaction of Hexamethylbenzene with H2SO4  

3.4.4.1.   Introduction 

Polynuclear aromatic hydrocarbons are known to undergo one- 
electron oxidations in the presence of concentrated HjSCV    ESR spectra 
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Figure 56.   Ultraviolet Spectra of A1>ll-Blacenaphthene in H2SO4 

have been reported for the stable unipositive    radical ions of a number 
of polycydic hydrocarbons in HjSO« solution. I16»18'   The smaller aro- 
matic hydrocarbons,  such as naphthalene and benzene,  are not oxidized 
by H2SO4.    We have found, however, that the methylated benzene deriva- 
tive, hexamethylbenzene (HMB),  does react with concentrated H2SO* to 
form a deeply-colored solution which exhibits an intense ESR signal. 
Section 3.4.4. describes the results of ESR studies for this system and 
discusses the structure of the stable radical cation formed from HMB 
in strong oxidizing media. 

ESR investigations of positive radical ions derived from methy- 
lated anthracenes have provided important support for the concept of hy- 
per conjugation. I48'   The ESR coupling constants for the negative radical 
ions prepared by the reduction of toluene and ortho-, meta-, and para- 
xylene, \&»,e»r''  have been helpful in studying both hyperconjugation and 
the orbital degeneracies in the ground state of benzene. 

The direct oxidation of methylated benzenes to radical ions has 
been difficult to achieve.   Although an ESR spectrum was observed for 
p-xylene in concentrated H2S04 containing K2SjOa, this spectrum was 
shown to be that of a dimethyl-p-semiquinone cation. \   »™'   Hulme and 
Symonsf80' and, more recently.  Carter and VincowW have reported the 
ESR of the hexamethylbenzene cation prepared by the oxidation of HMB. 
Hulme and Symons observed a 13-line ESR spectrum when a solution of 
HMB in H2SO4 was photolyzed.    Carter and Vincow observed a similar 
spectrum for HMB in fuming H2SO4. 
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We have found that, although HMB does not react immediately 
with 98 per cent H2S04,  it does undergo a slow rearrangement to form a 
stable radical cation which is not the simple (HMB) cation.    This reaction 
is related to the rearrangements found for other methylbenzenes in strong 
oxidizing environments." •eB' 

In the Section 3.4. 4. 2., the optical spectra of HMB in 98 per 
cent H2S04 are described.   In Section 3. 4. 4, 3., the ESR results for HMB 
in H2S04 and HMB in DjSO« are discussed.    Section 3,4.4.3. also presents 
ESR data for HMB in two other oxidizing media,  SbCle and I2.    In Section 
3.4.4.4. ,  NMR results for the ions formed from HMB with strong acids 
are described.    Finally,  in Section 3.4.4.5., a structure of the radical 
from HMB is proposed and the evidence in support of this structure is 
given. 

3.4.4. 2.    Optical Spectra of Hexamethylbenzene in H2S04 

The ultraviolet-visible absorption spectra obtained over a period 
of time for HMB in concentrated HjSC^ are shown in Figure 57.    HMB ini- 
tially dissolves in H^O« to form a yellow solution.    The spectrum of this 
solution (0 hours), which is shown in Figure 57,  contains major absorption 
bands at 393 and 280 mfi.    These bands can be attributed to the protonated 
HMB cation (LU). 

CH,    H 
CHj^yX^CHj 

CHj^ß^CH, 

CH, 

(ui; 

This spectrum has been reported for solutions of HMB in CC13 COOH and 
in CFj COOH-HjSO« mixtures. I8*' 

After    1 hour,   the solution of HMB in H2SO4 turns red and the 
second absorption spectrum in Figure 57 is observed.   This spectrum 
contains a broad band at 518 m\i. and a second band at 330 mji.    After 3 
hours, the 518 and 330 my. absorptions increase and the peaks due to the 
carbonium ion (LU) diminish.   After 24 hours, the spectrum changes 
completely as a result of complex oxidation reactions. 

3.4.4.3.    JESR Results 

3.4.4. 3. 1.   Hexamethylbenzene in H2SO4 

No ESR signal was observed in the yellow solution of HMB in 
HjSO«.    The red solution exhibited an intense ESR signal, which was 
stable for several days.    The upper curve in Figure 58 shows one-half 
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Figure 57.    Optical Spectra of HMB in HjSO« N-7005 
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Figure 58.    ESR of HMB in HjSC^; Comparison Between Experimental 

Curve and Curve Synthesized by an SESBS Computation 
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of the ESR spectrum.   This complex pattern was not expected, since the 
6 equivalent methyl groups of a HMB radical cation would be expected to 
give 19 equaUy-spaced lines having a binomial intensity distribution. I79) 
Figure 59 shows the entire experimental line spectrum.    There are 3 
groups of lines separated by 5. 40 gauss with an intensity ratio of 1:2. 8:1. 
The individual lines within each group are spaced 1.68 gauss apart.   The 
separation of the spectrum into three main groups of lines suggests a 
5.40 gauss splitting by 2 equivalent protons.    The deviation from the ex- 
pected 1:2:1 intensity ratios will be discussed in detail in a later section. 

X^1-68 GAUSS 

m-nXit T^lVr. 

5.40 GAUSS 
ir- co     ^_       . N-4605 
Figure 59.    Experimental Line Spectrum for HMB in HjSCH; 

Line Positions and Intensities Taken from the 
Upper Spectrum in Figure 58 

To complete the analysis of this spectrum, it is necessary to 
consider only the central group,  since the relative intensities of corre- 
sponding lines in each group are identical.    The intensities of lines with- 
in the central group fall off extremely graduaUy.    This result is illus- 
trated in Figure 60, which compares the experimental intensity distribu- 
tion with three possible assignments of coupling constants.    The lines 
and bars in Figure 60 represent the experimental intensities.    The lower 
two dashed curves show the intensity distributions for 18 and 36 equiva- 
lent protons with coupling constants of 1. 68 gauss.    It is apparent that the 
decrease in intensities for both assignments is much more rapid than for 
the experimental lines. 
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Figure 60.    Line Intensities of the Central Group of Lines in Figure 
59; Comparison with Those Computed from Three Dif- 
ferent Sets of Coupling Constants (Dashed Curves) 

The upper dashed curve is the intensity distributijn for a radical 
containing 12 protons with ax = 3. 36 gauss and 6 protons with a, = a^lZ = 
1. 68 gauss.   It can be seen that this assignment is in excellent agreement 
with experiment.    Although this 12-6 assignment predicts 31 lines, our 
experimental signal-to-noise ratio permitted the observation of only 21 
lines. 

A considerable effort was made to show that the 12-6 assignment 
was unique.   Figure 61 shows correlation diagrams for a number of alter- 
native assignments for the lines within the central group; these diagrams 
show the per cent deviation between corresponding lines of the experimental 
and the various computed spectra.   It can be seen that the correlation dia- 
gram for the 12-6 assignment is the only one in which the deviations are 
small and random. 

As previously mentioned, the relative intensities of the 3 major 
groups of lines in Figure 59 are appreciably different from the 1:2:1 ratio 
to be expected from a splitting by two equivalent protons.   It was noted. 
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Correlation Diagrams for the Intensities of the Central 
Group of Lines in the ESR Spectrum of HMB in HjSC^; 
Line No. Zero is the Central Line of the Spectrum; the 
Spacing a/2 Equals 1.68 Gauss 
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however,  that the ESR lines belonging to the outer groups were slightly 
wider than those in the central group.    A 10 to 20 per cent greater width 
of the outer lines would account for the observed deviation from an exact 
1:2:1 ratio of intensities. 

The observed linewidth variations suggest that there may be re- 
stricted rotation involving the two protons which give rise to the large 
splitting. (*)   One might expect such linewidth variations to depend upon 
both temperature and viscosity.    Figure 62 shows the central portion of 
the HMB spectrum at three different temperatures.   Note that the width 
of the intense lines, which belong to the central group, do not vary with 
temperature.    The satellite lines which belong to the outer groups narrow 
considerably with increasing temperature.    At 54°C, the intensity ratios 
for the three main groups of lines are   within 15 per cent of the expected 
1:2:1 distribution.    It was also found that the addition of trifluoroacetic 
acid to a solution of the radical in HjSOt lowered the room-temperature 
viscosity sufficiently to decrease the widths of the satellite lines. 

CENTER 

INCREASING   MAGNETIC FIELD 

Figure 62. 
N-5042 

Central Portion of the ESR Spectrum of HMB in HjSO« 
at Three Different Temperatures. 
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From the preceding dUcuasion, it was concluded th«t the radical 
formed from KMB in H2SO4 had the foUowing coupling constant«:   2H, ai = 
5. 40; 12H, a, = 3. 36; and 6H, a, = 1.68 gauss.    A final confirmation of this 
assignment is shown in Figure 58 in which a spectrum simulated from these 
coupling constants is compared with the experimental curve obtained at 
25*C.    The synthesixed SESRS curve166' contains two different llnewidths: 
0.157 gauss for the central group and 0.174 gauss for the two outer groups. 

3.4.4.3.2.   Hexamethylbenzene in D2SO4 

The 12-6-2 assignment of coupling constants shows that the ob- 
served radical contains two more protons then the original hexamethyl- 
bensene molecule.   In order to determine whether the additional two pro- 
tons involved the HjSC^ solvent,  an ESR spectrum was obtained for HMB 
in D1SO4.    The upper curve in Figure 63 shows one-half of the experimen- 
tal spectrum.   There is no sign of the 3 groups of lines shown in Figure 
59.   Instead,  37 equally-spaced lines with a separation of about 0. 84 gauss 
were observed. 

HEXAMETHYLBENZENE - t^SO^ 
EXPERIMENTAL 

^i1^!^^ M^w^ftwfc^—"y 

COMPUTED 

I2H  o, «3.3« GAUSS 

0.83 GAUSS SH  0« I.686AUSS 
l~~" W 0.- 0.S30AUSS ^^S'^-^-^ 

N-7053 
Figure 63.   ESR of HMB in D£0Ai Comparison Between Experimental 

Curve and Curve Syntheslsed by an SESRS Computation 

This spectrum of HMB in D£0, is consistent with the previous 
12-6-2 assignment only if the two protons which give rise to the large 
5.4 gauss splitting are replaced by deuterons.    Since the ratio of the 
deuterium coupling constant aD to the proton coupling constant aH is given 
by 

»D        "^Hl   _  0.8574(1/2)   _ -   15„ 
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the «jj =  5.4 gauss becomes a    = 0. 83 gauss.   This predicted splitting 

agrees within experimental error with the measured 0. 84 gauss spacing. 
The particularly simple spectrum in Figure 63 results from the fact that 
the 0. 84 gauss deuteron splitting is precisely one-half of the smallest 
proton splitting of 1.68 gauss. 

In Figure 64, the experimental line intensities are compared with 
a line spectrum computed from a 12K, 6H,  2D assignment.   The alternation 

CENTER 
-   EXPERIMENTAL 

I    COMPUTED   SPECTRUM 

fl 

12 H     0,- S.36 JAUSS 
6H     Q,-  1.68 GAUSS 

2 D     0 • 0.64 
XI- 

GAUSS 

.- TTTTTT....., 
0. 64 GAUSS 

N-4608 
Figure 64. Line Intensities for thr ESR of HMB in 02804; Compari- 

son Between Experimental (Taken from the Upper Curve 
in Figure 63) and Computed Spectra 

in line intensity if a result of the 1:2:3:2:1 distribution of intensities for 
two equivalent deuterons of spin 1.    Final confirmation of the assignment 
is given in Figure 63 which «hows an SESR5 comparison of the computed 
and experimental spectra. 

3. 4.4. 3. 3.   Hexamethylbenaene with Iodine and with SbCle 

The most likely explanation of the D^SO« results la that the two 
additional protons (deuU rons) in the HMB radical arise directly from the 
H1SQ4 (DiSQt) solvent.   However, in view of the known ease of rearrange- 
ment of methyl benaenes in HjSQt. ^   ' another possibility is that these 
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two protons result from intermolecular methyl addition reactions.    This 
second alternative would then require that, of the 20 protons in the HMB 
radical,  only the two with the 5.4 gauss splitting readily exchange with 
D2SO4.    In order to distinguish between these alternatives, we have also 
prepared the HMB radical species in media which do not contain exchange- 
able protons. 

Two aprotic reago^ts which have been employed as electron ac- 
ceptors for the preparation of aromatic radical cations are Ij'88' and 
SbCU (Section 3.4.2. ).    Figure 65 shows the ESR spectrum obtained lor a 
3 x 10    M solution of HMB in molten Ij at 125*C.   The spectrum consists 

N-7001 
Figure 65.    ESR of a 3 x 10"3 M Solution of HMB in Molten I2 at 125 "C 

of at least 23 equally-spaced lines about 1 gauss wide with a separation of 
1. 7 gauss.    The spectrum is incompletely resolved; but the 1. 7 gauss 
spacing is, within experimental error, identical to the 1.68 gauss splitting 
observed for HMB in HjSO«. 

Because of the poor resolution,  the individual satellite lines 
arising from the 5.40 gauss splitting cannot be discerned.    In order to 
ascertain whether this 2-proton splitting is present in the HMB-I2 spec- 
trum, an SESRS comparison which takes into account the incomplete reso- 
lution was performed.    It was found that the line intensities for the spec- 
trum in which the 2-proton splitting is omitted fall off much more rapidly 
than in the experimental curve.    On the other hand, the SESRS spectrum 
for the 12-6-2 assignment appeared to be in much better agreement with 
experiment.   Figure 66 shows a quantitative comparison of the lint: in- 
tensities for these two computed spectra with those obtained from the ex- 
perimental curve.    This comparison confirms the 12-6-2 assignment: for 
the HMB-I2 spectrum. 

When a dilute solution of HMB in CK2C12 is treated with SbCle,  a 
red color develops and the sample exhibits an ESR signal identical to that 
for HMB in Hjß04 (Figure 58).   The ESR observations with both I2 and 
SbCle prove that all 20 protons in the HMB radical arise from HMB mole- 
cules.   Since only two of the protons exchange with deuterium in D2SO4, 
their bonding must be quite different from that of the other 18 protons. 

171 



HEXAMETHVLBENZENE-I 

I2H a,-Sit MUSS 
•H at' IMOAUSS 
2H  •j-B.WOAUSS 

4 6 
LINE  NUMBER 

Figure 66.   Correlation Diagrams for the ESR Spectrum of HMB98 

in Molten l2;   Experimental Intensities Taken from 
the Curve in ngure 65;   Line Number Zero is the 
t-entral Line of the Spectrum 

3.4.4.3.4.    g-Factora 

58, was dett^Tt; t^ro^ff 0^7^^^ e™    " "^ ^«^ 
üiia value is identical to that ioltiT^^TlZT^Y^ 
This g-factor seems to eliminate the possibilitv that the HMR^f^-    i • 

r^U  Zti   S *?* 8emi(luinone cations have not been reported   we have 
measured the g-factor of the duroquinone cation in IfcSo! - Na!s a. (^f 
and have indeed found the high vajSe 2. 0035^0001     These «TÄr re 
suits show that the radical from HMB does not contkin o^gen 

t^U^ S^-^-Ä/rr^in^Ä ^ent 
17^ 



3.4. 4. 4.    NMR Studies of the Reactions of Hexamethylbenzene with 
 Strong Acids  

The ESR coupling constant assignment for the radical ion from 
HMB shows that HMB must undergo molecular rearrangement in strongly 
acidic media.    Rearrangement reactions of methyl benzenes in strong 
acids (the Jacobsen Reaction) are well known, l83«'8' Furthermore, the 
mechanism of these rearrangements has been postulated to involve free- 
radical intermediates. *ae' 

Several recent NMR studies have demonstrated chemical ex- 
change and rearrangement reactions of HMB in the presence of strong 
acids.    Maclean and Mackort89' studied the NMR of HMB in HF-BFj at 
-85"C and obtained a resolved spectrum of the protonated  hexamethyl- 
benzonium ion (LU). 

(LID 

At room temperature, the NMR spectrum collapsed to a single peak due 
to rapid proton exchange reactions.    These exchanges were postulated to 
occur intramolecularly within the ion (LII).    Birchall and GiUespie^90) 
have observed similar effects for solutions of HMB in HSOjF.    However, 
they postulated a mechanism of exchange in which the proton of the ion 
(LU) exchanged with the solvent.      D o e r i n g ,    et al., l91' have reported 
NMR data for the very otable heptamethylbenzonium ion (Uli) which re- 
sults from the rearrangements of methylbenzenes in the presence of 
Friedel-Craft catalysts.    This ion can alternately be produced from HMB 
and CH3OH in H2SO4.    The ion (LIU) can readily be converted to its con- 
jugate base (LIV). 

(LIV) 

We have made NMR measurements of HMB in HzSC^, D2SO4, and 
SbCle-CfyCl,. In 98 per cent H2SO4 at 250C, only a single broad absorp- 
tion at 2. 35 ppm was observed.    This peak can be attributed to the ion 

173 



(LII) which la undergoing rapid proton exchange.   In 98 per cent DiSO* 
öo methyl resonance was detected, although an H,S04 P«ak can be ob- 
served to grow as the HMB goes into solution.   The development o/ the 
11,504 peak demonstrates the presence of solvent - HMB exchange reac- 
tions which involve either the radical or the protonated ion (LU)! 

r-ti /-i     .HMB react8 vigorously with a concentrated solution of SbCU in 
, ^ = 5     ^0Om,tem?era?Ure t0 form a dark' Paramagnetic precipitate 
and a deeply-colored solution     The NMR spectrum of this mixture was 
poorly resolved.   However, when the precipitate was filterec   the solu- 
tion gave a high resolution dpectrum which contained 5 proton peaks at 
at 7. 25 Jpi,. ' smd 3- " PP™ «d a spUt aromatic proton peak 

The chemical shifts for the 5 proton peaks at 1. 9 to 3.1 vom are 

JZm SSm thT.8e found for the T1^1 «roSP8 in the "^B «li^T 
iw ^tt(l^,' "«nance at 1. 9 ppm is due to an aliphatic out-of- 
plane methyl group.    The remaining peaks are due to aromatic methvl 
groups.    The large downfield chemical shifts observed to?tov*ZrZL 
show that the HMB species in SbCle-CH^l, are Posi£ve ionÄ g      P 

fnr fv,«    T^u f re8tnce 0{ an aromatic proton peak and the chen ical shifts 
for the methyl protons show the occurrence of demethylation an.i methyl 
rearrangement reactions.    The large aliphatic methyl peak at 1  9 ppm 
Tot o/^tT1* ^T in the 8Pectr^.  demonstrates the exi.te^'of ions of the heptamethylbenzonium type (Uli), 

3.4.4.5.   Discussion 

HMR i„ IjefVH? ^e structure (LV) for the free radical formed from 
?n J      f V J^u   radlCal COUld readily re8ult from the loss of a hydro- 
gen atom from the heptamethylbenzonium ion (LIII) or from a one-electron 
oxidation of the conjugate base (UV). electron 

CH,     CH, CH,      CH, CH,      CH, 

Y^T CI^^CH,Jir,VCH!-^.CHsv><S'CH' 
H,A^criJ--CHs4^LcHr-^CH,i)rJLcH, CH 

CH, H-§-H H-C-H 

("H) (LV) (LXV) 

The extreme stabiUty of (LV) in solution would be expectet" in view of the 

Äut a8™'*™*, 0f ^ "^^ P0""™ ion (LI°> "d the n^ri e 

write« f„l /7v, J * f**' ^^^ 0f re80na'»«=e structures which can be 
written for (LV) are also consistent with the stability of this radical. 
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HywjCH« 

CHJ'JSJJAC^ 

H-C-H 

(LVb) 

The evidence in favor of the structure (LV) for the radical ion 
can be summarized as foUows: 

a.    The ESR Assignment 

^  ,     T^e i"86 sPlitting of 5. 40 gauss can be assigned to the two 
methylene hydrogens,  since a large spin density would be expected at 
carbon atom number 7.    The small splitting of 1.68 gauss can be attrib- 
uted to the six equivalent protons in the aliphatic methyl groups.    The 
magnitude of this splitting is consistent with that, observed for methyl sub- 
stituents m related aliphatic free radicals.^) The l^-proton splitting of 
3. 3t gauss would then be assigned to the four methyl groups.    It is not 
obvious that all four vinyl methyl groups should «ve rise to the same pro- 
ton splitting.    However, vm E. Doeang    et iLl.^rleported identical ch^mi. 
(UV) V1       meth>rl "«bstituents in the related hydrocarbon 

b. Formation of the Radical in I2 and SbCle 

j e^^., TJie oJ>Bervaiion of the same ESR spectrum for HMB in H2S04, U. 
t SJf^**?1* ^h0W8 that all 20 protons in the radical must originate 
from HMB molecules.    Since HMB contains only 18 protons,  molecular re- 
arrangement must occur.   The NMR studies of HMB with SbClB provide 
D^eAn" et airt^rangemel,t reaction analogous to that observed by von E. 

c. Exchange with DzSO^ 

wm. «.-  The leleCHV,«eX,£ange of tWO Protons with D£Ot is consistent 
H    Ki    vJ ^UCutUre (LVK    The «ethy^ne carbon,  C-7.  has considerable 
double bond character and the two attached protons should be readily ex- 
changeable with deuterium. ' 

d. Temperature Dependence of the ESR 

i ,. • Th.e ob8erved Une-broadening effects are consistent with a radi- 
cal having the structure (LV) in which there is hindered rotation of a CH, 
group about a bond with considerable double bond character. 

The observed linewidth variations shown in Figure 62 are simi- 
lar to the alternations in linwidth which have been observed for the di- 
mtrodurene radical aaion.»93' The Unewidths for the M = ±1 transitions 
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associated with the two equivalent protons {aH = 5.40 gauss) were larger 

than those for the M = 0 transitions and were stronely temperature and 
Fre^d ^r^lrf the Ca8e of the ^ghly-hindSL dTn^trodurene 
Freed and Fraenkel«93) attributed the alternation in widths to an out-of- 
f^Z correlat

1
10n of a mo**Mo* °i the isotropic hyperfine spUtt°n   °bv 

ferwJ^X!1^ nitr0g.e.n nUClei-    U the 6-membered ring of Äal   y 

LV) were nonplanar.  a hindered rotation of the CH2 group would result 
in out-of-phase correlated motions of the two protons. 

trarsition^TvT8«18? * ™ty ^^ a8ymmetry between the +1 and -1 
(F^ureT/; I   wu* "i" m08t noticeable for the spectrum at -Z'C 
Figure 62).  in which the low-field satellite of the central line ib sliehtlv 

isrume^^tt^8 Wideri thant,he ^""^ "tellite.    l/it c^le  y 

mat^rfna 4   \        ^ component of the g tensor perpendicular to the aro- 
Ä rS tärth^CH * a?rage 0f,the in-plane "-P-ente. we are led 
liL, u ■    ■ CH* pr0ton coÄRlin8 constants are negative.    This 
irr^LT ^«^^t-ith theory (^) and with experimenljl results on 
irradiated malomc acid P8'99) and diphenylpicrylhydrazyl.'S00.10!» 

3.4.4.6.    Conclusions 

*v.   L        The 8table radical from the oxidation of HMB is presumed to bP 

Se^oTHMKT71 T^C&1 "^ Which i8 f—d byPthe r-rrange! 
wttf siSfr ohJtv^     eK16 aCi^8^Jhe 8tability 0f <L^ i8 consisted 
nett io^Tm      rf10118 .by ValE- Doein&   et al« for ^ "lated diamag- 
staht ^i-^'     ^ltS ^nJu8ate ba8e ("V).    The observation of this 
stable radical in the acid catalyzed rearrangement of HMB sueaests that 

Xr^th^edT**^8 ^^ involved^ J-cobsen rfarr^gfment' of 
ÄSS^Sem^^J   Thl8 PrOP08al ha8 ""^ been made ^ 

CH n   ,^e- '^eij1'1"? °b.8erved a» ESR spectrum for durene in SbCfc - 
CH2C12 and m H^SO« which is different from the spectrum for (LV).  This 
spectrum transforms rapidly into that for the HMB radical (LV) as a 
h^n^T l?116^   rearrange^nt8.    Pentamethylbenzene and pentamethyl- 

HÄ^taTc^^r^ t0 Underg0 immediate -"dement L 

3.4, 5.   SESRS (Simulation of Electron opin Resonance Spectra) 
 Computer Program       

3.4.5.1.   Introduction 

mal H..Z1^i^ntifiCfi0nvby ESR of free radical intermediates in ther- 
mal decomposition and carbonization reactions requires that the hyperfine 
spectrum be analyzed in terms of nuclear coupling1 constants and the num! 
c^tv Ar ^ nUClei ,?aVin8 a given couPlin« constant.    The main diffi- 
culty of reducing a complex ESR hyperfine spectrum to coupling constant 
cornet «S^nm^t *£** 0 .WMlaPPil* line8-    The ultimata pfoof that a correct assignment of coupling constants has been made can be obtained 
only by reconstructing a spectrum from the coupling constants. wSch Skes into 
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account actual line widths and shapes.    Since computing and plotting such 
'ee,0.?B'Btiructed *Pectr* by hand iB a practical impossibility.   Stoae and 
Maki»   »developed a "Simulation of Electron Spin Resonance Spectra" 
(SESRS) Fortran program which could be used*with a large computer such 
as the IBM 7090.    A brief description of the program (Appendix I of their 
paper) is included below. 

3.4.5. 2.    Program Description 

Appendix I:   SESRS Computer Program (Stone and Maki) 

"Complex ESR spectra with many overlapped line shapes 
can often be analyzed and measured by judicious use of the rela- 
tively few completely resolved lines.    However,  it is desirable 
to reconstruct the spectrum in order to verify both the analysis 
and thj accuracy of the coupling conptants.    A Fortran program 
SESRS (Simulation of ESR Spectra) has been devised for this pur- 
pose.    The principal features of SESRS are a short running time 
and the ability to superimpose any number of spectra with pre- 
determined relative intensities.    Input data consist of the coupl- 
ing constants,  linewidth.  and relative intensity of each soectrum 
Nuclei with 14 and 1=1 are considered,  and up to 50 coupling con- 
stants can be accommodated for each type.    The line ^idth must 
be constant throughout each spectrum,  and the line shape is 
Lorentzian,  but any other desired line shape can easily be sub- 
stituted.    Output is returned in two forms:   graphical and tabular 
The graphical output is a spectrum plotted by the computer; it is 
useful for preliminary comparison with the experimental spectrum 
The tabular output includes a list of X and Y coordinates adjusted 
so that the resulting graph will have the same propositions as the 
observed spectrum. 

"The computational scheme used in SESRS is designed 
to minimize running time.    For this reason,  all coupling con- 
stants are rounded off to the nearest 0. 005G, which is sufficient- 
ly accurate for most ESR results.    The spectrum U generated 
in two memory blocks. A and B,  each of which contains 6000 
consecutively numbered locations.    During computation,  each 
location n accumulates numbers whose final sum represents 
the intensity of the derivative resonance signal at a magnetic 
field of 0. 005   mG.    The evaluation of intensities from a line- 
shape formula is relatively time consuming,  so only one 'parent' 
line is computed in this fashion.    The rest of the spectrum is 
generated simply by accumulating multiples of the parent line 
at appropriate intervals of magnetic field (locations).    Accumu- 
lating is a very rapid computer operation. 

177 



"A simplified example will illustrate the method.   Con- 

sider a radical containing one proton with a,     = 2 G and two 
jj 

equivalent protons with c^     = 3 G.    The linewidth is 0.1 G.   Ini- 
tially, the value in every location in both memory blocks is 
cleared.    Next, the parent line is generated in Block A by com- 
puting the intensity with the derivative Lorentzian formula in 
each of the first 3 20 locations, with the center of the line in 
Location 160.    Thus a total of 16 linewidths are used to produce 
a lin»; shape in the SESRS program.    The next step is the inclu- 
sion of the 2-G coupling constant for a single proton.    The num- 
ber in each location n of block A is added into both location n 
and location (n+400) of Block B.    This operation produces two 
line shapes in B,  separated by 400 locations, or 2G.    Block A 
is then cleared.    To include the 3-G coupling constant for two 
equivalent protons, the value in each location n of Block B is 
added into both locations n and (n+1200) of Block A,  and twice 
the value is added into location (n+600) of Block A.    Now Block 
A contains the complete spectrum.    The extension to more com- 
plex radicals is straightforward.    In actual practice,  only half 
of the spectrum is generated. 

"The remainder of the program arranges such details 
as locating the center of the spectrum,  adjusting the intensities 
of the various superimposed spectra,  and organizing the output. 
The running time is roughly proportional to the number of dif- 
ferent coupling constants rather than to the number of lines, and 
this relationship provides great efficiency for complex spectra. 
To synthesize the spectrum of terephthalaldehyde-2, 5-d2 anion, 
for example,  which contains 198 lines from three species,   an 
IBM 7090 computer required about 45 sec. " 

In cooperation with Union Carbide's central computing depart- 
ment, we have somewhat altered Stone and Maki's program and made 
arrangements to have the computed results transferred directly from 
magnetic tape to graphical form using a CALCOMP plotter. 

Figure 67 shows an example of how useful and necessary such a 
detailed comparison is.    The central curve (3035) is the experimental ESR 
spectrum for diazobenzil decomposed thermally in biphenyl at 180"C. W 
Educated guesses of the coupling constants were made by constructing 
line spectra.        The following were chosen: 

2H,  a1 = 2. 88 gauss ; 
4H, a2 = 2.67 gauss; 

and   4H,  a) = 1.17 gauss . 
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Figure 67.    Comparison of Experimental and Computed SESRS 
Spectra for Themally Decomposed Diazobenzil 

N-5408 
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0. Ü885 gausE are eusentially identical. "newiacn ol 

3.5.    ESR Studies of th. Th , DgcomEosition of Jiazo Compn„nHc 

3.5.1     Introduction 

(LVU) 

3.5.2.    2-Diazo-l-acenaphthenone (LVI) 

tween ist-cHl It^11 ? (LVI) ? biphenyl be8in8 ^ decompose be- 
U Observed   ^J äS-C- Ar^ bUt ^^^ ESR ^yperfine structure 
«m-A «-!. •    *   ^ Becond>  «»«ch more intense signal beeins to 
tZittl !?   g,rOWß qUite r8pidly-    The initial ^"k Signal diBatmea« leav- 



LOW  FIELD 

OAUSS 
Figure 68. ESR Spectrum of a 1:20 Solution of Z-Diazo-l- 

acenaphthenone (LVI) in Biphenyl at 196 0C 

N-6294 

EXPERIMENT 

*CL 

1 J_ 

COMPUTED 
2N o, ■ 6.15 G. 
2H a8 "5.780. 
2H a,- 1.780. 

1L X IL 
Figure 69.   Comparison of Experimental and Computed 

Line Spectra for (LVI) 
N-6295 
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ment.    Furthermore, there are three more weak lines which the assign- 
ment predicts in the wings beyond the end of the page.    The required 
field region was not covered in the experimental curve and will be ex- 
amined in detail. 

There is one other possible assignment of coupling constants. 
Six equivalent protons would yield seven lines with a 1:6:15:20:15:6:1 
ratio of intensities, whereas two equivalent nitrogens yield five lines 
with 6. 7:13, 3:20:13. 3:6. 7 intensity ratios.   If the weakest proton lines 
were not observed, it would be extremely difficult to tell the difference. 
However,  a 10-proton radical seems very unlikely in view of the fact 
that the starting molecule contains only six protons.   An SESRS compari- 
son would again be useful and could eliminate one or the other of the pos- 
sible assignments. 

As mentioned previously,  a v/eak but complex spectrum initially 
was observed at lower temperatures.    The disappearance of the first 
spectrum at 190"C, the temperature at which the curve in Figure 68 was 
run, was at first thought to be irreversible.    However,  upon cooling the 
same sample to 90oC, the complex spsctrum reappeared and a super- 
position of the two spectra was observed (Figure 70). 

GAUSS 

Figure 70, 

INCREASING   FIELD 

Superposition of Spectra for the Two Radicals 
Formed During the Thermal Decomposition of 
(LVI);   Measurement Made at 90"C 

The first point of interest is that the two spectra do not appear 
to have the same center.    This fact is easily seen by noting the presence 
of a center of symmetry in Figure 68 but the absence of such a symmetry 
element in Figure 70.    There is the possibility of a quadratic field depend- 
ence for extremely large splittings,  but those observed in Figure 68 are 
not that large; furthermore, there is no detectable deviation from centro- 
symmetry in Figure 68.    Thus, the g-values for the two radicals must be 
different.   It is difficult to teU which is larger,  but this fact could be de- 
termined experimentally for the signals for separate radicals.    The g- 
values will provide evidence concerning which radicals contain oxygen or 
nitrogen. ,B 
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Since the products of the decomposition of (LVI) are still not 
known, a discussion of the mechanism and radical intermediates is some- 
what premature.   It will be of interest to see if the radical intermediates 
from (LVI) are at all similar to those obtained in the thermal decomposi- 
tion of acenaphthylene itself. 

