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This report stems from a two-day workshop on *Biotechnology
Aided Synthesis of Aerospace Composite Resins' held August 25th
and 26th, 1987 at the Stouffer Dayton Plaza Hotel. This workshop
was sponsored by the American Society for Composites with
support from the Air Force Office of Scientific Research (AFOSR)
and the Air Force Wright Aeronautical Laboratories/Materials
Laboratory. This workshop was attended by personnel from
government and industry representing both aerospace materials and
biotechnology communities. A program and list of attendees are
attached in Appendices A and B, respectively.

Introduction

A previous AFOSR/ML supported workshop on the potential
applications of biotechnology to aerospace materials revealed
five major areas of interest. The areas identified include 1.
biomining, 2. bioelectronics, 3. biodegradation, 4.
examination of natural systems for structure/property
relationships and novel design concepts, and 5. biosynthesis of
chemical intermediates for aerospace resins systems. Following
this initial study a workshop was designed to focus on the area
of biosynthesis of chemical intermediates for aerospace resins
systems.

The goal of the workshop was to explore in depth the use of
biotechnology as a novel approach in the preparation of aerospace
resin materials, for the purpose of reducing cost in the
production of current materials, or to produce new materials of
superior properties which are presently unattainable by
conventional synthetic routes. The main problems faced in the
exploration of this area have been a distinct language barrier
and a lack of fundamental understanding between technologies.
Therefore, the objectives of this workshop were first to provide
an educational background for both aerospace materials and
biotechnology communities, and second to promote interaction
between the two different communities to stimulate ideas for
future work.

The workshop was divided into two sessions. The first
session consisted of a series of lectures from both the aerospace
materials and biotechnology communities to provide the
educational background necessary for communication. T'-e second
session comprised of round table discussions on various topics
concerning the use of biotechnology in the development of
aerospace resin materials. The topics discussed included cost
factors involved in the R&D of biotechnology, suggestions for
improving communications between the two technologies, the role
of the Air Force in promoting interaction and growth in
biotechnology and the scientific issues involved in combining
biotechnology and synthetic chemistry.
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Educational Background

The educational background was provided by six lecturers,
three from the aerospace resins community and three from the
biotechnology community. The lecturers from the aerospace
community included Mr. Donald Schmidt, consultant for carbon-
matrix composites; Dr. Fred Arnold, AFWAL/MLBP; and Dr. Ronald
Bauer, Shell Development and Research Center. Their
presentations covered Carbon-Matrix Composites, Current And
Future Molecular Structures Of Aerospace Organic Matrix Resins,
and Industrial Perspectives On Current And Future Needs In
Aerospace Matrix Resin Chemistry, respectively.

The lecturers from the biotechnology community included Dr.
Masato Tanabe, S.R.I. International; Dr. Ronald Huss, Bio-
Technical Resources Inc.; and Dr. Denis Ballard, I.C.I.. Their
presentations covered Applications of Biotechnology to Synthetic
Chemistry for Aerospace Matrix Resins Development, The
Application of Hydrocarbon Bioconversion Technology to Aerospace
Materials Production, and The Marriage of Biochemical and
Chemical Concepts as Demonstrated by Preparation of
Polyphenylene, respectively.

The following is a summary of the presentation given at the
workshop.

Carbon-Matrix Composites

Carbon-matrix composites are advanced composites used in
aerospace technology for high temperature structural
applications. The carbon-matrix composites consist of a
carbonaceous binder, reinforcing fiber, and sometimes a filler.
The carbonaceous binder or matrix resins are derived from
thermosetting resins and thermoplastic pitches.

Carbon-matrix composites are made by three principle
methods. The first and most common procedure involves the
impregnation of a fibrous preform with a carbonizable precursor
followed by pyrolyzation in the absence of oxidizing agents.
Densification is achieved by additional matrix impregnation and
heat treatment cycles. The second method involves the
infiltration of a porous article with a high carbon-containing
liquid which is then treated to carbonization or graphitization
temperatures. The third method involves chemical vapor
depositior of carbon on a porous article.
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The most important characteristics for the matrix resin of
the carbon matrix composite includes a high char yield and easy
processability. Some of the factors which effect the
processability of the resin material include the release of
volatiles, the thermalexpansion coefficient, the viscosity, and
the exotherm characteristics.

The char yield of the resin material is the ratio of the
weight of the carbon in the original resin to the initial weight
of the resin. The ideal molecular structure for high charring
resins includes a high degree of aromaticity and high molecular
weight. The aromatic rings should be separated by no more than
one carbon atom to prevent scission and volatilization of
fragmented parts. Nitrogen if present should be located in the
ring structure and not in the chain structure.

The present materials used as organic precursors for carbon
matrix resins are thermoset reins and thermoplastic pitches. The
thermoset resins most widely used include phenolics,
polyfurfurals and epoxy novolacs. The best char yield was
displayed with polyphenylene, however, synthetic processing of
polyphenylene was not efficient. Thermoplastic pitches are used
to densify porous carbonaceous articles by impregnation of a
porous structure, followed by carbonization. This process is
repeated until the desired composite density is achieved.
Thermoplastic pitches are made up of four components including
asphaltenes, polar aromatics, saturates and napthene aromatics.

Current And Future Chemistry Of Aerospace Organic Matrix Resins

Research in both industrial and government laboratories has
provided a variety of new and unique thermally stable polymers.
During the last decade the primary effort has been in the
development of new cure chemistry to provide matrix resins with
improved moisture resistance, thermal and thermooxidative
stability and toughness. New material concepts has also played
an important role in structurally tailoring macromolecules for
advanced future aerospace systems.

The current and future work in the Air Force on organic
matrix resins for fiber reinforced structural composite
applications is focused upon two materials technology areas,
thermosets and ordered polymers. Within the thermoset technology
area, the two major chemical technology areas addressed are
acetylene systems and benzocyclobutene systems. Within the
ordered polymer technology area, the specific chemical technology
addressed is rigid-rod polymer systems such as the benzazole
heterocyclics.
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The acetylene terminated resin systems consist of molecules
with terminal acetylene groups as the chemically reactive moiety
for a thermosetting cure reaction. The backbone of the resin
molecules can be tailored with various chemical stsuctures and
variable chain length. For T values in the 200-350 C range such
as might be needed for Mach 3 airframe uses or for turbine engine
applications, aromatic heterocyclic structures auch as
quinoxalines, imides, thiazoles, and triazines are used in the
acetylene terminated resin backbones.

The benzocyclobutene chemistry represents a new versatile
technology for high temperature, addition curing resin systems
with a hydrophobic cure site and use temperatures in the 500-600
OF range. It also represents a method of vastly improving the
thermooxidative stability and toughness of currently commercial
BMI resin systems. A number of chemical synthesis routes are
available to prepare functionalized benzocyclobutene end-capping
agents, however, all of these synthesis routes are expensive. A
biologically aided route to these end-cappaing agents, such as
the action of a dehydrogenase on a substituted ortho-xylene,
could have a significant impact upon the cost.

The ordered polymer systems developed by the Air [oree
include linear, r i :.o ymers based upon the
;, .y' inzobisimidazole, polybenzobisoxazole and
polybenzobisthiazole systems. A potential application area for
the ordered, rigid-rod polymers which is currently being studied
by the Air force is molecular composites. Molecular composties
essentially refers to composites in which reinforcement of the

*matrix material is at the moleculr level instead of with
macroscopic fibers such as graphite. The concept of molecular
composites is to mix together coil-like polymers, which serve as
the matrix, with rigid-rod polymers, which provide fiber-type
reinforcement. Initial mixing followed by film formation affords
a planar molecular composite with random molecular orintation in
two dimensions. Further orienting of the film will give a
uniaxial oriented molecular composite.

Industrial Perspective On Current And Future Needs In Aerospace
Matrix Resin Chemistry.

In 1986 the world wide market for advanced composites and
*. high performance adhesives was approximately 20 million pounds.

This includes approximately 10 million pounds of resin comprising
90% epoxy resins and 10% bismaleimides, polyimides and
thermoplastics systems. The predicted market of advanced
composites in the year 2000 is 100 million pounds, which reflects
a resin usage of approximately 40 million pounds. The resin
systems used will most likely include epoxy, bismaleimides,
polyimides and thermoplastics.
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Epoxy resins are the most widely used matrix systems in
performance composites. The epoxy resin systems are reactive
intermediates composed of a mixture of oligomeric materials
containing one or more epoxy groups per molecule. The epoxy
resins are cured or crossed-linked into a three dimensional
network by a chemical reaction. The two groups of curing agents
used in aerospace technology are aromatic diamines and
anhydrides.

Bismaleimides matrix resins display improved
thermomechanical properties compared to epoxy resins and are the
leading candidate for high temperature (300-500F) advanced
composites. The current consumption of bismaleimides is
approximately 1.5-2.0 million pounds per year at a cost of 025-
$50 dollars per pound. The bismaleimides are prepared by
reaction of diamine with anhydride. The properties of the
bismaleimide can be tailored by varying the structure and
molecular weight of the diamine.

Polyimide resins, prepared by the reaction of dianhydride
and aromatic diamines, are another system being investigated for
high temperature advance composites. The problems of this system
have been hydrolytic instability and volatile evolution during
cure which are a result of the polyamic acid precursor. The
solution to this problem has been the development of PMR
polyimides where the precusor cures by addition polymerization.

Polyimides along with polyarylene ethers and polyesters are
examples of new high performance thermoplastic resin systems.
Thermoplastics are amorphous or crystalline materials which
display increased toughness and reduced processing cost. Most of
these materials are based on condensation type polymers with
difunctional reactive intermediates such as bisphenols, aromatic
diamines, aromatic dianhydrides , and other difunctional
reactive intermediates. Some examples of commercial high
performance thermoplastics include Ultem (GE), PEEK (ICI), and
Xydar (Dart Industries). The current market for high
performance thermoplastics is approximately 15-17 million pounds
per year at a price from 82-890 dollars per pound.

Applications of Biotechnology to Synthetic Chemistry

Biotechnology involves the use of living cells and their
active principles to produce a product such as pharmaceuticals,
foodstuffs, and commodity chemicals. The products are pure
compounds, mixtures, and cell fractions or biomass and are
derived from de novo formation, transformation, or degradation of
substrates by the living cells.
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The most explored area of biotechnology is the use of single
cells or microorganisms to mediate biochemical reactions. Such
chemical reactions medicated by microorganisms include
Oxidations- Hydroxylation, epoxidation, dehydrogenation of C-C
bonds; oxidation of and aldehydes; oxidation of amines;
oxidative degradation of alkyl, carboxyalkyl, or ketoalkyl
chains; oxidative removal of substituents; oxidative deamination;
oxidation of hetero-functions, oxidative ring fission; and amine
N-oxides.

Reductions- Reduction of organic acids. aldehydes, ketones and
hydrogenation of C-C bonds; reduction of heterofunctions,
dehydroxylation; reduction elimination of. substituents

Hydrolysis- Hydrolysis of esters, amines, amides, lactones,
ethers, lactams, etc.

Condensation- Dehydration; 0- and N-acylation; glycosidation;
esterification; lactonization; amination

Isomerization- Migration of double bonds or oxygen functions;
racemization; rearrangements

Formation of C-C bonds or Hetero-atom bonds

The characteristics for these enzyme-catalyzed reactions include
reaction specificity, regio specificity, stereospecificity and
mild reaction conditions.

The Application of Hydrocarbon Bioconversion Technology to
Aerospace Materials Production

The biological production of alpha, omega-alkanedioic acid
is one example of a hydrocarbon bioconversion. The bacterium
Rhodococcus and mutants developed in a strain improvement program
convert n-alkanni of 10-14 carbons, typically dodecane, to the
corresponding alpha, omega-alkanedioic acid, typically
dodecanedioic acid, with high yields and conversions. Conversion
is defined as the percentage amount in moles of the n-alkane
consumed during fermentation by the bacterium without
consideration of the product of the bioconversion. Yield is
defined as % amount in moles of the n-alkane converted which ends
up as alpha, om,ega alkanedioic acid. The yields were 30-40%
with the final product concentrations in the range of 30 to 45
g/liter.

The biochemical pathway for omega-oxidation of hydrocarbons
by bacteria consists of a series of single step oxidations. The
process begins at one terminus of the n-alkane with oxidation to
a primary alcohol then to an aldehyde and finally to a carboxylic
acid. The same series of oxidations then proceed at the other
terminus. This multiple step bioconversion requires oxygen and

7
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NAD+. Because of the multiple step process of the bioconversion
the whole cell approach is the most technically feasible.

Typical fermentation process development programs involves
four phases:
1. a strain improvement program
2. shake flask and enzymology studies
3. pilot fermentation studies
4. bioreactor designs

The strain improvement is accomplished by mutation/selection
methods.

Another example of hydrocarbon bioconversion is a
fermentation program develped to convert heptane to heptanoic
acid. In this study the bacterium used was Pseudomonas
aeruginosa.

Acetylene terminated resins are one of several candidates
being considered for potential aerospace applications. The
acetylene-terminated resins have good mechanical properties, high
thermal stability, good mechanical properties, high thermal
stability and good retentioan properties after moisture exposure.
The limiting factor for commercial applications is cost of the
precursor meta-hydroxy phenylacetylene. There are two possible
biological approaches for production of this precursor. One is
the enzymatic approach where a commercially available enzyme
would be screened for its ability to selectively hydroxylate
phenylacetylene in the meta position under various conditions.
The second approach is the use of a microorganism to convert
phenylacetylene to meta-hydroxy phenylacetylene.

The Synthesis Of Polyphenylene From A Cis-Dihydrocatechol
Biologically Produced Monomer

One example of combining biotechnology and synthetic
chemistry is the production of polyphenylene by ICI. In this
example benzene is oxidized by oxygen utilizing the dioxygenase
enzyme contained in the microorganism Pseudomonas Putida.
Genetic manipulation produced a variant which gave exclusively
the initial oxdiation product of benzene the cis-dihydrocatechol
in practical quantities. Derivatives of the latter, in
particular the methyl carbonate can be obtained pure and are very
stable. They polymerise in the absence of solvent with radical
initiators to give a polymer. The latter is soluble in solvents
such as acetone and methylene chloride and readily forms coherent
coatings and films. On heating, methanol and CO 2 are expelled
and polyphenylene is formed as a coating or film The
aromatization can occur under homogeneous conditions in the basic
solvent N-methyl pyrrolidone. Surprisingly, these partially
aromatized molecules are soluble even at conversion to 30% phenyl
groups. The latter studies can be used to measure the glass
transition of polyphenylene which was found to be 283 degrees C.



Neutron scattering studies have shown that the precursor
polymer is a random coil. Viscosity measurements show that there
is a coil-rod transition on aromatization in N-methyl
pyrrolidone. Crystallographic data on polyphenylene crystallized
above its glass-transition and thermal and electrical properties
are described.

Discussion Topics

The discussion topics included; 1. The cost factors
involved in R&D of biotechnology, 2. Suggestions for improving
communication between technologies, 3. The Air Forces Role in
promoting biotechnology, and 4. Scientific Issues involved in
using biotechnology to aid in synthesis of composite resins.

The cost factors involved in the R&D of biotechnology are
extensive and are higher than many other new technologies. The
fact that biotechnology is still a very young science adds to the
development costs. The actual cost of a project will be
dependent on several factors including the use of whole cell vs
selected enzymes, the toxicity of the substance and the product,
and the concentration yield of the product.

There was some disagreement within the biotechnology
community with respect to the inherent cost of carrying out a
commercial biological conversion such as hydroxylation of an
aromatic ring. There was general agreement that R&D costs
associated with developing a biological conversion of interest to
the Air Force would be shared by a company when the company had a
internal interest in the conversion from a generic perspective;
however, companies will not publicize what their R&D interest
areas are. It is thus up to the Air Force to publicize its need
and let the interested companies respond.

The suggestions for improving communication between the two
technologies of biotechnology and materials science included
organizing more workshops, establishing a point of contact for
both communities, encouraging the biotechnology community to
solicit ideas from the material science communities, and
encouraging organization of enzymatic rxn's maybe in the form of
a book or catalog. The recommendation for the Air Forces role in
improving communication and promoting research was to increase
financial support and continue generating white papers or
planning documents to stimulate ideas.

The scientific issues dicussed determined that biotech was
still too underdeveloped to determine feasibility of producing
specialty aerospace resins chemicals. The most probable use of
biotechnology would be in the production of key intermediates.
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Carbon Matrix Composites
Prospective Roles for Biotechnology

L. Scott Theibert
and

Don L. Schmidt

ABSTRACT

Carbon matrix composites (CrHC) are rompit;.d ci a carbonaceous binder, a
reinforcing fiber, and sometimes a fillh . They arc manufactured by the
controlled pyrolysis of organic const~ihi~uts to yield composites with
extraordinary properties.

The role of carbon matr-ices in CMC wii I-e diSCu;Sed, including their
functions, methods of formation, aivd properties. Matrix precursors based
on thermos t ting resl ns and thermop lastL i C pi tches, and their influcnce on

the newly generated cafron structures will also be described.

Some highly speculative iolesf for hicetchnology v-111 also 1-c discussed to
stimulate original tHiking in this new interdisciplinary materials field.

T. I H1ORTAN1CE: A~vancedl cor-posites i( rsent one of the most important
achievements in materials technology duriing the past three decades.U Organic, metallic and uviamiic matriccF in combination with high performance
fibrous reinforcement.!.- have been develorcdI and successfully used In numer-
ous applications.