3.5.3.    Diazophenanthrone (LVII) 

Diazophenanthrone (LVII) begins to decompose near ISO^C and 
a 1:20 solution of (LVII) in biphenyl exhibits resolved hyperfine structure 
at this temperature.    However,  a polymeric product forms which is ap- 
parently insoluble in biphenyl.    Quenching a sample from 200*C to 90°C 
destroys the hyperfine structure, but the signal reappears upon reheating 
to 200"C.    A better knowledge of the reaction products will be required 
before an analysis of the spectrum is attempted. 

3. 5. 4.    Thermally Decomposed Diazofluorene 

A comparison of SESRS curves and experiment for the radical 
from the pyrolysis of 9-diazofluorene is shown in Figure 71.    The sets of 
coupling constants were not chosen arbitrarily but were based on reason- 
able free radical structures which might be expected to be formed in 
diazo decomposition reactions.    The two top curves (18 and 19) and the 
bottom curve (21) were so obviously different from the experimental curves 
that they were eliminated immediately.    Curves 20 and 17 are close,  but a 
careful inspection shows that only curve 20 is in quantitative agreement 
with experiment.    The coupling constant assignment made previously'5' 
(Curve 17) on the basis of an inaccurate line spectrum must be discarded. 

The only reasonable free radical containing 16 protons in four 
groups of 4 equivalent protons is either a radical ion of the dimer A9'9'- 
bifluorene or a neutral radical (LVIII) which forms one end of a polymer 
chain. 

etc. 

(LVIII) 

3.6.    Synthesis of Organic Compounds for Pyrolysis Studies 

Several compounds were synthesized for thermal reaction 
studies. 

3.6. 1.    2-Diazo-2-(4-methoxyphenyl) acetophenone 
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This compound was prepared for further ESR studies of the di- 
azobenzil system.    The substitution of a methoxy group in one ring would 
destroy the symmetry of the diazobenzil molecule.and could be used for 
identification of the diazobenzil radical species. *4' 

Methoxybenzil was converted to a hydrazone by treatment with 
hydrazine sulfate.   The hydrazone was then converted to the diazo com- 
pound using the method of Nenitzescu and Solomonica. I103 ' The carbonyl 
group para to the methoxy group should be more reactive than the adjacent 
carbonyl group.    The hydrazone formation should occur as shown below. 

HjC-O  -^Dhc=0       +       HsC" "jv. v       \_y      |NHZ-NH,+ HS04 
NaCjHjOi 

0"c=o CH,OH 
60°C 

10 min. 
4-Methoxybenzil 

C=N-NH2 

c=o 

4-Methoxybenzil hydrazone 
Yield: 42.6% 

H,C ■°-o- C=N-NH2 

I HgO 
OH" 

HjC 

30 min. 
Q- 

C-N, 

c=o 

2-Dlazo-2-(4-methoxy- 
phenyl)acetophenone 

Yield: 70.8% 

3.6.2.    9,9'-Diphenyl-9,9'-Bifluorene 

The method of Schient,  Herzenstein,  and Weickel*103' was used 
to synthesize this compound.   The precursor,  9-chloro-9-phenylfluorene, 
was prepared as described previously. (*' 

Cu 

CiHt 
80*0 
2 hrs. 

9-Chloro-9-phenylfl\iorene 9, 9I-Diphenyl-9, 9,-bifluorene 
Yield: 14.2% 
M.p.   201-3'C {Lit.205-230''C) 
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It is thought that this compound should thermally dissociate into 
9-phenylfluorene radicals.    ESR studies of this dissociation process 
would be of considerable assistance in those studies being performed on 
the related compounds 9. 9,-bifluorene and A^'-bifluorene. 

3. 6. 3.    (Chloromethyl)pentamethylbenzene 

One of the possible free radical products from the oxidation of 
hexamethylbenzene is the pentamethylbenzyl radical (LIX). 

CH\      .CH, 

H|C- 

(LIX) 

A possible direct route to (LIX) could be the thermal dissociation of the 
corresponding pentamethyl benzyl halide.    (Chloromethyl)pentamethylben- 
zene was therefore prepared by the method of Aitken.  Badger,  and Cook*10*) 
and was then employed for ESR thermal decomposition studies.    ESR 
studies subsequently showed that (LIX) was not formed by the oxidation 
of hexamethylbenzeie. 

CH>.       .CH3 CH,        CH, 

H.c-Q-H.Hcap..^.c     .       „.c-K., 
CH,    VH. '""• cnPfcH. 

Pent am ethylbenz ene 

(Chloromethyl)pentamethyl- 
benzene 
\ield: 72.8% 
»'.P.   73-5. 5*C (lit. 82-4*0 

3.6.4.    Methylperinaphthene 

Methylperinaphthene should thermally decompose into a methy- 
lated perinaphthenyl radical,  a possible intermediate in the pyrolysis of 
acenaphthylene.t I   This compound was synthesized by the   addition of 
methyl magnesium bromide to perinaphthenone.    This method was orevi 
ly employed by Craig,  Jacobs, and Lavin. (106) 
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CH< 

35*C 
Ihr, 

Br 

Per inaphthenone Methylpe r inaphthene 
Yield: 14.5% 
M.P.  36.5-52*C(lit, 60-5*C) 

3.6.5.   Naphthacene Dime r 

Two attempts have been made to prepare a dimer of naphthacene. 
One employed a method analogous to that used for the synthesis of dian- 
thranyl.» ' This method consists of reducing naphthacenequinone with zinc 
or tin and hydrochloric acid.    The naphthacenequinone was prepared using 
the method of Gabriel and Leupold. *1'*' 

CrO, 
AcÖÖ   * 
-IIS'C 
30 min. 

5,12 -Dihydronaphthacene 5, 12-Naphthacenequinone 
Yield:   38.8% 

The first attempt to prepare the dimer using zinc,  resulted in the 
formation of the unsubstituted hydrocarbon,  naphthacene. 

o 

Zn, HC11 

AcOH 
-US'C 
24 hr. Naphthacene 

Zinc is appareutly too strong a reducing agent for this reaction, 
A second attempt to produce the dimer using tin, which Is less reactive, 
was made.    This reaaent was employed by Bell and Wiring in the prepara 
tion of dlanthranyl. I1   '   The product of this reduction is believed to be 
5(12 H)-nar>htIiacenone and the reaction is 

(107) 

Sa. HCJ, 
AcOH 
-118*0 
24 hr. 

5(12 H)-Naphthacenone 
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Apparently,  it is not poBsible to proceed from the quinone to the 
wV« ^ ^"^ rOUte Which could lead to the dimer involves a coup- ling reaction of 5-bromonaphthacene. y 

3. 7.    Polymerization of Aromatic Hydrocarbons and Heterocyclic 
 Compounds Under Pressure 

i.^      M08
1
t 0f the ,lnBub8tit^ed or substituted aromatic hydrocarbons 

or heterocyclic compounds which have been discussed above relative to 
thermal behavior comprise compounds which yield significant quantities 
of    carbon   on heating at atmospheric pressure.    This result implies that 
their molecular size or structure is such that reaction occurs with con- 
densation to larger molecular size before the atmospheric boiling or sub- 
limation temperature is attained.   Investigation of the thermal behavior 
of such compounds is obviously readily accomplished without the necessity 
of the more elaborate equipment required for super-atmospheric pres- 
sures 

«t„rf„ „f fl-lil18* of
1
8vIÜr".atm°8pheric pressure,  however,  permits the 

study of the thermal behavior of compounds of quite simple structure. 
Aromatic hydrocarbons with only two rings (such as naphthalene and bi- 
phenyl).mettiyl-substituted two-ring compounds (such as 1-methyl or 
2-methylnaphthalene). and three-ring compounds (such as anthracene, 
phenanthrene.  and the three isomeric terphenyls) all yield significant 
amounts of condensed polymeric material at super-atmospheric pres- 
sures.   The critical temperatures of the three-ring or four-ring aromat- 
ic» are sufficiently high (618' to 653*0 for the three terphenylsf for a 
two-phase (liquid-gas) system to be maintained throughout thermal treat- 
SUMJL     •olid£,1£ner Pha»e Wears) with the liquid phase of sub- 
«tantiaUy higher density than the gas (vapor) phase.    For a two-ring   com- 
pound such as naphthalene, with a critical temperature of 475'C   a .in«kl 
m^te T-r 8^"^ d«velops during the initial stages of ttermaltrei" 
Zf Af ^      * ■uJficie?1y *& ""« of mass of initial charge to {he vol- 
ume of the vessel,   a single-phase (dense fluid) system is attained at t!.m 

Smeen: ^ »»elowthe critical temperature.    Ä'ontWd thermT" 
mol^^ ' Lger fractio'* of ö"5 ^itial material is converted to hUher 

ÄrtTtir^^Äer^ a tWO-pha8e 8y8tem -PP-ÄVo 
3. 7.1.   Previous Investigations 

more recent studies have been reviewed by many authors! Ä*1 the 

^*i.    *   *?U,ch ?f the,earlier work was done in the vapor phase, with and 
without catalysts such as iron, nickel, or aluminum chloride.    There are 
few references to the reactions of hydrocarbons under substantial pres- 
sure prior to the pioneer work on the use of such conditions by Ipatieff (U6) 
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It le of interest to note that in discuBsing the destructive hydrogenation of 
aromatic hydrocarbons with an initial hydrogen p:   ssure of 70 atmos- 
pheres    in the presence of :nixei4, catalysts of AI2O3 with iron,  copper,  or 
copper oxide, Ipatieff reports:'116) 

"Anthracene, when heated with hydrogen under pressure, proved 
to be a most unstable compound.    The chief product resulting from this re- 
action was coke.    After heating 100 g of anthracene for 8 hours at 480°C, 
about 30 g of thick, brown liquid was obtained, which was not investigated. 
The remainder of the anthracene was converted into a mass of porous 
coke. " 

Later workers have confirmed the relatively facile polymeriza- 
tion of anthracene in contrast to other three-ring compounds such as phen- 
anthrene and the terphenyls. 

Detailed studies of the thermal behavior of aromatic compounds 
under pressure have been reoorted b> Sachanen and Tilicheev*117' and by 
Tilicheev and Shchitikov. *118'  Madison and Roberts*"'' studied the rate of 
condensation,  generally In the liquid phase,  of 43 aromatlcs and related 
heterocyclic compounds.    Lang,  Buffleb, Kalowy,  and Zander'530' have re- 
ported extensive work on the pyrolysis of naphthalene,  pyrene,   1-methyl- 
and 2-methyl-naphthalene,  phenanthrene, fluorene,   anthracene,  acenaph- 
thene, and mixtures of some of these two- to four-ring aromatic hydrocar- 
bons v 1th benzene.    Although carried out In the vapor phase at a tempera- 
ture jf 700° to 800°C,  and with only casual mention of "coke" formation, 
this work has led to the Isolation and definitive   Identification of products 
which in all probability are also intermediates in the thermal polymeriza- 
tion of these aromatic hydrocarbons to solid polymeric products. 

The use of aromatic hydrocarbons as the coolant or combined 
coolant and moderator for nuclear reactors has led to investigations of 
their thermal behavior,  both in the absence and in the presence of a radia- 
tion field, l1^"»6) 

Studies of the polymerization of aromatic hydrocarbons on crack- 
ing catalysts have been reported. 'a8' 

Few of these studies were directed primarily toward determining 
the effect of structure of starting material and of conditions of thermal 
treatment on the properties of the solid polymer or "raw coke".    Investi- 
gations along these lines, with evaluation of polymers In the form of small 
graphite rods made with the calcined polymers as the filler component, 
have been carried out in previous work of the Carbon Products Division of 
Union Carbide Corporation. 'ia,y'1   )   Studies have been made at Pennsylvania 
State University on the characteristics of the polymeric materials produced 
by thermal treatment of various hydrocarbons of known structure,  either 
in the liquid phase under pressure or in the vapor phase.'13Erla2)   Character- 
ization of the type of material produced, both at the temperature of prepara- 
tion and after heat-treatment to various temperatures in the range to 
3000*C, was generally accomplished by X-ray powder diffraction examina- 
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tion.    R.  C.  Nuim'101'   «tudicd the intermediate Btage« of polymeriiation 
in anthracene "tar", defined as the benzene-soluble portion of the ther- 
mally treated anthracene. 

3. 7. 2.    Objectives of the Present Work 

*• The objectives of the present work on thermal polymerization 
vmder pressure have included: 

a) Subjecting compounds of known structure to thermal treat- 
ment under pressure at temperatures and times which lead to the forma- 
tion of a solid polymer,  on a scale sufficient to evaluate the calcined 
polymer as the filler component in small graphite rods. 

b) Extending the scale of operations to the preparation of enough 
polymer (two to three kilograms) from certain selected initial 

materials to permit the fabrication of graphite specimens of a size (2^ 
inches in diameter by 2^ inches in length) sufficient to allow measurement 
of graphite properties both with and across grain. 

c) Acquiring a more detailed understanding of the mechanisms 
and kinetics of the polymerization of aromatic hydrocarbons 

and related compounds which require the use of super-atmospheric pres- 
sure. 

3. 7. 3.    Equipment and Procedures 

Most of the work was carried out in a 3i-inch ID,  7-inch OD,  30- 
inch inside length 347 ftainless steel pressure vessel with a working pres- 
sure of 6000 lbs. /in.a at 600«C.    The vessel is equipped with heads (covers) 
at both top and bottom, with »elf-sealing modified Bridgeman closures. P33* 
Thermowelto extended through both covers; the upper thermowell being im- 
mersed in the material being processed.    Heat was supplied by chrome- 
steel-sheathed strip heaters strapped on the outside surface of the pressure 
vessel; the top and bottom heads were provided with quartz fabric heating 
mantles to avoid serious temperature gradients at the two ends. 

Temperature control was provided by a program controller and 
time-proportioning circuit.    The control couple was located between the 
outside of the vessel and one of the strip heaters.    A multipoint instrument 
recorded temperatures at the top, middle, and bottom of the outside wall of 
the vessel,  in the top and bottom thermowells,  and at various points on the 
electrically-traced external piping.    Pressure was controlled at any de- 
sired value up to rated pressure by a pneumatic controller with interchange- 
able Bourdon tubes and orifices. 

In contrast to commercial materials such as petroleum residues 
and thermal tars (for which the off-products of thermal treatment are gen- 
erally liquid or gaseous) many of the aromatic hydrocarbons are solid or 
yield products in thermal treatment which are solid at room temperature. 
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To avoid plugging by ouch material, the external lines were electrically 
traced (with heating tapes) and the pressure control and recording ele- 
ments provided with diaphragm seals (also heated). 

A "hot" receiver was provided in the external circuit, with 
heated lines to the receiver, for products solid at room temperature. 
The gas and vapors were led past the hot receiver to a water-cooled con- 
denser,  a "cold" receiver, a wet-test meter,  and bulbs to coUect sam- 
ples for gas-chromatographic analysis.   During the course of the work 
an   'event, marker" pen was provided for one of tlie recorders; this pen' 
was actuated each time the wet-teat gas meter made one revolution (three 
liters),  providing a record of the rate of gas evolution after the control 
pressure had been attained. 

The desired objective was to obtain a material balance between 
initial material and polymer,  distillates,  and gas.    Although generally 
the "unaccounted for" mass was 5 weight per cent or less,  losses reached 
iu per cent on occasion,   requiring redesign of various points of the sys- 
tem.    There was generaUy some holdup in the external lines, particular- 
ly for the lower molecular weight compounds such as naphthalene.    Com- 
plete recovery of the solids and liquids produced in the form of "mist" at 
the pressure control or depressurizin*    alves was seldom attained, par- 
ticularly at high rates of gas evolution. 

The material to be thermally processed was generally placed in 
a stainless steel inner container (3i-inch OD) inserted into the pressure 
vessel.    Experiments comparing the stainless steel "liner" with a boro- 

if^Ü'L8    BS liner (and a boro"licate glass sheath on the thermocouple 
well) did not reveal any significant catalytic effect of the stainless steel 
in contact with the material. 

Materials solid at room temperature were melted in the liner, 
the Imer with contents was inserted in the pressure vessel,  and the top 
head was closed.    After the contents were cooled to a temperature at 
which the vapor pressure of the starting material was reasonably low 
the air in the vessel was displaced by repetitive (at least three times) 
pressurizing to 500 to 1000 lb-,, /in. ' with helium and exhausting to atmo- 
spheric pressure.    HeUum was employed,  in part because of its high 
purity,  but largely because its use simplified the chromatography of the 
gas samples.   Initial presFure of helium was generally atmospheric 
again to simplify the calculations of mass balance. 

During the latter part of the program,  a top cover for the pres- 
sure vessel was obtained (interchangeable with the original top cover) 
which was equipped with a motor-driven packless stirring device«134'with 
a shaft and impeUers extending to within 1 inch of the bottom of the stain- 
less steel liner.    A tachometer indicated the revolutions per minute of 
the inner (driven) shaft,   rjid the output of the tachometer was suitably 
converted to provide a si^al which was recorded on the multi-point in- 
strument.    The decrease in RPM of the stirrer.   eventually to zero 
served as a relative indication of the increasing viscosity of the material 
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being thermally orocessed, the stalling providing an indication of the pro- 
duction of an eeae-itially solid polymer at the temperature and pressure 
of the experiment. 

The procedures for calcining the raw polymer (to 1000oC),  form- 
ing 4 -inch diameter by 6-inch length rods by extrusion,  baking,  graphitiz- 
ing,  and measuring coefficients of thermal expansion and specific electri- 
cal resistance have been described in a previous report.*      ) 

3. 7. 4.    Effect of Hydrocarbon Structure on Polymer Properties 

The dominant effect of initial hydrocarbon structure on the proper- 
ties of the resultant "graphite" ha., been extensively discussed in previous 
sections of this report.    The effect of structure has also been found for the 
lower molecular weight compounds which require the use of super-atrio- 
spheric pressure. 

3. 7. 4. 1.    Compounds Which Lead to Nongraphitizing Carbons 

Tables 45 and 46 give data on the material balances,  the te .vera- 
:^re,^,^"eBeUre condition8 of thermal polymerization,  the properties of 
fnnn °^ u C f1*'*-***»*** Polymers,  and on graphite rods prepared using the 
1000 C heat-treated polymers as the filler component for a series of com- 
pounds which lead to nongraphitizing carbons. 

In Tables 45 and 46 (and in the succeeding tables), the tempera- 
tures given are the maximum temperatures during the period of solid poly- 
mer formation, that is, temperatures representing the peak of the exo- 
therms discussed in a later section.   The data for "moles gas per mole of 
charge" represent the amount of gas produced during the entire period of 
heating,  including that produced (often at higher temperatures» after the 
exotherm. 

The thermal expansion data were measured with-grain,  and  are 
mean values over the temperature range 30° to 100'C.    The interplanar 
spacings were measured on the 3000»C heat-treated polymers kv the 
procedure discussed in an earlier section of this report.    The helium 
densities were measured using a purge-type Beckman pycnometer; the 
rTf % the l0ZC hef :treated P^d" was in the rangVof 45 to 60 per cent through 200 mesh (Tyler sieve series). 

The characterization of the 3000° C heat-treated materials as non- 
graphitic or turbostratic carbons is based on the large interplanar c-axis 
spacing,  the failure to observe a 101 line in the X-ray diffraction film   the 
low heUum density of the 3000»C heat-treated polymers,  and the high elec- 
trical resistance of the 3000^ heat-treated rods employing the lOOO'C 
calcined polymers as filler components. 

„, L c   .  ^.he fir8t foUr materialB "» Tables 45 and 46 represent the series 
olb-5-b three-ring compounds,  that is, two end rings with 6 carbon atoms 
and a middle ring of 5 cirbon atoms,  or of 4 carbon atoms and one nitro- 
gen,  oxygen,  or sulfur   itom.    The other five materials are biphenyl. the 
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Table 46, 

Exper. 
No. 

124-1 
160-9 
159-37 
129-93 
159-19 
129-39 
159-29 
161-71 
129-87 

Characteristics of SOOO'C Heat-Treate<l Polymer6 
Nongraphitizing  Carbons 

Initial 
M»t«rl«l 

Floorane 
Carb&KOle 
Dibansofuran 
Dlbonzothiophene 
Biphanyl 
p-Tarphanyl 
3-Terphanyl 
m-Terphanyl 

3000'C HI' 
Rod Propartiat ,                                     . 

wlth-grala Intarplanar Spacing, A 

io-Vr-|     Sff-C
t- Z"1'****' 3000-c HT Phl^., 10     c '      10 «ohm cm 062    6Ö4    |)M    d08 

+ 3.48 
+ 2.91 
+ 3.04 

+ 3.07 
+ 3.15 
+ 3.13 
+ 3.06 

Hydroganatad Tarphanyli + 3.77 

26.40 3.383 3.378 3.376 - 
45.55 3.409 3.415     - 
35.40 3.409 3.412     - 

3.45   3.41 
31.85 3.43   3.41 
30.70 Too dl£faia3.42 
36.80 3.42    3.40 
35.00 
21.20 3.386 3.364 3.362  . 

Halium Denilty 
3000-C HT Polymar 

g cm"'  

2. !0 
1.66 
1.75 
1.60 
1.78 
1. 57 
1.82 

2.01 

three isomeric terphenyls.  and a mixture of partially hydroeenated ter- 

fSent   ^.tr COmP0Td8 yield ^y™***^. -/vXr heat treatment,  lead to nongraphitizing carbons.   Some quantitative varia- 
mi^S.irPP

a
eaHr:.the P?1^6" fr°"> ^e partiaUy hydrogenated terphenW 

SS^ ba^of mowers ^ 80mewhat leB8 ^rboltratic tha/the others 
order reflection   00r^^r^nar 8Paci°88 and resolution of the third 
3000'C W fTi^      f  }'   Z) 80mewhat higher helium densities for the 

aSoTc intuit %%zr:u?d 3) lower 8pecific r**iBi— * ^ 

ceU^o^   or of-rt»0        tlC C v ^"f f0rmed ^ heat »"atment of 

«rrs^ttih^^^^^        ÄarSsX^ri^ ?ry 
mains unchanged after heating to BOOO'C.    The v^ry di fuseTr^ diffrlc 
txon hnes are sxmxlar to those observed for materials in the gllsly sfate 

needles-- ^^e^e?^: e^ncÄVvt^at ^Äe 

*   HB-40,   Monsanto Chemical Company 
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?■ 7.4. 2.   Compounds Which Lead to Isotropie Graphite 

Tables 47 and 48 give data (corresponding to that given in Tables 
45 and 46) for fluoranthene and 9,9,-bifluorene.   These two compounds 
yield polymers which are dull and quite dense.    The SOOO'C heat-treated 
polymers have an inter-planar spacing definitely greater than that ob- 
served for the materials described in the next section.    The 4th order re- 
flection (008 line) is resolved in some instances, however, and the helium 
densities appear only slightly lower than the well-ordered graphites.   The 
101 line is resolved in the X-ray diffraction spectrum, and the 3000"C 
heat-treated materials will leave a mark when rubbed on paper; the highly 
turbostratic carbons of the preceding section do not mark paper at all. 

Graphite prepared from the IGOO'C heat-treated polymers shows 
a high coefficient of thermal expansion, a specific resistance somewhat 
higher than those measured for materials of the next section,  but far less, 
than those obtained for the glassy carbons of Section 3. 7.4. 1.    The graph- 
ite is quite Isotropie,  as shown in Section 3. 8.  for the material prepared 
from fluoranthene. 

The properties of the graphite derived from these two materials 
is very similar to those of graphite derived from the coking of air-blown 
vacuum residues (described in Section 4.2. ). 

3. 7.4. 3.    Compounds Which Lead to Anisotropie Graphite 

Tables 49 and 50 give corresponding daU. for a series of com- 
pounds which lead to highly-or de red graphite,  as evidenced by interplanar 
spacings in the range of 3.356 to 3.358A,  resolved 4th order reflections, 
sharply resolved 101 lines,  and helium densities close to the theoretical 
value for single crystal graphite. 

For many of the compounds^ the thermal polymers are quite 
highly oriented when judged by the with-grain thermal expansion of the ex- 
truded rods employing the 1000'C heat-treated polymers as filler compo- 
nent.    The with-grain thermal expansion is often slightly negative ove" the 
temperature range of 30-lC0oC.    Such low thermal expansions in the with- 
grain direction are interpreted to signify a considerable extent of orienta- 
tion of the individual crystallites within the particles of the filler compo- 
nent; that is,  the a-b axes of the crystallites composing the macroscopic 
particles are roughly parallel to each other and constitute a macroscopic 
type of order which extends over distances of 40 microns (400, 000 1) or 
more, which is much beyond the instruments broadening limit (~2000 A) 
for X-ray determination of crystallite size.    There is no implication that 
the particles are by any means single crystals.    Their porosity alone,   as 
well as many other considerations, would militate against any such con- 
clusion.    This relative orientation is established in the thermal polymeri- 
zation process, that is,  at 400'' to 525,,C, and appears quite analogous to 
the crystalline type of condensation polymer. 
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Table 49.    Data on Thermal Polymerization of Compounds 
Leading to Anisotropie Graphite 

Z«.|M-H N.phth.1, 

I«-lia.|7 Naphthalenfl 

2S«-110-61 I-MUhrlmpMhlUn. 

!K-]M.)1 .-M.ll„l».pl,«,.l.„. „.2 ,, j,; ,„    , 

1    • 

i55.|5».B7 2.M«lhYln.phth»U„.       CY^T^* "■5 

»5-HO.I Z.l-CMmrthylMphlh.l.ne^Qr      «. T 

M«|—I*» 

IS.Z IZ.7 §.6 

29.1 |0,4 |0,8 * 

255-120.94 AcanspMhylM 

255-144-29 Anlhrkcvi 

255-l45-b| AnthracBi 

coo- 

Zl.9 14. J 0.5 

5.8 10.3 1.2* 

5-0 5.5 t.Z* 

'■• 4.0 1.8 7.0 Z.5 0.368 

255- 144-1 9.10-Dlhydraanthracot.« QM^h 75. 5 

255-144-55 F>tMnwithr«n« 

*■ I H. I 7.3 

*' '-I 2.6 1.042 

25S-144-2I Pyr^ 

255-144-71 P/r.n« 

255-159-45 QulnolliM 

255-161 -21 lioqulMllnr 

255-IM-9 Acridln* 

Known loaa of |a(. 

6$ 
88.4 

CO  "•' 

CO "- 

CCO u-z 

5.1 4.6 6. i ' 

1-1 7.7 2.6' 

0.9 5.2 5.5 

li.7 9.5 

9.0 5.8 IO.0* 

1.5 5.3 7. i' 

«7 - (700 2184 

*» 1900 2272 

4M 1910 2|66 

*55 (920 |872 

1040 (094 

1020 mi 

410 |930 (403 

415 1900 2190 

1410 1604 

47» 1500 

525 1900 2501 

1420 1592 

480 1510 

450 1560 2403 

462 1920 2358 

«41 -  1S60 2116 
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As shown in Table 50 for naphthalene and phenanthrene,  the degree 
of orientation in the polymer from a given compound does depend upon the 
conditions of polymerization: there is less orientation (as judged by the with- 
grain thermal expansion of the derived graphite rods) when the conversion 
from a viscous liquid to an essentially solid polymer occurs at the higher 
temperature,  and, hence,  more rapidly.    The polymers are distinctively 
different in appearance; the polymer formed more slowly is more "crystal- 
line".    The interplanar spacings are identical within the accuracy of meas- 
urement,  and the variation in the thermal expansion of the derived graphite 
is considered to result from a varying degree of macroscopic orientation 
in the polymer. 

Graphite with very low with-grain thermal expansion has not yet 
been derived from pyrene, and it is possible that a highly crystaUine poly- 
mer cannot be prepared from pyrene. The polymers prepared so far from 
qumoline do not lead to graphite with very low thermal expansion, although 
the graphite derived from the isomeric isoquinoline indicates a substantial 
degree of orientation in the polymer. 

3. 7. 5.    Kinetics of Thermal Polymerization 

For all compounds which have been studied in detail so far, the 
transition from a liquid mixture to a polymer which is a solid at the tem- 
perature and pressure of the experiment has been found to occur at a defi- 
nite stage of the thermal reaction. This transition step in the overall se- 
quence of reactions is substantially exothermic, and the time of initiation 
of the exotherm has been utilized to relate the rate of reaction to the tem- 
perature. 

An exotherm which is typica! for the higher range of temperatures 
for naphthalene ic illustrated in Figure 72. 

In Figurt 72, AT (the left Ordinate) is the difference between the 
temperature indicated by a thermocouple in the material (initially naphtha- 
lene) and the temperature of the external wall of the pressure vessel at ap- 
proximately mid-height.    The right-hand ordinate is this latter external 
wall temperature.    The abscissas are the times in hours from the start of 
heating.    A moderate increase in AT occurred at 25. 5 hours, with the main 
exotherm initiating at 26. 0 hours.    The exotherm peaked after the heat to 
the external wall was shut off by a protective circuit operated by a second 
thermocouple in the internal thermowell. 

A rough approximation of the heat evolved was made by assuming 
tha- 1. 5 kg of the original charge of 1. 875 kg of naphthalene was in the liner 
at the time the main e>    herm occurred,  using a value for the specific heat 
of 0. 55 gram calorie g      C "1* and ignoring any heat transfer from the liner 
to jts environment.    This estimate was 60 kilocalories.    With the further 
assumption that the average species at the time of the initiation of the exo- 
therm could be represented as binaphthyls (molecular weight of 254 g), a 

* Based on the value given in Reference 122 for 2, 2'-binaphthyl at 4270C. 
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Figure 72.    Exotherm in the Thermal Polymerization of 
Naphthalene (Experiment 128-17) 
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supply shortly after the exotherm peaked was composed of an Infusible 
solid and some unconverted tar.    The latter would have been converted by 
a longer time of heating. 

Stopping "just short" of the initiation of the exotherm requires a 
fairly precise calculation of time at temperature.    In an experiment with 
naphthalene, one in which calculation did not take adequate account of 
somewhat higher temperatures and a larger initial charge,  the exotherm 
had initiated and progressed to the extent of TC.    Although the heat was 
turned off immediately and a cold air blast applied to the external wall of 
the pressure vessel,  it was quite impossible to quench the polymerization 
reaction.    One of the thermocouples in the internal thermowell* showed 
an increase in temperature of 42. 5"C in a 20-minute period after the heat 
was turned off and cooling air applied.    At this time, the temperature in- 
dicated by the internal thermocouple was 100 "C above the temperature in 
the lower internal thermowell (which would normally cool at the same rate 
as the upper internal thermowell).    An exothermic reaction is,  of course, 
normally difficult to quench once it has reached a certain stage.   This ex- 
periment served to remove any remaining doubt as to the reality of the 
phenomenon. 

More direct evidence of the close correlation of the occurrence 
of the exotherm with the transition from a liquid to an essentially solid 
polymer was obtained in experiments in which the charge was stirred from 
the beginning of thermal treatment (after melting for materials solid at 
room temperature),  using a packless agitator (described in Section 3. 7. 3) 
with the rate of rotation (RPM) of the inner stirrer shaft recorder.    Re- 
sults of typical experiments are shown in Figures 73 and 74 for p-terphenyl 
and fluoranthene,  respectively.    In these two figures,  the abscissae are 
the times in hours,  and the various ordinates are: 

a) AT in "C, the temperature difference between the material 
in the liner (measured by a thermocouple in the internal 
thermowell) and the temperature of the external wall of the 
pressure vessel (at mid-height). 

b) RPM, the revolutions per minute of the inner (driven) shaft 
with attached impellers. 

c) AP/A9,  rate of pressure rise in lbs. /in. 2 per hour fo-  the 
period prior to reaching the control pressure. 

d) AG/a9,  rate of gas evolution in li';ers per hour for the period 
after reaching the control pressure. 

e) In Figure 74,  T,  in 'C, the temperature of the material in the 
liner. 

* A total of five thermocouples were in the internal thermowell in this 
experiment. 
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gave sünSr r^Tt^8 ^^ ™*i*h*1™' «thracene.  and quir.oline 

j. 7. 5. 1.   Dependence of Rate of Polymerization on Temfigrature 

««, ♦    = Th
1
<:j

timf of vitiation of the exotherm accompanvine the tranai 

k   =   A exp (-B/T)   =   A exp (-E/RT) 

or    In k   =   lnA-(B/T), 

The time to initiation of the exotherm can be interpreted as the 

time necessary to reduce the concentration of charge material to ±  of 

£s?S£;S^ic^ ^ Can be re^d ** ** ^Pecific rate conlnt for 

k   =   ^   InN. 

wh^re      k is the reaction rate constant 

^ is the time to reduce the concentration of a reactant to 1 
N 

of its initial value. 

For a reaction of kineUc order m.  the equation becomes 

k   =   {hT1 -1) (m - IP C.1-  el 
1/N 

where      C0 is the initial concentration. 

For «rat order kinetics.  -In (6^) is plotted against   *r: the slope 

(but not^the intercept) is independent of N.    For higher order kinetics. 

"la(Crl W  8hould ^ Plowed against ^ if Q varies among the experi- 
ments. 
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Figures 75,  76,  and 77 are Arrhenius plots of the data for naph- 
thalene, fluoranthene and p-terphenyl, respectively.    9 is the adjusted 
time,  in hours,  to the initiation of the reaction isotherm.    Because of the 
high thermal resistances in the equipment,  considerable time is required 
to bring the charge material to temperature.    The temperature readings 
as a function of time were divided into groups covering up to 20"C 
(5°C for the higher temperature groups).    An adjustsd time % at T, (the 
selected temperature), was obtained from the actual time (6,) at the aver- 
age temperature (T,) for each group by the relations: 

log10 {*,/%) =  b 

and 

|  1000 |        / 1000 \ I 

I   (1;)». 
g 

where b is a conslant in the assumed relation 

log10 (1000/9)   =   a + b (1000/T) 

A first rough value of   b   could be obtained from the data and the proce- 
dure was iterated to an essentially constant value of b.    Two iterations 
were usually sufficient. 

In Figures 75 to 77, the number adjoining each point identifies 
the individual experiment.    In Figure 76,   Experiment  124-41 involved 
comparably long time periods at three different temperatures.    The lower 
point is plotted for a temperature which is the weighed average of these 
three time periods.    The upper point (marked +) is the temperature at 
which the exotherm initiated. 

In Figure 77,  only the data for p-terphenyl were used for the 
least-squares line.    The points for single experiments on biphenyl,   m- 
terphenyl, and o-terphenyl are shown on the same plot.    The velocity of 
the overall reaction to a solid polymer for biphenyl and m-terphenyl ap- 
pears quite comparable to that for p-terphenyl; the velocity for o-terphenyl 
is substantially higher.    Data at a single temperature obviously gives no 
clue as to whether this difference represents a change in frequency factor 
or in energy of activation. 

The information obtained for various compounds from the varia- 
tion of the time to this stage of the reaction (initiation of the transition 
exotherm) with temperature is summarized in Table 51.    The second col- 
umn,   n,   is the number of experiments and the third column,   E,   the acti- 
vation energy in kilocalorics calculated from the least-squares »lope.   The 
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Table 51.    Summary of Data on Temperature Dependeiice of 
Rate of Polymerization 

Initial £ ■                  r                  A 

MiSHili a {...octorl..        y^      vL^       s?LL       Ll.., n^^-' .».   '           *'"" '".^P"""" 

£"Tjri'h,*"yl J ?2-3                     <'0              -          51-   l0"             50-   10"                                     501-519 N.phlh.l.„. 8 60.7                      4.8           93.0      7.4      10"             7. 3      10"                                     ill  111 
^hananthren« 3 54.8                                                                                                                                    *t>ti~s/z 
Huoranthcne 5 5Z. 7 
Juinoline 3 45.4 
kjithracene 3 54.4 

Reported by Tilichnv. "I8' 

njpn.n.l.n. 8 60.7 4.8 93.0 7.4 10" 7.3      10" 466  522 
Ph.n.«h„M 3 54.8 9.2 98.5 2.6- 10" 2.6-     0" 469   5M 
riuoranth.,,. 5 52.7 6.5             - 8. 1 ■ I0" itlo" ««S 
Quijiolin. 3 45.4 7.4              - 3.7- 10' 3. 6 '   10' ill-ill 
AMh,«.», 3 54.4 4.1 - 1.0- 10" 1.0.   10» 4IIM4 

r^Hnn the standard deviation of the slope of the assumed linear 
":l

tt?n•  exPre8sed ln kilocalories.    The fifth column gives values of the 
activation energy,  reported by Tilicheev. f118)   Tilicheet's values were de- 
ai™aHOI£ /^ 0\the fraCti0n 0f 8tartin8 ™at"ial converted when the 
aromatic hydrocarbons were heated (in a pressure vessel) for various 
periods of time and at different temperatures with fractional conversions 
ranging up to 0.40 for naphthalene and to 0. 76 for phenanthrene. 

The sixth and seventh columns are values for A,, the Arrhenius 
frequency factor on the assumption of first-order kinetics,  and for A? 
SneUcs     Äf ^ e

1
XP?nent/ai fact0r on the "sumption of second-o^der kinetics.    In the calculation of Al and A^ the values N = 10 and C0  = 4.0 

t"S*d on t* W
f
ere.takei; f0r aU comPou«d8-   Quantitative data have been ob- 

of the tran^ft/. T1 COnve,r8jon at a ***** <* reaction near the initiation 
of the trans tion exotherm only for naphthalene; the high partial pressure 
of the f emaining naphthalene is a complication.    Elution ^hromatography 
Iv bewTtl    /^  >•  fracti°nal conver"°n of fluoranthene at a sta^eÄrt- 
ly before the transition exotherm is of the order of 0.9. but this value has 
not yet been quantitatively established by fractional distillation.    The ini- 
tial concentration expressed as moles per liter will necessarily vary from 
ort.^0"1^t0 an0th." and With »^"ature.    It is strongly dependent 
t^n    af

10     /^/T 0^ lnitial material to total available volume for reduced 
temperatures (T/T, where T0 is the critical temperature in «K) of ~0. 9 or 
nigner. ' 

A***       • Jhe ValUe
J

8 gi^en in Table 51 rePresent an interpretation of the 
r^e'rl^. ♦""If   ValUeS f(?r N and C-  in terms of a conventional specific rate constant and concentration of the initial reactant.   Table 52 presents 
values obtained from the same data for the coefficients a  and b   in the 
equation 

lofto   (^T)    =   a  +  b(i°°°)   . 

which can be rearranged to give 
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Table 52.    Temperature Dependence of Time of Solid Polymer 
Formation 

Time in Hour, to Solid Initial Chart« * 
„ .    .  .                                 .                         Polymer Formation Den.ity 
M*t"1*1              _1 fe iL.    »O'C       500-C      550'C Mol../:it«r      ,/cm1 

p-T.rph.nyl              18.90    -13.61   IS. 90    830            51             4.3 I. ii-i. M  0. M<,.0 M* 
NaphthaUn.                9.07    -13.27   16.07     190            li.4        ,. u 2. M-4. 92   0. aJs-O 630 
Ph.nuithr.n.             17.61     -11.97   14.61        87.5           7.4         0.85 173-3 31    0  308-0  591 
rio,r„th.„.             17.10-11.53  14.10       70              6.5        0.81 i  «-3 03  0.'5?0.S: "i 
Qninohn.                    15.76    -  9. 93  tZ. 76         9.4           1,21       0.201 4.75-4.78   0.613-0 6 7 
Antkracn.                  19.21     -11.«»   16.21          1.65         0.143     0.0167 2.02-3.25   0.360-0.580 

Ratio of man of Initial charg. to total volume. 

lo^o 9 = b" (1000/T) - a", 

where b' =   -b,   a'=  a- 3,  and 9 is the time (in hours) to the initiation of 
the transition exotherm.    Calculated times to this transition stage at 450 "C 
500  C,  and 550*C are given in Table 52 using the experimentally deter- 
mined coefficients  a and b. 

Anthracene Is the most reactive (to thermal polymerization) of 
the compounds in Table 52. Acridine is more reactive than anthracene, 
but data are available at only one temperature. 

The range in charge density is given in the last two columns as 
grams per cc and as moles per liter.   These data represent the initial 
concentration of reactant only when the temperature and pressure corre- 
spond to single-phase conditions. 

The rate cf the exothermic reaction of transition from liquid to 
solid polymer accelerates with temperature as does the overall reaction. 
Consequently, the exotherms are much more pronounced and peak much 
more rapidly at the higher temperatures.    In the lower range of tempera- 
tures and with a reduction in the amount of initial charge,  the time of ini- 
tiation of the exotherm cannot always be identified with precision.    In the 
single experiment with 9, 9,-bifluorene, the time of transition could not be 
located from the record.    A close control of the exterior vessel wall tem- 
Sf r*^5e " nef «""y to ensure positive identification of small changes in 
the differential temperature (AT). 

3. 7. 5. 2.    Kinetic Orde-- of the Reaction 

.t   7^e theimAl cracking of petroleum refinery streams is .generally 
described in terms of first-order kinetics.*141"1*5'   Tilicheev(liaroffered 
evidence that the thermal reactions of aromatic hydrocarbons such as naph- 
thalene and phenanthreae followed first-order kinetics, and the initial 
stages (below 20 per cent conversion) of the thermal reaction of biphenyl 
and the terphenyls have been reported to show first-order kinetics. <133) 
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Madison and Roberts*119'have, however,  presented convincing 
evidence that the thermal reaction ("pyrolysis") of an aromatic hydrocar- 
bon such as anthracene, where condensation to higher molecular weight 
products is a dominant aspect of the overall reaction,  follows kinetics of 
order higher than first. 

The present work (described below) indir. tes that the order of the 
reaction is higher than one and is probably two; however,  the parameter 
of initial concentration of reactant has not yet been varied over a sufficient 
range to obtain conclusive evidence. 

When the compounds are subjected to thermal treatment alone, 
(i. e.,  not in admixture with a supposedly inert solvent),  the initial con- 
centration of reactant is dependent on the initial charge density (mass per 
total volume of reactor) and the reduced temperature,  Tr.   With anthra- 
cene, phenanthrene, and fluoranthene, the temperatures of the experi- 
ments (last column of Table 51) and the initial charge densities (last col- 
umn of Table 52) are such that two fluid phases (vapor and liquid) are 
present,  with the density of the liquid phase considerably greater than 
that of the vapor phase and with a high value for the ratio 

i"! /m, , 

where mJ  is the mass in the liquid phase and m, is the mass in the vapor 
phase. 

For these compounds and temperatures,  the initial charge density 
can be varied considerably between a lower limit (at which the liquid phase 
disappears) and an upper limit (at which the vapor phase is squeezed out of 
existence) without appreciable effect on the concentrations in the liquid or 
vapor phases, although the mass ratio obviously will vary.    The experi- 
ments of Madison and Roberts'119)   with anthracene in the vapor phase were 
well below the lower limit (initial charge densities of 0. 0031 and 0. 072 
moles/liter),  and the "liquid phase" (two-phase) experiment was between 
these limits (initial charge density of 1. 7 moles/liter). 

At temperatures at which anthracene is converted to a solid poly- 
mer at a rate which is not so slow as to require exorbitant times nor so 
fast that equilibrium temperatures cannot be established,  the initial con- 
centration can be varied by use of a solvent which is assumed to be inert 
at these temperatures.   The data of Table 52 favor the use of p-terphenyl 
from the standpoint of reaction velocity at a temperature of ~4350C. 
These are indications, however, that biphenyl and the terphenyls might 
act as hydrogen acceptors in this lower temperature range; thus,  naph- 
thalene was chosen as inert solvent for an Initial trial of this procedure. 
Data on this trial are given in Table 53.    The time to initiation of the 
transition exotherm could not be used because the internal thermowell was 
poorly chosen and did not extend close enough to the bottom of the liner. 
Furthermore, the presence of the nonreacting naphthalene decreases the 
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Table 53.    Kinetic Order in Thermal Polymerization of Anthracene 

Eatlmated 
Initial v                         Adjusted 
Concentration Time                         Time at         0,                (C0I| 

Exper.              Gram»              Gram«        at 430'C H-Mtra      At             430*0                    
No.             Anthracene    Naphthalent   Moiea/liter 0            t,   'C       Houra             g,                (Cn)i 

144-29                1403                                                4.4S 13.34        42S. 0          9.87            2.24              2.58 
161-31                 1110                     1272                   1.72 17.60       434.4        22.13 

Time in houra to a maximum in AP/AO 

magnitude of the exotherm (higher ratio of heat-absorbing-species to 
heat-releasing-species).    The time to a maximum in AP/A8, the rate of 
increase of pressure with time, was used.    As indicated in Figures 73 
and 74, this maximum (or a maximum in AG/A6, rate of gas released, 
after the control pressure is attained) is closely associated with the tran- 
sition exotherm for many of the compounds studied,  including anthracene. 
This maximum,  however,  cannot be located as precisely as the time of 
initiation of the exotherm. 

The times in the two experiments were adjusted to the same tem- 
perature (430*0),  using the activation energy previously found (Table 52). 
Ooncentrations were estimated by using the value for anthracene of 
Tg /T0 (ratio of Kelvin temperature of the boiling point at 1 atmosphere 
to the Kelvin critical temperature) of 0.685 suggested by Ambrose. I1   ' 
This ratio leads to an estimate of 897''K (6240C) for the critical tempera- 
ture of anthracene, with TB   taken as 614. 6°K (341. 4'C).»1**'    Densities 
of liquid anthracene for the saturated liquid state were then calculated 
from generalized tables, I146»148' employing the experimental density"    ' 
of 0. 9457 g/cc at 254. 5,,C. 

The volume of naphthalene "solvent" was calculated from 
Zhuravlev's experimental values for liquid density. I1*7'   It was assumed 
that no volume change occurred on mixing,  an assumption that is probably 
justified in a lower temperature range but not necessarily at the temper- 
atures of this experiment. 

From the relation given previously for second-order kinetics 

eVfc  = 
N-l '£' * 

it follows that. for the same N, 

fefe- 
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The last two columns in Table 53 compare these two ratios.    Second-order 
kinetics are indicated,  although the experiments should be extended over a 
wider range in concentration and with modifications of procedure to de- 
lineate the initiation of the exotherm. 

A substantial portion of the naphthalene in the initial mixture was 
recovered.    Carbon-14 tracer experiments would be required, however,  to 
establish that the naphthalene was truly inert,  i. e.,  to determine that none 
of the naphthalene was incorporated into the structure of the solid polymer. 

The indications of second-order kinetics from the data of Table 53 
are,  of course, for a late stage of the thermal reaction, with an estimated 
N of 10 (0.9 fractional conversion of the initial reactant).  The indication 
from the experiments of Madison and Roberts'119' of kinetics of order higher 
than first, however,  apply to the earh; stages of the reaction. 

The kinetic order in .he thermal "cracking" of aromatic hydrocar- 
bons has been investigated'118' l33' by distillation after varying periods of 
time at temperature to determine the amount of initial reactant converted 
to products of higher or lower boiling range.    For low conversion, a high 
accuracy in determining the fraction converted may be required to dis- 
tinguish between first-order and second-order kinetics.    It is convenient 
to consider the fraction of initial reactant,   F,   which remains unconverted 
at time 6 as 

F   =   C/Co, 

where C is the concentration of reactant at time 8 and Co the initial con- 
centration (F is often measured as a mass or volume fraction).     For first- 
order kinetics. 

In F   =   -k 9; 

and,  for second-order kinetics, 

•£j^-   =   - Q, k9. 

Unless cognizance is taken of a possible change in Co from one 
experiment to another,  the Co  k becomes a constant  k.    Since a series ex- 
pansion of In F, valid for F>0. 5, is 

In IT   -   F-l    .   1     /F-l\2   .    1   /F-l\ In F   -  -p-  + 7    J-p-j     +  T  J__j 3 
+ 

the above two expressions differ only by the higher order terms, and this 
difference is small for  F>0.S. 
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3. 7. 5. 3.    Behavior of Naphthalene 

The critical temperature of naphthalene (475*C) falls within the 
"useful" range of temperatures for investigation of the thermal polymeriza- 
tion reaction.    The term "useful range" implies that the rate of reaction 
will be neither so slow as to require an experiment of several weeks dura- 
tion nor so rapid that an initial temperature equilibrium cannot be estab- 
lished.    The initial phase conditions and reactant concentrations varied 
considerably with charge density in the experimental work oft naphthalene. 

The critical constants employed for naphthalene together with the 
sources of the data referenced are given in Table 54. 

Table 54.    Critical Constants of Naphthalene 

Critical 
Critical Critical Critical Critical       Compressibility 

Temperature Pressure Density Volume Factor  
'K 'C~        Atm.       Ibs./in.^     g/cc ^^^51^  z° (dimensionless) 

748.3      475.2fr48, 40.6(1*9)   597        O.SMS«1*7'      407.2 0.269 

The term z0 in Table 54 is the critical compressibility factor 

PV   . P.V, 
*  -   ST •    Zo   "" T&T ' 

where the subscript   c   refers to the pressure,  temperature,  molar volume 
and compressibility factor at the critical point. 

Depending upon the initial charge density, the phase conditions at 
temperatures below the critical temperature may be single-phase gas 
(vapor),  two-phases (liquid and vapor) in equilibrium (saturated or ortho- 
baric conditions),  or a single-phase dense fluid. 

Table 55 shows the amounts of naphthalene used,  the initial heli- 
um pressure (at room temperature),  and the "initial" pressure at the ap- 
proximate time thermal equilibrium was established at the temperature in- 
dicated.    The total available volume in the pressure vessel and in the ex- 
ternal lines and gauges varied slightly among the experiments,  depending 
on the liner and the thermowells used;  this volume averaged 3895 cm3. 
The single-phase density value Is the ratio of mass of charge to total avail- 
able volume. 

The temperature,  pressure,  and density are expressed in Table 
55 in the form of the reduced parameters 
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Tr   =  T/T0;   Pr   =   P/P,; d,   =  d/dc   =   Ve/V. 

with the subscript   c   signifying critical conditions,  T the Kelvin tempei 
ture,  Pthe absolute pressure, d the density,  and V the molar volume. 

Table 55.    Reduced Parameters for the Initial Conditions of 
Naphthalene Polymerization 

Naphttulan«    Ha 

!«"!! fit! llS 1405 4'7-5 0"" 0.M0 2   35. 1   ,«        i  «4 

'"■';     ?j??       >!      »"   «i       o:5«7        ;:;öJ 
S66 1. 703       1. T|( 

1.650 1.724       1.71« 

. 174 

.«4 

1»J5 494 0. (.269 l] 025 

■"-"     -        »     IS!   gj.      !.UJ        M?      i:jjt'   I;-   '- 

M   Acn«l taiU^ ch.,,. 2540 (,«., «9 „„„. „f «pbth.1.,,. ,«1»^ „ „.chtof fm^r.«.,. (.« „«). 
Approitimitalr cornet«! lor 0» aflact of helium |U praant. 

The values in the last column of Table 55 for   dj   represent an 
attempt to correct for the helium initially present in the vessel.    The 
viJues given are based on the assumption of Amagat's law of additive vol- 
umes,  alftough neither Amagat's law nor Dalton's law can be expected to 
hold for the conditions of these experiments.    No data could be located 
on which to base a more elaborate treatment of the mixture of helium and 
naphthalene.    Unless dissolved in the liquid phase at lower temperature 
stages of the run, much of the helium is located in the lines and gauges 
external to the vessel (and at a lower temperature) and is probably not in 
equilibrium with the material in the vesoel. 

i ^ ^ the e5CPeriments «sing the larger initial amounts of naphtha- 
lene, the density exceeds that of the saturated liquid at temperatures con- 
siderably below the critical temperature.    Zhuravlev's^147' experimental 
Ü ii0,""- thfJ

d
1
en«iti«s of the liquid and gas phases of the orthobaric (satu- 

rated) liquid in the temperature range 400» to 470'C are given in Table 

fw ^ tJ^li ^ I:xPf.ril?J
ent 159-57, the single-phase density exceeds 

that of the orthobaric liquid at ~410'C.    The vapor phase is,  so to speak, 
squeezed out of existence at this relatively low temperature, an addttion- 
al degree of freedom develops with the disappearance of the vapor phase 
and the pressure increases with increase in temperature at a much more 

rapid ri.Se than t^e orthobaric rate: (|f J   , where the subscript   <r   refers 
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Table 56.    Orthobaric Liquid and Vapor Densities of Naphthalene*1*7' 

T „       ^       ._ Density of Liquid Density of Gas 
Temperature 'C g cm ' B CI1-J 

400 0. 6410 
420 0. 5989 
**0 0. 5510 
460 0.4935 
470 0.4590 

g cm 

0. 0617 
0. 0850 
0. 1139 
0. 1522 
0. 1770 

to the saturated liquid-vapor system. The values of pressure observed 
expressed as Pr in Table 55. are Reasonably concordant with the values' 
calculated from tables of the generalized properties of fluids. (l46) 

-,<«, *•      Th
tV

ffect of initial charge density jn the variation of pressure 
Ta   »v.    •   •« »««P61-**«1-« « illustrated in Figures 78 and 79.    In Figure 
78. the initial charge density was not much greater than the critical 
density.    The pressure rose to a near-constant level then rose at an ac- 

^crefsTd8. a8 rate 0f fiXed gaS {Hl>  CH4' C^  etc- > fo'-mation 

RV nf „K ^ Ü^lv79 <f<?r. E5?>eriment 159-57) with an initial charge dens- 
ity of about twice the critical density, the pressure rose rapidly tl the 
^.r0ioreS8Ur% V™™** Period of ab«^ 1 hour, with the control valve 
open, 69 grams of naphthalene were evolved from the vessel.    Only a 
small wnount of gas {les« than 1 liter) was evolved during this period, 
some of which undoubtedly was helium.    The pressure then decreased to 
nr«^"1 e    * 0re again rising at an accelerated rate to the control 

n.«kfv.i 1>,lr.irt*e peTi0d of decreasing pressure,  it appears that the 
naphthalene is being converted into higher molecular weight compounds 
(higher boiling materials with higher critical temperatures).    These com- 
HZ? .♦ ?lU8t be'"P"*- P*rtiaUy hydrogenated species.    With continued 
time at temperature, the rate of fixed gas formation (H2.  CH«.  etc.) in- 
creases and the pressure again rises from a minimum value.    Althouch 
.1l^r(?        *     *? (^ * givea temPerat"e «d constant total volume) 

naphthalene in solution with these higher molecular weight compounds 
ITtSf ^rr^T6* 8PeCifiC Pre8S"re (i-6- • P" gram or per mole) than in the pure state,  it appears that the major reason for thr decreasing 
pressure is the reduction in amount of naphthalene present by virtue of 
its conversion to these higher molecular weight compounds. 

It was originally considered that the time of minimum pressure 
for the experiments with a high initial charge density could be considered 
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*!,* deAtnile   8t^ge   l.n  the   reaction.   correeponding to a definite 
value of N, where N = C0/Cfr  C. being the initial concentration of reactant 
and Cg the concentration of reactant at time 9. 

Figure 80 is a plot for such time a to a minimum pressure as a 
function of temperature, on the basis of first-order kinetics 

iog.10(l°°£)   =a + b (iooo) 

and Figure 81 is a simUar plot en the assumption of second-order kinetics 

and 

„„A «,     Jhf\le^-BV^ree coefficients, the derived activation energies. 
Tven te Tale's? 8 of the8loPe (exPre"ed ** kilocalories) are 

T^KI- K7AleVideJltJr0m,the figure8 and from the standard deviations in 
Table 57, the deviations from the assumed linear plot are considerably 
greater than those found for times required to carry the experiment to the 
point of initiation of the exotherm {Figure 75 and Table si^'erimeat to the 

Additional analysis has indicated that: 

1)    The "time to minimum pressure" is directly applicable only 
the iniH»! ,. J"     A exP?riment8 with high initial charge density.   Where 
S,n  «r.!?    ge denalty.wa8 appreciably lower (Experiments 159-67 and 
ibU-75), this corresponding time was taken as the start of the rise in 

IITZ* I'0"1 ?e ^^ ^ POTtiOD-   The8e time8 d0 ** aPPe" to «Pre- sent üie same stage of i  action, i. e.. the same value of N.   A time that 
H™ „fT*1"   0 "P"86?1* the 8an« »tag« is a maximum in A«P/A9».    Loca- 
tion of this maximum, however, requires more exact control of the vessel 
temperature and greater detail in the pressure record than was obtatoed 
in the earlier experiments. 

2) The initial charge density should be varied over a greater 
„„.. «.ran8

J
e lat,c«I1Btant temperature) to obtain significant infor- 

mation on the order of the reaction. 

3) After partial conversion of the naphthalene and reappearance 
*ut. i-    «J   v    * *wo-Pha8e «ystem, the concentration of naphthalene in 
tWs liquid phase becomes more or less independent of the original charge 
£rt£i     ♦     ^'Au18 * Valid indication of «itial concentration only for* the early stages of the reaction. y 
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Table 57.    Coefficients and Statistics for Figures 80 i.nd 81 

Figure 
No. 

80 
81 

a or c 

16. 13 
19. 32 

b or d 

-10.87 
-13.05 

Kilocalories 

49. 7 
59. 7 

kcaf 

7.4 
8.4 

.7.5.4. Additional Observations 

Figure 82. 

II        I«       20     U       2« 
TIME, HOURS 

Time-Temperature-Pressure-AT Record for 
fsslu"«8?^ 0f Fluoranthene (Experiment 

N-6726 

82 was - «"faTr^tt'fr^t^^ 8hOWn in Fi*Ure 
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this case does not apply for fluoranthene was shown by another experiment 
(145-9), which showed the same sequence of a small exotherm,  a slight 
endotherm,  and, finally, the major exotherm.    As a result of a plug in the 
line to the pressure controller, the control valve did not open during the 
run and no gas was discharged. 

With naphthalene, a slight decrease in material temperature has 
been observed as the control valve opens on reaching the control pressure. 
Considerable vapor (which condenses to a solid in the receiver) is evolved 
along with fixed gases, and the heat loss from the system is much greater 
than with fluoranthene;  this loss more directly affects the material tem- 
perature. 

3. 7. 6.    Stoichlometry of the Reaction 

Gas samples were taken at intervals during many of the experi- 
ments.    Generally,  samples were obtained only after the control pressure 
had been reached and gas was being released through the pressure control 
valve,  or when depressurizing the vessel after the end of an experiment. 
During the last part of the program,  partial success was obtained in taking 
gas samples from the system prior to reaching the control pressure. 

Data are given in Table 58 on the amount and composition of gases 
evolved during the thermal polymerization of naphthalene.    The first four 
rows represent experiments in which the time of reaction was in all cases 
short of the time of transition to a solid polymer.    Control pressure was 
not reached and the gas samples were taken while depressurizing the vessel 
after cooling.    The last five rows represent experiments which were ear- 
ned to the stage of solid polymer formation and (except for 145-91) gen- 
erally with heating continued after the exotherm, often to higher tempera- 
tures than the temperature at which solid polymer formation occurred. 

In the first group    (short of solid polymer formation),  the per 
cent naphthalene converted to other products was calculated from the 
amount of naphthalene recovered by a fractional distillation. 

For the second group,  the distillate (sublimate) evolved during 
the run (or during depressurization> was fractionally distilled to determine 
naphthalene content.   The data in the table do not take into account naph- 
thalene remaining in admixture v ith the solid polymer.    This condition is 
appreciable only when the volatile content of the polymer is high,  as for 
Experiments 145-69 and 159-57, as shown in the next to the last column 
as the weight loss on heating to 1000°C. 

The data indicate that a relatively small amount of the hydrogen 
abstracted from the naphthalene molecules in the formation of compounds 
of higher molecular weight species of higher atomic C/H ratio was in the 
form of molecular hydrogen. The formation of CH«, CjHe, and C3H, on 
the other hand, accounts for the abstraction of 1. 5 to 1. 9 moles of total 
hydrogen per mole of naphthalene converted. 
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No definite evidence has yet been obtained to assess the possi- 
bility that molecular hydrogen may first be formed and at a later time, 
as the partial pressure of H2 increases,  react with various species pres- 
ent (hydrogenolysis or hydrocracking).    The end result is the same as a 
hydrogen transfer reaction followed by thermal cracking of the hydro- 
genated species.    The hydrogenolysis reaction should be dependent upon 
hydrogen partial-pressure and possibly oe catalytically accelerated by Che 
metal of the pressure vessel or liner (see, however. Section 3. 7. 7. ). 

Fractional distillation of the materials formed in the first group 
and of the vapors evolved in the experiments of the second group indicated 
the formation of small amounts of compounds of lower molecular weight 
than naphthalene.    Benzene, toluene, and xylene were definitely identi- 
fied by analytical fractional redistillation and nuclear magnetic resonance 
spectroscopy.   The amounts found were so small that it was suspected that 
they may have been present in the original naphthalene.    Fractional dis- 
tillation of 3 kg of the original naphthalene and examination of the frac- 
tions by NMR spectroscopy, however,  revealed no trace of these com- 
pounds . 

After removal of the unconverted naphthalene, the products from 
some of the experiments of the first group of Table 58 (and some of the 
pressure distillates of the second group) were fractionally distilled in 
vacuo.    The compounds 2, 2'-binaphthyl and perylene have been definitely 
identified and it is presumed that the other compounds isolated and identi- 
fied by Lang,  Buffleb and Kalowy*130* ' are also present.    In addition to 
such aromatic hydrocarbons, NMR spectroscopy showed that a partially 
hydrogenated species was present in a fraction which distilled immediate- 
ly prior to the distillation of the 2, Z'-binaphthyl.    This compound (or mix- 
ture of compounds) has not yet been identified.   It is quite sen: itive to oxi- 
dation. 

The gases evolved in the thermal   polymerization of fluoranthene 
were similar both in amount and composition to those from naphthalene. 
The total gas evolved ranged from 0. 73 to 0. 88 moles per mole of initial 
charge for total times corresponding to a solid polymer of 4. 7 to 6. 7 per 
cent volatile content.   Very little distillate is evolved when fluoranthene 
is polymerized at pressures in the range of 1000 to 2000 lbs. /in.2, and it 
is presumed that there is no great quantity of fluoranthene in admixture 
with these solid polymers.    These values should thus correspond closely 
to moles of gas per mole of fluoranthene converted. 

The composition of the gas evolved during the thermal treatment 
of p-terphenyl was not greatly different from that evolved from naphthalene 
and fluoranthene for a sample taken from the vessel after the formation of 
a solid polymer.    We did obtain samples in one experiment at much earlier 
time periods as shown in Table 59.   The first three samples of gas were 
taken from the external (pressurized) lines into a small 10 cm1  capacity 
pressure vessel.   The last sample was of gas evolved after the control 
pressure had been reached.   The first three samples probably represent 
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Table 59.    Compoaition of Gas in Vessel at Various Times 
Experiment 160-84 (p-Terphenyl) 

Mole Per Cent T}™ f"1^"" a£ter 

—  _  Material Temperature 
Reached 500° C Remarks 

4 
6.8 

17- 5 Before Exotherm 
24- 9 After Exotherm 

Sample Jk CHt -£ Jk &.H. 

84-a 91.4 7.2 1. 4 0 
84-b 82.7 13. 3 4. 0 0 
84-c 42.0 46.3 11. 7 0 
84-d 12. 3 67.1 19. 0 0 

th! l^C^P at time8 earlier than shown'  8ince the ^tal volume of 
^ ^H .f «Pr •8S^1Zed SyStem 0f Ilines' valve8' «auges.  etc.  is-105 
i^ ü«^      TU81^    S68 v0t OCvCUr Very rapidly in the small-diameter tub- 
C^rLJ.f data d° *how that the H2 content is higher and the CH4 and 
n„^H r ^ ln t.he earlie8t 8ta8e8 of thermal treatment.    Thi com- 
pound CjH, appears to form not at all or at least to a very limited extent 

rnfthe'rmS r^  ^^ 0J n0, ^ "" found » 8a8 samples takendur. ing thermal treatment of biphenyl and o-terphenyl. 

aitim     Z^ methylnaphthalenes showed a decidedly different gas compo- 
«W I fT*** ta^en dUring the earUe8t 8ta8es of thermal treatment 
ÄmeÄ^'ÄVf C^0£, CH*: vA Sample taken durin8 the th"^ Jitc^f"* 0f »"«««»yjnaphthalene 4 hours after reaching temperature 
S«^ cont^rd i-'™ole per cent ^94.7 mole per lent CH«. tod 3.4 
tTme of t1^        CPfc     The H, content actually increased with coittnued 
time of thermal treatment, and a sample from the vessel at the end of 
this experiment (solxd polymer formation) contained 7. 7 mole per cent 
H|,  86.6 mole per cent CH«, and 5.6 mole per cent CjHe, 

The samples of gas taken during the thermal treatment of mrrene 
fsoHd nTT^7 hi^.V*u" f°r H« "»*"*•    At the end of one expeTment 
(solid polymer formation), the gas analyzed 31.8 mole per cent H,    55 4 

ÄeVt^T CH4i- 11-tm01? Pe,r Cent CÄ ^ 1-0 mok P^cen^ cfft Samples taken earUer showed values as high as 50,6 per cent H2. 

tr«a*m^fA^a,Inple 0L^B taken at ^ ^te^ediate period of the thermal 
34 ?n.r c^. reHaP th?^ c°ntained 9- 8 P" «nt H* 49.6 per cent CH«, 
34.5 P" cent C^le.  and 5.5 per cent Cjlfc.    The high value for C.H«  sue- 
gests that both of the bonds indicated in the diagram are often severed   g 

(not simultaneously) during thermal treatment (thermal dealkylation) 
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A considerable quantity of lower boUing compounds is formed in 
the thermal treatment of biphenyl.   Fractional distillation of the "pres- 
sure distillite" from Experiment 159-i9 using biphenyl as the initial 
charge showed a considerable amouat of benzene and much smaUer amounts 
of toluene and ethylbencene.   The material balance on the fractional dis- 
tillation is shown in Table 60.   The first three fractions were redistilled 
in an analytical distillation column; benzene, toluene and ethylbenzene 
were identified by NMR spectroscopy.    The amount of benzene found (cal- 
culated from the amount of pressure distiUate and the data of Table 60) 
indicates that 20 per cent of the molecules of biphenyl converted can be 
accounted for by the net reaction 

The hydrogen is probably abstracted by phenyl radicals from molecules 
of biphenyl which then condense to higher molecular weight species. 