Carbon matrix composites (010c are thc r-h'A important form o~f ceraiic
composites. These 1unique materials are cerrposed of a carlonaceous hinder,
a reinforcing agent, an,! -rr'EtiMeS " F icr materil. Virtually any
thermally stable f.flei irr filler can Ic usedi in combination with the carbon
matrix.

Il. CARBON MATRiX (7OIPOSTTYS

'I STORY: Corbon mat~r1 c-b niositv, cr igiit d in, tihe Unit d F-tates. III
1959, simultaneouis reseax Jr being conr'ca' cr by thre Chance Volight. Corpora-
tioni, the Union Carbide Corporation aild 11,u U.S. Air Force Materials

D. L. Schmidt, Consultant, Beavvrrrek (111 45430)
L. S. Theibert, Tech Area Manager, Air I-rce Wright Aeronautical
Laboratories, AFWAL/ML.HM, Wright-Pattersrn AFB Oil 45433-6533



Laboratory lead to composite in variolu:,,, ms (1-5,.

Since first geneatiuil laboratory cnri,,o. ities, carbon matrix: compositts
have been improved drartically. L1/- 1.,.tnical Irnlierties have more thla
doubled due to the great advances ii titb-n fibi strengt],, elastic modulus
and unifformity. Nove1 reinforcements ,.'. a 1.,o hin dhw]loled, r Pning

Wf from unidirectional (1-li) to eleven 1 -) direcv ;onail. Host applications,
however, involve fabric (2-D) and multidirectional (3-D) reinforcements.
Matrix densities have been increased fic-n about f,7 to 19 lb/ft 3 (1.4 to
1.9 g/cc), but the hi.ber values art i.chivvabie only with expensive equip-
ment, high pressure processing or maniy impregnation/carbonization cycles.
llovl fabrication and pr,'(essIng mtliods havc ztl:o been developed to obtain
a wide range of configuiauions jncludingq plates, blocks, cylinders, hollow
tubes, frusta, ane various machined part. TMlanufactured parts remain
relatively expensive, but the costs are decreasinig as larger volume appli-
cations are being developed.

METIHODS OF MANUFACTUFF: Tile tjlhree pr'ii 4 l.al meth,,ds ou nanuf act uri ng CMC
are shovn in Figure 1. Tn general, thie proauct ;application and desired
properties will. dictate which process rethod Is used. The most common
procedure is to impregnate a fibrous prelorm (fabric, 3-D, etc) wilth a
carboizable precursor. and then pyrolvy7c the composite in the abseme of
oxidizing species. The tfsi,'ltant porous carbonaceous solid is then densi-
lied by additional matrix impregnation and hcat treatment cycles. In the
second rcthod, a porms article (fibrous preform or voidy solid) Is infil-
trated with a biglI carbon-ce-rtaining 1 1pm d, and then heat treated to
carbonization or graplitization temperatures. , third method involves the
densification of a porcis article with cheynically vapor deposited (CV)
carbon. Occasionally, twc eit{the method. ore used te densify a composite

, ~ (4-9).

COMPOSJI: AT TTBITTES. Tie attractive structniial properties of CMC
materials are illustrated in Figure '. l;trengtl. ,nd stiffness values are
an order of magnitude 1,igher than th (,e ,f polyciystalmn- graphites. Of
equal significance is the wide range of ,r,,perties which are avajible by
varying the type, peicentage and orien!tuton of the fiber, matrix and
filler. Additional pr(.;erty changes ire achievable by alt(,ring the
processing conditions (10-l2).

'CK material,: can accorr-odate extrcitll,\' i igh terporatures" and heating rates
without appreciable B .; of surface nViter ia, L'hth Incrrased heativg, the
material surface temp t,, Ltre risef ,nitil t1c s i limation ;ol nt is r..c hed
and 1'ereafter stabilit-. The comir c.-71ks can 1tt mode very strung and
stiff by the use of ,z.ilable caibrn fihers. A Highly ani.stropir material
is typically obtainer' , 0:,ich is cxi'tsd primai-] V by the filber orientation.
Short fiber and n-D r i, rred rmp,: t':; tend (o be more i:',liopic . At
high temperatiires (ifrc ' iLmosph(i(,) till' n-CIe'r,7ri al pr, F.rties of tb
composite are largely retained tip to, ,,t .3,00()fr (1.98l5"c). Above

1,5000F (81 00C), the F('1 tic StIPTI"ti -1cy!i stiflnrss of there
composites aie unequr.,' 1v all othlicz [Trwn h1i;h tomperatirt structural
materials. Initi a st r ,mg of the ,(eiis,,: rtes produces a lincar ,,tress:
stra n relationshii , Unti matrix cr.ic!: i,. s initi.ttd. Higher stress

tu.lf ""
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states result in el oniati on or (ICforris' I ott in i unique psou(Io-pi nst.1c
re spopFe tint Il ul timati' coriposi Iteo fr' -;i~ 1,1- is re~ichr-d in a non bri t t. I e mode.
Thermal shock resistance is outstattiiy 1rcattsc (4 the high temperature,Bhigh thermal conductivity and low (jeni i.. The rompositEs are light in
wei ght, with densities ranging from aloe it 15 to, 137 1 1s/ft 3 (0.(,2 to 2.20
glee) V! gli dimets i cn,1 st alI tvi1 it) 1-~ i i i' i:;t f1, 1 ) i L( ( co((to se o f
thte low coefficient. ol thlermal x.-ri. vca, resistanceit I., also high due
to the low coefficient oi friction. 'Thecomoie are chcr'ically 1.00%,
carbon, vith high cotroiesion resi staniice K part: i~iiarly in acids). The
composites are electrically semi-cordu1Ctive, Lut. large vnriations, iii

* electrical properties can f1 achievco.

COMPOSITE LIMITATIONS. CMC matecrials nrtc speciality engineering. mater-
ials. They have ntot yet achieved widorv re-Lad ai-vl ication acceptance because
of their relative uniarriliarity to desi,"nors, relatively high costs,
anisotroir charateistics, long rmntnifocttiring, times, and low resIstance
to high temperature oxidation.

Carbon matrix comnpsites in thre U.S. hir(- :ently cost about $100/lb ($(220/kg)
Lo many thousands of dollars per pound(. MIultipi e mratrix impregnTation and

carbniztio cylesare typically emploi-ed, which contribute to high
composi te value. ?Ianul ac turing times tirnil to b~e long, ranping front weeks
to marty months dt, enoing upon the ntitro- o; matrix imprepnntion aud thermal
processing cycles. Mechanical propcrt les transverse to titers tend to be
low. For example, 2-P' composite tr;!nsverse strengths are generally on the
order of 200 to 1,200 1,si (1.38 to P.'7 ? Pa). 'inilar to brittle
materials, the composLtvs fracture strain is ott the order of only 0.3 to
1.3%. Tiost. composites are permeable due to microcrackinig, fiber matrix
separation, and in some' cnse(3, open ptrcs in the matrix. of biglt impor-
tance is thep composite suscept"'bility to bight temperature oxidati on.

V Oxidetive effects becoro! significant i:t aibout (d0OF (349 0 0) for carbon-
aous comp~osites and V50'~F (455'(' Fir high heat_-treated composites.

Oxidation has been tnh1T~ri7ed. by mod*Ieil, glas.- forming mztrix and
protective coatings.

APPLICATIONS. Carbon matr!>- composile.r 1ave been-l developedi for various
aeronautical, biomedicalI, dlefense, iirii:-,trial ;ate! space aj-pl irations as
shown Iii 'fable 1 (4-(, 11~-28 ).i.-( impotrt st applic(at ions are as
follows: aircrafit t-;I ak discs , hypersotii spacecraft nosecaps, cnd leading
edges, missile, noseti ps, oirC heatshic'i'r. solid rocket motor n07ZlP throats
and exit cores, I iquio I uelrod engi ni- in wit chiir+vrs, and duct ing gas
turbine en-I no fl aps ;sic seals, totitf -i no whoels, I urnace i ruiat i ci, high

tempera tune bearings , iueciur coirporient. ~. hot presr-ing moldsF Prd dies,
prosthetics, planetai'. entry prober ids~, v er. leih tempe rature mirrors,

* canistoris Icor space il *rrOelectrVic f iiIors, roi echoniial ta:l oens.

pemi ully h. 1 jL



lifT RNA'r 1 C),AI, RESEIET 1 ('1rhi ii Ynat ix % rchas been ck i duc ted pri-

rirl ilOL Unt'ie t , France , idFAri T~eublc~ oi ori

(29-32). Finally', giip ialemat ri iwn derived1 from thermoplasti c
pitches be'>ime of i nteres;t as appi i cit inr out-lets grew rapidly for thiree
di rectional ly reinforced composites (4-6, 19, X)

Outside the U.S. , the rio!t nctable rbiti - roseanc, Ilas been conduicted by
Prof. F. Fitzer at thle Un7iversity c I K: r I'w -. (34). Indeptli sn~idies
were conducted on bothi cross] inked rei;i s: 'nd t,' r pitches. 17lsexw.here in
the world, matri > rese -irchi his been ki, ' fi Sorie of the coiitr} htit ing
nations, however, htave iiicuded Fan.: ( ' i land (30), Polanld (37),
Japan (383), Union of U'xh.L ocial i,;t F( iiil I (Y-) , People 's PopuibicV of,

THPORTANICE. The import siire of the cr1io; ~rii'* i,,s reco-,n r:ed as uarly as
19~66 by Franice (t al. . whei thley stated( 1;-11 the .. m.lor probii iiro'a pre-
-:enting, the realizati e'- of the full pI te(,; Li (i f the carboii or graphite
filament is the binder phanse". (42) '1 now increzisingly clear that the
next generation of (,?C mnat r1 a l wil i wi d hea vii x oil 'C%; -ind iripr ived
matrice!s, oxidatio n t f eel i(.i, .11 Lii: I' 1 tY I iit pro iccss LItemi iii hl Iiglitl

con~trolle~d and tjnderstoned ianner.

FITIJC TON. The fune t ion;u e M a trJix ;1 trpositosn; re several fo ld. They
rigidize ot her const i t uen ts (ltike f Iier f (:r s t ructural anld hand]I i I,-
purposes. They also 1-t-:ervp the or 7 k; I on ent,7ti on of the constitueonts
i~n the ccrl(,site. '11w !,:it ri=\ trrnTUTI t_ ! t r:esinto rein forcing 1,i hers in
ordter to achieve r'a0xtmiti ,:eri ,positu (1 -,-! h1 and !-t f Iness . The r -it r i)I reduces the- permeabil .1 I' -id protects eIt i-T cliuiiittieflts from degradling
environmeontal condi t:1(m;. vhe niatri, , :11 1.-r!; i 1 of the cronrposite p'Thper-
tLies;, and occasiornally , Lte compos t c 1)T -pe r ti es itre doni flCt.('d by the
properties of the nctnri% (43, 44).

VETHODS I1' FORMAT ION. Coirhon ma ~tricus li:;'c beeni formed by solid-phase,
1 1quid-phiase , and gs<hsepyrri ysi_ oi crj%,nir r ompouitds. IDepeidif' upon
tHie precursor conditir,% ., n large nt!rbi'r of marxtypes caji be obtained as

sonin Fi gure 3. Not (. tat each m'tr :structvt' r possessing itLs owna
unique appearance and i eperties.

Fcl id Phin,e Fyrolysi.n * "1werr'o!;et I :t I r viii.- -3ref, :\io :' into a1

N ~h, i r -i ttle s L,11;e 1bY th I app'11 T i (-,!t i en 11- o r c;1ta I - . Upoii I or!her
%. ~heating, the organic ri i! :ianisforln ,: inito a lnon-graph1i t izablo)1

(:ahon~eoiFsolid witl:hoot tete'mn l?~iqotf Id stF (/0). Ina
9: I-icer mos r\tr i ig r e s in, Ic r; hIon a itom r ~ 1!rr ossi I ; h - )e f o i-e theIi

r) r oly s is p)r o c (ens, a nd r r7 iult Ii Lv , t o r i i itt io 0& thIie

. te aol
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mtolecuile., are supp et,.,,d Irit;heat 1 rit tt fe sopli Se " hem I-1 cf do io t
form, and reoriutatw 1) " t ho c I~! t :1 d i i ( cii14t. (n!-.equeitt~v, ',:ho
size of the (rvstal lit! icf extrrit -1 'i a ~teicuino -rgcU ~arounts of iinorienteI t irtiires ~'Ut: nlbonding) is a] -a
observed.

1.1 quid L'hasc 1lyrolv!;; j * j, rbons r- ;I I ;,' I e I o- in T1 c rvs tail ine thrte
dimensional order!- upon hlil-h tepr t 'rca t!(Tt0 are known as,, trnplili
zahi e cil bons. Theisr 0" rhOns are ty 1) i (-: Id eri ve d from thcrvnoplasti1c.
precursorst like tar p e;or polyin r s wit[, 1(w c ross) ink density . (46 )

Gas--Phase Pyrol ysis. Pv:rol1ytic carlmn( rae-m~s ind iraphitic rwt trices are
formed by gas;-phiase czirlonization of orgrmnics. ,iatural gas;, methane or
similar hydrocar bon .3; ~re typi c:"1 i usd in cojntlnvth a rarrier
,;as; like hydrogen or aon.Pvroiv s :; 1,~splc.t reaieyhg
temperatures and thle res;idual carb-on -itIirl'; 'Ire (posited on to a heated
substrate. Pyrolvtic deoposit!: have wido- te. iftc rent. crvstallire on '?nta-
tioris depeninf~lg upon depo!;t.ji mconl!t ;(i and h''.it treatment. LenilpelrlttiE(:
(47-50).

CLASSIFICATION. Cirho' .,aitrices d, rv-I Frr ( rganic ma tf-i alt are b-roadly
classified-c as non-,-rasIi L izable or 0~~p t a e(1,1 depenyd ing upon tihe
rete of increase in the 11imeter nnol i- Ilie deg-ree of starkilig ot laver
planes with increase in temperatur -ivc y 3,t'?2-F (2 ,000'0.

Non-Grflphit ic Carbon:;. 1.oTI-grlpfli c ;11(, -lt L I1 vaifct io!.s of ~l-
stances consistingE ma inlIv oi t lle (1r-iTien t (i!AT1 wJ ich tAc 4-d ilII1i0T l ea long
range order of the carbon atcri; in plx-r- hexagonail networks. They are
in hout anly muicasirabl c c- ys tafopra phi o Herr 'n thle tird diirect ion , par

from moret or less para i' I el stac.1, u;_ '11 :iph t iz.abl carbons are L; Tier-
allyv ferried from prcursrv tHnt conit.i irge amounts (of oxygen, liave low
hydrogen content , or airr Iighly cro ;!!,*iOJed.

(traphit ic Carbons . -ii t izablc ma rlw :!, o' P on-graph i tic carboii wic h
upon heat trentment c1 -:'-m rts into ;r r pc i uecir-n havinig riore or less
Perfec t three-dimension;.1 crvsta no - ; ',:jer. * Ii .1 hit izabic carbons are-
deriveid by the pyrol y!,is ctorgni La - 1 hat pass; tlirolugil a fluid
:;tntve pri or to carboni .;t ion. high- -lIi i t., (,j t he carbon at omrs :ind(

platelet..; diuring pyro! \-. is is us!;( rt .1(Forminug a three d"i ensi oiia
order7ing charicteristic c: r ranhiitic ra ri.(-raphitic carbons are
di St.infrigcsha bl1 from di!-rercird cnrri l 1owert inter layer spa( ing
(d 01) and a higher valu~e For (L a. stat ( I e ighit (1. ) andI number (if layer
plat!" a c)

((>cl Ind (Iars. '11'r-i 01O hi a ;ciiiw 'tao ihanXin ;cn ineirt:
-itinosp-v-r resultU; in tie- fecrrction of t .;~maensreni(Iuc , -'o'iily

k-novni; a "coko, nr -a 'ii coke j i:hl i carbon . Cok-s .3rv
somet iriv!; re(rredi toit, ,!, "oft- :ch'i'-.1uid i zil abeict;. A char
15 ". ' 71llin-raph 1it- C q CT~tf'"I . ( Vmis air. ' llotni :I,- hliziic r le l . T e'
--in be ronvcrte(I to s; t yradpit~r I- -. , vt (t pi it I . Sol L col--es

iUP L Ax"'
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of co)urseo, Ct)IVe~rt tis I': ph! t I o t tepr K. tires Jit ocess of 3,632 0 F
(2,0000C). Matrix projwrt C,::ta illcr, v i L 1 Itent--induced c r,. st ;IlI The

orderi ng inc 1 tide densi L,- pt rrrenhi 1 t , , t 1-rii;i ricro1duc tivi-ty , oxida t i OflIres ist'nic c, I,-lec t r jcal ci~d Ict ivijty'w Iv ri - re it it r mscept ibi li Ly. Proper-
t ies that derea)se ,, ~ lo air ,r ,;aln r!p ear

:, * . , ;,(1 l :. C:: I S ti~ Lti 1 1 I 'li I I : ills i o nl , Ila r dI ile s s , a l

magno Iores is tane

1 V, ORGA I C PRECUR~uk

SELECTION CP ITFRI!. I (I c rI I c I I -, t:' c~ - I s o I ca rb)o n mat r ix proc u r so r
a~re listed in Table ". i h ma rin i y' Jii have -! vt-ry high carbon
content .During pyrl- ;!.1 Tni~i 1 ,,,i etagrc the ma tri : ca rbon
-,hoid be ret-ainced inl I w-es idue. Tbr' !. -cursoi shotculd be fli id at
ambient 1 eripraturosr: 4,i t 1'' ~ # Vl oI e! el I rvs('r~ oeS '11 ;i SO i
Sho0tUi1d b) ( 1 o i t o f ,Ic 1' 1 )i I efc t r;aIt i ':, I SI (, ,i!ssuiv) inIito0S sm 1

1 po)re1 CS

of a sutbstrat e or c los-1 packed f i i-tdIles. '*'Ie, precursory T-.atrix

should Iv t thIe s tbs t vI I ';Il tu i( (", Tifi ?'I it j 1 C ! 1.5 10 irr Mlh tV dii l

p r o rvsSing.I The ma teri~i -+ sruld be r'!rs S I willy pitr, reproduci ble , vscll
characterized and iins'C Ts: ;i ye. Dun iligp r I(,i the carboni state , the
matrix should releart nrinirwil volatiles riw undergFo little expansion a4nd
contraction. The maiti.hIould soften -mv1 i (Vi jist prior to carbonization
to aid in pore (void) pfsret ration, 11ii !vro1 v:;i, fshould take pl ace in an

ZdIor(ierly manner, Witbit !. ij'n'ficant zivireim, s occur relatively fast.
Only P10(1era ntemp i iI :;heu 1r be ;1'Cta.t1V,)dnt minirlu 1 n ergy cx pentltd
inl the prec ess . Me!'t r,' 1 w carbo.i n tl 1 t prccwii!!tr should remain inl t lieI rcsidue . The carbon i rshiould he :;t ug , coit a in uni forn~ pore distr'-hution, and be of predr'terminod denisity. i inallv, the carbon matrix should
also be in close a.-zsoc iat i i iti o theY- I 0110 i to con(iL utenit s , hut not
necessarily bonded to Ll:avi.