Table 60.    Composition of Pressure Distillate from 
Biphenyl Polymerization 

Weight 
Per Cent 

Benzene 47, £ 
Toluene 1. 5 
Ethylbenzene 0.7 
Biphenyl 30, 6 
Residue 17. 5 
Loss 2. 1 

3. 7. 6.1. Ultimate Analysis of the Solid Polymers 

Analytical data on the solid polymers produced by thermal treat- 
ment of aromatic hydrocarbons or heterocyclic compounds are given in 
Table 61.   The atomic C/H ratios for the polymers produced from a given 
compound will depend on the time and temperature of heat treatment after 
the occurrence of solid polymer formation.    The last column gives the 
weight loss on heating the polymers to lOOO'C; these data serve as a 
measure of the extent of after-treatment.   The sulfur contents of the poly- 
mers, except for the polymer from dibenzothiophene,  are quite low.   The 
sulfur found in the polymers from the hydrogenated terphenyl mixture 
(Experiment 129-87) and from 9,  10-dihydroanthracene (Experiment 144-1) 
are believed to be a result of carry-over from preceding experiments 
with compounds which contained high sulfur.    One of the experiments with 
pyrene showed 0. 34 per cent sulfur in the polymer,  but the other experi- 
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ments showed 0.01 per cent sulfur with the same lot of pyrene;   again, 
carry-over is believed responsible for the first result. 

Appreciable 02 contents were found for all the polymers.    Ex- 
cept for dibenzofuran   (which contains oxygen), this result may be due 
to slight oxidation of the polymer after removal from the pressure vessel 
rather than necessarily reflecting oxygen-containing impurities in the 
initial materials. 

it will be noted that the atomic C/H ratio is greater than 2. 6 
only for Experiment 144-71 with pyrene.    The molecular size of the poly- 
mer thus would not need to be very large for the assumption of a fully 
aromatic structure.    Coronene (see Table 14) and periflanthene (see XXX 
in Section 3.3.3.5.) have an atomic C/H ration of 2. 00, and the dicorony- 
lene prepared by Zander and Frank«*180) has an atomic C/H ratio of 2.40. 

The assumption of a poly-rylene structure (the "dimer" U nerv- 
lene) derived from naphthalene 

Cio H» (Cio H«),  doH, 

C/StaU^wÄe1"8 C/H ratl0 0iZ'5 (n Very ^ **' ln *ene"1' th< 

C/H  =   Hn! gl    =   z-5 + (S/n)    n>o 

i. bisanthiÄr^^^^:^-"*^"8tr^ <«»,,di—" 

Ci4H, (^HIä CuH, 
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would entaU a limiting C/H ratio of 3. 5 and. in general, 

£  -   7(n+ z>   ..   3.5 + (7/n)       .   ^   , 
H In i 7    "    1 + V. 5   '       <n>0' • 

for'«0-71? ff8*10 l^ 8U
4
ch an *"umed Polyanthene structure would be 2.33 

SAer.(teranthene)' or hi8h" than found for the 600'C anthracene 

tv.,* »     *? iS quitt P0"11»1« t1»«* th« «olid polymera are not fully aromatic- 
WA 1 7ycotl?ry

1
blf\r^a^J

hydro8e,iated-   The 8" solved on TxZZr 
CHfcontenlf LH * ^ ^Ü^Z*** (though Btill with a con.iderable 
CH« content) and it is possible that this result represents dehvdroaenation 

t£L7T^ T^f" ^ ^r ^ avera8e -olecular Ä If tee"' 
ffi% hydro^telr magnitUde " ^ ar0matiC' " ^ ^" i8 

^v      .     ^he C/H atomic ratiOB of 1. 9 to 2.0 for the polymers from bi- 
phenyl and p-terphenyl eliminate the simple polyphenjw  structure 

/F\ r^ r\ 
CeHe (CeH«)»    CeHs 

.^uct«ie%Cuc7aTdWOUldhaVeaC/HratiO0fl-5for  a -nr large.  A 
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would approximate the atoichiometry <C/H approaching 2.0) and would 
not be expected to be a "cryatalline" polymer. 

3.7.7.   Pottible Catalytic Effecta 

Experiment« were conducted with phenanthrene to determine the 
magnitude of possible catalytic effects of the material used for the liner 
(stainless steel).   Data are given in Table 62.    In the second experiment, 
the liner was borosUicate glass, and the stainless steel thermowell was 
sheathed with a borosilicate glass tube so that the liquid phase was in 
contact only with glass. 

Table 62.    Comparison of Stainless Steel and Glass Liners 

Tims to CtlcuUUd 

*.xp«t. Un«T UUCCounted at SOO'C 8IMC  WLmmimt. m.tm 

1*1-65 Q... iJ.7 5.0 7.5 1. • 7. W     4». 1        i. 35 1.60 0 95 

No differences in yields of products or in the rate of overall re- 
action are evident.    The adjusted times to the initiation of the transition 
exotherm are based on the energy of activation previously reported 
(Table 51) and cannot be very precise,  since this energy of activation was 
SIT «i     e     y fr0m the8e tW0 rUn8 plu8 0ne additional '«a (Experiment 
144-55).   Samples of gas taken at corresponding times (when depressuriz- 
wg after completion of thermal treatment and cooling) were very similar 
in composition, the H| content actually being somewhat higher for the 
experiment using the stainless steel liner.   The properties of the graphite 
rods prepared using the polymers from the two experiments (after heat 
treatment at 1000*0 are quite comparable, with the higher temperature 
in Experiment 161-51 expected to give a higher with-grain thermal expan- 
sion for the derived graphite (see Section 3. 7.4.3.). 

No catalytic effects of the stainless steel liner can be discerned. 

3. 7. 8.    Mechanisms of Thermal Polymerization Under Pressure 

A fir,t attempt can be made to suggest a series of reaction steps 
for the thermal polymerization of naphthalene.    Much more information 
than is presently available would be required to distinguish among the 
various possible mechanisms.   The suggested series of steps is based on 
the following experimental observations: 

a. The overall reaction appears to be higher than first- 
order, and probably is second-order. 

b. Relatively little molecular hydrogen is formed per mole 
of naphthalene converted. 
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c. Partially hydrogenated aromatic compound* are formed. 
The formaMon of such species has been definitely estab- 
lished for some aromatic hydrocarbons (Section 3.3.) and 
strongly indicated for naphthalene.    So far, however, no 
particular species has been identified for naphthalene. 

d. With many compounds (including naphthalene), the transi- 
tion to a solid polymer is accompanied by a high rate of 
formation of CH4,  C,H», and C,Ifc, indicating a correlation 
between the velocity of thermal cracking and that of the 
formation of solid polymer. 

Additional premises stem from generally accepted principles: 

e. The CH«, C,HB and CJHB are more probably generated by 
the thermal cracking of partially hydrogenated species 
than by rupture of the carbon-carbon bonds in fully aro- 
matic (unsubstituted) molecules. 

f. The free radicals formed from the larger fused-ring aro- 
matic hydrocarbons are strongly stabilized by resonance. 
It appears «aeful to suggest more reactive free radical 
species as the "key intermediates". 

/ An intermediate comprising a partially hydrogenated p-quinoid 
(or o-quinoid) free radical species has been proposed by deTar and Lone 
ff tW!ä,jti°n of aroy1 Perfides in benzene at relatively Jiigh dilu- 
V"1*   ,.xv  /       similar species can be suggested for the thermal reaction 

of naphthalene,  as shown in Figure 83. 

The "steps" are numberea i through 6.   Following in part the 
terminology generally applied to chain reactions. P^Fthese steps are 
called: r 

1. Initiation 

2. Rearrangement (ring fusion accompanied by hydrogen shift) 

3. Propagation 

4. Termination by coupling of two free radicals 

5. Termination by disproprotionation of two free radicals 

6. Thermal cracking (carbon-carbon bond scission). 

»*i. *v    4Tjf i°itiati0'1 steP   * (*) i» represented as bimolecular, in accord 
with the indications of second-order kinetics for the overall reaction. The 
followüig steps,   1 (b) and  1 (c),  suggest possibUities for further reaction 
of the hydrogen atom generated in 1 (a).    These hydrogen atoms, however, 
can be supposed to take part in step 6.   The species labeled IV has the 
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tained tj^l ^ZTl??* £'£*£"?* ^   ^ M'idence ha8 been ob- 

free radi^'Ä^fotJ" ri^te^hvd^""^ C0
1,
Upling 0f 

(corresponding to VIII) w^s J.ola'ted Jy'de T« :K;J:qUaterphenyl 

might occ^rnTep^/rweüa^ A'a^H?^? ^ hydr08en 8hift- «P t as weu as in Step 2 as indicated for IX (b) and XI (b), 

1'. 4..dihy
Td^!r?%f^e0r^htrheÄ radiCal 8PeCie8 WOUld fo- X.  a 

two radic^esplcriesre8Thi%a
o
termi^ti^?tep ^ dispropox-tionation of 

theneJ/aS tCieomeHc benTS  8 X1IiPe^y)?ne,•  »V [benzo(k)fluoran. 
of two '«.Ucal.  vSTwera is^a ÄST «S <?.0m the di»P^Portionation 
et al.(^.T on JÄ:^ÄÄl^"16' ^ ^ 8tUdie8 0f Lan«' 

bond ,ci,S)t  h?"8^ U^Swi0?01^8". I6""011 ("^on-carbon 

ou.ly.   The thermal crackinalrteD is a./m^H ^       eliminated simultane- 
source of additional radical fpecies     TW™     r*Prf "at » P"Uftc 
observed accelerated rate of CR.r H        '1

e*8°ai"K U ta accord ^th the 
.ynchrono«. with th^t'ran.Uio^o a'^SidpotySS.^ ^ eVOlUti0n 

>« 

* woÄ^Ä laS" ' ^"^ 8trttCtUre: the U0tetralte "-<*- 
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A poasibilivy that could lead to the generation of a sub-structure 
with 4 ortho-fuseJ ring» is a Diels-Alder reaction: 

C2H6 

The increase in stabUity by elimination of the etheno bridgehead 
and aromatization might favor such a process.   The reaction has been 
written for a 1, 4-dihydro srecies resulting from the dieproportionation 
of two free radicals.   It is possible that it might occur with a radical 
species, the product then necessarily being a free radical.   Such a re- 
action would serve to aromatize by the elimination of considerable hydro- 
gen (as ethane) without reducing the total number of rings. 

Each of the aromatic species created becomes a candidate for 
participation in the initiation steps 1 (a),  1 (b), and 1 (c).   In a sense, the 
initial charge material (e. g., naphthalene) serves as a combination of 
reactant and solvent or «Uluent for these larger molecular weight species, 
which are probably more "reactive" than the initial material. Since they 
are generated from the initial material, the general course of the reac- 
tion is consecutive, rather than competitive, as indicated by the observa- 
tions that the Arrhenius rate law is followed to a moderate degree of pre- 
cision. 0 r 
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3. Ö.    Preparation and Properties of Bulk Graphites from Model 
Aromatic Compounds ^^ 

Bulk graphites (0. 75-inch diameter extruded rods and 2. 5-inch 
diameter molded plugs) were fabricated from cokes prepared from three 
model aromatic compounds (acenaphthylene.  fluoranthene, and p-terphen- 
yl),  the pyrolyses of which were the subject of intensive physico-chemical 
investigations as described in Sections 3.1.,  3.2.,  3. 3., and 3. 7.    of 
this report. ' 

Acenaphthylene Fluoranthene 

o-o-o 
p-Terphenyl 

Acenaphthylene coke was prepared at atmospheric pressure by 
the beaker coKing method, t1*'   Fluoranthene and p-terphenyl cokes were 
prepared at superatmospheric pressure,  as described in Section 3. 7.  of 
this report.   Analytical data on the SOO'C raw and 1000oC calcined cokes 
are given in Table 63,    The lOOO'C calcined fluoranthene and p-terphenyl 
cokes were extremely,hard, dense, and abrasive; as a consequence,  there 
was a large increase in the ash contents of these cokes when thev were 
miUed to flours. 

Table 63.    Analytical Data on Raw and Calcined Cokes f.-om 
Acenaphthylene, Fluoranthene and p-Terphen/1 

Coko Derived From Condition of Coke %A.h %S 
Helium 

Density, g/cc 

Acenaphthylene 500 «C Raw 0.32 None 
Acenaphthylene 1000 «C Crushed 0.30 None 1.970 
Acenaphthylene 1000'C Cruehed 0,4J None 1.971 
Fluoranthene 500 «C Raw _ 
Fluoranthene 1000'C Cruehea 0.008 None 
Fluoranthene 1000'C Milled 2.31 Nona 1.-936 
p-Terphenyl 500 «C Raw . _ 
p-Terphenyl 1000'C Crushed 0.082 „ 

p-Terphenyl 1000'C Milled 1.49 None 1.83 - 2.13* 

Sample ehowt drift with time from lower to higher value. 
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«.411  j     Extr^ed rods and molded plugs were prepared from the 1000'C 
™Uled^e fi0Ur8 ln accordan« with previously established proce- 
^«!^ Extrusion conditions ana extruded rod properties in the irreen 
BotJTo^f' ^ 3,000°C 8raPhit«^ «tates are summarized in Talflee^ 
r*n^i  «nedium coal tar pitch and a synthetic acenaphthylene pitch 
(106  Cm p.) were used as binders for the acenaphthylene coke.   The use 
of synthetic pxtch resulted in a graphite exhibiting a lower thermal expan- 
uiTcLnif^K80"^ f0^1"8 of ela8ticity. Wgher strength, and higher heli- 
um density than that which was obtained by using the coal tar pitch.   The 
andTow^ J*   *?? 0Xide i" the mix increa8ed bulk density and strength 
WnVjT   £ ^   r«8i8tanc? of graphites prepared with 30 medium pitch 
binder.    On the other hand,  iron oxide had relatively little effect on graph- 
ites prepared with acenaphthylene pitch binder.    Fluoranthene coke pro- 
th-tl»       ?18, ^rd/ ^h bulk den8ity. Wgh thermal expansion graphite. 
franhir1™118^ 0f ^ W^ 8l,ightly le88 than that of acenaphthylene graphite.    The p-terphenyl coke also produced a strong, hard graphite; 
^r"'♦ " P088"8^ low bulk "<» helium densities,  f high re^ist^. and an intermediate thermal expansion. -«"-o, 

1000T Kit>1fin8 ^n^8 and molded Plug Properties in the green. 
1000  C baked, and 3000'C graphitized state are summarized in Table 65. 
Two plugs were molded from each coke and the structure was examined 
m the green, baked,  and graphitized states by xeroradiography.   All 
plugs exhibited good structure.   No iron oxide was used in thele mixes. 

a .„«   ^lf dat* in Ta"e 65 indicate that acenaphthylene coke produces 
a soft,  highly anisotropic graphite, whereas fluoranthene and p-terphenvl 
cokes produce hard, highly Isotropie graphites which are considerably 
stronger than the acenaphthylene graphite.   The properties of the fluoran- 
H^hJIÄ^     TV"1 ?"*'  frT the lar8e amount of shrinkage between the baked and graphitized stages (~ 15 volume per cent as compared to 
3 to 4 volume per cent for the acenaphthylene-coke-based plugs).    The p- 
S«6^  KC°   ;ba!,ed"pl,;g8 Sh0Wed " 8 volume P" cent shrinkage be- tween the ba.-.ed and graphitized stages, but the final density of the graph- 
te-uÄ Z*fJr b!ca!1"J

of low «"« a«d baked densities.    The high 
resistance of this material is accounted for, in part, by the low bulk 
density and.  in part, by the high degree of disorder in the coke. 

*,.,.      *•  The8e re8ult8 «iemonstrate that the initial molecular structure of 
aromatic compounds has a profound effect on the properties of cokes and 
bulk graphites prepared therefrom.   Although the number of compotLids in- 
vestigated in this phase of the program was not large,  the resufcrof ex^eri- 
menUd work in Sections 3.1..  3.2!.  and3.3. of thfs Veport mS it cl^r 
«.^"««f! 18 t4!

y8tematic
ä relationship between initial molecular structure 

and final graphite properties.    This relationship becomes less certain, 
w   ,"' 7»w ^ Pyroly"" are "rried out under pressure,  since it has 
been found that the properties of cokes and graphites produced from cer" 
tain polynuclear aromatic hydrocarbons can be significantly altered by 
manipulation of the coking conditions (see Section 3. 7. of this report^ 
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4.    BENCH-SCALE INVESTIGATIONS 

Bench-scale effort has centered around basic investigation* into 
the preparation of Isotropie high thermal expansion graphites. 

The investigations have included    1) the seeding of coker charge 
stocks and an asphaltlc hydrocarbon with finely divided carbonaceous ma- 
terials,    2) the air blowing of various charge stocks prior to coking,    3) 
the coking of a naturally occurring asphalt,  and  4) the effects of certain 
processing variations during graphite manufacture. 

The applications for Isotropie high thermal expansion graphite 
are nuclear moderator graphites and substrate materials for coating 
with various carbides and metals for oxidation protection. 

We have also attempted to produce Isotropie cokes of intermedi- 
ate thermal expansion levels by   1) causing coking to occur in a liquid 
phase thus producing regular shaped coke particles and   2) by coking se- 
lected mixtures of an aaphaltic hydrocarbon and other coker charge stocks. 

Chemical and physical characterization of various coker charge 
stocks was completed by the Carbon Products Division Research Labora- 
tory.    We did not attempt to statistically correlate this data with graphite 
properties since the sample population was too small. 

Studies to improve binder qualities have included  a) removing 
by extraction portions of coal tar pitches which do not contribute to binder 
strength and  b) thermal and catalytic cracking of heavy petroleum stocks 
before distilling to a pitch.   Statistical analyses have been performed in 
an attempt to correlate binder properties with flexural strength of 3-inch 
molded graphite plugs. 

4.1.   Seeding Experiments 

Raw cokes are formed through a polymerisation reaction In which 
relatively small molecules combine to form larger molecules under given 
conditions of time, temperature, and pressure.   If the arrangement of 
the carbon atoms (crystallites) approaches that of a graphite lattice, the 
coke is said to be well ordered and exhibits a high degree of anisotropy 
In thermal expansion.   In the seeding process, a finely divided carbona- 
ceous material which Interferes with the growth of the well-ordered crys- 
tallites, is added to the coker charge stock.    The fabricated graphite bil- 
lets then exhibit relatively high* and Isotropie«"* thermal expansions. 

The seeded cokes were processed either by coking in a pressure 
autoclave at a pressure of 50 lbs. /in.8 gauge, or by coking in beakers at 
atmospheric pressure; and then the cokes were calcined to lOOO'C and 

*  3 to 6 x 10   /*C near room temperature. 
**  Approximately equal with- and across-grain values. 
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mixed with coal Ur pitch.   Extruded rod«, | inch in diameter by 6 inches 
in length, and molded billets. 3 inches in diameter by 3 inches in length, 
were formed, baked, and graphiticed.   Physical property measurements 
were made on samples obtained from the graphitised material. 

4.1.1. Conductina Black» as Seed Materials 

^    .      cJFT0 cVbon W»cks. Cabot Vulcan XC- /2R and Columbian Con- 
ductex SC have been evaluated as seed materials for atmospheric and for 
vacuum residuums.   The blacks have a chain-like structure.  simUar to 
acetylene black, and are claimed to be higher in electrical conductivity 
than acetylene black. ' 

P1»/««»! characteristics of the XC-72R black.  Conducted SC 
black, and acetylene black are presented in Table 66. 

Table 66. Physical Characteristics of Cabot Vulcan XC-72R, 
Columbian Conductex SC and Shawinigan Acetylene 
Black 

Name of Black 

Particle Diameter 
Millimicrons, 

Arithmetic Mean from 
Electron Microscope 
 Measurements 

Surface Area 
"Square Meters/Gram 

from Nitrogen 
Adsorption 

Measurements 

Cabot Vulcan XC-72R 29 

Columbian Conducted SC 17 

Shawinigan Acetylene Black 50 

190 

200 

64 

i . Physical property data for graphitüied extruded and molded bil- 
lets produced from atmospheric and vacuum residuum cokes seeded with 
Conductex SC and Vulcan XC-72R blacks are presented in Table 67.   For 
comparison, data for graphitised extruded and molded billets produced 
from coke« seeded with acetylene black are also presented. 

. J 
ThJ,c"»du«t«« SC as a seed material produced a graphite with 

a considerably lower thermal expansion value than the graphite made 
with acetylene black. 

Vule«, »rh72»,Si0.'I?eriLrMiduum *nd v»cuum residuum seeded with 
Vulcan XC-72R bl*ck produced extruded and molded graphitiaed biUets 
ü!L.Äu't;at»tleCtr,f ^ r"i-t"" «d thermal e^a«ion value. 
2S! Ji£it"/0lth,"mU !scP*n«io« o' Ö»e Vulcan XC-72R-,eeded mate- 
rial, appear to be lower than those for acetylene black-seeded ^riLs. 

«.SiÄJ!tr*?g*h' y'jrt m«Mtt'««l on graphite biUets produced from 
Vulcan XC-72R and acetylene black-seeded atmospheric residuum and 
vacuum residuum cokes. 
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For any given thermal expansion level,  electrical resistance 
values tend to be »lightly lower for graphitlzed billets produced from Vul- 
can XC-72R-seeded cokes than those for acetylene black-seeded materials. 
Some data inconsistencies were noted. 

Vulcan XC-73R black appears to be an acceptable substitute for 
acetylene black when seeded cokes suitable for producing graphites up to 
5.0 x «T'/'C (30-100*0 thermal expansion level are required, 

4.1.2.    Seeding of Gilsonite by Acetylene Black 

Seeding of Gilsonite Selects,  an asphaltic hydrocarbon, with a 
channel black has been reported previouelyf1' to give an Isotropie, high 
thermal expansion coke.    Gilsonite Selects was dry-blended with the car- 
bon black for this experiment. 

The coking of Gilsonite materials in a delayed coker would re- 
quire dispersion and dilution of the solid material in a diluent.    Gilsonite 
VB, another form of solid Gilsonite, has been diluted in a 1:1 ratio with 
light catalytic cycle oil and seeded with acetylene black.   This mixture 
(49. 25 weight per cent GUsonite VB,  49. 25 weight per cent light catalytic 
cycle oil,   1. 5 weight per cent shawinigan acetylene black) has been coked 
by bench-scale methods. 

Figure 84 compares the high-temperature thermal expansion 
characteristics of graphitized billets produced from this material and 
from the undiluted seeded Gilsonite Selects with those oC niobium carbide 
and iridium.    The thermal expansion level of iridium was not attained; 
however, the thermal expansion of the two seeded cokes matches that of 
niobium carbide fairly well. 

4.1.3.    Lewis Acids 

Ferric chloride is a Lewis acid (electron acceptor) which is 
known to act as a catalyst in the chlorlnation and subsequent polymeriza- 
tion of simple aromatic compounds.    A mixture containing 3.1 weight 
per cent anhydrous ferric chloride in vacuum residuum, when coked at 
atmospheric pressure,  yielded a coke which resulted in graphitized ex- 
truded billets havingM average w.th-grain thermal expansion (SO-IOO'C) 

To determine whether th'    ^ermal expansion elevation noted 
above is due to the catalytic actit».      ferric chloride or to the mechani- 
cal hindrance of orderly crystalbt      rowth, further experiments using 
ferrous chloride (not a Lewis acid,  in-l ferric chloride were made.    As 
shown in Table 68, the effect of f    i ous chloride on thermal expansion 
elevation is just as pronounced       the effect of anhydrous ferric chloride 
in the previous experiment.   Ki,   coke yields in all cases were similar. 

The results indicate that the effect on thermal expansion eleva- 
tion realized by the use of small quantities of ferric chloride in vacuum 
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2.J 
□ • IRIDIUM 

■ - NIOBIUM CARBIDE 

- SAMPLE 4«A, W. O. SAMPLE TROU ORAPHITIZED MOLDED 
BILLET MADE FROM COKE FILLER ((7.0 WT. * OILSOMTE 
SELECTS, 19.0 WT.« MOGUL-A BLACK) 
CHARGE STOCK COMPOSITION ■ 94.7 WT. % CILSONITE 
SELECTS, 9.3 WT.« MOCUL-A BLACK 

• -SAMPLE TY, W.O. SAMPLE FROM ORAPHITIZED 
EXTRUDED BILLET MADE FROM COKE FILLER 
(90.9 WT. * OILSOHITE VB, 9.1 WT.« 
SHAWiNIOAN ACETYLENE BLACK) 
CHARGE STOCK COMPOSITION * 
49. 2 WT. % CILSONITE VB, 49.1 WT.« 
LIGHT CATALYTIC CYCLE OIL. 
l.S WT.« SHAWINIOAN ACETYLENE 
BLACK 

«000 
TEMPERATURE, 

Figure 84. Cumulative Per Cent Linear Expansion Versus 
Temperature Relationahipa for Various High 
Thermal Expansion Materials 

L-913 

Table 68.   Graphitized Extruded Billet Data for Vacuum Residuum Cok- 
ing Charge Material Containing Ferric Chloride (Lewis 
Acid) and Ferrous Chloride (Not a Lewis Acid) 

Composition of 
Charge Matolal 

Pe in Charge 
Material 

Weight Per Cent 

96.9 wt.% Vac.  Res. 
3.1 wt.% Ferric 

Chloride (FeCl,) 

95. 2 wt.% Vac. Res. 
4. 8 wt. % Ferric 

Chloride (FeCl,) 

95. 2 wt.% Vac.  Re*. 
4. 8 wt. % Ferrous 

Chloride (FeCl,) 

1.07 

1.64 

13 
18 

dght 
Raw Coke 

Yield 

24.51 

25.10 

24.70 

Pe   In 
Raw Coke 

4.37 

6.53 

4.58 
8.83 

Average 
Thermal Expansion 
(30-100»C) 1U*/-C 

3.97 

2.57 

3.89 
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residuum it merely mechanical; possible catalytic effects of this Lewis 
acid are not primarily responsible for the thermal expansion elevation. 

4.1.4.   Investigation of Methods for Dispersing Acetylene Black 
 in Coking Charge Stocks  

Prior workf*)  with high thermal expansion cokos has indicated 
that graphitized molded billets processed from an atmospheric residuum 
or vacuum residuum coke containing 12 to 23 weight per cent acetylene 
black in the calcined coke exhibited fairly isotropic with- and across- 
grain thermal expansion values as high as 5.8 x KP/'C (30-100*0. These 
result« prompted the consideration of acetylene black-seeded atmospheric 
residu'un or diluted vacuum residuum as charge materials for initial pilot 
coker trials to produce a high thermal expansion coke. 

For continuous operation in the experimental coker,  a uniform 
agglomerate free dispersion is required.   To minimize pumping diffi- 
culties and to prevent excessively high furnace pressures, a dispersion 
having viscosity characteristics similar to vacuum residuum is desired. 
Compared to channel or gas furnace blacks, acetylene black is very dif- 
ficult to disperse in coking charge stocks.   Lumpy, high-viscosity dis- 
persions had resulted with vacuum residuum even at low black concer.tr' - 
tions.    Diluting agents,  such as light catalytic cycle oil, were required to 
reduce dispersion viscosities. 

Samples of atmospheric and vacuum residuum were submitted 
for dispersion trials to several commercial dispersion manufacturing 
companies, which use roller milling methods to disperse pigments in liq- 
uid carriers.    Dispersions produced by roller milling techniques were of 
very high quality (free of agglomerates).    Several additional types of in- 
tensive mixing equipment were also investigated.    Dispersions produced 
using an ultrasonic mixer (Sonic Engineering Corporation, Norwalk, 
Connecticut) were of a similar quality.    The ultrasonic system could be 
installed directly in the line at the refinery and was more convenient. As 
shown in Figure 85, the viscosities of dispersion samples made by ultra- 
sonic mixing or roller milling are considerably lower than those proc- 
essed in this laboratory by less intensive mixing methods (propeller-type 
mixer).    An ultrasonic mixing unit was rented for use at Robinson, Illinois, 
to produce the required dispersion. 

4.1. 5.    Effects of Diluents and High-Pressure Coking 

Although dispersions of acetylene black in atmospheric residuum 
were chosen for initial pilot coker trials, vacuum residuum-acetylene 
black dispersions, cut with a diluting agent such as light catalytic cycle 
oil, would be a possible commercial adaptation.    In commercial coking 
operations, the use of elevated coking pressure is desirable to increase 
the coke yield.    Experiments were performed in the laboratory autoclave 
to determine the effects of diluting agents and high coking pressure on the 
characteristics of coke produced from vacuum residuum-acetylene black 
dispersions. 
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>M00 
H 

O - LABORATORY-PRODUCED 
DISPERSION: 

63.7 WT.% VACUUM RESIDUUM 
Jl.l WT.% LIGHT CAT. CYCLE OIL 

5. 0 WT. % ACETYI     SE BLACK 

- SAME AS ABOVE, Bl      PRODUCED 
BY RO;.; ER MILUNC 

- LABORATORY-PRODUCED 
DISPERSION: 

9T.0 WT.% ATMOSPHERIC 
RESIDUUM 

3.0 WT.% ACETYLENE BLACK 

- SAME AS ABOVE, BUT PRODUCED 
BY ROLLER MILLING 

- SAME AS ABOVE,  BUT PRODUCED 
BY ULTRASONIC MIXING 

60 80 

TEMPERATURE,   'C 

Figure 85. Viscosity Versus Temperature Relationships 
for Dispersions of Acetylene Black in Resid- 
ual Feedstocks 

L-919 

Table 69 presjnts the physical property data for graphites pro- 
duced from these cokes.    No significant physical property differences 
are indicated.    The 500 lbs. /in.3 run gave the expected increased yield 
but did not noticeably decrease the thermal expansion of the graphite. 

4.2.    Air Blowing of Coker Charge Stocks 

The air-blowing process consists of controlling air flow into 
petroleum residues for determined periods of time and temperature un- 
til a desired gel,   semisol or sol-asphalt is produced.    The mechanism 
consists of dehydrogenation and condensation of unsaturated linkages. 
The rate of change is determined by the oil,  resin,  asphaltene and free 
carbon content.    Highly-disordered cokes result from thermal decomposi- 
tion of the asphalts. 

4. 2. 1.    Laboratory Air-Blowing Experiments 

A modified laboratory pitch still was used for air-blowing experi- 
ments.    A flowmeter in the air supply line provided metering of the air. 
The air was directed into the kettle and up through the mixer blades to pro- 
vide good contact between the air and the charge stock.    A paramagnetic- 
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type oxygen analyzer continuously monitored the product: gas and provided 
a guide to the degree of reaction.   Whenever severe exothermic reactions 
occurred during the air-blowing process,  cooling water was circulated 
around the kettle, and nitrogen replaced the air flow.   At the end of the 
run, the system was flushed with nitrogen, cooled to about the lowest tem- 
perature at which the product would still flow and the material was drained 
into a receiving drum.    The residuum that had been air  blown previously 
was of an intermediate-type (a mid-continent crude source).'4' A naph- 
thenic-type residuum (Michigan crude source) and a paraffinic-type residu- 
um (Pennsylvania crude source) were air blown and evaluated on bench- 
scale.    The charge properties, the blowing conditions and the blown prod- 
uct properties for the naphthenic and paraffinic materials are listed in 
Tables 70 and 71. 