14hile manwy select iwit: ciitocria slit11( Iiir r vsS- or in ci ocs i iig a Precursory

organic ma.uterial. pr~lcr's-sabi Iit_- ind cli.!'e 1 r :ire the nost importa.ru
Processahili y means ;iT)rrmpriat(,i. i.V i-; i d ordeni v conve ,F-ion to
carbon -vithout elaborii ti process, tqriii!t i w-' miii!411i,11 C0Tid1 it onl. . CI In r

yield means a maxmsbi violif, 1":'. ;0h -I p-dcteriineI n! c rost rucLure
and properties.

TIOJLECULAR ARCHI'E(T1'P'. ':( Ilo Iwsi: t5 lt. tt'r or the ide -'I charri ngF
tresin has bevin stud je t tl I ;r rct.-'i I * r,~' 1., t I ':1 io L ed Lh a t.

t li resiii Id011( hai y ,: ' i-, <I lop C'r $ CV -r l i t, Iifr1 iia
we ighIt . 71hwre shou I '(1 m rt 1.f I i i , ci i ( 11i ito!! betweeni *iroimat~t'

INr i itgs. Additionral carvir'r ,1 -il I,~'' !"()r scissi on und
5i. vol ati 12 i ition of the '-:5gren t rd part,:. . r 51(f p't'sent I should he in

t It( r'ing stru -t ire, 1ijir r5 ii til t' i . Ot0 , (t Ver e inr' !, !;111'1i -IS

'til f tir (ir) net all JcL K r'iV jI S ' iW th, l';'s''i v i s. iIl
.1ower cowivrcrion vf4i e I ic c!s; .-

Tlll~5 ( SLI'iI?'. i~T~h. ''~sr't. -i ' ri cl1a;ss o1t~ n

procursorv Y1.1t 1r'al Ii I,,:,to t "t 7(i , ,f cii - rkm~ latri cc!;. Vi

eov atl 1,,uto
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t'ptlS of resins hairve b; I,, Lope d it i .ii 1 I ri; of' them hai~ve boen use &
ex en ivci fr carbt! i i r f-i uI~ i wt Ni- l c.;,pol Niurtural ; ,r

e'pr n fLV(lac! 5 ave be(f-!' t II ti's;t %,7ide Il'e ,i zW2(Iha d oin acceptablie char
a ields , 1 ow visce;' t I' ill Ihe 1 i (iid za I ti .- otx cw;;t , ordt-ily cure at

node rate terperaturet- , I 1, puirl t", a ii iii I L i p 1 o rources

'ihe foriami ion nf po I vrif r. a ~r b n fro PT :0 1, ,it he tic resins li's 1en
invest i I,.it ted by nrriii-lrOUS; reI rehers (Ih i.6 I) carb-on vitel d was found
to he dictated by thle abi it,.- (If the Irr Luo cvclize . underoi ring

tsio. or chain yea Iesct-ce I-at the (n! t~ S) carh' i za tion. Table 3 pre-
sents the polymer c,L('lbi: content s, cli- 1 .'!JIus andi the co'nversi on e Ii -

ciences for a wid( varj't.v of rs IjT~ 'l~i; 'ilie, carbon content- o1

the polvmer is, the teiiwlta; iI carbon ill:a ic h virgin monomeric unit.
tHe chiar vie id is the rat-io P, the iwi - ch <~Atarboni in the on p iical
res;i n to t he in iti al 1 ght o' the re S 1!?. Thie . rrnmonlv utsed st ruc turanl
epoxy resin had a clui r v ieci (ifo onl 6" , :iltl ioui Ohe or1ig inalI po lyrier had
iclArbon content of As Ott arrna It ic oP t.en1t. of thev pci v~mers in-

Crezised, the char vied l(-I- IP~sed . F'I. Zell phen-To1ic , f or xaip I e ,hudi

ie. , 60-70". The best cl-a 2 yield i;(! 'rrs ef ificiency wias obtained
with the hi ghly polycyv'ic resin p<T 1 ev ei t had .1 char vielid of 8.5%
and1 a carbon conversi r T-IfIic i ency oI f In otlher words, .cry7 l ittl1e
polymer carbon was vo; 1i i I i zes durl[11 pVr S .i

I eat treatf:rIlent of ('i' c, I i ]I!, at c(I' :ItP e( to'Er t tiros causes 14C.i gJi 10o55
MWr siiik g The vir' !i I hss of v int'' ret; ill!, i:; t i uncti v o fl (i :i--

creasing temperatuire ii f1 1ustrated iil :*;'aire. 4. As- weight is lost from
the resin, it also i-rdeo-or! shrinkage. '.ic amtou'it of I linear shrinklpe is
showrn in Figure S. TIi: i 'w rca fes; Nithi i It, ii elss, and varies for ow~cl of
the resiTp types. Tf sh r iiika-c (11 the J., r i1estriceted during pyro-
lysi s, I ncal s;tie,,; tevelo; willI iilcreasit vtiS. 1. they aire relieved by rmatrix
crra cking.

U ~Soriet of the importl- i i cli~ic1K cr 1st ic, -f ( a rbn I! t 2csderi-ted 1 rom
thermosetting resins- atrc: (a) Chiar viecid.u. rn(-r railly rang;e fron abouit 45 to
65 Itrilght percent , but 4')--7,' 7' by we o1,1t ire typ ica 5- valuies, (1)) lhar

I!f~it(5 irc quit(, io..' ii oni the r 1~11 94 P /tt 3 (1 .5 s/c,(c)
inirear shinka.ges it; (-5 occrdria :ilvi ax n t.

H gh stresses oind riatri. kiiack ing, (('',Ii cluir nicic(strrttiFe' is ,;Jass

aind canl net be cfnveuttd to grajd'i tic 1v~ ayia;tL tvc:(atMent temp-raltures
f'yen UP to .5,/4320 F (!( ( ~C), aid i pi? t )ir paL j v p ri pibi i c
nicrostrmeture may 1,,, hr L i'I '-' a d'r ~eiil
a ppi I ie d s t ress es( dur i:i t, ro'i to i

'I I11< I I~kIV A STI C P 'I s : n '' I * i Ir Sr.f 1(:1-11! C j wru 1 ~I~~2 l olP-

strlicture , contarilr'ent Of hei ri t-ch (liti: (a o' ' a1nd miii peaIte(
cycles to rcach tLit( Jt21;:- rei-Wi(C5 t!- 7 0' rcic 'Vl5 fr

Pi t C11 is a so Lid rt coniiC t i-iieratur't --':t bo i e;r, rmed L(, or1 w

-1iscosity f litd prio(r 'Tiienaf~t '1.i )' rr't I tori is t Ii cal lv
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performed 1)y (a) rai is'e-! t tie, tveapci'i !LIt, ti I pi tcli itif IL reaI(!; thie
desired vicst-tiprt re level , (I ' 5( i viv; piig tcll paiti c (is inl a
suitable solvent , or (c )Ii , ,solvins' 1,i frli in1 -I crpat ibhi, res'no011 f-110-d.
1Poth coal Vtir awl petroh I n pi tche!r h1,I been !;utcessfully xi.ued as a cokU
source (5, 6. 62-65). niltial devrl epme'tt i''ferts were ceoncentratct. oil
COZ11 tar pi tches because of their a-1bitylow costs , 1low sulphur
content and high crarboit Jelids at hligh carboni ;:ation preFtires. Subsequent
developmental work al so inevolved petroli-um pi tches, whichi provided better
viscosity control, lower ashl contenlt, and le-i.(r quinol-.ie insoluble
content.

iTi tcles cerviist of min-, hutndred of di Iferent :,pcies, wh icli depond tipon,
crude composition and ref inery 1pr-ces~('('1 cfnita on.s. lPitches are composed of
tour fractions: is plialtulies polar iron,,Lics, satuirates. ind PVipthlee
nroniatics. 'Ifte asphalt erie fracticit eF the pitch produce., 1 'L-iuid crystal-
line mesepliase, w ichit rturn, foy. tl(* 'I;;ircud coke na'.; ix' structirr i-. In
the temperature iange of 4O(0* to 501.)'C, l'3'~eiaiotreactions butild
large , disklikc , polirl~uc1oar arortmat c uitoeciil es. Upon reaching molecular
v;eigahts in tbfe Tleighborlot-od of 1400 . tI!, v coideTIiSO in parallel. array s and
precipitate from the itolten pitchi ps a iiqu-10 crystal ( carbon-ccous
inesophase ). This niesopliase f errs intr .as small sphIerulIes ol simple
structure , coalesces to a vis5cous bitl 1 t,, &phase , ha1rdens ,, and t-liu pyro-
lyzes to a coke (66-(-/.

Fct ensive rerscarch oit tar! p5 tclhe; :Is cole precursors has 10-'ad to the
lolloiing conclutsions: fit) lvrel :s l: place ini tie liquid moT teti
phase because of the lack oF a cros!sild - tructure. (b) The coke yield
is approximatelN 50"' zit ambient pres :uurt , s;imilar to rar rossljinhE~d
resins. Pressnre carboni z-afon at 10,~ 0( to 15,000 psi1 i-creaSt thm char
yield to nearlv 90Z. (c ) Tuie coke tl Icres rcur l;1ga h tI
Needlelike structurei. was obtazuTE-1 at .1oW p)Trssre carbo-i ration. ;it: a more
coarse, iso- tropic stirt tutre was n(uttid ot hi0 gber pyroly-, is- pressuires.. Wd
High pressux e carbonS rat ion procied iii gh'11 f(0T1. tV cokes, le. , uleaz 2.0
gi-,cc . (e ) Coke striic ture, i. porous to 1:ir': 1n! deproes . W F)Properties of
the coke structure %itere Anisotropi c dlue t-i 'li crystal 1itSe structurc.

PYROLYTIC CAR II1tW. Pvronrh-omi are c ty!,t;1 li ne forms., ot ca irboii that have
been deposited I ron' the vapor state. 'hfit. tU:,teral. is cheicically pvrp
carbon, dense, inlp(erIV enIs to fiii dS. brit tie , tr,)np. and oeneral Iv aniso-
tropic inl many properties;. 14lien obser.,ved( tinider Pl~ane poi anred l ighit, the
py roca rhons canl be (lis?:tingu ished or- IIev-- hay " rS ent ia,~ 11 so tropic, * suooth or
rough lamini mlainad gr;iul~ 1 1tric to rt-:

TTOSPECTIVL RUlES FOP 0 lOT IHJO11LOG'i

k!" thll Tield of coni ': it f - con! 1': to r*w, i :ta riite , oea. pr-t be
continual ly alert Ii 01 techllit; (i; if fer potcr ii I ol e ating
new materials, ,rd pra: .Tit ti- I e:ro~rt, betechio,(". op ff'rs siti'

real, but li jlitedl rtrh to:.('ti hiiioad 'h'licited.

cnpy ankt.'.not

permit fu~lev ij 1'.1ducti)fl
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resources , I owever , -i r(,' pa ramnomu .r [frin it epanli np the hi otech-1

A P I O11SYNHI [S OF RE Q2INUT 111k Al IS [". l1%phllenel iere goi'cir~ ilY
regarded ai; thOe I tI 1'r liasory varlo1 ia S.( dme to their clerlical
structure and very hi gh rarbon con tents (.6o--! I Firs j5 eferatioTj polymers
were infusible and iiiseluble and thus diliicle't to process. Branched
vinyl-terminated and fit,x'leiie-sul)st ituted poly plienylenc(' 1--ere later
developed , which v 7ce sufficient-Tv fluije to( inipregnatV fibrous structures.
yield P0 to 95% cailionl upon high boeat treat ut , and form graphi tizable to
niongraphiiti zable carbons at low (100 psi) pressure (72-73). Several
e-carfl1es of thes.e novel VP iv 1 ce ty 1 ('10 P ae coptil1 'YPors. d( ri e ''tIrom either
(a) mixture oi diethvnvlben::.ene and ttf~flvipvrenc- (74) or (b) a mi-.ttre of
I -ethyiflylpyrene T: hm~iehm ie.'he bi ot.ecino logy, commun itY has
demonstrated the abil I r" to prodiic( raiiv special tv chemicil at a co.-t
substant-il] y lower than by using pee ived ti opna synthetic ullomistrv. A
recent example of how biotechinology ::0,.11t jimpact the aerospace compositc
area is provided by~ the i~-ee pe xe t sof poll-phenirenc. I ie key
step in this synthesi I s 's the mic ii Vhin a 1ndtcud convertsicin of hen7000 e, a

0very low coSt comrnoditx' chemical. f- ,>divicyyjoi'-,-~n which
is subsequent lv, convertftd by conventi nal chlicfia rwAiu to, , polyplienylene
precursor. The po ten Li a cost of this i ' ecui1sor at the I X00,000 piound per
year level has been1 estimated as 1 eq.: thl'rn ,]U, per pouind. It is irtici-

i~. pated that there 1s v; r chemistrv of I hiz tyl ,e poss1 il through grewth of
a dialogue between the hiet echnolif p'. L ;,ii nii jl to ommi' Ifit "es

b1OCONCENTRATION 0F HIGHCLY AJ{OW11 C CO1~fl , TDS. Coal tar and petro'eum
pitches are low cost sources for car1bon r'rtrices. Becaus;e they are derived
front natural products,, they fre cornpeoscd ot hundreds of di fferuit compounds
rang-ing from low rioleciil ar veight para i, fiir material to !tighil' ;'remati c

species (75). Only the ifhly]ue-i ;j!.civ IS rv oif T iLerIest, !s nce they
io rm the desi red pref.:tI.~ me so plf. " iii the, ,,iophi t i7a. 1

'ci rhuni st ruc-
ture . Attempts to .cra, L. ionaite pitC11es iiaI 1lVejjt c;ind f0he'rma rit hods
have only be ata %!,(csf1fe !ie

licroorganisms may. jff)55 iily assi ~t thfl F-;-( Li (fizLZit1! cf compi0- eI:litch

mixtures by (a) renrh'ur-i iu the tov. nffl ectil ar : !,,,,t compundes insolvitlo ill
the remaining aromatic spcies, ( 1)) tcrn tipurific hydlrecarbon .;pvc1 es
to make their removal byT other Fleifar t ieii tIfthods both eaisier and faster,
or (c ) concentrati n the desl.red aroinitlIc coimpounids 1y some yet to b~e
discovered means.-

.;oii'e cons!ideration sJoii)I IHso be' vef to I.atcia 
1 s syrithicepj by is

Certain plants maya 1ey be ccentiTat e e ca romatic moleculles,
6 ~~whi ('If could be 1V010't I- P t ra(:cwlf ;Tf',(rv pi''I(' fei ip !ni verv cofntrolle.d

wrifoicllar weipght diStriltIMIfnS . If 11 I ;iiti('?gfeec 'il a'9 possibly

be employed to indc fhtid hr, planit..,! lo f)(I'pdt- i rable cfl 1 [on precursors.

itIOLEAChT111; O~F P11(1T r(0-.11: fj~fI'T 1*l contr: -Ii a igni f icant
aimount of sit' lut ,whichi b('5 he ITf11lf'f: t(f j'1'( '0 I ji fe a f lTiLug o

Permit fully ieai ~ 11. Io
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tle resui1 tinit czart~tvv!, -'cftirfe 1->iu l et ion ;:e> wK2<; r'duict
tle -SUltur ('()Itltn tttl [hI 1)11 (10( t Jri r I'u e b t !.I

.-mount i s uIIdesiru(' l o. ~ 'u I F11r ,o-It I 1 w , :I b1 rIceon .I 1 ; Lt r i x (Ii !1opt s

le. rvticro.striict ore ( et~sdet ct! 'ii I ioii''-.,d only fIr loaft I reatmeo-Ls
ill L'\exes Of :"0() (,'. rlolis : nd mot ,:., ;!if alfso tindc,"i rcahie
irnuritijes in li trios:. ;at civ Y(t01'' I i.ift1;ituro.tIII, to aholiI / f~

cause vaporization. nicro-bubble fornt t i o mud residual. volids. T he ir
imp~act on structural properties is enormous.