Graphitized extruded billets (f-inch in diameter by 6 inches in 
length) were produced from the different air-blowing experiments and 
tested foi  specific resistance and thermal expansion properties.  These 
properties for graphites produced from naphthenic and paraffinic stocks 
are reported in Tables 72 and 73.    The graphite thermal expansions ob- 
tained for paraffinic-, naphthenic- and intermediate-types of source 
stock were plotted against the asphaltene content of the source stock 
(n-pentane insoluble) in Figure 86.    The rcom-tempercicure with-grain 
thermal expansion (extruded billets) upper limits were about 5. 5,  4.8, 
and 5.5 x 10"8/oC (30-100°C),  respectively,  for the paraffinic- naph- 
thenic-,  and intermediate-type stocks.    A with-grain thermal expansion 
of about 5. 0 x 10"e/,,C (30-100°C) was obtained at a relatively low as- 
phaltene content in the paraftinic stock.    The intermediate and naphthenic 
stocks did not crest until a 50 per cent asphaltene content was achieved. 

Data for graphitized molded billets (3 inches in diameter), pro- 
duced from naphthenic and paraffinic stocks,  are summarized in Tables 
74 and 75.    An approach to isotropic graphite thermal expansion values 
can be seen for the different air-blown charge stocks.    Specific resist- 
ance remains low while flexural strengths increase as air-blowing sever- 
ity increases.    Bench-scale air blowing of the intermediate-type residu- 
um was carried out by the Witco Chemical Company, the Trumbull As- 
phalt Company and the Advanced Materials Laboratory.    A production- 
scale run was made by the Trumbull Asphalt Company.    The asphalts 
were coked at atmospheric pressure,  calcined and processed into extruded 
billets.    Properties of these asphalts and thermal expansion values for 
the graphitized extruded billets appear in Table 76.    The thermal e-tpan- 
sion variation is considered small. 

4.2.2.    Diluent Effects 

When charged to the experimental delayed coker,  a high-melting 
point {>i50°C) asphalt must be preheated or diluted to reach sufficient 
fluidity for processing.   Since the present experimental coker design 
would not permit the preheating of asphalts to 300°C (a viscosity of 100 
poises),  various diluents were investigated.    The diluents   with distilla- 
tion results are listed in Table 77. 
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Table 70.   Operating Conlitions and Properties for the Paraffinic- 
Type Residuum Charge and Various Air-Blown Paraffinic- 
Type Residuum Samples 

Run No. Charge PS-12! PS-126 PS-127 PS-129 

Opcratliw Conditioni 

Air."Mowing Temperature,  'C 
Alr>Blowing Hold Time, Hr.. 
Asphalt Yield, Wt. % 

252 
4.5 

93.2 

300 
4.5 

76.2 

340 
4.5 

42.4 

380 
4.5 

14.0 

Aaphalt Propertie» 

Aephaltene, Wt. % 
Qulnoline Insoluble,  Wt.  % 
Benzene Imoluble,  Wt.  * 
Oonradaon Carbon, Wt. 5 
Carbon, Wt. % 
Hydrogen, Wt. % 
A.h, Wt. % 

0.5 
Trace 
Trace 

1.S6 
8S.80 
13.22 
0.04 

1.0 
Trace 
Trace 
5.95 

84.55 
12.77 
0.04 

4.8 
Trace 
Trace 
11.98 
84.30 
11.14 
0.06 

6.3 
Trace 
Trace 
14.59 
SS. 10 
11.23 
0.08 

42.5 
2.9 
6.3 

28.6 
87.00 
9.89 
0.16 

Melting Point, 'C 
Density,  g/cc 0.89 0.91 

66 
.90 .96 

158 
1.00 

Table 71. Operating Conditions and Properties for the Naphthenic 
Residuum Charge and Air-31own Naphthenic-Type 
Residuum Samples 

Run No. 

♦Spillage of product occurred. 

Charge 

Operating Conditions 

Air-Blowing Temperature, 'C 
Air-Blowing Hold Time, Hr«. 
Asphalt Yield, Wt. % 

Asphalt Properties 

Asphaltene,  Wt. % 
Qulnoline Insoluble,  Wt. % 
Benzene Insoluble, Wt, % 
Conradson Carbon,  Wt.  % 
Carbon, Wt. % 
Hydrogen,  Wt.  % 
Ash, Wt. % 
Sulfur,  Wt. % 

Melting Point.  'C 
Density, g/cc 

15 
0.94 

PS-112 PS-113 PS- 114 PS-123 

97 
1.00 

280 295 300 335 360 
4 3.5 5 4.5 4 

87.2 94.4 * 80.3 56.0 

4.9 32.6 28.1 38.0 42.3 44.3 
Trace 0.4 0.5 0.5 0.2 2. 7 
Trace 2.2 0.9 1.4 1.7 2.9 
7.7 20.6 18.4 20. 1 23.6 28.9 

84. 1C 83.36 32.25 85.5 85.64 87.00 
10.28 10.4' 10.51 10.17 10.31 8.94 

0 0.01 0.08 0 0.03 0.05 
0.19 0.36 0. 39 0.33 

103 
0.99 

130 
1.00 

172 
1.02 

202 
0.99 
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Table 72.    Graphite Properties for Extruded Billets Produced 
from Non Air- Blown and Air- Blown Paraffinic- 
Type Residuum 

Sample No. Charge PS-125 PS-126 PS-127 PS-129 

Billet Bulk Density, 
g/cc 

Green 1.70 1.71 1.66 1.70 1.70 
Bake 1.53 1.53 1.46 1.60 1.58 
Graphite 1.61 1.72 1.65 1.77 1.79 
N 5 5 6 6 6 

Specific Resistance, 
lO^fl-cm 

Maximum 13.00 9.39 17.96 13.14 13.19 
Minimum 10.43 8.16 15.81 9.81 11.36 
Average 11.85 8.82 16.78 12.09 12.47 
N 6 5 6 6 6 

Thermal Expansion, 
IOTCOO-IOO'C) 

Maximum Z.89 3. 74 '* 5.18 5. 71 
Minimum 2.60 3.38 4.85 4.82 5.35 
Average Z.74 3.61 5.05 5.^. 4.47 
N 5 5 6 6 6 

Table 73.    Graphite Properties for Extruded Billets Produced 
from Non Air-Blown and Air-Blown Naphthenic- 
Type Residuum 

Sample No. Charge PS-112 PS-113 PS-114 PS-123 PS-»24 

Billet Bulk Density, 
g/cc 

Green 1.64 1.69 1.70 1.67 1. 67 1.69 
Bake 1.53 1.52 1.52 1.48 1.46 1.59 
Graphite 1.61 1.68 1.68 1.62 1.57 1.75 
N 6 6 6 6 5 6 

Specific Resistaiice, 
lO-'n-cm 

Maximum 7.76 9.33 9.76 10.97 12.81 8.80 
Minimum 6.10 8.^5 8.80 10.07 11. 37 7.77 
Average 7.18 8.77 9.45 10. 71 12.06 8.49 
N 6 6 6 6 5 6 

Thermal Expansion, 
lOTc (30-100*C) 

Maximum 0.97 3.87 4.26 4.46 4.76 4.58 
Minimum 0.60 3.55 4.02 4.17 4.64 4.14 
Average 0.73 3.68 4.09 4.25 4.72 4.44 
N 6 6 6 6 5 6 
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Table 76.    Evaluation of Air-Blown Vacuum Residuum 

Air Blowing Operatbri 

Penetration Average 
100 g,  S Sec. Melt'ng Aephaltenea % Graphite With Grain 
(ASTMD-S) Poin, 'C (n-Pentane      Thermal Expansion 
77*F   iiO'F (Cub ■ in Air) Ineolublel         OO-iOO'C) KT* *C 

Advanced Material« Laboratory 9.0 28.7 <6B 

Witco Chemical Company 7.3 35.7 1S7 

Trumbull Asphalt Company 7.8 28.7 173 

Trumbull Aaphalt Company 9.0 39.0 164 
(Production Run) 

46.1 

48.8 

46.2 

42.6 

5. 45 

5.77 

5.75 

5.57 

Table 77.    Atmospheric Distillation Results (ASTM D-158) for 
Asphalt Diluents 

Kerosene       Diesel  Oil 

Initial Boiling Point,   "F 

10 wt.  Per Cent Distilled, °F 

50 wt.  Per Cent Distilled, "F 

90 wt.  Per Cent Distilled, °F 

End Point,   "F 

372 

396 

432 

480 

538 

390 

470 

530 

586 

628 

Light Catalytic 
Cycle Oil 

422 

480 

522 

578 

614 

Each of t'     diluents was combined with an air-blown vacuum 
residuum asphalt for viscosity evaluation.    Figures 87,  88,  and 89 pre- 
sent the viscosity as a function of temperature at different concentra- 
tions of the asphalt A-117 (air-blown intermediate-type residuum). 

Each diluent was combined with A-117 asphalt in a 50:50 weight 
ratio and batch coked.    The coke was used to form f-inch diameter ex- 
truded rods which were baked and graphitized.    Thermal expansion values 
for the graphiUzed billets are presented in Table 78.    The addition of 
diluent results in a slight decrease in thermal expansion with little dif- 
ferences seen among the diluents. 

4.2.3.    Comme r c ial Ai r - Blown Asphalts 

Several commercial air-blown asphalts were evaluated as 
sources for high thermal expansion graphite.    The code number and 
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1200   - 

50 WT. % ASPHALT 
50 WT. % DIESEL OIL 

45 WT. % ASPHALT 
55 WT. % DIESEL OIL 

A VACUUM RESIDUUM 

Ä 40 WT. % ASPHALT 
w 60 WT. % DIESEL OIL 

J_ 
100 120 140 

TEMPERATURE,   'C 
160 180 

Figure 87. Viscosities of Diesel Oil Diluted Asphalt 
as Compared to Vacuum Residuum 

L-914 
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A 60 WT. % ASPHALT 
v 40 WT. % LIGHT CATALYTIC CYCLE OIL 

Q 55 WT. % ASPHALT 
45 WT. % LIGHT CATALYTIC CYCLE OIL 

50 WT. % ASPHALT 
50 WT.  % LIGHT CATALYTIC CYCLE OIL 

A VACUUM RESIDUUM 

80 100 120 140 

TEMPERATURE.   'C 
160 180 

Figure 88.    Viscosities of Light Catalytic Cycle Oil Diluted    L-915 
Asphalt as Compared to Vacuum Residuum 
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1400 r 

60 WT.  % ASFHALT 
40 WT.  % KEROSENE 

^50 WT.  % ASPHALT 
u50 WT. % KEROSENE 

A VACUUM RESIDUUM 

/v 40 WT.  % ASPHALT 
V 60 WT.  % KEROSENE 

100 120 140 

TEMPERATURE,   "C 

180 

Figure 89-   Viscosities of Kerosene Diluted Asphalt as      L-916 
Compared to Vacuum Residuum 
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Table 78.    Graphite Thermal Expansion Evaluation 
for Diluted Asphalt Coking Charges 

With-Grain Graphitized Extruded Billet 
Thermal Expansion, ICT8/°C (aO-lOO'C) 

N Max. Min. Avg. 

Undiluted Asphalt 

50 wt.  Per Cent Asphalt: 
50 wt.  Per Cent Kerosene 

50 wt.  Per Cent Asphalt: 
50 wt.  Per Cent Diesel Oil 

50 wt.  Per Cent Light Catalytic: 
50 wt.  Per Cent Cycle Oil 

5.79 

5.58 

5.65 

5.67 

5.73 

5.48 

5.41 

5.49 

5.75 

5.51 

5.55 

5.60 

sources of the different asphalts are listed in Table 79.    Physical and 
analytical properties for the asphalts are listed in Table 80. 

Table 79.    Titles and Sources of Evaluated Commercial 
Air-Blown Materials 

Sample 
Code No. Source Venders'Title of Material 

A-115 Trumbull Asphalt Co. 
Chicago, Illinois 

A-116 ii                 ii           ii 

A-118 Witco Chemical Co., 
Lawrenceville,  111. 

A-119 ii              n             II 

A-120 II                    :i                   ll 

A-121 Witco Chemical Co., 
Perth Amboy,  N.   J. 

A-122 II              II             n 

A-123 II              n             II 

A-125 Witco Chemical Co. . 
Lawrenceville,   111. 

A-126 

No. 60 Stock 

No. 63 Stock 

Witresin 

No.  38 M.R. 

No.   200 M. R. 

Witresin 

No.  38 M.R. 

B-2 

No.  38 M.R,  Simulated 
Hammond, Ind.,   Formula 

Special Experimental Resin 
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Extruded billets,   5/8-inch  in diameter by 6 inches in length, were 
formed,  baked and graphltized using coke made from the different com- 
mercial asphalts.    Physical properties of the graphltized billets are pre- 
sented in Table 81.    Samples A-119, A-122 and A-125 are the moat prom- 
ising high thermal expansion graphite sources.   The prime material for 
further investigation is A-119 because of its low sulfur level.  (This is the 
material selected for Pilot-Scale Coker Cycles 78S and 78N.) 

4.2.4.   Asphalt Characterization 

Previous work showed that asphaltene content (n-pentane insoluble) 
ol the same type source stocks could be related to final graphite thermal 
expansion. (     '    A densimetric method of characterization similar to that 
described by Corbett*168'   was used to examine several coking feed stocks. 
A diagram of the densimetric analysis procedure is shown in Figure 90. 
By determining the weight per cent carbon, weight per cent hydrogen,  and 
molecular weight of the malthene (petrolene) portion or n-pentane soluble, 
different characteristic calculations can be performed. 

In Table 82 the properties of the coking charges and extruded bil- 
let graphite thermal expansion values are tabulated.    The densimetric cal- 
culations for the coking charges are listed in Table 83.    A relationship be- 
tween both malthene molecular weights and number of carbon atoms per 
molecule,  by the densimetric method, to graphite thermal expansions 
(30-100oC) is shown in Figure 91. 

4. 2. 5.    Natural Asphalt 

A Wyoming "Fourbear" asphaltic crude oil was vacuum-topped to 
yield 57 weight per cent residuum.    Residuum properties are presented in 
Table 84.    The high sulfur content can be objectional for material used in 
making graphite.    The residuum was coked,  calcined and molded into 3- 
inch diameter billets.    Thermal expansion values for the graphite billets 
are listed in Table 85. 

4. 2. 6.    Experiments to Develop Isotropie Cokes of Intermediate Thermal 
 Expansion Levels  

Graphite materials having intermediate Isotropie thermal expan- 
sion characteristics [2.0- 4.0 x iCi^/'C (30-100oC)]  might have superior 
thermal shock resistance characteristics when compared to commercially 
available anisotropic graphites.    Various experiments were devised and 
performed in an atempt to produce materials of this type. 

4, 2. 6. 1.    Coking of GUsomte VB and Slurry Oil or Vacuum Residuum 
 Mixtures  

One proposed method was to coke mixtures of Gilsonite materials, 
which result in fairly Isotropie high thermal expansion cokes,  and " \caum 
residuum or slurry oil, which result in comparatively low and anisotropic 
thermal expansion cokes. 
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i 
Original Asphalt 

Precipitate 
with n-Pentane and 

Filter 

Precipitate Filtrate 

Asphaltenes Malthene 

> 

Determine 
Percentage 

Determine % Carbon,  % 
Hydrogen,   Molecular Weight 

Densimetric 
Calculation 

Density 
Fraction Aromatic (f  ) 

Condensation Index (CI) 
Rings Aromatic (R ) 

Rings Naphthenic (R  ) 

Figure 90.    Method of Separation and Densimetric Analysis 
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§4 

Number of Carbon Atom« 

Molecular Weight 

30 40 SO 60 
AVERAGE NUMBER OF CARBON ATOMS 

950 

Figure 91. 

350 450 550 650 750 850 

MOLECULAR WEIGHT 
Graphite Thermal Expansion as a Function of Malthene 
Molecular Weight and Number of Carbon Atoms per 
Molecule 

Table 84.    Properties of Vacuum Residuum from 
Fourbear Crude Oil 

Melting Point,   "C 

Penetration,  77 °F 

100 g,  5 Sec. (ASTM D-5) 

Weight Per Cent Content 

Asphaltene (n-Pentane Insoluble) 

Quinoline Insoluble 

Benzene Insoluble 

Conradson Carbon 

Ash 

Sulfur 

60 

82 

27.8 

0.25 

0.35 

21.3 

0.07 

3.88 
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Table 85.    Thermal Expansion Values for Graphite 
Using a Topped Fourbear Crude  Source 

With Grain Across Grain 

Average Thermal Expansion 
10 "/'C (SO-IOO'C) 2.75 3.22 

4. 2.6. 1.1.    Coking of Gilsonite VB and Slurry Oil Mixtures 

Slurry Oil produces coke having a low anisotropic thermal expan- 
sion as shown in Tables 86 and 87.    Slurry oil and Gilsonite VB mixtures, 
with light catalytic cycle oil as a diluting agent of negligible coking value, 
was coked at atmospheric pressure.    Increasing slurry oil content resulted 
in lowered thermal expansion values, but the mixtures did not produce 
cokes having low anisotropy. 

4. 2. 6. 1. 2.    Coking of Gilsonite VB and Vacuum Residuum Mixtures 

As shown in Tables 86 and 87,  vacuum residuum yields a coke 
having a moderate thermal expansion level of somewhat less anisotropy 
than slurry oil coke.    Mixtures of vacuum residuum,  Gilsonite VB and 
light catalytic cycle oil diluent were coked at atmospheric pressure.  High- 
er vacuum residuum contents resulted in lower thermal expansion values, 
but no cokes were produced having thermal expansion values below 3. 5 x 
lO^/'C {SO-IOCC).    Fair isotropy of thermal expansion was maintained. 
Although additional mixtures with increased vacuum residuum contents 
were not coked, it is likely that increased anisotropy and lower thermal 
expansion values would have resulted. 

4. 2. 6. 2.    Coking of Charge Stocks in High-Boiling Organic Compounds 

A proposed method for producing isotropic cokes of various ther- 
mal expansion levels is to coke in a liquid medium which does not vola- 
tilize appreciably until the coking cycle has been completed.    Presumably 
the formation of coke in a refractory liquid medium should result in reg- 
ularly-shaped coke particles. 

Table 88 presents physical property data for graphitized molded 
billets processed from vacuum residuum and slurry oU cokes produced 
in high-boiling organic liquids.    The results may be summarized as fol- 
lows: 

4. 2. 6. 2.1.    Coking of Vacuum Residuum in a Polyphenyl Mixture 

The carrier medium for the coking is a mixture of polyphenyls 
which undergoes a weight loss of approximately 12 per cent during coking 
to 470*0, with a 1000'0 calcined coke yield of approximately 16 weight 
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per cent.    The coking of vacuum residuum in polyphenyl,  followed by cal- 
cination without extracting the carrier;  resulted in a fairly Isotropie graph- 
ite.    The isotropy may have been due in part to the polyphenyl coke which 
was present after calcination. 

4. 2. 6. 2. 2.    Coking of Slurry Oil in a Polyphenyl Mixture 

The coking of slurry oil normally yields a low thermal expansion 
coke.    The coking of slurry oil in polyphenyl with the carrier extracted 
prior to calcination,  resulted in a graphite of moderately low thermal ex- 
pansion characteristics.    The wide difference between the with-grain ther- 
mal expansion values of the extruded and molded billets indicates a high 
degree of anisotropy. 

4. 2. 6. 2. 3.    Coking of Slurry Oil in p-Terphenyl 

The coking of slurry in p-terphenyl, which sublimes during the 
latter stages of the coking cycle,   resulted in graphitized extruded billets 
which do not vary significantly in thermal expansion level from those pro- 
duced from slurry oil which has been coked without using a high-boiling 
carrier. 

4.2.6. 2. 4.    Coking of Slurry Oil in a Phenyl Silane 

The coking of slurry oil k.. 50 lbs. /in.2 gauge in a phenyl silane, 
which has a distillation range of approximately 430 to 510°C at atmospheric 
pressure,   resulted in a more Isotropie graphite material than is obtained 
with control slurry oil coke. 

In order to maintain the high-boiling carrier in a liquid state 
throughout the coking range,  a similar mixture of slurry oil in a phenyl 
silane was coked at 500 lbs. /in.* gauge.    The pressure was released at 
the completion of the heating cycle.    The coke yield indicated that part of 
the phenyl silane had been coked.    This material was more Isotropie and 
had a higher thermal expansion than that produced in the lower pressure 
run.    The extent to which the phenyl silane coke influenced the overall coke 
properties is unknown.   To determine the practicality of these methods 
for producing relatively Isotropie cokes of intermediate thermal expansion 
levels, we would have to perform additional experiments varying mixtures 
and coking pressures. 

4.2. 7.    Preservation of High Thermal Expansion Properties Through 
Graphite Processing  

The low-scrap manufacture of graphite articles of moderately 
large cross-sectional area requires the use of a filler which has been cal- 
cined to a high temperature.    This is true particularly with the Isotropie 
high thermal expansion seeded and air-blown cokes.    The extremely high 
shrinkages during the graphitization cycle would make the use of a 1000°C 
oi' a 1350*0 calcined material very difficult. 
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The use of graphitized or high-temperature calcined fillers 
lowers the potential thermal expansion level of the final graphitized prod- 
uct.   The influence of this factor on the properties,  particularly thermal 
expanswn, of graphitized molded billets processed using the Isotropie 
high thermal expansion air-blown materials,  has been studied. 

Figure 92 shows the processing variations which have been 
studied.    Graphite properties of billets produced by these methods are 
listed in Table 89. 

HD 

HE 

1000-C Cal- 
cined Cokv 
Flour,   55% 
of   which 
Passes a#200 
Tyler   Mesh 

Mold 3"x3" 
Billets with 
30 Hard Pitch 
(HO-C M.P.) 

1000'C 
Bake 

SOOO'C 
Graph 

Crush «< Mill 
to   Flour, Mold 3"x3" 
55% of which Billets with 
Passes a#200 30 Hard Pitch 
Tyler Mesh (110°C M.P.) 

1000oC 
Bake 

Measure 
Properties 

3000*C 
Graph — Measure 

Properties 

HA 

HM 

USO'C Cal- 
cined Coke 
Flour,  55% 
of which 
Passes a#200 
Tyla.- Mesh 

Mold 3"x3" 
Billet j with 
30 HrdPitcl 

(llO'C M.P.) 

» 
Crush t> MiU 
to   Flour, 
55% of which 
Passes a#200 
Tyler Mesh 

Mold 3"x3" 
Billets with 
30 Hard Pitch 

(110'C M.P.) 

1000'C 
Bake 

3000''C 
Graph 

1000'C 
Bake 

3000'C 
Graph 

Measure 
Properties 

Measure 
Properties 

HN 

3000'C Graph 
Flour,  55% Mold 3" x 3" 
of which Billets with 
Passes   a 30 Hard Pitch 
#200   Tyler (llO'C M.P. 
Mesh 

1000'C 
Bake — 3000^ 

Graph 
Measure 

Properties 

Figure 92.   Billet Processing Variations Using Coke Produced 
in Pilot Coker (Cycles 68S and 69N) from Kerosene- 
Diluted Air-Blown Vacuum Residuum Produced by 
Trumbull Asphalt Company 
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In groups HD.  HA,  and HM,   1000oC,   1350oC, and 3000*C heat- 
treated materials,  respectively, were used and processed direct to the 
final graphite product.    A decrease in thermal expansion and strength 
values and an increase in electrical resistance were noted with inc  easing 
filler heat-treatment temperatures.    The use of lOOO'C or 1350oC cal- 
cined material may be impractical for commercial processing of large 
cross section graphite articles. 

Samples of the coke calcined at iOOQ'C and at i350°C were 
made into molded billets and graphitized.    After the billets had been 
graphitized, they were crushed and used as filler for additional procesing. 
Fairly high thermal expansion values were preserved where the graphi- 
tized filler prepared from 1000°C calcined material was used (group HE). 
As shown in Table 89,  the group   HE billets were significantly higher in 
thermal expansion than the group HM billets, which were processed sim- 
ilarly to the HE billets using the 1350"C calcined starting material. 

4.Z.8.    Solvent Extraction Experiments 

Coke structure is dependent on the concentrations of different 
molecular species in the coker charge stock.    Changing these concentra- 
tions or removing certain species may produce new types of coke from 
conventional charge stocks.    This section deals with changing a particu- 
lar stock; i. e. ,  vacuum residuum (VR),  by solvent extraction. 

4. 2. 8. 1.    Paraffinic Solvents 

The following procedure was used with each solvent.    One part 
of VR was mixed with weight ratios of 1, 2, 5,  and 10 parts of the solvent 
to be tested.    After thorough mixing, the samples were centrifuged at 
room temperature in graduated tubes,  and the level of the resinous or 
sludgy residue determined with an ultraviolet light.    Table 90 shows the 
volume of sludge in the charge stock (for given volumes of solvent and 
charge stock).    Pentane was the lowest molecular weight solvent used 
and dodecane the highest. 

A poor solvent was needed for the resinous materiell so that as 
much sludge as possible could be separated from the VR.    As expected, 
the lower the molecular weight of the solvent the more sludge phase was 
found,  and the branched chain form produced even more.    The double- 
bonded solvents showed little sludge phase. 

Normal pentane and normal heptane at a 10 to 1 solvent to VR 
ratio were selected to produce a coker charge stock for the bench scale 
work.    Pentane solubles, heptane solubles and a combination of 13.4 per 
cent heptane insolubles in 86.6 per cent VR were coked, calcined and 
processed through to finished 3-inch diameter molded graphite billets 
of 5-inch diameter extruded billets.    Table 91 gives the properties of the 
finished graphite articles as compared with a VR graphite billet. 
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Yield data and differences in the chemical properties of the 
soluble and insoluble portions of the VR are compared to the original 
VR in Table 92.    The pentanes solubles of YR produced an extruded graph- 
ite with 82 per cent higher thermal expansion and a 30 per cent lower 
specific resistance than the untreated VR. 

Table 92.    Properties of Vac-uum Residuum and Its Heptane 
and Pentane Solubles and Insolubles 

Vacuum 
Residuum 

Pentane Heptane 
Property Solubles Insolubles Solubles Insolubles 

Specific Gravity, g/cc 0.956 0.938 1.050 0.947 1.15 

Benzene Insolubles, wt. % 0.0 0.0 0.7 0.2 0.8 

Quinoline Insolubles, «.♦. % 0.0 0.0 0.5 0.0 0.4 

Conradson Carbon, wt. % 13.8 10.2 32.7 12.2 46.6 

Ash, wt. % 0.02 0.01 0.17 0.02 0.32 

Carbon/Hydrogen, wt.  ratio 87.39/11.16 - 87.46/9.21 88.1^6.91 

Sulfur, wt. % 0.38 0.34 0.50 - 0.63 

Molecular wt. 991 952 1288 1001 1772 

Yield, wt. % (10:1 solventtVR ratio) 91.7 6.3 93.1 4.6 

The heptane solubles and insolubles-plus-VR produced a graph- 
ite having a more Isotropie thermal expansion than VR graphite.    The in- 
soluble plus VR portion had greater strength than the VR graphite. 

The limited number of experiments has indicated an approach to 
Isotropie *hermal expansion through   1) a reduction of across-grain ther- 
mal expansion using the heptane soluble portion as a coker charge stock, 
and   2) an increase in with-grain'thermal expansion using the heptane in- 
soluble and VR as a coker charge stock. 

4. 2. 8. 2.    Aromatic and Other Solvents 

The procedure used for paraffin solvents was also tried with 
other solvents; however the solvent was either almost completely miscible 
or almost completely immiscible with the VR.    No further work was done 
with the solvent.    Table 93 shows the solvents tested. 

4. 2, 9.    Characterization of Complex Raw Materials 

4. 2. 9. 1.    Coker Feed Stocks 

Previous work'1   ' has shown that a general characterization of 
hydrocarbon feed stocks via its prior history,  e. g., virgin 'residues or 
thermal and/or catalytic stocks, has yielded a rough correlation to the 
quality of the coke obtained when processed through to graphite. 
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Table 93.    Aromatic and Other Solvents Used with 
Vacuum Residuum 

Solvent 
Mif cible (M) or Immiscible (I) 
 At Room Temperature 

Acetone 
Acetone - 5 % HjO 
Aniline - 5 % H2 O 
Ethylene Glycol 
Furfural 
Furfuryl Alcohol 
Methanol 
Methanol - 10% H20 
Phenol 
Phenol - 5 % H2 O 

Benzene 
Cyclohexane 
Gasoline 
Kerosene 
Pyridine 
Toluene 
Xylene 

M 
M 
M 
M 
M 
M 
M 

Prior history is not always known.however,  so a more quantita- 
tive picture of the chemical species is desired.    The variables,  e.g., 
coke yield,  ash,  per cent carbon,  per cent hydrogen,  etc.; while not re- 
lated to molecular structure,  could influence the quality of the coke and 
indicate species that are undesirable. 

The charge stocks investigated were of two basic types,  e. g. , 
virgin residues and cracked stocks.    Of the five virgin materials, two 
were atmospheric residues fiom a paraffinic (P-28) and an intermediate 
(P-16) base crude oil.    The other three were vacuum residua from an 
intermediate (P-H),  an intermediate-naphthenic (P-13),  and a naphthenic 
(P-26) base crude oil.    Of the three cracked stocks, two were residua 
from c catalytic cracking operation of gas oils with one (P-IO) being fol- 
lowed by a thermal cracking operation.    P-ll was the residue from a 
thermal cracking of gas oils. 

The materials were processed by laboratory coking of the charge 
stocks at equivalent conditions of time,  temperature and pressures. The 
cokes were then calcined to 1000oC,   crushed, milled to a 55 flour (55 per 
cent through 200 mesh), and hot-mixed with a 110oC melting point coal 
tar pitch.    The mix was made into f-inch OD extruded rods and 3- by 
3-inch molded plugs.    Each piece was baked to 1000°C and graphitized 
to 2800*0.    Graphite property data is shown in Table 94. 
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Table 94.    Graphite Property Data (Beaker Coked- 
Extruded Rods) 

Code No. P-i8 P-4 P-16 P-13 P-26 P-9 P-10 P-ll 

Raw Coke Yield, % 6.5 23.3 10. ? 13.4 21.4 21.0 28.6 20.8 

Specific Resistance, 
p ohm-cm 

Maximum 13.00 9.24 8.19 7.76 7.67 7.96 
Minimum 10.43 8.91 7.20 6.10 6.75 7.35 
Average 11.85 9.04 8.05 7.56 7.18 7.21 7.54 8.16 

Thermal Expansion, 
10"""C (30-100*0 

iviaximum 2.89 1.50 1.32 1.38 0.97 0.46 0.52 0.52 
Minimum E.60 1.44 1.26 1.35 0.60 0.43 0.40 0.43 
Average 2. 74 1.47 1.29 1.36 0.73 0.45 0.49 0.47 

A correlation of the data obtained from the raw material and 
the final material characterization was attempted.    The small number of 
samples available makes the statistical basis for conclusions weak; how- 
ever,  certain trends can be illustrated. 

The techniques used were: 

1. Structural Analysis 

a. Nuclear magnetic resonance 
b. Silica gel chromatography 

2. Ultimate Analysis 
•4 

a. Carbon, per cent 
b. Hydrogen, per cent 
c. Sulfur, per cent 
d. Nitrogen, per cent 
e. Oxygen, per cent 
f. Ash, per cent 

3. Molecular Weight (average) 

4. Coke Yield (Conradson carbon) 

5. Specific Gravity 

4.2. 9.1.1.   Discussion of Analytical Procedures 

Most procedures listed above are standard within the industry 
and will not be discussed in this report. 
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The most recent and promising analytical method is Nuclear 
Magnetic Resonance (NMR).    In this procedure,  a characterization based 
on hydrogen distribution including fused aromatic rings,  substituted aro- 
matic,   olefinic, and alkyl groups is made. 

The NMR spectra were recorded from a 10 per cent solution of 
the material in carbon disulfide.    The spectra were obtained with a Varian 
A-60 spectrometer. 

Proton (hydrogen) resonance absorptions were chemically classi- 
fied according to Table 95.    The raw materials have been assumed to 
possess predominantly hydrocarbon distributions. 

Table 95.    Chemical Shifts,  5,  of Protons in Graphite 
Raw Materials 

Proton Type 6 ,  p.p.m 

Heterocyclic (fused aromatic) 8.0-8.6 
Aromatic   ArH 7.0-8.0 
Olefinic H-C=C- 5.0-6.0 
Aromatic Methylene ArCH;- 3.0-4.0 
Aromatic Methyl ArCHj 2.2-3.0 
Olefinic Methyl 0^-0=0- 1.7-2.2 
Nonaromatic Methylene -CH^-CHz- 1.2-1.4 
Nonaromatic Methyl   CH3-CC 0.7-1.1 

The NMR spectra were integrated in order to determine quanti- 
tatively the various proton types.    The quantitative classification of the 
aliphatic hydrogen resonances cannot be considered precise due ^o over- 
lapping of the various integral peaks.    Aromatic/aliphatic ratios were also 
determined.    Since the aromatic and aliphatic proton peaks are well sepa- 
rated,  these ratios are believed to be accurate to within 2 per cent. 

4.2.9. 1. 2.    Discussion of NMR Results on Coker Feed Stocks 
 (See Table 96)  

a. Vacuum Residua 

The three different vacuum residua are roughly comparable in 
composition.   The aromatic contents are quite low and there is a pre- 
ponderance of alkylated aliphatic species.    The P-26 appears to have a 
slightly higher aromatic hydrogen consent than the P-4 and P-13. 

b. Atmospheric Residuum (Marathon Oil) 

The hydrogen distribution of the atmospheric residuum P-16 is 
quite similar to that of the vacuum residua.   The P-16 however,  has a 
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higher concentration of alkanes than the latter.    The aliphatic CHj and CH2 
peaks account for 90 per cent of the total hydrogen in the atmospheric re- 
siduum and for only about 80 per cent of the total in the vacuum residuum. 

c. Atmospheric Residuum (Elk Refining) 

The NMR behavior of P-28 was quite unusual.    Only a highly broad- 
ened combined aliphatic CH3- and CH2- peak could be observed.   The 
(€113)481 reference peak was also considerably broadened.    These results 
indicate the presence of many soluble free radicals in the F-28 resin. 
Such paramagnetic products would probably be aromatic and not observ- 
able by NMR.    These results are consistent with the high thermal expan- 
sion of the resultant graphite. 

d. Slurry Oil (Marathon Oil) 

The slurry oil,   P-9, is considerably more aro-natic than the 
vacuum residua and contains some heterocyclic or large polycyclic sys- 
tems.    The lower aliphatic hydrogen content is reflected by the decreased 
aliphatic CH2 and olefinic CH3 NMR absorptions. 

e. Thermal Residuum (Marathon Oil) 

The P-10 material is even more aromatic than the slurry oil. 
A large nurrber of aromatic alkyl groups are in evidence.    The aliphatic 
CHj and CH3 and the olefinic CH3 contents are quite low.    The composition 
of this material should lead to a very thermally reactive material. 

f. Thermal Tar (Pure Oil) 

The total aromatic content of the thermal tar is comparable to 
that of the thermal residuum sample.    A significant difference, however, 
is observed between the NMR spectra of these two materials.    The ther- 
mal tar shows sharp individual methyl absorptions at about 2.2, 2.4,  and 
2. 6 ppm.    These peaks are associated largely with methyl groups on 
small aromatic ring systems,  e. g. ,   benzene and naphthalene.    The aro- 
matic methyl peak for the thermal residuum is typically broad and falls 
between 2. 3 and 2. 8 ppm.    This broad peak can be attributed to a com- 
plex mixture of methylated aromatics which includes ring systems larger 
than naphthalene.    The aromatic proton peak of the thermal tar is at 
higher fields than that of the thermal residuum which again indicates the 
presence of larger ring systems in the latter. 

NMR offers a precise means of ascertaining the percentage of 
aromatic hydrogen.    Listed in Table 97 are the aromatic and aliphatic 
hydrogen contents of the various raw materials.    As long as the raw ma- 
terials are soluble,  the NMR integral curves accurately determine the 
relative numbers of hydrogens directly on aromatic rings and those on 
aliphatic side chains. 
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Table 97.    Hydrogen Composition of Graphite Raw 
Materials 

Material %ArH %A1H 

P-4 
P-13 
P-26 
P-9 
P-10 
P-H 
P-16 
P-28 

i.3 98.7 
1.8 98.2 
3.7 96.3 

19.4 80.6 
30.4 69.6 
34.1 65.9 
3.4 96.6 

- --- ■  

In order to determine the extent of aromatic carbon, we must 
take into account not only the aromatic/aliphatic hydrogen ratio,  but 
also the extent of substitution and average aromatic ring size.    The hy- 
drogen distribution data can be corrected to reflect aromatic/aliphatic 
carbon ratios if the following assumptions are made: 

1. All aromatic carbon atoms are substituted by either 
hydrogen or alkyl groups. 

2. All the aliphatic carbons contain at least one hydrogen 
substituent. 

These assumptions become less valid when the average aromatic 
ring size becomes greater than one or when tertiary aliphatic groups are 
present. 

Listed in Table 98 are the aromatic and aliphatic carbon per- 
centages calculated with these cssumptions.    The aromatic contents are 
believed to be minimum values since the presence of any larger ring 
systems would raise these percentages.   Included in Table 98 are the 
percentages of aromatics by weight which have been determined by ela- 
tion chromatography.   These values are not believed to be as reliable as 
the data obtained by NMR.    The Chromatographie method does not ex- 
clusively separate aliphatic and aromatic components.   Furthermore 
it is the actual aromatic carbon content rather than the amount of com- 
pounds containing aromatic rings which should be related to coking be- 
havior. 

NMR analyses of petroleum-derived raw materials indicate a 
wide distribution of proton types ranging from heterocycllc and large 
fused aromatic-ring protons to those ajsociated with long-chain aliphatic 
groups.    In order to determine how these proton types are distributed 
molecularly within the total material, a representative petroleum oil 
was chromatographically extracted and the Chromatographie extracts 
were examined by NMR. 
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Table 98.    Aromatic Carbon Content of Raw Materials 

ial 
NMR* Chromatography** 

Mater % AromatlcC % Aliphatic C  % Aromatic C % Aliphatic C 

P-4 10.5                 89.5 32.2 60.5 
P-13 13.6                 86.4 41.9 53.8 
P-26 15.5                  84.5 -- -- 
P-9 43.2                 56.8 61.4 33.0 
P-10 59.2                  40.8 63.6 32. 1 
P-ll 63.0                 37.0 89.8 5.0 
P-16 11.6   .-■■         88.4 35.2 58.4 
P-20 79. f                 20.5 95.5 0. \ 

*Atom per c ent of ( carbon. 
**Weight per cent. of components. 

The material chosen was the slurry oil P-9 which was chromato- 
graphically extracted with a variety of solvents over an alumina column. 
A total of 57 fractions were collected.    These fractions were combined on 
the basis of similarity of IR spectra into groups and NMR spectra were 
then obtained for the combined fractions.    The hydrogen distribution data 
for each group are  given in Tajle 99. 

Table 99.    Hydrogen Composition of Slurry Oil P-9 
and Chromatographed Fractions* 

Fractioni            Heter.%** ArH% Olef. %  ArCH,% ArCH,* CHi-C^C% CH2-CHi% CHj-CHjKi 

(1)   P-9 (unchroma- 2.3 17.1 . 4.8 14.9 Slight 44.8 16.0 
tographed) 

(2)   Fract. 1-3 . - - - - - 75.0 25.0 
(3)   Fract. 4-5 8.0 27.8 3.4 8.5 34.0 Slight 14.2 4.0 
(4)   Fract. 6-11 8.4 33.3 - 12.4 35.9 - 2.6 5.2 2.0 
(5)   Fract.  12-20 6.9 40.1 . 8.9 34.3 . 9. , 8*** 
(6)   Fract. 21-30 15.5 35.8 - 10.0 29.4 - 9, . 0*** 
(7)   Fract. 31-49 13.6 32.0 - 6.1 37.4 - 10. , 1**» 
(8)   Fract. 50-57 Highly aromatic ,   Insoluble In CS, 

•Hydrogen compolltl on La measured In i atom per cent. 
**Alao includes polycyclic aromatic a. 
»♦♦The aliphatic CH, and CHj peak» could not be separated In these materials. 

The first major products collected from P-9 were <■ jmbined into 
fractions 1-3.    This material was aliphatic and waxlike.   NMR integration 
of the aliphatic CHj and CHj peaks indicated an average molecular size of 
11 carbon atoms for this wax.   At least 80 per cent of the aliphatic hydro- 
gen found for P-9 could be attributed to this waxlike material. 
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The next extract,  fractions 4-5, contained some of the aliphatic 
wax but was predominantly aromatic with a high degree of aromatic methyl 
substitution.    Fractions 6-11 are almost entirely aromatic with extensive 
CH3 and CH, substitution on the aromatic rings.    Fractions 12-20 are sim- 
ilar to 6-11 except that the minor aliphatic CH2 and CH3 peaks are no 
longer separable. 

In fractions 21-49, the aromatic proton peak at 8.0 to 8.6 ppm 
has noticeably increased.    Although this peak is listed in the heterocyclic 
column, it is more likely the result of fused polycyclic ring systems such 
as phenanthrenes and anthracenes, which absorb in this region.    The final 
fractions,  50-57, are highly aromatic and insoluble in CS2. 

These results demonstrate that the high degree of aliphatic hydro- 
gen in P-9,  and presumably in other petroleum-derived raw materials,  is 
associated with an aliphatic waxlike material which should not contribute 
to any extent to the coking value.    The aromatics in P-9 are largely me- 
thylated,  a factor which should increase their thermal reactivity. 

4.2.9. 1. 3.    Correlation Studies of Coker Feed Stocks 

As previously indicated, no statistical correlation was attempted 
due to the small number of samples and the large number of variables. 
The following trends were noted: 

Aromatic carbon content can be related to coke yields although 
this relationship is not quantitative as seen in Table 100. 

Table 100.   Relationship of Aromatic Carbon Content to Coke Yield 

Number 

Vacuum 
Residuum —FT  

P-13 
P-Zb 

Aromatic 
Carbon, % Conrads on 

Carbon, 
% 

10.5 
13.6 
15.5 

14.1-15.6 
5.6-7.5 

7.8 

Raw Coke Yield, % 
Atmos.    Pressure 

Coking 

23.3 
13.4 
21.4 

Atmos. Residua 
P-28  
P-16 

Catalytic Residuum 
"~)eci 

——j 

(Decant Oil) 

0 
11.6 

1.6-2.4 
5.5-6.3 

7.6-12.7 

6.5 
10.0 

21.0 

Thermally Cracked 
(Decant Oil) 
P-Tö 59.2 15.2-18.6 28.6 

Thermal Residue from 
Virgin Gas Oil 
p-n  63.0 10.0-11.8 20.8 
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An approximate relation between the thermal expansion and 
the aromatic carbon concentration in the coke can be shown from the 
data in Table 101.    The aromatic carbon concentration is measured as 

Coke Vield 
(gms aromatic carbons/gms feed stock) 

(gms of coke/gms feed stock 

gms aromatic carbons 
gms of coke 

and is a direct measure of the carbon atoms in the coke that contribute 
to the ultimate structure of the graphite. 

Table 101.    Relationship of Thermal Expansion to Aromatic 
Carbon Content of Feed Stocks 

C> 
Yield.    % 
(Atm. Coked) 

cA. % 
Yield. % 

Thermal Expansion 
lO^/'C  30-100^ 

Charge 
Stock 

Atm.-Coked  Extruded Rod) 
Avg.            Max.            Min. 

Vacuum 
Residuum 

P-4 
P-13 
P-Zb 

10.5 
13.6 
15.5 

23.3 
13.4 
21.4 

0.45 
1.01 
0.72 

1.47 
1.15 
0.73 

1.50 
1.16 
0.97 

1.44 
1.13 
0.60 

Atmoa. Residua 
P-Jfl 
P-ib 

0 
11.6 

6.5 
10.0 

0 
1.16 

2.74 
1.29 

2.89 
1.32 

2.60 
1.26 

Catalytic Residuum 
(Decant Oil) 

43.2 21.0 2.06 0.45 0.46 0.43 

Thermally Cracked 
(Decant Oil) 
P-iO 59.2 28.6 2.07 0.49 0.52 0.40 

Thermal Residue from 
Virgin Gas Oil 

P-ll 63.0 20.8 3.03 0.47 0.52 0.43 

♦ C. * gms aromatic carbon/gms feed stock 

4.Z.9.2.    Asphalts 

Air oxidation of petroleum hydrocarbon feed stocks has been em- 
ployed in the production of high thermal expansion cokes and graphites. 

284 



A number of the air-blown products have been examined by standard ana- 
lytical methods.    In addition,  a study of the chemical effects of the oxida- 
tion has been made using nuclear magnetic resonance,  infrared analysis, 
and electron spin resonance techniques. 

The materials which wnre examined,  along with a description of 
their origin,  are given in Table 102. 

Table 102.    Air-Blown Asphalts Examined 

Origin 
Initial 

Charge Stock Asphalt 

P-4 PS-44 
PS-4 5 
PS-60 

P-26 PS-114 
PS-124 

P-28 PS-127 
PS-129 

P-9 PS-80 
PS-51 
PS-111 

Residue from the vacuum distillation of an 
intermediate crude 

Residue from the vacuum distillation of a 
naphthenic crude 

Residue from the atmospheric disti'lati m of 
a paraffinic crude 

Residue from the distillation of catalytic.ally 
cracked mixed gas oil 

4. 2. 9. 2. 1.   IR Analysis of Air-Blown Asphalts 

Figures 93 and 94 display a series of infrared spectra for air- 
blown asphalts produced from the vacuum residuum P-4 and the slurry oil 
P-9. 

The IR spectra in Figure 93 indicates a small increase in the aro- 
matic content during the air blowing of P-4.    The IR spectrum of PS-60 
in Figure 93 shows the definite growth of the aromatic substitution peak at 
13 microns.    The most significant change, however,  is the appearance of 
the carbonyl group with an IR band at 5. 9 microns.    The appearance of 
this group provides evidence of direct oxidation. 

The P-9 behaves similarly to the P-4 during air blowing.    The 
IR spectrum of PS-80 in Figure 94 shows the increase in aromaticity and 
extensive C=0 formation.    The paraffinic component (absorptions at 13. 75 
and 13. 95 microns) found in P-9 appears to be absent in the PS-80.    This 
constituent has either been oxidized or been more likely volatilized in the 
process.    The infrared spectrum of PS-111 shows a considerable increase 
in aromaticity plus an unexpected decrease in carbonyl content.    This re- 
sult is consistent since the carbonyl function which is introduced by oxida- 
tion serves as a site of bond cleavage in the aromatic ring systems.    This 
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N-6367 
Figure 93.    Infrared Spectra of Vacuum Residuum P-4 

and Air-Blown Products 

P-9 

PS-80 

4 6 8 10 12 
WAVELENGTH-MICRONS 

Figure 94.   Infrared Spectra of Slurry Oil P-9, and 
Air-Blown Products 

N-6368 
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cleavage should produce nonplanar radical eni.'.des and thus induce the for- 
mation of disordered graphite. 

4.2.9.2.2.   NMR Analyses of Air-Blown Asphalts 

NMR spectra were obtained for all of the air-blown asphalts 
listed in Table 103.    Many of the asphalts possessed limited solubility in 
CSZ and therefore only the CS2 soluble portions could be examined.   The 
NMR spectra for these products were uniformative.    At best, only the 
single aliphatic CH, and aliphatic CH2 peaks at 0 to 2 ppm could be re- 
solved.   The aromatic proton absorptions were highly broadened and un- 
resolved.   In many instances, the aliphatic bands as well as the reference 
(01)3)481 peak were extensively broadened.    These results could be at- 
tributed to the presence of lajrge conceitrations of soluble free radicals 
in the air-blown asphalts.'167'   Free radical formation through oxidative de- 
hydrogenation is believed to be an important chemical effect of air blowing. 

Figure 95 shows a series of NMR spectra for the air-blown as- 
phalts derived from slurry oil P-9.   The first air-blown product, PS-80, 
resembles the starting P-9 in its dominant composition, although the reso- 
lution of the spectru-n has somewhat deteriorated.    Continued oxidation 
results in the production of the asphalt PS-51, which shows an almost com- 
plete absence of the aliphatic CH, absorption at 0. 9 ppm.   The aliphatic 
GH» peak at 1. 2 ppm is still prominent, but the aromatic proton peaks at 
7. 0 to 8. 0 ppm and the aromatic CHj peaks at 2. 0 to 3.0 have been appre- 
ciably broadened.    With extended air blowing, the spectra obtained for 
PS- Hi is observed.    The aromatic proton and aromatic methyl peaks are 
extremely broad and almost lost in the noise.   A broadened aliphatic CH2 
peak is still evident.    The reference (CHsV Si proton peak at 0. 0 ppm is 
also evidently highly broadened.   These results suggest that continued air 
oxidation results in an increase concentration of soluble free radicals.  The 
quantitative results of any NMR analysis of such materials are felt to be 
unreliable. 

4. 2. 9. 3.    Electron Spin Resonance 

4. 2. 9. 3.1.    Electron Spin Resonance (ESR) of Air-Blown Asphalts 

The broad NMR lines observed for the air-blown asphalts strong- 
ly suggested the presence of high concentrations of free radicals. Since 
free radicals are known to be important in determining the paths of car- 
bonization reactions,  detailed ESR measurements were performed for 
two representative oils and their air-blown asphalt products.    The two 
oils chosen for the study were P-9,  a highly aromatic slurry oil, and 
P-4, a relatively nonaromatic vacuum residuum.    The conduction ESR 
in graphites made from two air-blown materials produced from P-4 and 
P-9 was also Investigated.    Table 103 summarizes the ESR data for the 
oils and air-blown asphalts.    The ESR results are discussed in the fol- 
lowing sections. 
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Figure 95.   NMR Spectra of Air-Blown Asphalts 
from Slurry Oil P-9 

Table 103.    ESR Results for Air-Blown Refinery Oils 

N-6710 

Saturation 
Pj^^W.) 

Linewldth 
rsF) 

Gauss Spins/gram g-Factor 

P-9 (Slurry Oil) 
PS-80 (Air-blown P.9) 
PS-51 (Air-blown P-9) 
PS-Ill (Air-Blown P-9) 

P-4 (Vacuum Residuum) 
PS-44 (Air.Blown P.4) 
PS-45 (Air-Blown P-4) 
PS-60 (Air-Blown P.4) 

0.15 
0.037 
0.080 
0.18 

0.45 
0.23 
0.33 
0,33 

7.6 
5,1 
5.7 
5.7 

4.8 
4.4 
4.5 
4.7 

0.72xl018 

5.0 
7.0 

21.6 

l^xlO18 

2.8 
4.4 
3.7 

2. 00260 
2. 00298 
2. 00285 
2. 00259 

2. 00259 
2. 00286 
2. 00285 
2. 00286 

288 



4. 2. 9. 3. 2.    Saturation MeasurementB 

The ESR signals in all the oils and air-blown asphalts were 
easily saturated.    Saturation of the ESR is a result of a long spin-lattice 
relaxation time for the unpaired electrons in the organic free radicals 
in the materials.    Long relaxation times are observed for all carbonized 
materials which have not been heated above ~400oC.*1B8' 

The results of saturation measurements on sample PS-111 are 
shown in Figure 96.   The derivative curves in Figure 96(a) were meas- 
ured using superheterodyne detection.    The saturation meaaurem^nts were 
made by removing a known amount of attenuation between the Klystron and 
the sample and adding the same amount between the sample and the de- 
tector.    By this method,  all the curves would be the same height in the 
absence of saturation. 

MICROWAVE POWER «-og^lJJ 

N-7H5 
Figure 96.   Saturation Measurements on Sample PS-111: (a) ESR 

Curves for Different Microwave Powers; (b) Normal- 
ized Intensity as a Function of Microwave Power 
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The saturation curve in Figure 96 (b) was obtained by plotting 
the normalized heights, D/D 001 vs. the log of the microwave power. 

The height D 00. used for normalization corresponds to the unsaturated 

situation.   The quantity P30«r   is the mic-owave power required to pro- 

duce 30 per cent saturation (decrease in height).   For similar materials 
having saturation curves of the same shape,  P3Q« would be directly pro- 

portioned to TL the spin-lattice relaxation time.   Although a quantitative 
calibration to determine absolute Ti's was not made,  previous measure- 
ments showed that a value of PonBL = • 18 mw corresponded to a Ti of be- 

tween 10"* and 10"6 seconds.    For a relative comparison of samples, the 
P,„- values are listed in Table 103.    Note that the oxidation of both P-4 

30% 
and P-9 produces a sharp drop in P^Q*, followed by an increase with fur- 

ther oxidation. 

Unlike many other low temperature cokes and chars, *1B9'   physi- 
cally adsorbed atmospheric oxygen has no apparent effect on the spin- 
lattice relaxation time (or linewidth) of the ESR for all these materials. 
The reason is that the starting oils and air-blown products are tar-like 
and have a very low surface area. 

4. 2. 9. 3. 3.    Free Radical Concentration 

The ESR results clearly show that air blowing increases signif- 
icantly the free radical concentration in the oils P-4 and P-9.    The free 
radical concentration (electron spins/gram) in Table 103 increases by a 
factor of 30 for the aromatic oil P-9 but only by a factor of 3 or 4 for the 
nonaromatic P-4. 

The spin concentration determinations involve two important as- 
sumptions.    First, all the ESR lines have a Lorentz shape; and second, 
the paramagnetism follows Curie's LAW.   Although we have not tested these 
assumptions quantitatively, the appearance of the curves and tiie known 
behavior of other low-temperature carbonaceous materials11   ' indicate 
that these assumptions are valid for all the oils measured.    In order to 
avoid saturation, all spin concentration measurements were made at a 
microwave power of 30 microwatts.    Figure 97 shows the ESR signal for 
an 87 milligram sample of P-9.   The ruby signal is used as an internal 
calibration of instrument sensitivity.    The spin concentration (taking 
amplifier gains into account) is directly proportional to the produce S^D, 
which is also proportional to the static paramagnetic susceptibility of the 
material. 

4.2.9.3.4.    g-Factors 

The g-factor for a material which exhibits ESR is defined by the 
basic resonance equation 

hu =   gPH. 
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7.6 GAUSS 

MAGNETIC   FIELD 

Figure 97. 

where      H 

h 

N-7116 
ESR Signal for P.9; (The Parameters D and S,. and 

IT 
the Height of the Ruby Signal are used to Calculate 
Free Radical Concentration) 

the magnetic field at maximum absorption (zero slope 
on the derivative curve), 

the Bohr magneton, 

Planck's constant. 

and the microwave frequency. 

For a free electron,  the g-factor is 2. 0023.    For unpaired electrons in 
free radical molecules, the g-factor differs from this value depending on 
the types of atoms in the molecule and the strength of interaction of the 
unpaired electrons with the atoms.    For example, the g-factor for aromat- 
ic hydrocarbon radicals can exhibit g-factors as high as 2.005.*ieo)   Since 
g-factors for the SR oils and asphalts could be measured with an accuracy 
of 1 or 2 parts in 200, 000, it was possible to differentiate between hydro- 
carbon radicals and oxygen-containing radicals. 

Table 103 lists the g-factors for the oils and their air-blown 
products.    For the aromatic slurry oil, there is initially a large increase 
in g-factor with air blowing followed by a decrease to the original value 
after considerable air blowing.    For the nonaromatic vacuum residuum, 
the initial increase is not as great.    Furthermore, additional air blowing 
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does not change the g-value further.    The significance of these changes 
in g-value with air blowing is discussed in Section 4. 2.9. 3. 7. 

4.2.9-3.5.    Linewidths 

The linewidths S„, measured between peaks on the derivative 

curve (Figure 97) are shown in the third column of the table.    The line- 
widths are typical of those observed for low-temperature cokes and 
chars."6 '   Again,  due to the small surface areas of the samples, no 
effects of atmospheric oxygen on the lintwidth were observed. 

4. 2. 9. 3.6.   ESR of Graphites Made from Air- Blown Asphalts 

The conduction electrons in graphite also exhibit an ESR. ^1*3' 
The line shape and grfactor of the signal are indicative of the crystalline 
size and impurity content of the graphite. 

We examined small chips of two graphite samples made from 
PS-80-34-5 (an air-blown P-9) and PS-45-32-3 made from PS-45 (an air- 
blown P-4).    The ESR curve for the former is shown in Figure 98(a),  and 
for the latter in Figure 98(b).    The curve (a) is typical of that obtained 
for highly graphitic materials prepared from petroleum cokes. *168' The 
broad asymmetric absorption extending to lower magnetic fields is due to 
incomplete averaging of the g-factor anisotropy by electron motion.  The 
curve (b) is typical of that observed for graphites of small crystallite 
size,  such as lampblack-base graphite. I"3'   The g-factor of 2. 014 and the 
relatively sharp signal indicate fairly complete averaging of the anisotropy 
by rapid electron diffusion between crystallites. 

40 gAUgS 

INCREASING    MAGNETIC    FIELD 

Figure 98.    ESR of Graphites Made from Air-Blown Asphalts: 
(a) PS-80,    (b) PS-45 

N-7117 
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4.2.9.3.7.   Diacuasion 

The increase in free radical concentration by air blowing is 
consistent with the NMR observationa of the increase in broadening with 
air blowing ahown in Figure 95.   In fact, as Gutowaky and Tai have 
found/157)   the linewidth of an NMR signal can be used to determine free 
radical concentrations in solution. 

The identity of the free radicals formed by oxidation and the 
mechanism of their formation ia not known.   IR measurements show that 
oxidation increases the aromaticity of the starting oils and also introduces 
carbonyl groups.    De Ruiter and Tschamler,'183' who observed an increase 
in the frne radical content of coals with oxidation,  suggested aemiquinone 
formation.    This same mechanism seems reasonable for the increase in 
free radicals in the asphalts resulting from air blowing. 

Air blowing produces much larger changes in the aromatic oil 
P-9 than in the nonaromatic oil P-4. Although the extent of air blowing 
may not have been identical for the two materials, the melting point and 
oxygen analysis data in Table 104 do indicate that both the P-4 and P-9 
series were altered by approximately the same amount. We concluded 
that the oxidation of aromatic oils produces more free radicals than the 
oxidation of nonaromatic oils. 

The g-factor measurements indicate that the free radicals formed 
by oxidation contain oxygen.    The fixation of oxygen was also observed in 
the infrared spectra and the chemical analyses of these materiala.   With 
further air blowing, the g-factor (at least in the case of materials derived 
from P-9) decreases.   This result is consistent with the oxygen analyses 
in Table 104, which show a loaa of oxygen with continued air blowing. 

The aaturation measurements indicate that the oxygenated radi- 
cals have a somewhat longer spin-lattice relaxation time than the radicals 
initially present.   The changes in saturation properties correlate with 
the changes ol the other ESR properties in Table 103. 

The ESR measurements on the graphite aamplea show that the 
graphite made from an air-blown product of the aromatic P-9 oil has a 
much larger crystallite size than th^t made from the air-blown product 
of the much less aromatic P-4 oil.    Apparently, even though air blowing 
can cause increased disorder in the final graphite, air-blown P-9 still 
produces a fairly well-ordered graphite. 

4. Z. 9. 4.    Bench-0 jale Graphite Evaluation of Air-Blown Asphalts 

Property data of graphites made from various petroleum oils 
and their air-blown products are compared in Table 104 with the physical 
and chemical properties of the base material. 

A qualitative relationship exists between thermal expansion of the 
graphite and C/H ratio - Conradaon Carbon-asphaltenes - melting point of 
the charge stock. 
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Hydrogen and carbon distribution by NMR fails to yield any 
clues due to extreme peak broadening of the NMR spectrum. 

Free radical analysis through ESR techniques holds the best 
hope for correlation although it was shown that the extent of free radi- 
cal formation was a function of aromaticity of the base oil. 

A statistical analysis was not performed due to the large number 
of variables and small number of samples. 

It would be desirable in any future program to expand the ana- 
lytical approach to encompass a chromat« graphic separation scheme fol- 
lowed by application of ESR, IR,  etc., techniques to each fraction. 

As with coker feed stocks,  any measurements which are depend- 
ent or« molecular structure would be helpful in determining the quality of 
the resultant coke and graphite. 

4.3.    Pitch Binder Studies 

The following approach will be limited to a statistical study of 
1) the variation of graphite properties (including strength) due to sample 
preparation, and   2) the variation of flexural strength with binder proper- 
ties. 

4.3. 1.    Binders and the Sample Making Process 

4. 3. 1. 1.    Physical Property Variation of 3-Inch Diameter Molded Plugs 

In order to find the expected variation of a standard billet for 
comparison with experimental materials,  31   3-inch diameter by 3t-inch 
length molded graphite billets were prepared and tested. 

The binder used was a typical 110"C melting point coat tar pitch 
(30 hard) made by Barret Division of Allied Chemical Corpora, ion.    The 
filler was a calcined petroleum coke supplied by Continental Oil Company. 

Normal preparation of these billets consisted of sizing the filler 
to a 55 flour, mixing with 32 parts per hundred of pitch and molding to a 
green density of about 1.63.    The billets were then baked to 1000oC fol- 
lowed by graphitiaation to approximately 2800°C.    Density, volume shrink- 
age and weight loss information was obtained on the billets.   After proc- 
essing, the billets were cut into 4- by i- by 2i-inch samples.   About 
three with-grain and four across-grain samples for bulk density,  specific 
resistance, Young's modulus,  and flexural strength measurements could 
be obtained from each billet.    An additional two samples in each grain 
direction could be obtained for thermal expansion measurements (30-100°C). 

Average property values were established for each billet and 
then these averages combined and manipulated to give the statistical in- 
formation shown in Table 105.    Variation was greatest for volume shrink- 
age and thermal expansion measurements (about 40 and 25 per cent of the 
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respective ?verages) and least for bulk density (less than 3 per cent of 
the average).   The flexural strength data was used for the regression 
r.nalysis studies in Section 4.3.1.2. 

In order to compare the standard billets with an experimented 
material,  20 billets were made using the calcined coke, and an experi- 
mental petroleum pitch similar to 30 hard pitch.    Processing was carried 
out as before,  and the results are reported in Table 105   The greatest 
variation was in volume shrinkage and thermal expansion, and there was 
less variation in Young's modulus. 

Analytical properties of the two pitches are given in Table 106. 

Table 106.   Analytical Properties of 30 Hard Pitch 
and an Experimental Petroleum Pitch 

 Property 30 Hard Pitch       Petroleum Pitch 

Melting Point,   °C (CIA) 
Specific Gravity,  g/cc 
Benzene Insolubles,  weight per cent 
Quinoline Insoluble s, weight percent 
Conradson Carbon,  weight per cent 
Carbon/Hydrogen, weight ratio 
Ash, weight per cent 
Sulfur, weight per cent 
Molecular weight 

4. 3. 1. 2.    Graphite Flexural Strength Versus Binder Characteristics 

4. 3. 1. 2. 1.   Regression Analysis of Graphite Flexural Strength Vei «us 
 Binder Properties —— 

The relationship between flexural strength of graphite and its 
binder properties is not precisely known.   There are, however,  several 
properties that are believed to contribute to the strength.   Among these 
are: 

Benzene Insoluble content, weight per cent 
Quinoline Insoluble content, weight per cent 
Conradson Carbon, weight per cent 
Melting Point,  'C 
Specific Gravity, g/cc 
Carbon Content, weight per cent 
Hydrogen Content, weight per cent 
Carbon/Hydrogen, atomic ratio 

. Ash, weight per cent j 
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110 111 
1.338 1.26 

30.0 27.1 
12. 7 3.41 
54.9 55.3 

92.98/4.22 93.71/5.14 
0.11 0.011 
0. 50 0.50 

>700   



Regression analyses were used to try to relate these properties 
to the flexural strength of 67 sets of 3-inch diameter molded graphite bil- 
lets.    A variety of experimental petroleum,  coal tar and other pitches was 
used as binder with petroleum coke.    Billets were made as described in 
Section 4.3.1.1., but with some variations in amount of binder and billet 
density.    The binder properties and flexural strengths for each set of bil- 
lets are shown in Table 107. 

The stepwise multiple regression used with the data did not show 
high correlation for any combination of the variables used.    This included: 

1. Each property separately 

Z. The square of each property separately 

3. The logarithm of each property separately 

4. Combinations of the properties and/or squares 

5. Combinations of the logarithms of the properties 

6. Combinations of all possible cross products of the 
properties 

The number of regression steps was limited to 50, hydrogen con- 
tent was deleted because of high correlation with carbon content. 

The best coefficient of variation obtained was ±24 per cent. For 
95 per cent confidence limits a predicted value could be in error by about 
475 lbs. /in. * (based on an average with-grain strength of 950 lbs. /in. 2). 

The standard deviation of the 67 sets of billets was 355 lbs. /in.2. 
Use of the regression equation reduced this to 228 lbs. /in. 2.    In Section 
4. 3. 1. 1.  it was shown that the billed making process  introduced an error 
(standard deviation) of about 154 lbs. /in. 2.    The remaining 74 lbs. /in. 2 

was unaccounted for and indicated that the binder properties measured did 
not include all the contributing properties, that the variables were used in- 
correctly, or that the reproducibility of experiments and tests was too poor 
for the relationship among the variables to be found from only 67 data sets. 
The most heavily weighted properties were carbon content, benzene in- 
solubles,  and specific gravity. 