The problem of impuri tics is pitches; hecomeF particularly; acute whetn the
rnesophase pit cl is usel in the manufiwLure of high performanc.' fibers. By
reducing jimpurity I c\'ol s sipT-li'ficmmt I ', [lore is great prohaii it, that the
tenisile strengthi levelis can be eleVit-ed trom the present 300 ,000 ysi to
over 1,000,000 psi and the curront 'foung 5; nwhiius values could al so be
increased from present values of 12_5,N.1,0(l( to :ibout 135 ,000),000 psi.
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CURRENT ANI) FUTURE MOI.ECULAR STRUCTURES

OF AEROSPACE ORGANIC MTRIX RESINS

Fred E. Arnold

AFWAL/MLBP Wright-Patterson AFB
Dayton, OH 45433-6533

Research in both industrial and government laboratories has provided a

variety of new and unique thermally stable polymers. During the last decade
the primary effort has been in the development of new cure chemistry to provide
matrix resins with improved moisture resistance, thermal and thermooxidative

stability and toughness. New material concepts has also played an important
role in structurally tailoring macromolecules for advanced future aerospace
systems.

The lecture will encompass both thermoset and high molecular weight

polymer systems which are of considerable interest to the Air Force.

Synthetic aspects to thermoset endcapping agents will be discussed as well
as monomers required in the ordered polymer technologies. Paramount to the
success of a new polymer technology is low cost organic intermediates which
are required for a successful transition to the commercial market place. It
is anticipated that biotechnology could play an important role in the low

cost manufacturing of these nw materials.
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Industrial Perspective on Current and Future Needs
* in Aerospace Matrix Resin Chemistry

Ronald S. Bauer
Shell Development Company
Westhollow Research Center
Houston, Texas 77251-1380

INTRODUCTION

The world wide market for advanced composites and high performance adhesives in 1986
was about 20 million pounds. This amounted to approximately 10 million pounds of resin sales in
1986. Currently, epoxy resins constitute over 90% of the matrix resin material used in advanced
composites. The total usage of advanced composites is expected to grow to around 100 million
pounds by the year 2000 with the total resin usage around 40 million pounds in 2000. Epoxy
rcsins are expected to still make up about 80% of the total matrix resin systems market in 2000.
The largest share of the remaining market will be divided between bismaleimides and polyimide
systems (12 to 15%), and what are classified as other polymers. Other polymers would include
thermoplastics and thermoset resins other than epoxies, bismaleimides, and polyimide systems.

This presentation will review the chemistry of the state-of-the-art and emerging aircraft]
aerospace matrix resin systems. Areas will be identified where biotechnology assisted chemical
synthesis can be applied to commercial high performance composite matrix resins.

E IOXY RESINS

INTRODUCTION

Probably the earliest and still the most widely used matrix resins in high performance
composites are the bisphenol A based epoxy resin systems. Full scale commercial production of
epoxy resins began in 1950. Initial significant industrial applications of epoxy resins were in
surface coatings, and also potting and encapsulation of electrical components. lowever, by 1952
epoxy resins were being used in electrical laminates and a filament wound pressure tank for the
F-84 jet fighter.

In Figure 1 is given the domestic demand by product type for 1986. Liquids, brominated
K resins, certain speciality resins and epoxy novolacs all find application in advanced composites.

Although liquid epoxy resins accounted for about 62% of the some 318 million pound U. S. epoxy
market in 1986, their use in aerospace composites is limited by their ultimate thermomechanical
properties. Most high performance epoxy resin based aerospace composites are formulated from
specialty resins such as tetraglycidyl methylene dianiline and tetraglycidyl tetraphenol ethane.

Figure 2 gives the structure and properties of ome typical liquid bisphenol A epoxy resins.
In commercial products the value of n ranges from about 0 to 25, with typical liquid epoxy resins
having n values 0 to 1. The structures of a number of the more widely used specialty epoxy resins
are given in Figure 3. At the top of the figure are shown the tetra-brominated resins; these are
used for fire retardant electrical laminates-ustmlly at levels of about 20% weight bromine. For
certain applications it is desirable to modify the relatively hard and brittle bisphenol A systems
to improve toughness or their ability to withstand thermal shock. This is frequently accom-
plished by introducing flexibilizing epoxy resins which are based on long molecules such as
dimer fatty acid and polyethylene gylcols For more dmanding uses at higher temperatures,
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such as aerospace and certain electrical applications, multifunctional epoxy resin systems are
used. The epoxy resin based on the tetragicidyl amine of methylene dianiline is currently the
epoxy resin most often used in advanced composites. Tetraglycidyl methylene dianiline cured
with diaminodiphenyl sulfone was the first system to meet the performance requirements of the
aerospace industry and is still used extensively today.

MANUFACTURE

Liquid epoxy resins are manufactured from hisphenol A and epichlorohydrin as shown sche-
matically in Figure 4. Typically the bisphenol A is reacted with epichlorohydrin to give a bis-
chlorohydrin, which is dehydrohalogenated with caustic to give the desired epoxy resin. In prac-
tice, both condensation of the bisphenol A with epichlorohydrin and the dehydrohalogenation are
carried out simultaneously. A consequence of reacting in this manner is that substantial resin is
formed before all the phenolic hydroxyl is consumed, leading to attack by the phenol on the resin
epoxide instead of the epichlorohydrin. This results in the formation of some molecules with val-
ues of n= I or greater. Glycidylamines such as tetraglycidyl methylene dianiline (TGMI)A) are
also manufactured by a process similar to the one which is shown is Figure 4. lowever, the gly-
cidation of amine is carried out by a two step procedure because: 1) the high reactivity of the
basic nitrogen compared with that of the phenolic results in free amine reacting with the epoxide
as it is formed, resulting in higher molecular weight or even gelled product; 2) having all the
epichlorohydrin in contact with the amine could be a potentially explosive situation. Conse-
quently, the manufacture of glycidylamines is carried out in two steps as shown in Figure 5.
Even so the advancement process occurs during the epichlorohydrin addition, and is proposed
due to reaction of the chlorohydrin with free amine as shown in Figure 6.

As can be seen, even such well established techhology as the manufacture of epoxy resins
could still be further improved. For example, the preparation of pure monomeric species by the
direct epoxidation of the corresponding allylether or allyamine would possibly avoid the problem
of advancement during manufacture. Such a route would require essentially complete conver-
sion of the allyl group to an epoxide, but would result in high functionality resin having no resid-
ual chlorohydrin or other chlorine containing groups.

CURING AND CURING AGENTS

Epoxy resins are reactive intermediates composed, as we have seen, of a mixture ofoligomer-
ic materials containing one or more epoxy groups per molecule. To convert epoxy resins into
useful products they must be cured or crosslinked by chemical reaction into a three-dimensional
network. Crosslinking agents or curing agents, as they are also called, function by reacting with
or or causing the reaction of the epoxide. The two principal classes ofcuring agents used in aero-
space epoxy resin composites are aromatic diamines and anhydrides. Figures 7 and 8 give the
structures and properties of several of the more commonly used aromatic diamine and anhydride
curing agents.

Probably the most widely recognized property of cured epoxy resin systems is their excellent
adhesion to a very broad range of substrates and reinforcements. A contributing factor to this
end is the low shrinkage exhibited by epoxy resin systems during cure, which results in lower
stress levels in the composite than is found in otlhr polym ner systems with higher shrinukage.
Another factor contributing to the excellent strength of articles produced from epoxy resins is
that no by-products are formed during cure. Thus, there are no volatiles liberated that can lead
to voids, nor are there non-volatiles generated that can act as plasticizers.

As we will see, anhydrides and aromatic amines also are used extensively in high perfor-
mance resins other than epoxy resins. The ability to place amine groups in a specific position ill
an aromatic molecule could be of great value as would a similar capability for preparing
anhydrides.

C.
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BISMALEIMII1)ES
INTRODUCTION

Bismaleimides are receiving considerable attention as matrix resins for both electrical lami-
nates and high performance aircraft/aerospace structure,; Bismaleimides are now the apparent
leading candidate for the internied late and high teinperatire advanced composite market That
is, they have improved thermomechanical properties over many epoxy resins and phenolics, but
retain the good processing characteristics of epoxy resin systems. They have less temperature
capability, however, than resins which are more difficult to process such as the PMRs (in situ
polymerization of monomeric reactants) and [,ARC-'l''ls t linear aromatic condensation thermo-
plastic polyimides). The principal advantages of the lINlI's over epoxy resins are: 1) improved
environmental resistance at high temperatures 300 to 5)0)F, 2) improved hotiwet resistance, 3)
improved dielectric properties, and 4) resistance to burning and low smoke generation Also like
epoxy resins, bismaleimides release no volatiles on curing, but they result in brittle materials
that have a tendency to microcrack.

In Figure 9 are given the structures of some typical maleimides and bismaleimides. Pure bis-
maleimides, generally, are high melting solids and cannot be directly melt processed into pre-
preg having tack and drape. Most commercial bisnialeitnids are systems based on eutectic mix-
tures or systems where the nmaleimide double bond has been prereacted with groups such as

* amines, hydrazides or cyanates to provide prepolymers with lower melting transitions and im-
proved solubility. These bismaleimides may then he formulated with reactive non-volatile resins

".P, and liquids which serve as diluents, tougheners and curing catalysts, and serve to make the
,.! .resins more melt processable. The compositions of sone commercial bismaleimides are given in

Figures 10, and I !.

Currently, world wide consumption of bisnaleiniil ,v- is between about I 5 and 2 () million
pounds per year at prices of about $25 to $50 dollars per pound. About half of the total is sold as
neat or formulated neat resin and the oter half as blends with epoxy resin, dicyanates, or other
resins.

MANUFACTURE
The usual method of preparation of bismaleimides is from the ieaction of maleic anhydride

and a diamine. As shown in Figure 12, a bismaleimic acid is initially formed as an intermediate
which can undergo cyclodehydration at temperatures of 40 50'C in acetone solvent containing

N1 acetic anhydride as a water scavenger. Although not as effective, bismaleimides can also be ob-
tained by a one step thermal cyclodehydration process in acetic acid It should be obvious that a
larger number of bismaleimides are possible by simply varying the structure and molecular

0 weight of the diamine.

CURING AND CUHING AGENTS

The double bond of the iaheinilo is very react iye and (-;rn undergo thermal, free radical, and
anionic initiated homopoly menriation as well as free radical initiated copolvierization with
vinvi monomers. The mali niid, double hood will a!I,, ract with the allyg roups in materials
such as diallyl bisphenol A and trialkI c.anui ate

! "" The do ublIe bonrdsq of b ismttal,, ii i dePs cani a I o ,',tact t i nt icle,,1)hilc re ageni Is I n patr ticu Ia r,

primary and secondary atnines have been LISC~l to chain <:xtond bisrnahirnidecs. This reaction
known a-, the Micheal addition, is tizvd to prepare the coninwrcially* available materials shown in

Figures 10 ani 11. The variet+ of hismalIimid-s aid diamiinnve has afforded a large numher of
commercial bismaleitnide -yst,,m. These chail extfrid'd iimt'rials Renerally have improved

processing characteristics and pir trmiarice over t li, uni l Ified bisnitaleiniides,
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it)



['I11{ POLYIMil)ES
INTRODUCTION

Polyimides obtained by the reaction of dianhydrides and aromatic diamines as shown in
Figure 13 provide thermally stable polymers with a good balance of physical properties. How-
ever, the polyamic acid precursor has two shortcomings, hydrolytic instability and the evolution
of cure volatiles. Development of polymer precursors capable of curing by addition polymeriza-
tion known as PMR (for in situ polymerization of monomer reactants) polyimides have solvedqsome of these problems. PMR type polvimide composites are finding application in aircraftlaero-
space structural components, particularly aeropropulsion structural components where good
thermal stability is required. Parts ranging from small compression bearings to large autoclave
molded aircraft engine cowls and ducts are being fabricated from materials of this type.

CURING

The first such material, PI3N (with P for polvimide. 13 for number average molecular
weight of ca. 1300 g/mole and N for nadic end cap), is shown in Figure 14. The PMR concept is
shown in Figure 15, and consists of impregnating the reinforcing fibers with a monomer solution
mixture dissolved in a low boiling alcohol. The monomers are essentially unreactive at room
temperature, but undergo sequential in situ condensation and ring opening addition crosslinking
reactions at elevated temperatures to form a polyimide matrix.

'['HE RMOPIASTICS

Thermoplastics have over the past few years received considerable attention as matrix resins
for aircraft/aerospace composites. Many new high performance thermoplastic materials have
been developed offering a balance of chemical, physical, and ivechanical properties that make
them very attractive for composite appilications. Also they offer the potential advantage in com-
posites of low cost manufacturing of fabricated parts. There are already a number of high perfor-
mance thermoplastics such as polyimides,.polyarylene ethers, and polyesters that are commer-
cially available. The structures of three new high performance thermoplastics are given in
Figure 16.

The three examples of commercial high performance thermoplastics, Ultem (General
Electric), PEEK (ICI), and Xydar l)art Industries), given in Figure 16 are but a few of the high
performance thermoplastics available. Total volume in terms of pounds for all high performance
thermoplastics is currently around 15 to 17 million pounds per year with selling prices ranging
from $2.00 to $90.00 per pound

There have been over the years many different thermoplastics examined that have not
reached commercial success and there a great many more that are currently being evaluated by
one research group or another. A great majority of these materials are condensation type poly-
mers based on difunctional reactive intermediates such as bisphenols, aromatic diamines, aro-
matic dianhydrides, and other types ofdifunctional reactive intermediates.

CONCLUSIONS
The foregoing is a brief overview of the principal cornmnivcial materials being used for high

performance aircraftlaerospace matrix resin A common thread that runs through all of this is,
that many of the same type building blocks are employed over and over again in these high
performance thermoset and thermopla -t ic. Some oft hose huilin g blocks such as hydroqu inone,
bisphenol A, m phenylene diamrine, riethylene dianline, nadic methyl anhydride, and maleic
anhydride are commodity chemicals or are relativelv in,,xpensive. lowever, for many more of
these intermediates they are obtained from diffiicult rmnlti 4t1ip s nthetic procedures with low
overall yields. Perhaps, biotechnology can provide more cffciont, less costly routes to some of

these classes of materials and with gr-vater purity than curren tly achievable.
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Phenoxy Solid
ResinsSouin

Liqui % Solutions

Specialties

Total Market - 318 MM lb (Neat)

Figure 1. Epoxy Resin Domestic Demand By Product - 1986

0CH] OH4 CH3 0

CH2-C1H{O-- .j3.C .() -CH2CHCH 2 0 .{*).C .. %r..O.CH2CH-.CHZ

ICHj CM3

Typical Properties of Selected Liquid Epoxy Resins

Approximate I Typical Typical Viscosity
Average Molecular J EEW Range, Poise,

350 178.186b) 65-95

.r370 18S.1920) 110-150

Examples of Commercial Resins
a) EPOAI' Resin 825, EPI REZ' 508 0 F R 112
b) EPON Resin 826. EPI-REZ 509. ARALOITF 6015, O.E.R 330

PIN c) EPON Resin 828, EPI-REZ 510, ARALOITE 6010, O.E.R. 331

EPON is a trademark of Shell Chemical Company.
EPI-REZ is a trademark of Intere, Inc
ARALDITE is a tradenmark of Ciba Geigy Corporation.
DER. is a trademark of Dow Chemical Company,

-~ Figure 2. Structure arid Typical Properties
of Liquid Bisphenol A Based Epoxy Resins
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CH2-CH-CH2 R CH2-CH-CH2

Function
Type Br Br

Tetrabromo-BPA -0 C 1I 0- Fire Retardant

Br Br

-O-C-C34-C-O-
Dimer Acid II II Flexibility

0 0

Polyglycols -O-[CH 2-CH2 4O-CH2-CH2-0- Flexibility

I I
-0 0

Novolac

PHigh
0, _OCH 0,Performance

Tetraphenol 
Resins

-0 CH -

Methylene
Dianiline -a

Figure 3. Specialty Epoxy Resins
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CH3

HO -- \ CO + CH2-CH-CH2CI

CH3

Bisphenol A Epichiorohydrin

ICatalyst
Cl OH CH3 OH 1CH3 OH Cl

CH2-CHCH2-O / -. -CH2CHCH2-j0. - C.-~ - O-CH 2CH-CH 2

- CH3 jCH3
Base

CI OH CH3 OH CH3
I Y \) \0

li.CH2-CHCH2-0 - C-C2H2 .a _ a O-CH 2CH-CH2

CH3  CH3

Figure 4. Manufacturing Scheml for Liquid Epoxy Resins (Conventional Resin)

US6 9

H2 N-~- C H NH-2

[I-C 2 -CH-CH2
OH OH

[CICH2CHCH]N ~~-CH2-- -. N[CH 2CHCH 2C],

INaOH

Figure 5. idealized Manufacturing Scheme for TGMDA
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CH2CHOHCH 2Cl

(CICH 2CHOHCH 2)2N -a CH r-a tH 2HO HCH2

CH2CHOHCH2CI

(ClCH2CHOHCH 2)2N - H_ _N

NCH2CHOHCH2NH -a$- CH 2 -(.)NH 2

Figure 6. Proposed Scheme for Advancement of TGMDA During Manufacture

M. R. Thoseby, B. Dobinson. and C. H. Bull, grit. Polym. Jour. 1-8, 286-291 (1986).

09285, 67

IH 2N CH NH H2 -NH2
NH2 fa

m- Phen ylene 4,4- Meth viene Dianiline (MDA) 44-Diaminodiphenyl Sulfone
Diamine (MPAJ

AmnePhysical Equivalent Usage, MaximumI _ AieState Weight phr DT8)
m-Phenylene Diamine Solid MP, 27 14 150

62-63 0C

4,4'-Methylene Dianiline Solid MP, 50 27 155
920C

4,4'-Oiaminodliphenyl Sulfone Solid MP, 62 I8 176
1760C

Proprietary Amine No. 1 Liquid 48 25 162
viscosity
at 25*C

5-20 Poises
.IeProprietary Amine No. 2 Liquid 38 20 149

Viscosity
at 25'C

1 S-40 Poises1

I-- a) Deflection temperature obtained with a resin hav#ing an EEW = 190 and using the level
of curing agent in the usage column.