The regression equations are shown in TablQ 108.    In addition to 
use of the regression equation,  correlation coefficients were tested for 
the binder properties versus each other.   There were no significant cor- 
relations (Ra>0.75). 

4. 3. 1. 2. 2.    Flexural Strength Versus a Characterization Factor 

Charette and Bischofberter*184' found a correlation between com- 
pressive strength of carbon anodes and a characterization factor obtained 
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Table 107.    Binder Characteristics and Graphite Flexural Strength 

BamtM Conradton Malting spocinc rlomirat Strangth 
Cod« InaolubU« Carbon Point Gravity Carbon Hydrotan Atomic Iba fin,' 

Numb« Pat OM I>.-OM Par Cam •c ■ /cc Par Cam Par C«M C/H W/O A/G 

P-13! 21.0 1.9 90.9 120 1.29 91,90 5,11 1.92 74! 499 

P-l« 1.9 0.1 49.9 110 1.10 91.11 6.14 1.26 1011 695 

p-m 1.9 0.1 29.2 71 I.M 17.96 9.09 0.91 179 275 

P-tlO 27.1 1.4 54.4 111 1.26 93.66 5.27 1.49 1160 960 

p. Ml 14.1 10.1 57.2 102 1.30 92.60 4.90 1.71 1619 1106 
P-SIO 10.1 10.4 59.7 115 1. 31 91.60 4.51 1.49 942 521 

P-Hl >2.0 I'.l 60.9 124 1.33 93.90 4.40 1.77 1569 1049 
P-M I 13.0 10.0 96.9 97 1.29 92.19 4.72 1.64 1299 971 

P-M 4 39.0 9.4 51.9 09 1.27 93.22 4.99 1.60 1021 799 

P-515 31.1 10.9 56.6 106 1.29 91.04 4.71 1.64 1194 677 

P-Ml ii.i 10.9 54.9 110 1.27 91.« 4.96 1.95 729 641 

P. HI 39.2 10.9 54.9 110 1.21 91.29 4.96 1.95 1106 644 

P-JJS 40.3 10.7 53.4 99 1.27 92.90 9.25 1.47 62! 419 

PI-99 32.0 2.6 42.6 102 1.32 92,70 6.40 1.22 611 415 

Pl-9t 32.9 1.1 49.3 101 1.22 93,90 6.00 1.11 1195 999 

rt-u 32.9 2.1 45.3 10! 1.22 93,90 6.00 l.li 940 749 

pa-9t 32.9 2.1 45.3 103 1.22 93,90 6.00 1.31 .059 996 

n-9T 19.1 2.1 41.4 19 1.23 93,06 5.04 1.14 1127 971 

n-t9 3.1 0.2 25.9 61 1,11 91.49 7.29 1.05 726 551 

PS-i7 3.9 0.1 39.1 90 1.29 92.94 6.40 1.22 9-7 697 

PS-61 19.4 2.1 .   59.4 146 1.29 91.46 5.14 1.47 1270 1013 
PS-i« 9.7 2.1 39.9 92 1.19 91.11 6.14 1.2! 1059 902 

PS-70 3.9 0.1 45.9 104 1.21 91.01 6.04 1.29 1052 937 

Pt-Tl 29.9 17.0 56.2 107 l.li 94.09 4.06 1.95 1291 706 

van 39.1 21.1 66.0 149 1.36 94.11 1.79 2.09 169! 1390 
PS-74 31.4 17.5 55.4 106 1.14 91.91 4.0! 1.9! 1270 992 

P8-M 13.9 2.1 49.0 114 1.22 93.12 5.59 1,4« 912 775 

FB-n 13.3 0.5 57.0 139 1.22 93.62 5.19 1.46 992 954 

PS-« 37.7 3.7 54.6 12! l.M 91.77 5.19 1.44 1424 969 

PS M 2.6 0.7 42.1 104 1.21 91.72 5.59 1.19 996 713 

ps-n 20.9 13.3 42.1 95 1.27 91.94 4.45 1.76 1192 824 

AT-l O.U 0,0 26.0 99 1.05 96.23 9.19 0.77 2715 1339 
AT-2 0.2 0.0 27.2 199 1,06 99.09 9.94 0.90 752 369 

AT-4 0.1 0.0 35.2 140 1.00 96.06 9.95 0.91 X 342 

AT-5 0.4 0.0 39.1 172 1.01 96.90 9.47 0. ('- 382 

TU-200 15.9 0.1 37.0 106 1.22 92.01 5.91 1.12 1075 364 

TU-It« 24.1 0.3 42.5 119 1.23 92.00 5.67 1.36 1245 779 

TR-290 30.5 0.3 44.0 192 1.24 91.73 5.47 1.41 1990 1063 

«-I01 1.7 0.1 39.1 94 1.20 90,70 6.14 1.21 1606 814 

M-41 34.9 27.4 44.2 109 1.27 91.10 5.10 1.10 406 152 

«♦« 5.1 0.0 37.9 74 1.33 99.41 4.97 1.62 1119 0 

HT-li 0.0 0.0 24.0 5! 0.99 90.99 7.10 1.04 669 129 

HT-tJ 10.0 0.1 17.6 Ill 0.74 94 61 7.91 0.90 697 417 

HT-U 19.9 1.1 90.6 112 1.29 99.91 9.62 0.99 1162 697 

HT-li 2.3 0.4 14.7 94 1.14 90.9! 6.67 1.14 612 490 

HT-)0 1.9 0,1 16.9 94 1,16 91.64 6.56 1.17 1009 673 

HT-12 0.0 0.0 14.9 99 1,16 91.17 6.77 I.I! 996 559 

HT-J4 0.3 0.0 19.1 9! 1,19 91.61 6.77 1.14 710 964 

II4M 19.2 1.1 54,1 119 1,29 91.14 4.9« 1.94 1040 910 

IM1 1.4 0.1 91.0 111 1,21 91.1? 9.49 1.19 1240 910 

lilil 0.9 0.1 49,9 117 1,15 99.15 6.60 1.11 770 490 

ItUS 0.3 0,1 43,2 121 1,11 91.99 -   9.04 0.95 920 400 

PKua 4.7 4.1 43,1 94 Lit 91.79 9.79 1.41 I0S6 912 

Pi-29 37.0 24.5 44,2 99 1,19 91.00 5.70 1.21 199 272 

P.I09-CC 27.7 U.5 S7.7 131 1,19 91.19 4.69 1.65 1141 631 

P-109-TB 29.7 (..5 54.2 111 1.19 71.99 4.17 1.60 490 293 

P.I09-TC 29.9 .1-3 94,0 110 1,19 ■tA.iO 4.il 1.64 720 410 

P-109-TD 11.7 U.9 99.7 130 1.31 91.94 4.41 1.76 1099 699 

P.I09-TH 19.2 11.1 60,7 117 1.33 94.96 4.21 1.99 1112 925 

PO-lil 4.2 0.1 11.6 61 0.21 92.19 6.99 1.11 949 459 

FI-IM 24.9 1,4 49,9 109 1.11 91.11 9.67 1.16 410 329 

Pi-14 10.0 3,2 41,9 ') l.li 92.90 4.90 1.62 779 999 

P1-9M li.l 7,6 44.7 94 1.16 19.99 9.09 1.49 941 599 

PI-90» 19.9 11.9 49.9 99 1   17 99.1! 9.1! 1.49 919 546 

n-iot 11.9 li.l 41,1 97 l.M 14,19 9.19 l.li 442 190 

LP 1J.7 0,3 17,6 100 1.11 93.97 7.9! 0.99 491 360 

Pi-4J 17.7 1,4 41.9 99 I.JO 91,90 4.70 1.64 1019 739 

Ac«Mp. 17.1 0.1 57.0 119 l.li 94.97 4.9< 1.69 1275 919 

?99 





from the benzene insoluble content of the binder times the atomic C/H 
ratio of the benzene insoluble material times the atomic C/H ratio of the 
benzene soluble material. 

The same type of correlation was found here for flexural strength 
of graphite billets versus the characterization factor, but with only   seven 
data sets.    Three commercial petroleum pitches,  an experimental petro- 
leum pitch,  and three experimental coal tar pitches were used to find the 
results shown in Figure 99.   Although there is a reasonable fit for the 
points given, there is not enough data to confidently determine the correct 
line for prediction of flexural strengths from the characterization factor. 

1800 
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J1400 
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u 
^1200 
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40 60 80 100 120 140 160 180 

BI x C/H OF BENZENE SOLUBLES x C/H OF BENZENE INSOLUBLES 

200 

Figure 99.    Relationship of Flexural Strength Versus Characterization 
Factor (BI x C/H of Benzene Solubles x C/H of Benzene 
Insolublea) 

4.3.2.   Solvent Extraction Experiments 

de  Ruiter,  et. al/1"6' suggested that the main contributors to the 
binding power of a typical coal tar pitch (30 medium) were those portions 
having molecular weights between 300 and 1200.   Their pitch fractions 
were obtained by extracting the pitch with benzene, pyridine,  and petro- 
leum ether as shown in Figure 100. 
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30 Medium Pitch* 

Soluble fraction (v) 
(23%) 
4-5 Aromatic 
ring!/(Ingle cluster 
MW = 305 ± 20 

* de Reuter,  op. clt. 

Extracted with benzene at it» boiling 
point and under purified nitrogen. 

Soluble fraction (67%) 
precipitated with 
petroleum ether. 

Insoluble fraction 
(33%) extracted 
with Pyridlne 

Insoluble fraction (9)   Soluble fraction {ax,a2)   Insoluble 
44% (8%) fraction (aj) 
~5 rings/ctaster, Similar to P fraction        (25%) large 
not much cross- Cross-linked 
linking systems 
MW = ~300 MW >1200 

~600 
or ~1100 

30 Hard Pitch 
Extracted with benzene at 
its boiling point. 

Soluble fraction (56. 9%) 
precipitated with petroleum 
ether 

Insoluble fraction (43.1%) 
extracted with pyridlne 

Soluble fraction (-y) Insoluble fraction(0)    Soluble fraction (01,(4) 
(1.4%) (55.5%) (9.6%) 

Insoluble fraction (4) 
(33.5%) 

Figure 100.   Extraction of 30 Medium and 30 Hard Pitch 
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An attempt was made here to extract 30 hard pitch in a similar 
manner and use the combined ofi, «21  and ß portions of Figure 100 as a 
higher strength binder.   Graphite rods and billets so made are compared 
with a standard graphite billet in Table 109.   Although the extract pitch 
had a lower softening point, the volume shrinkage (bake-to-graphitization) 
was reduced,  and the with-grain flexural strength showed a 35 per cent 
increase. 

Table 109.    Properties of 30 Hard Pitch,  30 Hard Pitch Extract 
(01, ori,  and ß Portions) and the Resultant Graphites 

Pitch 
Property 
Melting Point,  'C (CIA) 
Specific Gravity, g/cc 
Benzene Insolubles, weight per cent 
Quinoline Insolubles, weight per cent 
Conradson Carbon, weight per cent 
Carbon/Hydrogen, weight ratio 
Ash, weight per cent 
Sulfur, weight per cent 
Molecular Weight 

Processing Data 

Binder Level, pph 
Bulk Density, g/cc (Graphite) 
Volume Shrinkage,  per cent (bake to (jraph. 
Weight Loss, per cent (bake to graph.) 

30 Hard 
Pitch 

110 
1.34 

30.0 
12.7 
54.9 

92.98/4.22 
0.11 
0.50 

>700 
Molded 
Billets 

32 
1.529 
2.54 
3.16 

Graphite Properties 
Specific Resistance,  iO'f ohm-cm. 

Young's Modulus,  106 lbs/in*. 

Flexural Strength, lbs/in2 

W/G 
A/G 
W/G 
A/G 
W/G 
A/G 

Thermal Expansion (30-100,C ) loVc W/G 
A/G 

12.96(26)* 
19.05 (26) 
0.60(26) 
0.36 (26) 

1080        (26) 
770        (26) 

1.36 (27) 
2.52(26) 

*No. of samples in () 

30 Hard Pitch 
Extract 

74 
1.33 
5.08 
0.0 

37.8 
88.43/4, 57 

0.48 
380 
Molded 
Billets 
32 
1.455 
0.56 
2.77 

0 
0 

1465 
610 

1 
2, 

13.58 (6) 
23.44 (7) 

62 (6) 
34(8) 

(4) 
(3) 

69 K) 
98(3) 

4.3.3.    Thermal and Catalytic Cracking Experiments 

As shown in Section 4. 2. 9., most aromatic petroleum stocks 
contain a large amount of aromatic alkyl groups which tend to act as an 
internal diluent and thus lower specific gravity and coking value.    Two 
methods have been tried to upgrade the quality of petroleum pitches, 
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namely, thermal and catalytic cracking of tars with subsequent distilla- 
tion to a pitch. 

The starting materials used were a   thermal residuum (TR) 
from Marathon Oil Company and a thermal tar (TT) from Pure Oil Com- 
pany.    These stocks are refinery bottoms with the properties shown in 
Table 110. 

Table 110.    Properties of Marathon Oil Company Thermal 
Residuum and Pure Oil Company Thermal Tar 

i .  rmal          Thermal 
Property Resiuaum Tar 

Ash, weight per cent 
Sulfur, weight per cent 
Conradson Carbon,  weight per cent 
Benzene Insoluble, weight per cent 
Quinoline Insoluble, weight per cent 
Carbon,  weight per cent 
Hydrogen, weight per cent 
Atomic C/H 
Molecular Weight 
Density,  g/cc 
Flash Point,  "C 

0. 01 0.00 
0.56 0.07 

12.30 11.30 
6.24 1.02 
0.01 0.00 

90.10 91.79 
8.60 8.11 
0. 88 0.95 

370.00 306.00 
1. 08 1.05 

323. 00 235.00 

4.3.3.1.   Thermal Cracking 

Table 111 shows time-temperature conditions for the three 
thermal cracking runs made. 

Table 111.    Thermal Cracking Conditions for Thermal 
Tar and Thermal Residuum (TT and TR) 

/                   Temp.                            Time 
Run No. Charge        / ^C hrs. 

HT - 1 TT / 250 41.6 

2 TR 300 140.0 

25 TR 416 11.0 

At up to 300*C for 140 hours no useful alteration was made in 
the charge stock properties,  but heating to the normal boiling point with 
reflux and 12.6 per cent distillation changed several properties of the TR 
as shown in Table 112. 
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Table 112.    Properties of Marathon Thermal Residuum Before 
and After High-Temperature Thermal Cracking 

Keat-Treated 
Thermal Thermal Residuum 

Property Residuum (HT-25) 

Specific Gravltyi 1.08 1.16 
g/cc 

Benzene Insoluble, 
wt. % 6.24 12.00 

Quinoline Insoluble, 
wt. % 0.01 1.90 

Conradson Carbon, 
wt. % 12.30 33.80 

Molecular Weight 323.00 385.00 

This thermally cracked TR was stripped to a lOZ'C melting 
point pitch and used as binder to make graphite billets.   Table 113 com- 
pares the properties of these billets with a typical coal tar pitch (30 hard 
pitch), and with pitch made from uncracked TR. 

Table 113.    Properties of Graphite Made from Thermally Cracked and 
Uncracked Thermal Residuum and from 30 Hard Pitch 

Unctack.d 
Tharnul Rastduum 

TharmaUr Crack.d 
Tharm«lR.iiduum(HT-25) 

30 Hard 
Pitch 

Roda* W/O»    A/O Roda W/O        A/O via      A/a 

Blndir  Uval,  pph 10 30 30 30 32 

Gr««n Dvniity,  |/cc 1.M0 1.603 1.611 1.63» 1.631 

Bskad Oanslty,  f/cc 1.49« 1.497 I.S39 1.517 1.936 

GrtphUiiad Ocnilty, 
l/oc 1.417 t,M> 1.450 1.S91 1.529 

SpacUic KaaUtsnc«, 
10'4 ohm-cm 7.9i 7.M u.u   u.n 11.14     14. IS a'M   a.a 

w-ir*-   0. it        0. 32 .... 0. 60        0. 31 0.60        0.36 

rUxurftl Strangth. 
Ih: /la.1   1041           M0 .... 1162           697 1077           771 

Tharnul Expamion, 
(JO-IOO'C), to4/,c 0.19 t.IS        2.31 0.06 0.96       2.71 1.36       2.52 ■ 

*  l-Iaeh DUmatar Extruded BUUts 
•*   J-lach DUmatar Uotdad BilUti, k- by ft- by 2ft-Inch S«mpUt, 

3 to S SampUi for E«ch OatarmliMtlon 
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On the baala of just a few samples, the thermally cracked TR 
produces a binder that showed no significant improvement over the non- 
treated petroleum pitch.    In both cases,  however, the graphite properties 
«rere equivalent to graphite properties of materials made with a coal tar 
pitch binder. 

4. 3. 3. 2.    Catalytic Cracking 

Table 114 shows time-temperature conditions for the eight cata- 
lytic cracking runs made. 

Table 114.    Catalytic Cracking Conditions for Thermal 
Tar and Thermal Residuum (TT and TR) 

Temp.           Time, 
Run No.      Charge ^C hrs. Catalyst  

HT-3 TR 125 40.0 1%A1C13 (Anhydrous)* 

4 TR 125 40.0 2% FeCl3 (Anhydrous) 

5 TR 225 40.0 2% FeCla (Anhydrous) 

,  6 TR 225 40.0 2% FeCla (Anhydrous) 

27 TT 260 7.0 5% Silica - Alumina 

29 TT 250 7.3 5% Cobalt - Molybdate 

31 TT 250 5.2 5% Cobalt Oxide 

33 TT 250 5.8 5% Rauey Nickel 

*Some water pick-up suspected 

The anhydrous aluminum and ferric chlorides and Raney nickel 
(which is pyrophoric) were added to the charge stocks prior to heating. 
The other catalysts were added in small amounts after the final tempera- 
ture was reached.   The cataly its were filtered out at the end of the run. 

Although there was vigorous reaction during catalyst addition, no 
large changes were found in the charge stock properties (see Table 115). 
The cracked TT was stripped to a 90-100*C melting point pitch and used 
as binder for graphite billets.   Table 116 gives comparative values of the 
graphite properties for the cracked and uncracked TT. 
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Table 115.    Properties of Pure Oil Thermal Tar Before 
and After Catalytic Cracking Experiments 

Heat-Treated Thermal Tar  and Catalyst 
Thermal        Cobalt' Silica Cobalt        Raney 

Tar        Molybdate      Alumina Oxide       Nickel 

Specific Gravity, 
g/cc 1.05 1.03 

Benzene Insoluble, 
wt. % 1.02 0.06 

Quinoline Insoluble, 
wt.  % 0.00 0.00 

Conradson Carbon, 
wt.  % 11.26 12.23 

Ash, wt. % 0.00 0.02 

Molecular weight     306.00 424.00 

1.08 

0.08 

0.34 

1.09 

0.00 

0.00 

1.01 

0.07 

0.00 

12.52 13.34 11.31 

0.U 0.00 0.01 

221.00       308.00        245.00 

Table 116.    Properties of Graphite Made from Catalytically 
Cracked and Uncracked Thermal Tar and 30 
Hard Pitch 

C>Ulyst  Cwlyi 
 JUUy Nlclwl  10 H»rd 

Tkarmkl Tw OtAlyit CftUlvsl C^myit C«ulvit Pitch 
oi*M  WJOKArO"       KUi        WJU       KIU        gjgi        W?0       KW     UM #'tJ     KTT Hod.    W/U    UKT        9ilS    ATTT 

1.ST0 

I.4T1 I. 4M 

1.600 

1.417 

1.40! 

1.412 

1.1«! 

1.441 

BM»r U»»l, nk iO U                   M 

Or«*i, Oanstty. a/cc 1.9«f 1.1«                1.40« 

BtMmd OBnally. |/cc 1.«J¥ 1.4TS              1.4H 

ar«rUtlM< DwiHy, 
|/e« 1.424 t.«»              1.440            1.444                      1.4»            1.42T                1.49«            1.119 

JlHcilic ftootl4MM#i 
lt'*ahm.em to. OS 14.14   IT. 14      9.92        12.91      19.07         10.10      14.10      21.14      10.02       14.04      11. it, 

10B Ih«./l«.k          0.41     0.21                0.44        0.24                  0. IT        0.10      .          0.47        0,14 

Wlvmnl tinaflk. 
lb*./!«■*          421       41S                 4*1          at 

Ttornwl X^uuton. 
(»-100*C), itr/'C 0.41 I. II     1.14      0.11           1. IS        1.! 

1001       471          194 990 

1.11 l.ll 0.T0 1.41 1.40 

• S/0-lMk DianwMr ExtnM BUkM 

•• S.tocb MuMMr ItoMi« BUlati, 1/1. br 1/1. ky l-l/l-ba Ou«lai, 1 to • OtmpU* for Bkek OoMrmlaatlon 
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1.994 1.442 l.fol 

1.490 1.411 1.914 

1.449 1.14T 1.929 

10.22 19.1)   11.41 12.94    19.09 

  0.91     0.27 0.40      0.14 

  710        944 1077         771 

0.19 1.17     2.90 1.14      2.11 

\ 



As with the thermally cracked TR, the catalytically cracked 
TT stock produced billets slightly inferior to 30 hard pitch, with lower 
strengths and higher specific resistance. 

4.4.   Pilot-Scale Coker Experiments 

4.4. 1.    Isotropie High Thermal Expansion Coke 

To produce ton quantities of high thermal expansion coke from 
air-blown or  carbon-seeded charge stocks,   a series  of experiments 
were carried out in the 1/100 scale pilot coker located on the site of the 
Marathon Oil Company in Robinson,  Illinois.    Two experiments were per- 
formed in May and two in August,   1964.    All experiments ran satisfactory 
under the conditions outlined in Table 117. 

Table 117.  High Thermal Expansion Isotropie Cokes, 
Operating Conditions and Yields 

Fraab Raw Coka 
Dram       r««d . ,       I\irn»c» Oullat Sulk Oanitty     Y1«U. Waliht P«ft«n« 

CYCU        Prvatura      IUt«      ... S.V.'' Tamparaturaa.  T Inlat     Outlat    Ibi./cu. ft. Gaa    aaao-        fuw Coka 
H«.    Hra.  Iba./ln.» bbla./W hr."' iBA ZBg" 'F T (.1 Oil      Una  Oaa («)     !■> 

Fraah Taad;   Trmnvac 1 <Air-Blown Vacuum Raaldumn - Karoaana. dilutad 1/1 Voluma Par Cant)  1 12! m-  

i(S       U SS 1T2.B 36 666 934        875        790 62.9      77.6     6.1   4.2  11.1   Hi 
765- 

69N      24 33 171.5 34 665 934        842        784 62.1      65.0   19.9  4.7 10.4   15. t 

Traah faadi AtmoaB^afic Raiiduum,^ 3.0 walihl Par Cant Acatylana Black 
7^0- 

709       31 30 174 39 650 932        874        795 67.4      56.1   12.';   6.1  24.9   15.6 

Traah Faad;  Atmoapharlc Raalduum. 2.0 Waiiht Par Cant Acatylana Black 

76N      25.1     11 174 37        652 93«       865       781 70.4     60.0   14.7  4.5 20.9   17.6 

Traak Taad:  Wltmnr 1 IMR-3a - Llaht Catalytic Cycla OU. DUutaj 1/1 Walaht Par Cantl 

78»      24 30 167 36        652 918       875       774 61.8     70.9     3.9  4.7 20.53 20.1 

VSN      24 30 183 39        651 938       875       864 61.8     65.1     6.9  4.8 23.3019.7 

^8,V, - Spaca Valoclty (Traah faad rata, gal./hr. • furnaca voluma (gal.) abova 750*T > 1/hr., 
indication at raaldanca tima) 

Ph Marathon data 

''Calcuiatad from manaurad bulk danaity 

The coking unit was operated on a once-through basis (no recycle) 
with the fractionator bypassed through the evaporator then through the 
last two furnace coils prior to entering the coke drum (Figure 101);    It 
was necessary to operate a heat exchanger ahead of the evaporator to 
minimise the heating load on the furnace coils.    Recycle coking through 
four furnace coils had been used on all previous experiments in this unit. 
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4.4.1. 1.    Air-Blown Vacuum Residuum 

Trumbull Asphalt Company air blew 10, 000 gallons of vacuum re- 
siduum (Marathon, Robinson,  Illinois) to a melting point of 164°C, allowed 
it to solidify,  crushed it,  and then cut it with an equal volume of kerosene. 
This diluted asphalt was then fed to the experimental delayed coker in 
Cycles 68S and 69N. 

Operating conditions,  coke yields, and coke densities are listed 
in Table 117.    The reduced yields resulted from two factors:  1) no re- 
cycle was used in the coker,  and 2) a diluted feed stock was used to pre- 
vent pumping difficulties. 

Puffing tests were performed on these cokes by the procedure 
previously used on other cokes.    No puffing occurred between 1100* and 
SOOO'C. 

The average with-grain thermal expansion for extruded f-inch 
diameter graphitized billets was 5.64 x lO^/'C (SO-IOO'C) (Table 118). 
An approach to Isotropie thermal expansion values is indicated by 5.89 
and 5.95 oC/10"8(30-100''C) average graphite thermal expansion for with- 
grain and across-grain,  respectively (Table 119). Drum to drum variation 
in all properties is small with the exception of flexural strength,  but is 
still considered within experiment error. 

Table 118.    Extruded Billet Data for Cycles ft8S and 69K Coke 

Craphitiied W.  G. Criphitiied W. G. 
Aver»«« Bulk Density Binder Specific Resistance. Thermal Exparjion, 

g/cc Level n-cm xlO'' 10 '/'C OO-IOO'C) 
Cvcl« Drum Sample     N  Green  Bake Graphite-   pph Max.     Min.      Avg. Max. Miru Avj. 

68S-Top 5      1.61   1.46      1.58 34 15.18    11.54    13.25 5.71      5.44     5.57 

6      1.64   1.72      1.68 32 12.87    11.26    12.12 5.89     5.44     5.70 

6      1.63   1.68      1.61 32 13.74    11.23    12.59 5.77      5.56     5.63 

68S-Core 

68S-Bottom 

5.64 68S-DrUm Average    17 1.63 1.69 1.63 33 15 18 JJ;^^1.^. *J ».,...?:**. 

MN-Top"                      6 1.65 1.69 1.60 32 12.81 9.57    It.96    5.80      5.44 5.61 

69N-Core                        5 1.55 1.65 1.56 32 13.36 10.61    12.06    5.71      5.47 5.63 

69N-Bottom                    5 1.65 1.70 1.65 32 16.44 11.38    13.91    5.74      5.50 5.65 

69N-Drum Average   16 1.62 1.68 1.60 32 14.44 9,57    12.60    5.80      5.44 5.63 

^S'ÄVDS?«."8 J3 1.63 1.69 1.62 32 16.44 9.57    12.61    5.89      5.44 5.64 
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4.4.1. 2. Commercial Air-Blown Aaphalt 

In experimental delayed coker Cycles 78S and 78N,  71. 200 
pounds of No. MR.38 asphalt (Witco Chemical Company. LawränceviUe. 
^i'l0^,»1*11 about

%
an «q«»1 weight of light catalytic cycle oil (422' 

to 614 F boiling range) was coked.    The asphalt was slowly added to a 
recirculating flow of catalytic eyrie oil and pumped through an ultrasonic 
mfccer to insure homogenous mixing and pumped to a heated railway tank 
fn Pi-L. ?£ mat

J
eri^ ^a8 then Pumped to the coking unit as illustrated 

in Figure 101,  and coked under the conditions outlined in Table 117. 

Graphite property data for billets produced from these cokes are 
summarized in Tables 120 and 121.   An approach to Isotropie graphite 
thermal expansion is indicated by 5.42 and 5.45 x lOf/'C (30-100*C) 
average values for with-grain and across-grain. respectively.    These 
volues are less than those recorded for coke produced from air-blown 
vacuum residuum in Cycles 68S and 68N which had average with-grain 
ffn  ^nn??.rgrJtil1 8rfP^te thermal expansion of 5. 89 and 5.95 x loTC- 
(30-100  C),  respectively.    We suspect that the light catalytic cycle oil 
reduced the thermal expansions to some extent ahl ough the effect was 
not this great in batch coking experiments (Section ^ 2. 2.2.). 

4.4.1.3.    Acetylene Black-Seeded Atmospheric Residuum 

In experimental delayed coker Cycle 70S.   10. 000 gallons of at- 
mospheric residuum containing approximately 3 weight per cent acetylene 
black were coked.    The acetylene black was introduced slowly into a 
rapidly recirculating stream of atmospheric residuum,  followed by pas- 
sage through an ultrasonic mixer to insure deagglomeration prior to 
storage in a heated railway tank car. 

Extruded f-Inch Diameter Billet Data for Cycles 78S and 79N Table 120. 

Simple No. 

Billet Bulk Density, g/cc 
Green 4.44 
Bake 1,43 
Graphite l.tg 
N 6 

Graphite Specific ReiUtance, 
10"* n-cm 

Maximum 10,17 
Minimum 7,28 
Average 8,91 
N 6 
Drum Average 
Run Average 

Graphite Thermal Expaneior., 
IITVCOO-IOO'C) 

Maximum 5,11 
Minimum 4,82 
^/erage 4.95 
"< 6 
Drum Average 
Run Average 

78S'T°E 785-Middle      78S-Bottom     79N-Top    79N-Middle     79N-BottCT 

1,68 
1.43 
1.65 

6 

10.01 
9.30 
9. 58 

5 
9,0S 

5,29 
5,20 
5.25 

5 
5.06 

1.71 
1.S4 
i. 74 

6 

9.31 
7.65 
8.65 

6 

1.70 
1.47 
1.58 

5 

11.60 
9.89 

10.74 
5 

9.92 

S.23 
4.79 
4.99 

6 

5.44 
5.29 
5.37 

5 

1.70 
1,52 
1.69 

6 

14.85 
9.43 

11.56 
6 

10.39 

5.29 
4.99 
5,16 

6 
5. 18 

1.68 
1.42 
1.63 

5 

10.40 
8. 32 
9.18 

5 

3.44 
4. 70 
5.01 

5 
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Table 121.    Molded 3-Iiich rVamiter Billet Data for 
Cycles 78S and 78N 

Sample No. 78S 78N 

Billet Bulk Density, g/cc 
Green 1.62 1   71 Bake 
Graphite 

N 

1.50 
1.67 

4 

1.50 
1.64 

4 

Graphite Specific Resistance, 
ID"* n-cm 

Max. 
Min. 
Avg.   , 

W.G. A. G.               W. G. A.G. 

11.56 12.83               12.09 13.21 
8.78 9.55                 9,40 10.90 

10.05 H.25               11.33 12.52 N 10 14                     9 9 
Run Avg.   (w. g. /a. g. ) 10.69/11.89 

Graphite Thermal Expansion, 
lO'Vc {30-100'C) 

Max. 5.62 5.56                 5.42 5.62 Min. 5.29 5.29                 5.29 5.29 Avg. 5.47 5.47                 5.36 5.44 N 8 7                         7 7 
Run Avg.  (w. g./a.g.) 5.41/5.45 

Graphite Young's Modulus, 
lO-'lbs./in.2 

Max. 1.18 1.06                 1.41 1.17 Min. 0.95 0. 84                 1. 03 0.92 Avg. 1.08 0.96                 1.13 1.03 N 10 14                     9 9 
Run Avg.  (w. g. /a. g.) 1.10/1.00 

Graphite Flexural Streneth, 
lbs./in.3 

Max. 5050 3990                 4560 3650 Min. 3470 2760                 3650 2910 Avg. 4000 3190                 4120 3120 N 10 14                       9 9 
Run Avg. [v. g. /a. g.) 4060/3155 

T- ui ^Pperatmg co,Jdlltio,18. yi«W. and density dati are presented ir 
Table 117. As a result of single pass (no recycle) coking, a raw coke 
yield of only 14. 7 weight per cent was obtained,  as compared to the 20 to 
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22 weight per cent yield which would have been expected from recycle 
coking.   The unexpectedly low coke yield resulted in a raw coke contain- 
ing 19 to 20 weight per cent black; 13 fo 14 weight per cent had been de- 
sired. 

Properties of the graphitized billets (extruded and molded) pro- 
duced from Cycle 70S coke are listed in Table 122.    The high black con- 
tent is reflected in low thermal expansion values,  and in high electrical 
resistance.    Higher flexural strengths had been expected. 

Table 122. Processing and Physical Property Summary,  Extruded 
and Molded Billets Processed from Acetylene Black- 
Seeded Atmospheric Residuum Coke Produced in Pilot 
Coker,  Cycle 70S 

Code No: ■. ..S - Composite 

Wt. % Acetylene Black 
In Charge Stock * 
In Calcined Coke** 

3. 17 
25-27 

1-Inch Dla.  Extruded     3-InchDla. Molded 
Billet Data                          Billet Data 

Binder Level, pph 
Green Bulk Density,  g/cc 

Max. 
Min. 
Ave. 