Figure 7. Structure and Characteristics of Selected Aromatic Diamine Curing Agents



i
Recommended Optimum

StructurelName Physical State Concentration Range (phr)

0
11

C Nadic Methyl Liquid 80-90
IC H2  O Anhydride

CH C / (NMA)
CH 3  I

0

o0

.C\ Hexahydro- Solid 75-85
1 0 phthalic (m.p. 35°C)

LAnhydride
',"J C (HHPA)

0

0
b II

Tetrahydro- Solid 75-85
u phthalic (m.p. 101-102C)

Anhydride
J C /(THPA)

11
o f

Methyltetra- Liquid 75-80
hydrophthalic

Anhydride

c (MTHPA)

0

CI II

C Chlorendic Solid 100-117
I Anhydride (CA) (m.p. -230'C)

,CI II

0

*Figure 8. Selected Acid Anhydride Curing Agents
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* N$Ar -Ar-N$

0 0 0

N-0 -G-H2-0-Nj

iv0 0 0

N-Phenylmaleimide NN'-Bismaleimido-4,4'-Digphenylmethane

Figure 9. Maleimides and Bismaleimides

009285-88

0 0 0 CH3 0

(HINCH-aN ±N H4

* Figure 10. Composition of Keramid 601a)

a) Trademark of Rh6ne-Poulenc

009285,89
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Ar + a

0 0 
H 0

0  0

N-Ar-N

NHZH.1 NHNH 0 r-Nr+j
0 0 H

SHa

0 
10

N-Ar-N-A- CHNCHH-rH
tMF or t NHO HO.

0 0 Tolen H ,I

0 0

\ H 10 A cBismaleaic 
Acid

1AC2O, NaOAc, 90'C, or
2) DMF, NaOAc or

0 0 3) Heat

.J. ~N-Ar-N

0 0

Bismaleirnides

Figure 12. Synthesis of Bismaleirnides



H2N 11NH2

+ 0

0 11
0

3,3'-Diaminobenzophenone 3,3',4,4'-BenzophenoneI Tetracarboxylic Dianh ydride

0

-orCV-'OC C OC-ONH

HO_ C_
0 0 0 n

Polyamnic Acid

0 0 0

00 n
LARC- TPI (Tg 2800C)

Figure 13. Synthesis Scheme for LARC-TPI
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00 0 0

~7 (~O /HO Ca C~ HXOhII
CNH- rr; N H-CO K'C-OH H-

0 0 0 -'H=1.670

P13N
Ciba-Geigy Amic Acid Solution in NMP

S. L. Kaplan. D. Helfand and S.5S. Hirsh, SPI Tech Cant. Feb. 1972

0 0 0

I3-- '--OC-C
-OH _a H' jTQTX -O2 fey+ (n +1) H2 ~ a H + n HO-C KC.H

11 0 J
NE MDA BTDE

Monomer Approach (PMR)pT. T. Serafini, P. Delvigs and G. R. Ligh tsey. J. App!. Poly Sdi. 16 (4). 1972
U.S. Patent 3,765,149, July 1973

Figure 14. Reverse Diels-Alder Addioo ?Iolyimides

009285 93
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_a-O H3C-O-C, 1Mnoe+ 2- Cj I Reactants
"1 [AtOCH] [HN+ N 2 + IMnoe

L 0 j 0 [0
NE DADA 8TDE

2.000 moles 3.087 moles 2.087 moles

OHH 0-C NH-C+\\-C2--\

2) (-,-OHI-rNT1~(H0C)
-NH11 N-Cc C-OH H-

0 0 0 0n2.8

Amide-Acid Prepolymer

1150-250"C

0 0 0 0

3) cJ N H2 N YC-a NY / \ H2-VN)

0 L 0 ~ 2.0870
lmidized Prepolymer from NE/DADA IBTDE, Formulated Molecular Weight, WN 1500

I ressure 250316*C

4) %- -2 Z Z

0 0

lp..
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a

0 0

f H2 - N CH3 N

O CH 30 0

Ultem

Polyetheretherketone (PEEK)

0 00 0

Xydar (Random Copolymer)

Figure 16. Selected Commercial High Performance Thermoplastics
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Applications of Biotechnology to Synthetic Chemistry-
for Aerospace Matrix Resins revelopment

Masato Tanabe

Biotechnology, among the oldest of man's technologies, uses
microorganisms as well as higher cells and their active principles, with
the aim of achieving desirable conversions of various substrates.
Recently, biotechnology has captured scientific, commercial, and public
attention because of the wide scupe of materials--such as pharma-
ceuticals, foodstuffs, and commodity chemicals--that can be obtained
through its use.

Advances in the constituent sciences of biotechnology (molecular
biology, microbiology, genetics, biochemistry, physiology and bio-organic
chemistry) have contributed to better understanding of, and greater
ability to regulate and manipulate, living systems to produce bio-
materials. These desirable products of biotechnology are produced as

pure compounds, mixtures, cell fractions, or biomass. They can be either
homogenous or heterogenous chemical structures that result from de novo

formation or by transformation or degradation of substrates by the living

cells. These bioproducts are produced by either a single biochemical
reaction or by multistep processes, and they account for essentially the

chemical nature of biotechnology.

The most understood, studied and applied area of biotechnology is

the use of single cell or microorganisms to mediate biochemical
reactions. This technology has been applied to man's needs since
antiquity. The ability of microorganisms to produce these desired
metabolites is primarily due to the catalytic activity of their
enzymes. Microorganisms employ both con;titutive and inducible
enzymes. These metabolites are produced to benefit the organisms
viability and reproduction. Each reaction is catalyzed by a particular
enzyme in a highly complex and well-coordinated metabolic pathway. In
addition to their usual natural substrates, many of these enzymes accept

Masato Tanabe, Director, Bio-Organic Chemistry Laboratory, SRI
International, 333 Ravenswood Avenue, Menlo Park, CA 94025
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other structurally related compounds and thus catalyze unnatural
reactions when foreign substrates are added to the fermentation medium.

These reaction products can usually be isolated from the medium. Such
chemical reactions mediated by microorganisms or their enzyme
preparations are called biotransformations. They should be viewed as

selective enzymatic modifications of a well-defined pure compound into a
defined final product.

Microorganisms are capable of catalyzing many diverse types of

chemical reactions. This synthetic diversity is exemplified by the

general reaction types shown in Table i, which lists reactions mediated
by microorganisms.

Table 1

REACTION TYPES MEDIATED BY MICROORGANISMS

Oxidations Hydroxylation, epoxidation, dehydrogenation of C-C bonds;
oxidation of alcohols and aldehydes; oxidation of amines;
oxidative degridatio of' :lkyl , carboxyalkyl , or- ketoalkyl

chains; oxidative removal of substituents; oxidative
deamination; oxidation of hetero-functions; oxidative ring

.. fission; amineN-oxides

Reductions Reduction of organic acids, aldehydes, ketones and

hydrogenation of C=C bonds; reduction of heterofunctions,

dehydroxylation; reductive elimination of substituents

Hydrolysis Hydrolysis of esters, amines, amides, lactones, ethers,

lactams, etc.

Condensation Dehydration; 0- and N-acylation; glycosidation;

esterification; lactonization; amination

Isomerization Migration of double bonds or oxygen functions;
racemization; rearrangements

Formation of C-C bonds or hetero-atom bonds

BIOTRANSFORMATION

Biotransformations have many useful characteristics for applications
in synthetic chemistry. These charact-ri,;tics, which are typical for

'.P. enzyme-catalyzed reactions, includP react ien specificity, regio
specificity, stereospecificity, and mild ro-iction conditions, described

•i below.

44
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Reaction specificity. The catalytic activity is usually restricted
to a single reaction type. This means that side reactions are not

expected as long as one enzyme is involved in a biotransformation.

Regiospecificity. The substrate molecule is usually attacked at the
same site even if several groups of equivalent or similar reactivity
are present.

Stereospecificity. The reactive center of an enzyme provides an
asymmetrical environment and distinguishes between the enantiomers
of a racemic substrate. Therefore, only one--or at least
preferentially one--of the enantiomers is attacked. On the other
hand, if an enzyme reaction produces a new asymmetric center,
usually only one of the possible enantiomers is formed and the
product is therefore optically active.

Mild reaction conditions. Activation energy of chemical reactions
is distinctly lowered by the interaction of substrate and enzyme,
and thus biotransformations take place under mild conditions
(temperature below 400C, pH near neutrality, normal pressure).
Therefore, even labile molecules can be converted using low energy

_ consumption without undesired decomposition or isomerization.

Because of the above properties, biotransformations provide a method

i1 for carrying out synthetic reaction step:; that are frequently difficult

to accomplish by hemical methods.

With these characteristics and properties, clearly the application

of microorganisms and biotransformations to the solution of synthetic

r. problems of organic chemistry will grow in importance. Many biotrans-

formations offer unique synthetic transformations. In planning synthetic

strategy, enzymes and biotransformations should be regarded as one more

type of catalyst and integrated into the available techniques of
classical organic synthesis.

Biotransformations are also well suited for solving problems in
organic synthesis because the large-scale production of microbial cells

is possible, unrestricted by location or seasonal factors. The
production time to produice microbial colls is relatively short and the

cost of producing th;em is comparatively low because the fermentation

nutrients are commodity items (cornsteep liquor, glucose, yeast extract,

etc.).

Continuing advances in biosynthetic theor focused on:

, Primary, secondary metabnli-n oic biochemical differentiation.

Biosynthesis, metabolism arnd r,'ikJlatior..

- - - - . . . .. "; . . . .



Polyacetate derived metabolites.

The shikimate pathway and its stereochemistry.

* Mealonate derived natural products.

Stereochemistry and enzymology of biological reactions.

Developing methodology for elucidating metabolic pathways.

Will facilitate and enhance the use of enzyme systems in organic
synthesis.

This presentation will focus on the potential use of the enzymes

from primary or secondary metabolism (Chart 1) that are either consti-
tuitive or induced enzyme systems available from mammalian, microbial or
plant sources.

In discussing "Biotechnology in Synthetic Chemistry and its
Applications to Resin Chemistry", several areas will be examined

4 including:

Material Cost Reduction Through Biosynthesis

%7 - Bioproducts as chemical intermediates
- Bioreactions on non-biological molecules

. Materials Not Otherwise Obtainable

- Bioproducts for direct use

Learning the Mechanism of a Biophenomenon (Biosynthesis) and

Mimic the Process in Non-Biological System

- Enzyme mimics and models
- Biomimetic synthesis

What is Feasible Today - Tomorrow

0-N4
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ENZYMES FROM PRIMARY AP SILCONI)ARY METABOLISM

NUCLEIC ACIDS:

CARBOHYDRATES POLYSACCHARIDES:

I- GLYCOSIDES

C0 2 -H 20 -PENTOSE PHOSPHATE
(photosynthesis) CYCLE

*7/
CHO

Erythrose- CHOH0

4-poshat COH Co - CINNAMIC ACID

CH 2L)P derivatives;

CH, -. other AROMATIC

Phosphoenoi LIG-NACOPONS:

pyruvate C-OPHOO COMPONS
I OH

"C Shikimate

CH, Aromatic amino PEPTIDES
I acids 1PROTEINS.

Pyruvate CL amin 1 -ALKALOIDS:

04 Aliphatic PENICILLINS:

11.0 0 aiocdsCYCLIC PE~i IDES

CITRIC

ACID
CYCLEYCLE CH 1 COSCoA Aceiyl-Coenzyme A

Co,: \~4COSCOA

JO,C CHCOSCoA CH,COCHCOSCoA

ICH ,COS'ro

-. CHIOHISOPRENOIDS
CHCOSCoA ".C CH H(TERPENES,

1> O0H STEROIDS.
Me'valonate CAROTENOIDS)

POLYKFrIDES - POLYPHENOLS

S.and jPOLYACETYLEFNFIS.
FATTY ACIDS PROSTAGLANDINS:

MACROCYCLIC

ANTIBIOTICS
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The Application of Hydrocarbon Bioconversion
Technology to Aerospace Materials Production

Ronald J. Huss, Ph.D.
and

Paul E. Swanson, Ph.D.

Bio-Technical Resources, Inc.
1035 South Seventh Street

Manitowoc, Wisconsin 54220

Introduction to Bio-Technical Resources, Inc.

Bio-Technical Resources, Inc. (BTP) is a 25 year old,
privately held biotechnology companv with its origin in the
malting and brewing industries. The primary business has
evolved into product and process development for the
fermentation, pharmaceutical, chemical, and food industries.
The staff consists of approximately twpnty scientists and
engineers in the fields of microhiloqy, biochemistry, an]
chemistry working to develop industrial fermentation systems
and biotechnical processes.

BTR is capable of conduAing a rescarch program from the
conception of an idea for a product or process through
scale-up into 250-liter bioreactors. Preceeding the
initiation of any research program, a detailed technical and
economic feasibility analysis is performed. This analysis
identifies technical objectives, estimates time required to
achieve the objectives, and estimates the economics of
existing and alternative technologies.

A typical research program may ini:lude all or some of the
following components: 1) the concr-ption of an idea for a
product or process, (2) estimation of the economic and
technical feasibility of the ide, 3) identification of
technical and economic objectivr. , 4) establishment of a work
plan, 5) development of analytical metrthods, 6) initial
screening of microorganisms or et7%Vm-s for a specific product
or process, 7) sfiin impr(, ,(.rl t! ' ito l lase yi'lids and
rates, 8) fermentail jon or ot-lit,ri hi-p , (hive lopment, and 9)
scale-up of the process into 1-, 14-, or 250-liter
bioreactors.
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Research Interests'-

ABTR curt ent ly has sarc int-i- 5 in widel1y diVerse areas:

1. Developjment -rrmettl-1n e' s for spec'ialty
chemica I F r ) w ('_irbelyd ra r -

2. Pioneerinq thef application '1 Yterotrophicall-grown
green miraeeas industial microorganismfs to produce
Spe( 7 ia Ity ch'Tl i(1is.

3. Hydrocarbon bioconversions.

4. Application of biological processes to the mining,
metallurgical, and catalyst industries.

5. Development of a fermented mialt (beer) flavor.

This talk will highl ight BTR's par;t experience, current
% research programs, and future eypcctations in thle area of

hydrocarbon bioconversions.

* Hydrocarbon Bioconversion Experience

BTR has been invol we-d in a numhIT)1 (,f hydrocarbon bi(-oonversiot
research programs. Some of thefse -.in be discusseod in detaile because the informpation has been published in the form of
patents. Others can only be dis rnsod in general terms due to
the proprietary naueOT the(- If--- li

United States Patent Number 3,7 ,'1 i s a " Proces s for the
Biological Productio(:n of Alphat, (ii, ii-Alkanedioic Acid." This
patent describes the medium cep othe culturing
conditions of the bacterium u 0 ,the use of a mixture of
branched saturated aliphatic hvdrerarhbons as an inducer, the
use of erulsifier,7, and the env2. ronmental conditions of an
aerobic fermentation process. The- bacterium developed to
perform the biocon (ision was orioiinally assigned to the genus
Corynebacteriun, but. has since 1''ni renamed Rhodococcus.
Mutants developed it) a strain iiiij~irvellent program by a series
of mutation and srl(-'.-tion stop-, -it en file with the American

FrbType Culture Col le(t ion (ATCC) . he'strains co)nvert
n-alkanes of 10 to 14 carbons, typicailly dodecano, to the
corresponding alpha,-, omega-a lkalni ioic acid, typically
dodecanelfd ioc eei d , 'i th h iq h y i ' I V -Ind( conwe] Si ns.
Conversion is; It fined iis the pmen ceallount in moles of tile
n-alkane consune_.d diin ng ferrient it ion by the bacterium without
consideration of the- product of fte hioconversion. Yield is
defined as the percont-agr amounit it) moles of the n-al kane
converted which ends7 uip as, alpha i, ome~ga-a kanediol c acid.
Yields were in th- aq of 30q ( 41(17. Final product
concentrations Wen e( in theC Tran1111 30 to 45 g/liter.

1%



The biochemical rathway for th- .. ..- oxidation of
hydrocarbons by bacteria consists ()t a series of single-step
oxidations. The process begins 0t one terminus of the
n-alkane with oxi(lation to a ,iri: i alcohol, then to an
aldehyde, and finally to a carbe>:y ici acid. Then the same

, series of oxi(liti()It ; procef'd .- t t h. (ItII(, r terminus. Thi:;
+multiple step bioc(nnvrsion rtapni, oxygen and NAb +  Because

of the multi-step nature of thi- birconversion, the whole cell
approach is the most technically feasible.

A typical fermentation process dc':-elupment program like the
one described above consists of four phases: 1) a strain
improvement program, 2) shake flak and enzymoloqy studies, 3)
pilot fermentation studies, and 4) bioreactor design. Strain
improvement is accomplished by developing and using
mutation/selection methods and other techniques to improve
product yield and formation rate. Shake flask and enzymology
studies are directed toward understanding and optimizing the
mechanism of product formation and release. The pilot
fermentation program is conducted to optimize product
formation in higher-density cultures, and to determine optimum

,.- .process conditions.

S:"Another example of BTR's experience in hydrocarbon
". bioconversion was a fermentation development program to

convert heptane to heptanoic acid. This conversion was
performed by the bacterium, Pseudomonas aeruginosa. This
program presented some unique challenges because of the
requirement for adquat4 oxygen transfer without excessive
evaporation of the substrate, heptane.

BTR was also involved in a fermentation development program
for the bioconver.Si ti of a stern ii. A microorganism was used
to specifically hy(roxylate a st (ruid.

BTR also has experi(,nce in the ac- ot enzymatic
bioconversions. 8-Glucosidase normally catalyzes the
hydrolysis of arnratic B-glucosid(,s and cellobiose. Under
appropriate conditions in the pr,,s--nce of alcohols it will
catalyze the svn the,: is of alkv:] c'i tresides. This research
demonstrates the v,ri(,ty of tcl: ,,loical approaches that can
be applied to en',ii atic conversen:- . Enzymatic conversion in
nonaqueous systems ran be, utiliz(,' 1-o reverse hydrolytic
reactions, alter substrate speri fl, ty, and improve enzyme

0. ~stabi 1.i t , Y . ][z{~,: ,'11 1-,1,0 ],l{ i I i',( ) ,pll ('I i ] rillalnce

and stability. lI-,',rl- st ,ahi i - '- 11 s() he improved by
' ". covalent modification. Piphasic I, a ctjon systems, such as

aqueous/ aqueous, a~~osnnq~uand reverse, micelles in a
.nonarjucous syst(,m, ,,n b(- ii:,d! i iY( t ako a 'nf age (-f the
. partition coeffi(7i(,,lts Of suptt,:,[roducts, and ezms

enzmes

:b
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Current Hydrocarbon iuconversiui esearch

BTR is presently evaluating the technical feasibility of "A
Biological Approach to the Synthesis of Meta-Hydroxy
Phenylacetylene from Plienvlacety]oene." This research is
sponsored by the Air Force through the Defense Small Business
Innovation Research Program.

Acetylene-terminated resins are one of several candidate
polymeric resins being consider(,d ior potential aerospace
applications. The acetylene-terminated resins possess
properties requircd for the properd applications such as good

W mechanical properties, high thermal stability arid good
properties retention after exposure to moisture. A limiting
factor for the commercial application of these resins is a
cost-effective method for the synthesis of an essential
constituent, meta-hydroxy phenylac.tvlene. Chemical
approaches to the synthesis of this monomer have not resulted
in an inexpensive product of acceptable quality.

The BTR reseach proqram proposes a biological approach to the
problem. Two possible biological ioutes exist. One is an
enzymatic approach. Commercially available enzymes such as
horseradish peroxidase and lactoperoxidase will be screened
for the ability to selectively hvdroxylate phenylaretylene in
the meta position undor a variety of conditions. There is
precedence in the literature for the selective enzymatic
hydroxylation of aromatic compounds. The other biological
approach is a microbial tonversien. A variety of
microorganisms will be screened for the ability to convert
phenylacetylene to meta-hydroxy p1hinylacetylene. There are
numerous examples in the literature of microbial
hydroxylations of substituted aromatic compounds, especially
by the Pseudomonads. The objective of this research program
is to evaluate the two bioconversien systems, microbial and
enzymatic, to determine which warrants further development.

Biotechnology-Assisted Chemical Synthesis

The following section summari:'- 1L'IR's interests in the area
of biotechnology-a;sisted chemical synthesis.

The technology doveloped by t he (cur rnt research proqram to
evaluate biological routes foi tI, mta-hydroxylation of
phonylac(tylernt vi I I I,, i,- ,1 ,ht ' . ,r snbstrates. in
general, advanitage will he t,,keii ' the low subst iate
specificity of som- (enzymes to 1i 1% technology developed for
the specific bioconversion of a '; '. ic compound to the
specific bJoconvor-;i On of a g,,r , I class of compounds. In
this case, technol,,n-y developed I(- the meta-hydroxylaf-ion of
phenylacetyleie wil I he evaluate7'] :fh respect to the specific
hydroxylation of eth,-r aromat , ir ' vuiids.

1%



° Through its experiencu with hetr()t rophically-gown green
microalgae, BTR has learned the value of evaluating unique
gene pools for products or process s of interest. This same
philosophy can be applied to hydrocarbon bioconversions.
Enzyme or whole cell systems may already exist for some of the
products and processes of intere!-t Jn the area of hydrocarbon
bioconversions. Through screenincT programs and basic
biochemical research, these product.s and processes may be
identified.

Bioconversion systems should be u.,u-d to supplement and not

compete with existing efficient organic synthetic methods.
Biological methods should be uscd when they afford the
opportunity for lowering costs of starting materials, are able
to shorten a synthetic route, or ale capable of reducing
multiple step reactions to a singlit, more economical step.

Enzymes with unique catalytic properties may find application
in difficult synthetic reactions. If enantiomeric specificity
is required, an enzymatic system may provide a more direct
approach than an organic synthetic method. Bioconversion
systems may also find application in situations in which mild
reaction conditions are required to protect reactive groups or

. Jlabile compounds. Typically, biological systems operate
optimally at moderate temperature, 1)11 and pressure. Reactions
at unactivated sites, such as st-,m(! lydroxylations, may be
better performed biologically. Nonaqueous enzymology may be
used to alter substrate specificity or catalyze "reverse"
enzymatic reactions, sucfi as transosterifications.

A continuous dialog between the biotechnology and aerospace
materials communities will identify areas in which
biotechnology might provide chemical intermediates or
catalytic processes which could impact aerospace composites.

IIL1
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THE SYNTHESIS OF POLYP HEN YLENi; VRS A CITS-DHYDROCATECHOL
BIOLOGICALLY PB YIKP! MONOMER

D G HI Bllard, A Courtis-, I t-1 Shirley, *S C Ta-ylo-r,

ABSTRACT: Benzene is oxidised by oxygen iitilising the dioxygvenase
enzyme contained in the microorganism Pseudornonas Putida. Genetic
manipulation produced a variant which g7ave exclusively the initial
oxidation product of bensepne the cis,-dihydrocatechol (2) in practica]
quantities. Derivatives of the latter, in particular the methyl
carbonate can be obtained pure and a-- very stable. They polymerise in
the absence of solvent with radical initiators to give a polymer (4).
The latter is soluhlo, in onl vents, -,iu(h ;i:f :-tone and methyloeri
chloride anid readily t'orms coherent colitir and films. On heating
methanol and C'U, are expelled and polynhonylene is formed -as a coating
or film. The aromatisation process is --it ily!-ed by bases and can occur
well below the glans train:-it ion temper 'i' ir f t,he( pre cursor, polIymer
of 1920C. The aromatif7ation can occur urider homogeneous conditions in
the basic solvent N-mepth yl pyrrolidanie. Suirprisingly, these partially
aromatised molecules 3re- soluble ,v-ri at co nversion to 30% phenyl
groups. The latter studies can he i-!Irrn-asiure the glass7
transition of polyphenylene which Wa1'3 f' iind to be 2830C.

Neutron Scatterine tuio havo shrwr "h't the precursor polymer is a
4~~. random coil. Viscas 'liy rasrmnt: ''~hit thoro 15 a oil-rod

transition on aroma.tisat jin in -mtiY*rr')Iidone. Crystal log,,aphic
data on polyphoniylrf 1 ervs Ia]lli sod ' i :l-tan o anid the
thermal and electrical pr-operties alo. ,bd

INTRODUCTION

The majority of I i ''n '*r odi' a b i~a cnnlusare

poly(ethylrene toept~il (t)IPP']' nd 'ipt,h3 1am ide) (Na viat')
poly(phomylerip ethr'r .;'iIphanio) (]' .'hnl et her, O'thor ketone
(PEEK) etc.

Ie
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A~n a d via ge t h i 2- vifthet ic li -i i - Fit 50 lQCLr fraL~meri ts

p rocesfs ihi t iry. Th- tf tivni I i Iothid of rl h:i ,iY 11i
tht~' III() .ii: I1 II I A(; Ilrirl At i' br I oVli) 1~ [Ir 12 0 )l

to thor'na 1 , -x i1 0 v- Ind pho!. I' 't 'I rbk. ' 1Thfso t t hivo heen
extensively debalo I , ve the last- t yt, ears- and form part of' the
knowl-dire btill III uo i 111 relat i-nrii toweori molecular structure and
stability in osi ';iir'omat'T x matertaa t ixpentation is hat
polyphenyl -n. w-i~ 21- iip lost h'' 01 trurtur'''t of' ;1 1 f he
linear p01 yarom -i i ; id conseqiirn i v i oius at tempts have been made
to synthesiso hi -trial.

One route to pvI vphori -i me is th- I;!- p-1 yter i sat io-n of' botizene
using a technijiri !-.-Ioped by F anard other- , I The "

process: is known II il x idat ivre -0: 01 i pc)i yrr-risat ion arid requires
-r large quant ities of osipric chlorido.

The precise structurp of' the polymner p-odiiced is not known but
contains a mixtiv- -f' 1 :2 and 1 :11 unit- Plus chemical defectS3 . The
products are more correctly defined as ol igomers rather than polymers
since the chain lengths are between 1(- and 15 phenylene residues.

*Moreover, it is difficult to remove completely all the CuCl, from what
*is rather an intractable solid. Notwithstanding these criticisms this
*is a successful route to polyphenylene and powders are produced which
*can be fabricated by ,3intering techniques into various shapes 2 .

A second synthesis of polyphenylene is thait due to Yamamoto04 in which
*p-d ibromobenzeno p( I vrn(-rif-ses in Pi1.h- rim of'mgnsiu

nMg + n~r - / i r / + nMgBr 2

Jn

using a nickel catalyst.. This is, (orir 0 the few examples of' Grignard
Achemistry beine irsed directly to, focrm ai iticromolecule. Molecular

*weight mpasurem(,nt s irid irate that 111 'r-wth I oms riot I,( hoyond 10) to

12 p h enyIe n e r e:,s Ii Is3. Thi isi. 1~ ii Pir( pnlymer separatps as a
crystalline soli irio further poT vrn-'i. it ion to higher molecular
weight is not poss -iblo.

An early attempt P"r r- polymers If' 1i-Axadioene as -I r'oute to
polyphenylene I)-, P !rvol arid o-1- d rif in'vol v-d the
direct polymer itn (-f cycloh-x- - jirone is,,ing a ;' I j( -r " taIyst .

This- prrfirl', 1 2' 0 i ' : i l Iu 1 : jr i

1) 1



A K~I~ BU3AI/TiCI3.(2

Aromat isat ion of pol v'ners with 3trliot 'irr, 1 was : attempted by reactinrg
it with bromi nc fol) l,)wod by pyrol yo;i. I - 1imiriate 1113r .

The purity of the products formed by this method is highly suspect as
there are a number, of' bromo-su bst t i -I iw ormcid iatr as tht m ight be
formed and aroma t i.at ion would be inicomrplete. Furthermore, the fact
that reactants and potential products are both insoluble in solvents
makes control of the chemistry diffCicult.

An additional complication is having Fl~r as the leaving group.
Readdition of the latte r to unsaturated intermediates formed in the
reaction is possible. It is doubtful therefore that this route ever
produced "clean" pci yphenylene. It is more i kely that the structure
consisted of small. numbers of the fully ar'omatised molecules admixed
with partially aromatised segments.

This paper describes the synthesis of
5,6-cis-dihydroxycylohnfxa-1 ,3-dienap (DIICD) 2, the study of the
polymerisation of its derivatives 3 and the-conversion of the polymers
formed 14 into polyphenylene

H

H -n

2 3 1

The advantage of this particular dierie is that the polymer formed is
soluble in a variety of' solvents bpcaur ( of the presence of the
solubililising group OR, where R can be ('H3,CO, C'HO.CO e-tc. Moreover,
on aromatisation the leaving group~ ROHl i:s an organic acid which
normally cannot add to an unsaturatod hlydrocarbon in the manner of
Hr. Finally this poss3ibility can b- comrpletely eliminated by using
the methylcarbonic acid which at aroma-ti:7ation temperatures decomposes
into methanol and cairbo n dioxide.

Although it is pts i (I t produfon a 'n'irdso the type 2 by
conventional oh;.ni (]Mi stry , it i- q -, -,non,-.mi c to use,, microbial

oxidation of aromatij, hydroarbons . T~ir :!iitionali advantarve to this
route is. that th- r, :7di hydr-x.v -y- ':i1 , -d ie fot'r"rmoI V thle
only is-omer. Mor-rvr ye ,rivativg' 'f t hr 1:,c'r pol yfi"' sable

Lwhereas- h),(-trans-I iv V K xy- cy0-1txmY - I , (-dm 'tain'-1 by
conventional 5ynth- t j 0 r anic cf I"Irni :-I p- V,1- r i 'a with ' diff iculIty .
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EXPERIMENTAL SECTION

I Fermentation

DHCD was produced by the batch fermentation of Pseudomonas putida in

ON an LKB 1601 fermenter with working vol'm,,4 (' -149-. The (el Is were

h grown in a mineral salts medium with ethanol as carbon source.

Temperature was maintainpd at 300C an! p' kept constant at 7.5 by

automatic addition of NaOH or HCI. Pon:,ori was supplied by passing the
in-flowing air, (1.2 Q. min - ' ) throu h rind bottom flask corntaining
benzene and the oxygen tension in the fermenter was maintained at 5%
saturation by regulation of the relative am unto of air and oxygen

added to the culture. The production of HCD was monitored by the
intensity of the UV absorbance at 260 nm. When accumulation reached

the maximum level the culture was centrifuged to remove cell debris
aand the product extracted into methylene chloride using a continuous

counter current extraction method. The methylene chloride solution was
then concentrated uridr reduced pre 1r,,, to a glycol concOntrration of

0.25 to 0.30 g ml- ' and three times the volume of n-pentane slowly
added to the warm csolut, ion. The DHCD crysftal! ised out and was
recovered by filtration. After washing with pentane the pure product
was dried and stored at -40 0 C.

Derivatisation

The derivatisation of DHICD is exempl ified by the synthesis of the
diacetate, DHCD-DA. The diol (1.3 me!) was dissolved in pyridine (4.2

mol) in a round bottom flask and cooled to -100 C. Acetic anhydride
(14.0 mol) was then idd-d dro~wise under nitrogen while maintaining the

temperature below O°C. After addition the reaction was left stirring
at OC for one hour and then allowed to warm to room temperature. The

product was concentrated by removing pyridine on a rotary evaporator
at 400C and the concentrate added to di ethyl ether (800 mls) in a

separating funnel. This solution was thpn washed three times with 300
ml aliquots of 10% aqueous sodium bicarbonate and three times with

similar quantities of water. After drying over sodium sulphate the
ether was removed by rotary evaporation t, yield the DHCD-DA as a

slightly yellow liquid. This was purified by fractional vacuum

distillation at 700C (0.1 mm Hg) to rive product of 99.5% purity in
80% yield.

Bulk Polymerisation

Pure DHCD-DA (15g, 76.K, remol) and .a'QI ",ohltyr-nitrilp (53 mg, 0.32
miret ) AZ HI i nit ia;i I -r :',-r, p1 IarI fd I i ' 'I ", ir t i IH t, ( )I .f I: I t1d

degassed by pumping tl ,l!owed by flii' f u it:' ri i trogen three times.
The reaction mixture w!i: then heated - " .... and llowed to pnlymorise

for 72 hours. The reslining solidirfid r,,ct ion mass was dissolved in
r, chloroform (100 ml.s wih s irrin e' 1, V!'H,,r (12 ? F-, 80 yie Id)
L recovered by precipitition into hxirne i litre). The molocul,:r weight

of the polymer was- d-rrmi ned by ,l p!- 'rr.t ion -hromatogr"phy (GPC)

in chloroform solution ,i'',ing a refra-in iv, indr, x dltector and confirmed
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by low a-ngle lasIfer, I i ht s torirl) , LAIS , us i ia- Chr(m:0ti ix KMX0
iinstrumet.

Polymerisation Kifei-fi:.

Most of the ki n-,t r, lot, i 4,1.' )htai ri.! for, !aj 1k ineri ; it, i am up to
10% con vers ionrf: a i i I I I at. -r tibes Fhe monom-r' anid
initiator were simply mTixedJ, degass)ed antd poure-d into the dilatometer
under nitrogen atmosm rhere. Thie v-ari iti-ns oif roite with initiator-
concentration and t'mn-trture wer'- titoinrkd inl "his Way. Mionomer
dependence was deterim i rd h-; Iii V:l yofb~e sulUt ions of the
monomer using exact!y fl' -hrnsoe experimental pr-odure.