N 

34 

1.63 
1.62 
i  63 

6 

30 

1.58 
1.56 
1.57 

3 

\ 

\ 
Baked Bulk Denjily,  g/cc 

Max. 
Min. 
Ave. 

N 

1.42 
1.39 
1.40 
6 

1.52 
1.42 
1.45 

3 

Graphitized Bulk Density, g/cc 
Max. 
Min. 
Ave. 

N 

1.56 
i.52 
1.54 

6 

1.68 
1.53 
1.59 

3 

Specific Resistance, KT* n-cm 
22. OS 
20.53 
21.38 

6 

W.G. A.C. 

Min. 
Ave. 

N 

J3.54 
17.18 
21.29 

8 

24. 2D 
19.26 
21.84 

5 
Sonic Modulus, 10* lbs./in.1 

Max. 
Min. 
Ave. 

N 

1.40 
1.05 
1.19 

8 

1.33 
0.63 
0.92 

5 
CTE, JO-IOO'C x «rVc 

Max. 
Mln. 
Ave. 

N 

5.17 
4.88 
5.00 
6 

5.62 
5.16 
5.36 

6 

5.49 
5.29 
5  41 
4 

Flexural Strength, lbs. /in. ' 
Max. 
Mln. 
Ave. 

N 

4898 
1357 
2738 

8 

3383 
1807 
2347 

3 

»CO, Insoluble, through 0. 45 Micron MiUlpore Filter (Marathon's analysis) 
•»Calculation baaed on (1) Marathon analysis of per cent black In charge stock, 

(2) coke yield by drum outage figures and (3) AML calcination yields. 

314 



In experimental delayed coker Cycle 76N,   "0, 000 gallons of at- 
mospheric residuum containing Z weight per cent a   jtylene black were 
coked.    The purpose of this experiment was to produce a coke which 
would contain 13 to 18 weight per cent black after calcination,  as com- 
pared to the 25 to 27 weight per cent black in the calcined seeded atmr 
spheric residuum coke from Cycle 70S.   The coke containing the lesser 
fatnount of black was expected to rei.ult in higher thermal expansion and 
strength levels, with lower electrical resistance. 

Graphite property data for billets produced from the Cycle 76N 
coke are summarized ia Table li3.    Extruded billet thermal expansion 
increased slightly {approximately 6 per cent) over the Cycle 70S values: 
electrical resistance decreased approximately 13 per cent.    In the case 
of the molded billets, with-grain and across-grain thermal expansion 
values were not significantly changed (less than 1 per cent),  electrical 
resistance decreased Zi per cent and 24 per cent, and flexural strength 
values increased 33 per cent and 34 per cent,  respectively. 

4.4.2.    Pilot-Scale Coker Performance and Recommendations 

4.4. 2. 1.   Original Design and Modifications 

4.4. 2. 1.1.    Fresh Feed Flow and Temperature Control 

The original design utilized an orifice flaw control meter on the 
fresh feed line.    After a short period of running it became obvious that 
this instrument could not handle the high viscosity liquids and so a posi- 
tive displacement meter was installed.    The original orifice meter was 
satisfactory as a control meter. 

To control recycle ratio,  it is necessary not only to measure 
accurately fresh feed and combined feed (fresh feed plus recycle gas oil) 
but also to control temperatures in the fractionating system so that the 
tower bottom will receive a continuous steady flow of heavy recycle oil. 
The only heat in the fractionator comes from the overheads of the coking 
cycle with control of the top section coming from recycle of the gasoline 
and product gas oil streams.   Since there can be no control of the heavy 
gas oil in the bottom of the fractionator, the low and variable tempera- 
ture of the fresh feed entering this section resulted in unsteady liquid 
level and therefore a variation in recycle ratio, although the difference 
in fresh feed and combined feed gave a reasonable average figure.   The 
installation of a heat exchanger in the fresh feed line prior to the frac- 
tionator minimized these difficulties. 

4.4.2.1.2.    Furnaces 

The design of this unit utilized two pair of helical coil furnaces 
which can be operated in pairs of two singly,  pairs of two in parallel,  or 
as a unit in series.    Most experiments were run with the furnaces in 
series in order to gain maximum amount of residence time at tempera- 
ture.   No major troubles were encountered except in the transfer lines 
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Table 123.   Processing and Physical Property Summary, Extruded 
and Molded Billets Processed from Acetylene Black- 
Seeded Atmospheric Residuum Coke Produced in Pilot 
Coker, Cycle 76N 

Code No: 76N Composite 

Wt. % Acetylene BUck 
In Charge Stock* 
In Calcined Coke** 

2.1-2.2 
15-17 

1- Inch Dla. Extruded 
Billet Data 

3-Inch Dla. Molded 
Billet Data 

Binder Level, pph 32 32 

Green Bulk Denalty, g/cc 
Max. 
Min. 
Avg. 

N 

1.67 
1.61 
1.65 
6 

1.67 
1.63 
1.65 

4 

Baked Bulk Denalty, g/cc 
Max. 
Mln. 
Avg. 

1.47 
1.32 
1.39 
6 

1.50 
1.41 
1.45 
4 

Graphit 12 ed Bulk Density, g/cc 
Max.                                 X 
Mln. 
Avg. 

N 

1.55 
1.41 
i.49 

x6 

1.61 
1.54 
1.57 
4 

Specific Resistance, 10"* Q-cm 
Max. 
Mln. 
Avg. 

N 

19.90 
16.98 
18.63 

6 

W. C. 
21.75 
12. 50 
16.84 

9 

A.G. 

10. zz 
16.65 

10 

Sonic Modulus, 10s lbs./In.a 

Max. 
Mln. 
Avg. 

N 

1.43 
i. U 
1.31 

9 

1.27 
0.96 
1.08 
10 

CTE, SO-lOO'Cx icrVc 
Max. 
Mln. 
Avg. 
N 

5.47 
5.23 
5.33 

5 

5.56 
5.29 
5.39 

6 

5.56 
5.29 
5.42 

7 

Flexural Strength, lbs./In.3 

Max. 
Mln. 
Avg. 

N 

4490 
3075 
3671 

9 

3800 
2750 
3120 
10 

* CCI4 Insoluble, through 0.45 Micron Mllllpore Filter (Marathon's 
analysis) 

** Calculation based on (1) Marathon analysis of per cent black in charge 
stock, (2) coke yield by drum outage figures and (3) AML calcination 
yields.  
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where the larger diameter tubing decreased the linear flow velccity to 
a point that some coking took place that forced shutdown. 

The use of four furnaces in series resulted in a high-pressure 
drop iit high flow rates.   This situation limited the range of the time- 
temperature variable for operating at high coke drum pressures. 

4.4.2.1.3.    Pumps 

With the exception of the fresh feed pump,  all pumps were of the 
reciprocating type.   In some experiments the feed rate was so slow that 
the pumps were throttled to the point of stalling. 

The installation of hand bypasses from the discharge side to the 
suction side, and a pressure controller instead of a flow controller mini- 
mized these difficulties and gave much steadier flow. 

4. 4. 2. 1. 4   Fractionator 

The original Kellogg design called for a fractionator of 2§-foot 
ID by 40-foot length.    Instead,  an existing refinery tower,  2f-foot ID by 
50-foot length was used.    This turned out to be too large for the volume 
of the overhead products in most of the experiments.    The end point on the 
overhead products could not be controlled due to the small volume, and 
therefore the recycle oil could not be controlled. 

4.4. 2. 1. 5.    Flow Rates of Overhead Liquid Products 

Orifice meters (without bypasses) and positive displacement 
meters (with bypasses) were alternately used to measure product flows. 
Due to the wide range of product yields, neither performed 100 per cent 
satisfactorily. 

4.4.2.1.6.    Steam Superheater 

This unit performed satisfactorily after check valves were in- 
stalled in the steam inlet to the furnace coils to prevent backing up of the 
feed stock,  and block valves were installed in the steam coil outlet around 
the coke drumn to hold pressure. 

4. 4. 2. 2.    Recommended Change in Design 

4.4, 2. 2. 1.    Furnaces 

,A new unit should have only one heater.    If a combination of 
heaters i(J necessary, they should be of a common ID with the transfer 
lines of the ^me size.    The piping should be such that there would be no 
90    connections but sweeping bends in order to minimize coke deposits 
at these points. 
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4.4.2.2.2.    Pump« 

The pumps should be of a centrifugal type to give smoother flow, 

4.4. 2. 2. 3.    Fractionator 

c .„troi    * ?m*ler *r'.Ctionftin8 tower 8hould be designed so that better 
control of the overhead products and the recycle oil cln be accomplished. 

4.4. 2. 2. 4.    Flow Rates of Overhead Liquid Products 

H„- At.^ liqUiJi product ^"am« «hould have a high and low range posi- 
es be oÄTd W"   * byPa88 arOUnd eaCh 80 *** «ood yieW daU 

4.5. Graphite Fabrication 

trol „f M»rlPilÜe4Pir0lert^Vari?ti0n and ProPerty adjustment through con- 
trol of raw materials has been demonstrated by large-scale evaluation. 

4. 5.1.   Low Thermal Expansion Cokes 

4. 5.1.1.    Materials and Processes 

v.a„» K ^l d.iff!r*nt batches of pressure-cured (R process) graphite 
have been fabricated using cokes from controlled raw materials. One 
thlltZ™ t?,erma

1
1 expansion coke, and the other batch an intermediate 

thermal expansion coke.    These cokes were produced from the pilot-scale 
experimantal coker at Robinson, Illinois and. at the time,  represented 
cokes at extremes of the thermal expansion scale.    The low thermal ex- 

fsToZ ^T" ^e f-r?m 8lUfry 0il Char8e 8tock at hi8h drum pressure (350 lbs. /in.  ),  and the intermediate thermal expansion coke from vacuum 
residuum charge stock at low drum pressure (50 lbs. /in. 2)   with hiah 
drf.™ "rif*68"? ^J60"011^0 the hot-oil stream between furnace and coke 
SiThv^! M A^" Were * «en Pr°ce"ed into "RVA-type" graphite as out- 
^fl^ 1 process flow sheet in Figure 102.    The different lots of 
graphite were designated as RT-0033 from slurry oil stock, and RT-0034 
r^?«a?T re8idw?m "to*k- The <=oke used in grade RVA is made from 
charge stock combining a thermal tar with various other nonaromatic hy- 
drocarbons in a routine commercial coker operation. 

K=V A »   Sfmpit' ££T"0033 and RT-0034 were resin-impregnated and re- 
baked to give RT.0035 and RT-0036.  respectively.    This treatment pro- 
duced a "CFZ-type" graphite. y 

4.5.1.2.   Properties 

nn*A After fabrication of 12 blocks of RT-0033 and 14 blocks of RT- 
0034, comparison was made on samples cut from the individual blocks, 
according to the sampling diagram in Figure 103.    Five blocks each of 
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Raw. Coke 

ISSO'C Calcine 

Crush and Mill 
into Particles 

and Flour 

Extrude into 
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pph 110° M. P. 
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Bake to 
750^ 

! 
Graphitlae 
to 2800oC 

Crush and Mill 
into Particles 

and Flour 
I 

"R" Process 

Fabricate 18" 
Dia. xlS" 

Length Billets 

Plug at  125'C 

Cure to SSO'C 

Bake to 750*C 

Pitch Impregnate 
(Standard Vacuum 
Pressure Impreg- 
nation, 15 Vac. Pitch) 

Graphitize 

Graphit ize 
to ZSOO'C 

Crush and Mill 
into Particles 

and Flour 
I 

"R" Process 

Fabricate 18" 
Dia. x 15" 

Length Billets 

Plug at 125'C 

Cure to 350"C 

Bake to 750''C 

Pitch Impregnate 
(Staudard Vacuum 
Pressure Impreg- 
nation, 15 Vac. Pitch) 

Graphitize 

Figure 102.    Processing Raw Cokes 
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1 •" ir- 

Figure 103.    Sampling Diagram of Graphite Blocks 
L-164 

RT-0035 and RT-0036 were also sampled this way. Table 124 lists the 
room-temperature properties of these grades along with the properties 
of RVA and CFZ. 

Two points were evident from the data of Table 124: 

1. The character of the coke used in forming is carried 
through to the finished graphite article. 

2. Variability in bulk density and compressive strength 
has been substantially reduced in cokes from a con- 
trolled source. 

Comparison of properties on samples cut from the individual 
blocks of RT-0035 and RT-0036, can be made from Tables 125 through 
135.   Data on RT-0033 and RT-0034 was given in the first year's report}4' 
High-temperature thermal expansion and mercury porosimetry data for 
all four grades are shown in Figures 104 through 115. 
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Table 125. Bulk Density,  glee.  Property Variation 
for RT-0035 

Block 
Number 

230 
233 
234 
238 
239 

All 
Samples 

Piece-to- 
Piece 

Variation 

N" 

40 
42 
40 
40 
40 

202 

Y* 

1.951 
1.931 
1.952 
1.954 
1.950 

1.947 

1.947 

0.006 
0.008 
0.007 
0.006 
0.007 

0.011 

0.094 

Table 126. Bulk Density, g/cc.  Property Variation 
for RT-0036 

Block 
Number N 

270 
271 
274 
275 
276 

All 
Samples 

Plece-to- 
Piece 

Variation 

40 
40 
40 
42 
42 

204 

1.926 
1.949 
1.919 
1.922 
1.939 

1.931 

1.931 

0.005 
0.005 
0.014 
0.011 
0.013 

0.015 

0.013 

* N = Number of Samples; T = Average Value; <r = Standard Deviation. 
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Table 127.  Specific ResiBtance,  10"*n-cm, Property 
Variation for RT-0035 

Block With Grain Across G rain 
Number N 5 <r N T <r 

230 
233 
234 
238 
239 

20 
22 
20 
20 
22 

8.39 
8.45 
8.59 
8.46 
8.06 

0.329 
Ü.422 
0.281 
0.256 
0.218 

20 
20 
20 
20 
18 

13.37 
14.14 
14.16 
13.94 
13.33 

0.728 
0. 737 
0.770 
0.440 
0.544 

All 
Samples 104 8.38 0.335 98 13.80 0.742 

Piece-to- 
Piece 

Variation 5 8.38 0.199 5 13.80 0.409 

Table 128. Specific Resistance,  10-4n-cm,  Property 
Variation for RT-0036 

Block 
Number 

270 
271 
274 
275 
276 

N 
ynftSjuiw 

20 
20 
20 
22 
22 

0.976 0.030 
0.879 0.033 
0.987 0.021 
1.001 0.017 
0.952 0.033 

N 
Across Grain 

20 1.155 0.034 
20 1.037 0.030 
20 1.198 0.025 
20 1.153 0.036 
20 1.152 0.046 

All 
Samples 104 0.960 0.051 100 1.139 0.064 

Piece-to- 
Piece 

Variation 0,960 0.048 1.139 0.032 
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Table 129. Young's Modulus,  106 lbs./in. z.  Property 
Variation for RT-0035 

Block 
N N 

^Across   Grain 
Number <r 5 (T 

230 20 1.952 0.087 20 1.080 0.026 
233 22 1.894 0.069 20 1.041 0.044 
234 20 1.993 0.068 20 1.090 0.049 238 20 1.836 0.079 20 1.020 0.033 
239 22 1.990 0.056 IB 1.091 0.035 

All 
Samples 104 1.934 0.093 98 1.064 0.048 

Piece-to- 
Piece 

Variation 5 1.934 0.067 5 1.064 0.032 

Table 130. Young's Modulus,  10a lbs. /in, *,  Property 
Variation for RT-0036 

Block 
Number 

270 
271 
274 
275 
276 

N 

20 
20 
20 
22 
22 

With Gr.tin 
^ 

1.796 
1.839 
1.812 
1.767 
1.805 

0.042 
0.026 
0.029 
0.037 
0.028 

N 
Acrqas Gritin 

20 1.436 0.027 
20 1.481 0.017 
20 1.448 0.043 
20 1.388 0.030 
20 1.453 0.029 

All 
Samples 104 1.803 0.040 100 1.441 0.043 

Piece-to- 
Piece 

Variation 1.803 0.026 1.441 0.034 
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Table 131. Flexural Strength, lbs. /in.«. Property : 
Variation for RT- 0035 

Block With Grain Across G 
Number N Y er N * (T 

230 20 3745 215 20 2455 154 
233 21 3697 344 20 2505 139 
234 20 3743 322 20 2J27 280 
238 19 3678 178 20 2464 166 
239 21 3726 378 18 2516 149 

All 
Samples 101 3718 295 98 2452 194 

Piece-to- 
Piece 

Variation 5 3718 294 5 2452 72 

Table 132.  Flexural Strength,  lbs./in. 2, 
Variation for RT-0036 

Property 

Block WithGrain Across Grain 
Number N X <r N <r 

270 19 3922 218 19 3379 108 
271 20 4246 188 19 3453 162 
274 18 4213 244 20 3468 226 
275 22 4000 315 20 3397 170 
276 22 4131 250 20 3379 160 

AU 
Samples 101 4100 272 98 3381 224 

Piece-to- 
Piece 

Variation 5 4100 139 5 3381 56 
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Table 133.  Compressive Strength, lbs,/in. 2,  Property 
Variation for RT-0035 

Block With Grain Across Grain 
Number N X 17 N Y o- 

230 
233 
234 
238 
239 

9 
10 
10 
10 
10 

8634 
8049 
7994 
7584 
7529 

871 
658 

1090 
1340 
1790 

10 
10 
10 
10 
10 

7303 
8162 
7933 
9113 
8305 

1730 
1580 
1480 

253 
1750 

All 
Samples 49 7944 1280 50 8163 1580 

Piece-to- 
Piece 

Variation 5 7944 445 5 8163 655 

Table 134. Compressive Strength, lbs./in. 2,  Property 
Variation for RT-0036 

Block With Grain Across Grain 
Number N X c N (T 

270 
271 
274 
275 
276 

10 
10 
10 
10 

9 

11, 
12, 

9. 
11, 

,341 
,738 
,348 
,944 
,309 

1530 
1270 
1510 
2000 
1410 

10 
10 
10 
10 
10 

H, 
11, 
11, 
12. 
12, 

,982 
,950 
,010 
,543 
319 

i90 
603 

2140 
2840 
819 

All 
Samples 49 U. 109 1770 50 H. 961 1990 

Piece-to- 
Piece 

Variation 5 H. 109 920 5 H. 961 586 
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200400    6oo90oi(x»ia»M»i£iCoi8aoa)oo2aooMooaboo2aoo 

TEMPERATURE,   "C 
Figure 105. High-Temperature Thermal Expansion      L-921 

for Across-Grain RT-0033 and RVA 
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200    400    600800    1000   1200  1400   d6001800a00022002400abü02800 
TEMPERATURE,   "C 

Figure 106.  High-Temperature Thermal Expansion 
for With-Grain RT-0034 and RVA 

L-922 
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200     400     600a»1000ia»140016001fl002XB2aX)a«X)a6002BOO 

TEMPERATURE,   'C 
Figure 107.  High-Temperature Thermal Expansion 

for Across-Grain RT-0034 and RVA 
L-923 
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AVERAGE BULK 
DENSITY*    l.»»2t/ec 

BULK DENSITY* 
" 1.846 ,/cc 

PORE DIAMETER, MICRONS 

•   BULK DENSITY DETERMINED BY MERCURY DISPLACEMENT 

Figure 1'?. Pore Size Distribution of Grades RT-0033 L-165 
and RVA 

. -BULK DENSITY = 
1.846 f/cc 

-AVERAGE BULK 
DENSITY      1.908 ,/cc 

•00 10 , 

PORE DIAMETER,  MICRONS 

Figure 113.  Pore Size Distribution of Grades RT-0034        1,-924 
and RVA 

333 



PORE DIAMETER,   MICRONS 

AVERAGE BULK 
DENSITY = 1.947 (/c 

BULK DENSITY = 
1.91 g/cc 

Figure 114. Pore Size Distribution of Grades 
RT-0035 and CFZ 

L-925 

3.09 
u 
u 

S.0! 

Ls^^ 

BULK DENSITY 3 
1.91 glee 

AVERAGE BULK 
DENSITY = 1.931 g/c 

PORE DIAMETER.   MICRONS 

Figure 115.   Pore Size Distribution of Grades 
RT-0036 and CFZ 

L-926 

334 



4. 5. 2.    High Thermal Expansion Coke 

4. 5. 2. 1.    Materials and Processes 

Pressure-cured graphite billets were prepared from the high 
thermal expansion cokes produced from air-blown vacuum residuum and 
carbon-seeded atmospheric residuum charge stocks.    Two grades (RT- 
0037 and RT-0040) were made as shown in the "A" Process of Figure 
102.    Two additional grades (RT-0041 and RT-0044) were made as shown 
in the "B" Process of Figure 102.   Table 136 identifies each of the RT 
grade numbers. 

Table 136.   Grade Designation for Graphites from Various Cokes 

Raw Material for Coke   Process Grade 

Air-Blown Vacuum Residuum A RT-0037 

B RT-0041 

2.0% Acetylene Black-Seeded 
Atmospheric Residuum A RT-0040 

B RT-0044 

In the various "A" and "B" processing steps involving the crush- 
ing and grinding of coke and graphite materials, the seeded and air-blown 
cokes were considerably harder than the slurry oil or vacuum residuum 
materials.    The carbon black-seeded cokes were harder than the air-blown 
cokes. 

In the case of the carbon-seeded and air-blown materials,  binder 
levels for billet fabrication by the "A" processing step were less than for 
the "B" processing steps.    Slightly lower binder levels were required for 
the seeded materials than for the air-blown materials. 

Billet curing times for the seeded and air-blown materials were 
considerably longer than for the slurry oil or vacuum residuum materials. 
Required curing time for billets formed from the carbon black-seeded ma- 
terials were greater thaii for those formed using the air-blown materials. 
The poor electrical and thermal conductivity of the billets containing car- 
bon black were responsible for the extended curing times in this case.    "B" 
process billets required longer curing times than "A" process billets. 

Baking and graphitizing schedules similar to those used for vacu- 
um residuum (RT-0034) and slurry oil (RT-0033) pressure-cured billets 
were successfully used in processing the above materials. 
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Table 137.    Physical Properties of Grades RT-0037 
-0040,  -0041,  -0044  • • • • 

N* 

RT-0037 RT-0040 RT-0041 RT-0044 

Bulk Dvnally, g/cc 

SlMclflc Realatanct, 
10 * ohm-cm 

i« i,»ih 0. 0O8 156 1. 799 0.007 «3 1.832 0.010 

N 

115 1. 782 0.010 

w/c 
A/G 

TouM'a Modulua, 
10rlba./in.1 

83 
113 

14.930 
17.150 

0.182 
0.429 

72 
84 

1 7. 080 
19.800 

0. 365 
0.670 

15 
15 

14.230 
16.570 

0.408 
0.932 

46 
69 

14.880 
19.850 

0.240 
0.649 

W/C 
A/C 

Flcmtrsl Strength, 
lb«, /in. • 

83 
l!3 

l.fclO 
1.230 

0.040 
0.060 

72 
84 

1.520 
1.140 

0.040 
0. 100 

47 
36 

1.520 
1.110 

0.050 
0.160 

46 
69 

1. «90 
1.000 

0.040 
0, Ü70 

W/G 
A/G 

Compraaaiv« Strength, 
lb«./in.» 

S3 
113 

3,010 
1,759 

256 
206 

72 
84 

2.747 
*.469 

250 
297 

47 
16 

2,635 
1,597 

200 
289 

46 
69 

2.529 
1,47. 

120 
170 

wye 
A/G 

Thar mal EvpanaLon. 
(lO-lM'C),   IOe/'C 

18 
3« 

12,497 
11,790 

B62 
717 

41 
36 

10,910 
10.660 

1.398 
820 

30 
30 

11.513 
10.759 

t.094 
1,344 

29 
19 

9,470 
9.100 

491 
504 

W/G 
A/G 

15 
15 

i.tii 
4. 5Z5 

0. 158 
0.242 

12 
i ? 

4.424 
4.893 

0.102 
0.164 

8 
9 

4. 310 
4.580 

0.042 
0.100 

9 
9 

2. 877 
I. 520 

0.02.4 
0. O?-. 

  
"■       - 

Table 138.   Bulk Density,  g/cc Property Variations 
for RT-0037,  -0040,  -0041 and -0044 

Block 
Number N* T 

RT-0037 1 
2 
3 
4 
5 

37 
40 
40 
40 
39 

1.860 
1.858 
1.852 
1.SS3 
1.859 

0.004 
0.008 
0.009 
0.009 
0.006 

AU Sample • 1% 1.856 0.008 

RT-0040 1 
2 
4 
5 

40 
34 
42 
40 

1.795 
1.804 
1.798 
1.802 

0.008 
0. 006 
0.007 
0.004 

All Sample ■ 15ft 1.799 0.007 

RT-0041 1 
2 

28 
25 
30 

1.831 
1.835 
1.830 

0.014 
0  008 
0.   OlL. 

All Semplca 83 1.832 0.010 

RT-0044 1 
2 
3 

37 
40 
38 

1.789 
1.782 
1,776 

0.014 
0 010 
0,005 

All Sample a 115 1.782 0.010 

* N > Numb« of SamplMi t . Average Value; w ■■ = Standard Devlatlo ,„, 
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Table 139.    Specific Resistance,   10"* O-cm,  Property Variation 
for RT-0037,  -0040,  -0041, and -0044 

Block 
Number 

With Grain Across Grain 
N T a N TC r 

RT -0037       1 
2 
J 
4 
5 

16 
18 
18 
16 
15 

14.97 
14.83 
14.94 
i -,. 01 
14. 88 

0.20 
0.15 
0.17 
0.20 
0.15 

21 
22 
22 
24 
24 

16.77 
17.09 
17.43 
17. 38 
17.04 

0. 27 
0.38 
0.37 
0.41 
0. J6 

All Sample« 8] 14.93 0. 182 113 17.15 0.428 

RT -0040       1 
I 
4 
5 

18 
18 
18 
19 

17. S5 
16. 86 
17.02 
16.89 

0.39 
0.15 
0. 18 
0.12 

22 
16 
24 
22 

20.04 
20.40 
19.18 
19.81 

0.48 
0.50 
0. 50 
0.56 

All Samples 72 17.08 0. 37 84 19. 80 0.67 

RT 0041        1 
2 
3 

5 
5 

14.08 
14.22 
14. 39 

  5 
5 
5 

16. 10 
16. 45 
17. 16 

--"- 

All Samples 15 14.23 0.41 5 14.57 0.9J 

RT 0044       t 
2 
3 

14 
16 
16 

14.92 
14.94 
14.87 

0.33 
0. 22 
0. 15 

21 
24 
22 

19. 44 
20. 09 
20.03 

0.42 
0.80 
0.4S 

  
All Samples 46 14.88 0.24 69 19. 85 0.65 

Table 140.    Young's Modvdus,   108 lbs./in. 2,  Property Variation 
for RT-0037,  -0040,  -0041,  and -0044 

Block With Grai 

ga 

In Acroaa Grain 
Number N y r N JT ff 

RT-0037       1 
2 
3 
4 
5 

16 
13 
19 
16 
15 

1.58 
1.61 
1.61 
1.62 
1.63 

0.04 
0.04 
0.03 
0.03 
0.04 

21 
22 
22 
24 
24 

1.2!. 
1.2. 
1.20 
1.22 
1.22 

0.06 
0.06 
0.07 
0.05 
0.06 

All Samples 83 t.61 0. 04 113 1.23 0.06 

RT-0040       1 
2 
4 
5 

18 
18 
18 
18 

1.55 
1.46 
1.55 
1.52 

0. 02 
0. 03 
0. 02 
0. (/J 

22 
16 
24 
22 

1.20 
0.99 
1.21 
1. 11 

0.04 
0.07 
0.06 
0.05 

All Samples 72 1.52 0.04 84 1.14 0.10 

RT-0041        i 
2 
3 

16 
13 
18 

1.51 
I. 52 
1. 53 

0.06 
0.03 
0.05 

12 
12 
12 

1.22 
1. 12 
0.98 

0.09 
0.13 
1.15 

All Samples 47 1.52 0.05 36 1. 11 0.16 

RT-0044       1 
2 
3 

14 
16 
16 

1.54 
1.46 
1.48 

0.03 
0.02 
0.02 

23 
24 
22 

1.06 
0.99 
C. 97 

0.04 
0.08 
0.03 

All Samples 46 1.4° 0.04 69 1.00 0.07 
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Table 141.   Fl«mral Strength,  Ihs./in.*,  Property Variation 
lor RT.0037.  -0040.  -0041,  and -0044 

Block 
Number 

Acrnag Grain 

RT-0037       1 
^ 
3 
4 
5 

All Samples 

RT-004O       1 

All Sampler 

RT-0041 i 
I 
3 

Alt Samplei 

RT-0044 1 
2 

All Sample 9 

N 

16 27il 187 
18 3109 260 
18 3129 181 
16 3009 196 
15 3055 337 

b3 3010 256 

18 2773 646 
18 ?510 226 
18 2621 105 
18 2945 131 

72 2747 250 

16 2660 216 
13 2567 206 
18 2663 181 

47 2635 200 

14 2567 132 
16 2487 126 
16 2539 94 

46 2529 120 

21 
22 
22 
24 
24 

1760 
1723 
1834 
1787 
1693 

193 
226 
208 
188 
201 

113 1759 206 

22 
16 
24 
22 

1512 
1106 
1648 
1495 

226 
324 
201 
194 

84 1469 297 

12 
12 
12 

1779 
1543 
1468 

143 
296 
317 

36 1597 289 

23 
24 
22 

1594 
1407 
1418 

94 
204 
123 

Table 142.    Compressive Strength,  lbs./in.2.  Property Variation 
for RT-0037.  -0040.   -0041,  and-0044 

Block 
Number 

- 
With Grain 

■'     ■- 

Across Grail 
= 

N y <r N y 
Rl -0037 1 10 12 ,697 550 7 It .449 937 

.125 960 9 12 .393 567 
,244 486 8 11 ,454 7* ß 

12 ,728 698 7 11 .886 
11 ,689 943 7 11 .642 305 

All Samp.ea 48 -.2 ,497 862 38 11 , 790 717 

RT -0040 1 9 12 .247 864 8 11 , 584 
9, .256 903 9 9 ,891 

11 11, ,480        1 1,087 9 11 .038 
10. ,740 754 10 10, ,271 350 

All Sample! 41 10, 910       1 ,398 36 • 0, 660 820 

RT ■ 0041 1 10 11, 451 994 10 in 939       1 , 580 
11, 827        1 ,390 10 10 999       1 , 540 

10 11, 260 864 10 to. 340 321 

Alt Sample a 30 H. 513        1 ,094 30 to. 759       1 ,344 

RT- 0044 1 10 9, 945 271 f 0 9, 668 236 
9 9, 353 463 10 8 642 233 

9, 099 258 9 8, 962 225 

All Sample! 29 9, 470 491 29 9, too 504 
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Table 143.    Thermal Expansion (30-100,C),   i(f/°C,  Property 
Variation for RT-0037,  -0040,  -0041.  and-0044 

Block With-G rain Across Grain 

Number N y (T N Y (T 

RT-0037       1 
2 
3 
4 
5 

3 
3 
3 
3 
3 

4.32 
4.15 
4.14 
4.26 
4.32 

- 
3 
3 
3 
3 
3 

4. 73 
4.67 
4. 54 
4. 37 
4. 37 

- 

All Samples 15 4.23 0.158 16 4. 53 0,242 

RT-0040       1 
2 
4 
5 

3 
3 
3 
3 

4.46 
4.30 
4.51 
4.43 

; 

3 
3 
3 
3 

4. 97 
4.90 
4. 89 
4. 81 

~ 

All Samples 12 4.42 0.102 12 4.89 0.164 

RT-0041       1 
2 
3 

3 
2 
3 

4.32 
4.28 
4.32 

- 
3 
3 
3 

4.61 
4.60 
4. 53 

- 

All Samples 8 4.31 0.042 9 4. 58 0.100 

RT-0044       1 
2 
3 

3 
3 
3 

2.85 
2.89 
2.93 

- 
3 
3 
3 

3.44 
3.55 
3.57 

- 

All Samples 9 2.87 0.024 9 3. 52 0.095 
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Figure 124.  Pore Size Distribution of Grades RT-0037 and RVA 
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Figure 125.  Pore Size Distribution of Grades RT-004Ö and RVA 
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Figure 126.  Pore Size Distribution of Grades RT-0041 and RVA 
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Figure 127. Pore Size Distribution of Grades RT-0044 and RVA 
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