ADispersion Poime ,i.it i r,

Monomer (1I . Og DHCLP lA ) , i n it, i ta ( r' r A" NI ) n -31,JIi :3 pe ,-roer, ( )0 Ing
X 190-2112 , a comb p1), _gsa' wi th po ly 1eh lmotlmoo- laten) backbone and
poly( 1 2-hydroxysteir, ic icid( ) "glyc i Ay I methlacry 1 it. i dek i i n tho
ratio 2:1 supplied by 1'21 Paints Division, Sloiri, UK) were placed in
a 50 ml round bottom flask1 and degassed three times. fieptane (7 is)
was then added and the mixture stirred uinder nitrogen at 800C in a
water bath. Polymerisation was continued for 48 hours and the polymer
recovered by filtration.

Aromat isat ion

The aromatisation of' the polymers of' DHCD derivatives in the solid
state was studied by thermogravimetric analysis (TGA) under nit~rogen

C ~or in vacuo using a Perkin-Flmer TG i2-? instrumntf.. 2amplo!s of the
polymer' were loaded ntolf thfe ma-cbini irm'! woigWi *'.waI cd
function of temperature at a fixed heating rate, tvnpically 100C/min,
or isothermally as a function of time al a giveni r-ripera-itir'e,
typically 3000C.

Aromatisation in soluition was perfarm'Trd by heat iri the r').,mer- (51
w/v ) in N-methyl pyrrol i lone ati ~ VKAla~t wor *- rem,)ve' at
appropriate intervals anid quenchedi b)y Iresipit'-t i-m int.,) methainol.

J;These samples were I-hcru chatr-(ter i!-' I) b !y (lK ml ribd bv
intrinsic viscosity at 300( 1nch rrin r, i nfr-'- "'land TCA . The
laitter two techniqmi'n: prov4,1 de-vr 'me f' I- l't*ri a e 1 f
aromat isat ion of the pal jymrer. I n it! of -'d I hi e-pl-Io 'm mr rI5f
the cqr'btonyl itmrp Im j i ;) -;Y v( r, rr l~r, i, 11- , 'iI - t 11 I he

aromatic absorption ro' 1 w uli'I.- pii-n v1~c I ot it (IK cm The
only comrrpl icat io-n wi 'i t hi -mf~m' J'c Iw d o''un' wilth ll

*dimethyl earhonat,- -v'' vil i v-~ 1VI! - !I', wich 'Vi in.'m tel~ i t ic'm il

ahorp, t ion of r 1n! -' j -' Ik :jk' , 11 'TI

complefrid . The pea t , ~1 : !m , mm:rr I - '' 1 T a
in a st.r'ainedm rina' Irr fir 'm'!tlt ;I [r l Im ",- 1m r) lr1'm i t pr'fr't'tI.(I

as- the f'ormat i on o('y aa...... mneI byv

the eI Im inat ion of li'rme 1Y byla ri ft i art'' f, it nc r te rcripa

a rom atis, with Ion , 'I w t t ' or A1 r 'I :x l Ap' il' thef
weight loss 0 () 1)mp 1't ;r'fil 4 t, "I Im 111, -I! ' ' r, i t m w i th th 1

a-)
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theoret i-all I aen Ii y''! cin I' cu! jo rf'' t
aromati F1- ion ocur i i u wthoi r i-, ('rj maidp.

Crystalinity

Thei~ X-rayd'r t t r t )' 'r t ii I irin' . !2 piiriyl-i :,h,,w: t hrt' e

characteristic maximj al (I --cn11 4
'D . iol 3.2A Pej-i valent to

20 values of 19.4, i&~ nd 27.60. Tn addition V here is normally a
characteristic broad liffCract-ion hal,, no aking al arournd c)- = 190 from
the amorphous p01 yplleriy erie i n t ho iml The degroe of' crystal liniity
can be determ ined by iistrig a comptit 'r programl tf perfVormn ies
squares fit of four Lorpnt zia--n prof'i l-s at these Po valuies on the
observed diffract ion rat tern. The r it- ) a of tho :-umr o f the ar(-a' of the
three crystall1inec peaks, tor the totail :irca, of the, diffraction pattern
incl1ud in c the anor ph-i- 'isic haIathpn ri yra.s t ho 1-ir cci resul1t.

Glass Transition Temi-r,t'irp

Samples of the precuirsor no r),yn-r, w--r' conrverted to( intermediate levels
of aromat isat ion h, 'a inc7 at 30W) ' Pi' or n i t roreii for, va-ry1ig
periods. The extent of a-romat isatic)i waF; calcul~ated by the infra-red
and TGA to campl1et( e j0D ti a o es i rie bove . The g lass;
transition temperature of eaich samlPle was then deftermined by

diferetia sanninp -alorimetry (D:SC), at 10 0 C/m in us ing a Perkin

Elmer Sys3tem 7 i nstr'inrt.

Neutron Scattering

Measurements were made in thif solid state on prof.o/de utero plaques
prepared by solut i, ri -1 inc,. TIhe7 t'11 Ovatt curq'j 'un~rt :- weref o) ut ion

blended in 1 ,2- dichioroethanie -at 21 w/v concentration and the
solution was reprecipit-tod into toP times its vilume of methanol. The
polymer blend was red airiid and dri'I in vacuo f-r 24 hours, at 600C,.I This blend was3 then in vo o ,-io~ hn at 'curicentrat ion
of 30% w/w and an anprorriate, amount, placed into, a moulding frame and!
the :30l vent removed tlv ron -r1 l-d -v wfporat io-n (it C'Y . Tis 7 procedure
produced clear void f'reo nl ine'; 32 -.rn x 17 mm~ x: mm thick which
were used in the xr 'rmns

All samples were prepatr- d uingthr.- s am- maitri X F'lyrer (Ii,,) in which
MW -23K and M w /m1  (I' (f' deIt, 1-)to (1 ' -i va lent tar
mole -CuIjleP; we ,V re prp I v -1ne 1 1' rt na. rn f, I1 sI u n
acetfone at 300C, -rr rthnla; ri r-u- en c 1-lymer in which M
812K arid M w /M r

Neutro,r :2cattoir t n -i' w (,t :- Iri I, -- ti p .jrri irl) 1() i Iy
44 wei ght o~f the f01.' tw -i,' 1 , ut re a pl -r -t~j j it, 1% tagj

loading from whi(ch th- nrtrtii1ir~~r~ aola w-ight
wa:,s estimatfed(I. Pe(,t, , i I th fu ' t, p r- v i i p T:, 1 1 - '. Pet, i i I
o f t he : 2A NS m eas ,u r-tri r i it- r r 'iv- i v I lar d i ti i I t e tin a r id othie r

references g iven in ti thi t, fv i' p; r .
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Microbial Oxidation 41n' n

AlthOugh I cc gI 5 0 I' to -)<:i I 'L>Wwere knOwTA in the
I iterat are 10, 0 jjc 1irsro 1vr.1po 'tP

oxidat ion, the-y ti, tr~ !i ou~ y for I aroe- :;cale
manufat, tire of Z. F r om a fn i1'a ct-t 1r i nv i r at n Iirnat e w i th
hydrocarbons over imany decades we were, able, to isolate ai new organism,
Pseudomenos put ida I'707. Thi12 1'3 nrni 2r- ii i a hifh -i rt- of )
benzene oxidation arid w-i; sas r alymore tfalerant of' high benzene
concentrations. The coarse) of the oxidaition -within the bacterial cell
is as follows.

2H + + 02+ 2e + Ei OOH E2 NoL)
~00

qp~N OH 1

CHO

Thie ii-xygenase F, wit ih ta citi )f I ' -nt

raac(ts w4ith oxyi-n -9n tlic -Pl-ri1tc x. '';mat i:s v-ed in
*'t: -, '-w i 0 , ,1

[<abseqqii-,ntly ? is !r at el y F, !ii !A1' nn!'n ri rIf, t- I4 - NAPH.
A thirdl enzyme, th" 'i >vra 0 V 'i t, J'i~~
aoid(I. PBy gen et ic mnc -11 ; t i''- n jr;' ) n f 1 7f7 whic h
lacked enzyme F, nti- J I )oxi i 5

Dic HCD is wat-ro it it, dif'!1502n- cut, 4f I 11ee 11it th
surroundl i rig aqije-i:s med i ai and -icu- i-l V 'o t h'-r- i n. Thp orga,,n i sinss
presentlIy avai iIa-b 1e( w iI tolerate 'in t~o 0. 1)T i~i i i d b ensa.np i n water
and th- product acoamrni 1 it s to the ext.'mt of bY o Yg 1 wi thout
inhibit ing the oxidation(, . YiIlJ on ensei-,i if, ntoarly 101)f and [MCD is
tho on 1" o)x i dat i onl pro t 0 J, i nr t hi .ee i- 11 aly mod i fip o rgan ism
'I proo'ss:- has lean 'lav. f' 1 r t ii. k i 1, --r s j I pr-d irIt in olt f

~0D[VYD. " r:rvin i 'orr i' - 1 l -d a, os(,I. I~ Y ' inI' a -c 1i I mi Xo o '' d
aqueou:; solution t,) whii it hn' te- i' (-t hanol an'- added' 1

organi i, th-ret)y':, i: I; 'in rin ii- ,' n; I iv nvn h to dIr'i v
the ox i dIat. ion of he-n -- ne . At the e fn 1 f th- pr-oess !PR(-.) is i solated
by extract ion w i th m th i, ,tI

This oor in w- 1 j' I r# r: t i

chte1m 1r, I i n n em i t

*00



Do ri v at j v(.:; ofV 1 11'

DH C D d ehiy dr a tes3 it l-1 0 i I"~ in x , 4 d f t o C iv- Iphe nol) aniidIwater . 'Ibhis aroina! i ,iti ' pre-ces:-; i ,i !. '- J )y strong7 'ici d

In bas ic gol ut ionis (,r noil ,Itried mcdi [)I-)1 i s- qii tCo -,tabl f, -iridi ran be
stord iidef i ni tely 1-w' D(- v i sti ! h latter (-.ii be

carried out at and ahovo pH 7.14 withouit the formation of phenol and
the predominant reo rrir9' base cat al ys(2 a:7 shown in equat ion 4,
where RX can be an aciid color ide, anhydr ide or i 'Mi ide' and B1 an organic
tertiary base.

2RX20 OH O R
2RX +28 ++ 28HX

OH OR

r4The alkylation or acy lati )n is- acco,-pli lohed in pure pyridine or
di methyl oiul phox ide. It'ici'n is the -icid chlior ide a cycl ic
carbonat o is thie prol hot . In tablm.i, ; m r e the proper t ies of
these dorivrat i v'-:.

Polymerisation of 1)1HJD Der-ivative~ sir Radical Initiators

Initial experiment,:; oin the- ,1 primeri :>itnoft IP) anid i t derivatives
we-re unsulccess-ful nPcausof o)f cht-, ntI~ Ks~ amounits of
impurities, including traces o)f phon-l. Mocreover it was found that the

m iiti at.iriw, r'ad j ci 1  f i- i f I t ii- f Is I rmnt i )II "f ph'n'fl whicho
i nh i b itfs polIymner isa-:it ion when pur- di('!h ii s-d. On the other hand,

moo,-t of the acy! lori-vil i ~'5cculI p1vrri> us ing Yrdical

mnit iato)rs either, as,- IAhe puire copud * seodin an organicI s'lvont ini whi~h Vit I r t -,I'I"! 2

St idte o ,;-f the porn' Iyo it i on

I i it ial raites of p.! v'ner- i i ion ,f' Ae , i vai' i v-'-s werr' mo'':AuiPd
J rW i lare~ ci h wi'hrct j'plymer

Lw.pr'bicef. In firir ;hw 9 ner)nti urve

Pffectivo pc in'~- w-r v, f ; )ebf iiod in 1t o o -f :-ol venit and

-olwithi th" '' ('n~ I ~i df a I 'ial (T

()7,p I o i-n jith-l i It il v. I fi .911' I wn the vair iatiion i n

I ;T I -*

oM )er, i I't 1I i : i' I, -i ': i [t''1'' n of icryIic es:3t e r!.

J j:-

L,

or. .'v - - * ' '



ill strIe r I i I (Id I u- n T) Y 'i5 r s ns t s t'5u I U
t hestc' exper i mnt wi 1 1 , aind I o t iit ial moriomer and(j initiator coenrai ' es3pectiv-ly.

=p -dIM) 0
dt

1'li' V:1 15 ct ti i , w--iet- 1 p p vm-rs obtaiiri' I it t hfi,'

The mc leci ar, wi 1 sic t tie [I m t, i it i ye to the -oric-ntrat it~n
of mronomer and the r-i of' an s'- inac I- lv e nt r ed u cesi
mairke-dly. Hii~ gOmoV--1 in woi - oht >I!! c!ii 1)v obttained in thc, absence
of sol venit. Also), ,te -lot ion i m'~ t lirf i, i parameter to which the
molec ulIar we i ght 1, i evt- re f-,en o i ye, andl there is a reduction by a
factor of, 5 to 10 in Tr.eola weight if the polymerisation is carried
out at 90 0 C compared t") h[IJ0 C

Measurements ofr ae~lo wel ght in the couirse o f rate measurements
asorevealel thi th'r.' i'a I ir !T, rlat-ions-hip betwEen rate of

pci ymer isat ioni and the )'c p lI' 4 the nmber average ieg r'ee ft

polymerisation. From this informatio)n we derive values of k p/kt 6 for
the acetate and methylcarbonate de-ivitives . A comparison between
these vailues, with tn..'st ndIs tynearnd methylrnethlac-ryl ate' ,
is shown in table 2

The plot of I /I)Pn vs ~P and I /OPn v,- -iat'I have positive intercepts .
This sugges t s theru, 1 '.1, - nrl io (:n' I!. -r rne o act ivitIy from thefIpro~pagat7ifng ch:P i t- r~ I ri- r . Ti i vi ' is : ipported by oqirit ion3
whichn shows-:in Ins .hih rdj E.it r-.spoct to monomer,
concentration.

The effect of temratu~i'1e on no 'r-~ia.i rate is summarised ini
Vii~7. The enre f'at r-t rv H the sloupe i:7 16).1

Kcals/mol-.

It w I " i 1 nII t o - rl ,o *- i i ar'kcd i';l

-)-ff icienit ari-I t0 I, t- t im~--1-" w s a t e ;
reate'-r thai X-r nn -ii.i - - l''I- rssr Also a,

so ~~~ ~ ~ ~ r -wI f -i (,------- - j -, t I it 'I I i~l I

Ir--I-t.'-1t'~:i' p -fHi it *'.i 1t Oaind b, r-' - a ci r

''of''it -i' f -I - j-i'11 o-xoept Itoe"', is

I ~ ~ ~ ~ ~ ~ ~ ~ ~ i i-rat'' :j i.-~rs.' n - -"*- ~i. Pe-r this, piinpo:w we

IVAI



-'cont-Ai ni ng ine nor co '' ii i-tri -iIi molecilai' ''' hi ()' I'

the po1lymer, pr'oduced. t,- result I t' I i s1- , i r,' g ive n i n t isl t h (

The most impurtanit eFFT-(-t o)f deut'-r i~I'i ,i'w 13 to produce a marked
inreI. asI1.eI int 'TI,,)I ( II :1 .- - i"t of h- 1,' )1 arnr pru uced. This- i:- wl I

S I l~re tarI'Aaitii it r h " I i u1a r t.c' i i~ Jr r~tion arid 1'51b v tI

differences in the r it' Ft all Iic 0 i .,r deuteron abs3tract ion f'rom

IPmonom -r' Ied n f. 1 ' ive r. -I I, I!
lap P olIyme r is a t ion i n r':rgan1 2i Iie n t 5 in 71hich the polymer is' insoluble,

has been achi evel us is : ser ic 't Thto latter cons i-ohs of' a
polymethyl-methacrvLat'- backbone jil -o ido chain derived (.m

1~~ 2- Tvro j- eriac odr - 'I, -r, ymc' der i ved Vrumr PHCUL
acetate, bonzcate, art 1 -- thyl car ri In hav e beec-n o b t a ineI d. The I
p Iyr cn. ist fF st r''oi pa. 'K' wi th a reasonable riirrow
distribution of pa--rt i> .- -es wih -~an be( cocntrol led in the ran irei

pi-4>U Im. Altl ' 'ti-' r dr i v-i i ; -'' F IWI') c-an be [1I v' y ',i (il

isipdispersion teohri i rusthe K"n ito' and me(thyl carbon ite do s'-, it
particularly high -i-is d Ei ye <nr w molecular weilhts of up
to one million. A prelimninary look -it the, kinltics of the
polvmer isat ion ha" 5(---i cairried ciut whi ohYbiwL; that at low
conversion:

whri ;] i i i" n'~t t if~rr i' t hK r-id r i I -rin rator
z,-)-' t s~ ()' -' i i tv v~. I.5 ri i my is- Ie. hinr tWo at

low conversions, with ai rirmal growthl mechanism for the
macromolecule.

Conf irmation i(,, itt''i- ire- 4, Pol Iy 1i 1 -'' inr t he So1 i d t;tatt

[Th ii v'' q :' a t i ~ i 'K''il. m 1KV. I,)f(,rql- ii

ar1'neutr.II ''at'' ''Y r, ri ari d t i' r'v is- of

c'r'i - 'a' ( w~ , v s t' 't' 1v '' ' l'r Ir~ s - 'r, I' 'i t ii,'

-- ht jrut )n i s !- -r ,I i 1 ~' ;i-l5 T I'X Ptr i to
were a'trr ied -it. j4 ' -11 ', '' fr I.'K r lilt icii-rrlw 11

reported in ri de i I Ti -t '' pu 1 ,, il

f'r r, I- i-riat i n ()f ' 1 '' 111 i 4 ' ' 'i*J 1 '1 Mw MI

em(rtli,1nc1 at :,)Or, i,, -- i riI '' i al'
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K 1<' t ;''* ''~ l:t~ the r>e oe f

1/

R-COO 0-C

The metnyl c oorri': i K l ll 2 ot rite acid deriviti yes Of
H d lif 1ere r, frn) t',X 1 j ' i I i qthat t he: aromT i a o

-in bo catilysel tby :4 tr t tr-l 1 -r,, it~ bases arid metail sal ts.

- i~ue11 stpia>ff ect i ' 1 i t hat potas turn bromide
y at ilyses the arsmati-,i i>',i and tl- r-' r-lui"o the temperat-lurp at,

wl'hi ,i t -~ r,(r--, Ai 1 -1 0MI i nn is- L'vor, In tabIl b
which shiows; that -r lmn is I u r'er orffctive in this- rnle thrin
metlls Tho !-1 t". r ha:; : -t-i1; ifn the 'scl at o f

the methyl carbon ato r-i~'va i -Jes 1 -i. p-7, not understood.

N-mel nyl pyre!i ,,, I il'w god F- I lv (D H C D - D M andI alIs o
c i cialses thIe aert A : I . Iir r- the ortia Iv t.'m F:ise d
pol1y mer is 5 1i' i n I5 :ven! rl Per'cent I, (rnmi s -d .
At 1i'ree f' m it i . . Y '0 I- p )Iy me r, 4'- I T11 i s: 1-it t'dIi ll-. 1501''Iin .l'' 1has "h' I'' hic)ride , chl'um etc .
In1 f a ; _ 1 , -! K wrl I ic,1 j, .V irve . Thi: s sh ws ta

I r,~ 1r' -4 t 1 '] yr xit ,j i ti vr . I e

t. OM- I- I t4

I, At i C1 1 b

I, Ar " V ' t :'~n ~. . ~ ', 0 *. rit ' "w' '~ : h



e gt is v r y )tric in f, a t i I I II) wn ' i ohI tIif, To Iec u Iat
weights are (IN ain- t, cpa rri on4 t h In .ln r(I' polIys tyreone mo le c 11 an
weights c.annot be a t ecau 7, the njmse )r of phenylene residuesb in thle pol1ymer irice ts thereP is aI pr , rr (;s i ve increase in
hvd rod ynmiio vol irt ho can bt, n~ da by comparing, the
intrinsic o sn i-,- f' nilymern'; ' i Ii f'cf)r(nt tiegroeo r.f'

arom at i sat ionr a.3 , ho, 1Ii inf gure 1

P't is known that the iicit cf :1 a 1 !it iln of a macrarnolo-Ille is
proll raII v A- p 71 t he 'T ) ii *o1e ~ p~sd a

roo-men q'~n~ ~l~ f yrat ior S24nd not on the nature of the

ON ~~When" .- is -A 0)1j I.t., j t Ine m, 11 -' 4, vInt and x i -i a ara-mol (,r

.-a,) vfenrt intenaoic ioi. i ev idertt ror, that at ai criitirt
WmqD -'11la "it- we I. ,r m inkedly !-ponderit on the vuolime of' the

ML molecule Ve , given by:

Ve 47r( S2) '/3 (10)

Tr n~ ~ it dion -Ir'',,-,T 1 arnam i o 'I a traIn si I-, i )n f'ro-m a r an I om

r~;1 n ~F it1,-! t-v -f, Liu n anomatis-elj Molecules.
A. --- ! ar" v!r inclnr r1 - t x I Pe uin its (lec Im and

f ho- a van~ 1, zro!I It h f, l -tl- 1 k, q-ryler fc. ion:; ] rcae

ii ~r 1~i'1 'ro if- h ri tI r i no v vi s: ty
ri - n -I f' ,1 tv roLt 0' ) to) phenylene, uni ts,

I ri 1 j r , ' n 'I".O "J: 'I vi Cc si 1y 'o (- I r., . n ce

4n'irrj, ilt~l r-rn~. ' Is a I' W <' r , If r, te i c. ni ie n

~ 1 'r~'~th -IttiI iiI~'i chins, thrugh their
It' - 0 rr; itt' I'r lr e ' ~

!It 1 t 'V.*'~ *

1 i v i , I ' l i i

fl )T v1

-** % . (



crystallinitis 7 eren i

T h e 1~ 11' i cK v n . "''1r n el p i e t~ h " '0 j f t n .1 1a r

polymrer Jcw 1(,r whe 1 0 '''v il Ii ni 4  
4 .11 r';x imP t, 1\ h p , nt.

have bee-n w-m(!" wi I I~erK1 ~
P ar a- Ii nkp 3I i"c I T he T"). t 1 1 uAy i.- 'Jlt' , T A 4

-r-phonalit i w i- r , i _ ' W

-uip e1m e t . y nI t I IT I C ffr, i jl i -t it y thIt(- pr",i~ r M! hlK-

' m i t ~ a j t p ff rw At a t i,1 ir I n . !": ~ I Vr ~ t l e

Powder cjr i u ic- In Pl v p": Ha lwler andl c 1 4i
t ho doveO Inrmn!t 1 1. j 'I i' t- -n tO "n rl Uj]!.

*the results s;h.,wn i n Cvr 1 HA ~r-nr'i hrae Ilow ;joC t her~ i s
n o rt-ovri ., iI> -* i -i -r -i cry 1 ~v. A t 1 ~hi a t ,-'np # ,r It ur -, thfen,
is a step-ohlince i r, -**~ve I o r i n iy . Anneal Iic I, it

em pe'ait uro:i ow) 'o i e r p v~ h ig l IIe ve If

cr yt7111i nity. I f h -"u rsor rr]' 71~ 1 arorrat ised albovev its glass
t r ansition tenr itiw hr, the c Y i 'ii t y of, the p4) ymerO.
o bt -i na bl I an sbeu' inneialin c i r- .. ho wri n figure I Th. It would

*appeir that. thle cvs, i I i -.es for n - j insr Ihea -rom-ati sat i on pr~cess)
imeethe ro rea F *r i-0;r of the irti-r-, l0"li In-, sr, that the maximum

V ~ ~ ~ osil )Uo3,I )It ,r v.;~ i I i rI nt. a -hviiv t!,.

These cr yst i [t i a r-'i absent from the- eel mer produced by
arom-iis at i )n f , 1 1 v 1! b t hait t he onset o

rsta-i init y i n C~ 'i i- is as il - .4ith the incwrease, in chai n
moDb il t fy an! lt I rm r- '. srefcr o . "- t r an1 i t i on te mp e ratu re 1s
'85 0C for -lrriu y[penylene.

nr . >ure 1 :3~ -P yi r i I ' ;W 1i, 5- t a~itjlr

%ar -m i s sa ion. I ncroi- Cr-o thp fi r xi hi'-~ preoiursor

J''- t hi..no '- rm r' nit 1, ' C t>~~

r, I v- Q I,, i! In iI , wth r h In. Iit

. . .' . . .' ..4 "



-h -- aflCt i 1(05 ln .'i t i ter~ v- ,1 :-o 00( and in the
isceof' -,von*Vh'i it t em-rperat 11f - '&W1 (' although t loro in- a

Ciri~cn I W i 1' ! >, i i t il 3 lV r, v c:lyi to lo)ss of, higher
MI gomers. The ft to rm i i n cohere , :ire- not carbon ised and St ill

r eta iItn t he i r ,o od - I r c CaI no sI 1 a tm cha, :ra cte r i s t i c s .'Total t hermnal
broakdown .inIy oh iir- it i ignif !fit r it,- -it, (00 to 8000(C. At hu
tflpe iat u rh - inl i 'I, r atrnOsp( I (7pwnyla tr pro()d uced of,

ge n eralI com po o i t i H - ( C ,H~ -H wh er e n to 1 1. N o be nze ne o r d iph eniylI
is produced. The resnfoir the asneof the latter is riot clear.

The oxidative 3athi litV in air is rmnjorliar to most other aromatic
polym,,ers and coat ini1 ~iti wi thstand emp.,;,ratiir~s of 3-5(90( for' short
periods without sirnif'i cant breakdown-;Y. TIhe behaviour at 38000, in air
is compared in figure 1 with that. ifl .7ire nitrogen.

Polyphenylene ot n: previously I: * have electricail
%conumctivities of 1O~to 10-1....em5 andl in thi: c-ol(ition are

very rnod Pcrh!i 7"-ltor, ;iivv h I hi ;iddrd ivril ii- (if'
be ing free, o)f irj 'nr'ltm

In table 1 2 is given o xar!ol es of t ie ee.;t anr p t y:> _,pnt n
the electricail cv nduol,lvity. The FE;: i'''-n- f[ line 1,-jVi'c, yf-j1f
in colour but otratlment with s,- m'p~hlie hybo~ne~o
and thei r conduct i vitv markedly inore-e to i ive a 0'-ri l'A '

This behaviour is repeatepd with the - tr -1 -t ~crnn hm *'- o'r
1'err io h h I )r, I id- iri i 'i ri i o pon' -if ' ~ D! :, i

% al00, as3 an -rai oit~h'.ide in an *' inalcl inwe:I_
trifluorinethyl suolphur t the ei 7t "I

In their t-ct v' i iviour the a:' "- .he vl on

Ip-2i poyhtyee;~ i ;report- L~ I t ri ,ra tur e

HXAFS' has pro/c', t ,( ii icte ''idn src r
infformation t- ho1 1! in' '',ad In,, ' ! ' i e-m ofcntc vi nd

otah jt 'I I '), 1p'1-nylenc . F I''I Pping uridor :nvr
nid in it oru '-- .i~wn th-i VVio in a t-rahodrallIy

dif'ferent fr om 'f 1 id) whIich to otahedral with an PFe-C'l
di- t ince of'

A cH'.1 i~mrp v ,borih t h- ''at in more dletailI and give
inifi a i )r ,f' fI * f C a -p 1 - 1onim -1tI th -,I l i'r'i'.ii1

67
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The method dcrbed frproduciui1-i i~ny nvLone is beinrg used in the
study of:

1) polymcrir l( f'oe whieh H f ionic and electron
conduct ion

(2) aligrnment layers- for liqruid ryta display system-,

(3) product ion of' carbon strot ures3

(~) rotetiveccVing for thermally stable polymers in chemically

aggre ci encvi roninents

5) ca lssare being develop(,d which will enable a
predominantly linear polymer, to, be prepared
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CAPTIONS TO FIGURES

Figure 1.
Conversion time cuirve !f-r the PolYm~rin -lion of various cia- glycol
derivatives usv-inc en peroxide si-ntatr DHCD-DA;
DHCD-DB; DliCD-DlMc- Ternperatur- )BjoC [MJ 0/[ I]. = 156

F'igure 2.
The degree of poly'nriorit 0ion as ri- iit r f' convers ;ionc. Cond it. iotis
of' polymerifmat ion as3 1Ir f'igure 1 , DILD;liCD-L)A.

utor 3.
Tr- li spers itv as3 a f'iinotion of cvv r.Condi tions of

VT1e r i s3at i a.- f'or i cure 1, L 11)- L B ; DHCD-DA.

it icc i'H nL ii mrc t i f m or i me r
iir be t, iylI 1jix ide, [Ij J .08 mN-/litre, in

*~ ~~~: i~ ' :*:Csfunot ion of' catalyst
* 1-e,[M]( 6.3 7 M/litre.



Figure 6
Re latijonshi p lbetween riumber average~re of' polymner isati on (DP) arid
catalyst concentration f'sr the0 polymeri Wation of DHCD-DA at 90 0 C in
the absence of' solvent , [m]o= 5 ml5/

Figure 7.
Arrehenius plot ot pulymkcr'isation r,-te agaiin.-t, temperature for
DHCD-DA.

o Figure 8
Plot of' Rw against, Mw j-in>g data inl tie 5.

Figure 9.
Thermal conversion to no 1 yphenyl1eri, :it W00 C ,- poly(DfHCD-DA);
poly(DHCD-DP); ,polv(DHCD-DB); ,rly(D'-ring DHCD-DA);
poly(D 1 2 DHCD-DA).

Figure 10.
Thermal conversion to polyphenylene at, dif'f'erent temperatures.
Poly(DHCD-DMC); ,poly(DHCD-DA).

Figure 11.
Catalysed thermal conversion of poly(DHCD-DMC) at 22011C. Catalyst KBr,
concentration 2 percent w/W.

Figure 12.
Aromatisation of poly(DHCD-DMC) in N-met hylpyrolidone as solvent. The
process was followed using thermogravimetric analysis. Temperature
1700C, polymer concentratiorf5 percent w/w.

Figure 13.
Aromatisation of poly(DHCD-DHC) in l-methylpyrolidone as solvent.
Samples removed and intrinsic viscos-itio.s determined by dilution. A
sharp increas3e in inrinsrric viscos it y -curs at 20 percent,
conversion.

Figure 14.
The effect of ann-,alirir ftemrperature on the crystallinmity of
polyphenylenes obtaini-d under diff -in, aromatisation conditions
(a) amorphous POlVDnhenylene itl -ino t, 150 0 C
(b) semi-crystalline polyphenylon- Thtained at 2J40oC. Annealing

time 17 hours .

Figure 15.
C lass, tran - i t i on t. -m r-. i 1i'- :- fo)r 1-1--t: i t 11(1i ffr r n t do Iree ofC
aromatisat ion. Thefi ijrr f'or 100 1) ..... ir-'noatisat ion was: obtained
from figure 14ha. Mea:our-,'rint5 carrWi it using a di fferential
scanning calorimeter.

Figure 16.
Thermal gravimetric an-)i f a p< Wnln oating at. 380 0 C.
Sample previously heat,,d tor 3PO" in *l ~nfor III hours.
(a) in nito~',jiiiial 1 .VO pnr''' ut loon! duer t,(reida higher

(b) in aiir

6)9
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PrnriS of Drivat-ives of DHCD

Derivative Bot. Mpt

Diacetate (DHCD-DA) 70 (0.1 mmlig) 40
Dipivalate (PHCD-DP) 11(i (0.1 mmHg) 3
Diben7,oate (DHCD-1h)
Di(p-NO, Benizoaite) 100t
Di(p-Br. Benzoate) -159
Dimethoxycarbonyl 1DP1) S 1.l (0. 1 mnilg) 36

06Diethoxycarhonyl(Ei-lV)112L id
Dimethylether (DHCD-DME) IK o m[71lg) Li qUi d

L
7(0

pill r



Comparison of ratios at 900C of kinetic parameters for propagation

(k p) and termination (k t) for the polymerisation of vinyl monomers"

Monomer k p /k t 1/

Styrene 0.05

Methylmethacrylate 0.10

DHCD-DMC 0.0'4

DHCD-DA 0.02

Table 3

Polymerisation of DHCD-DMC at 500C and 3000 atmospheres in benzene as
solvent.

MCCori ver: on MW Mn

Mol/2. MoI/9, per (erit

2.4~4 0.0775.6 523,770 14[9,065

NW2.44 0.031 90.3 422,1430 1314,580

2.414 0.015 76.3 431,360 157,130

4.11 0.015 70.0 563,050 171,720

Table '4

Effect of deuteration on the initial rate of polymerisation of the

DHCD-DA at '400G.

Monomer 1 0SRp MW
k. molV' Sec-

CH, (0.C0.CH, ), (ffl1) 0. 6,600

C6,D6 (0.C0.CH,)2  .' 55,390

C6,H, (0.CO.CD,), ~ 11,530

CD 6, (0.CO.CD,), (D12) 7.?1171,810
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Neutron scattering study )f Poly ( ICL-V.) in thFe SoLid State.

SAMPLE CODE D1I 10-6.Mw 1I-
6 Hw 10 - m Rw

OA LOADING LALLS GPC (SANS) (Saws A
Corr.)

BLEND 1 10 2.10 1.5 1.53 1.94 364

2 10 1.5 1.4 1.0 1.2 320

3 10 0.860 1.7 0.530 0.627 230

4 10 0.460 1. 0.368 0.467 174

5 10 0.250 1.9 0.188 0.238 119

I. lA IOF 10 1.6 1.8 1.46 1.86 326

2A 5F 5 0.440 1.6 0.424 - 171

2A 1OF 10 0.1440 1.b 0.382 0.485 172

.72
-4
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Kinetic Data for the Aromatisation of' V i, )is Deri vati ves of
Pci y (DHCD ) Obtained From Thermal Gray i ,t rio, Anal ys 1;R: u t at
3000 C

Derivative F'irst dr'Pate Half*-Life
(7~O~ i O n inr

poly( DHCP-DA) I1>1

poly(D-b Ring DI{CD-PA) ()0133

poly(D-12 DHCD-DA) 0u258

Poly(DHCD-DP) 0.937 19

Poly(DHCD-DB) 0.0314 20

Table7

N Kinetic Data for the Aromatisation of Pol-)y(DHCD-DM) f'rom Thermal
Gravimetric Analysis

Temperature First Order Rate Half-Life
0CConstant. (rin') (min)

300 0.12 6

280 0.066 11

260 0.022 32

'-V
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Bri.! .... i "V Lire
r~l ' , ,'-: , .' '', rE .'A i~i,r',, x . filI f 1, i I e

Catalyst w, 'i.-' w( rn)

Nal 2 . 1

2'. 2

. . !., 11 . 6
N6

13

220 --

K I t .1 0.3

SI 240 0.55 4 1

,9 5( -)* ;(x2 3

220 0.080 9
4

CsI 2 260 2.558 0.2

250 1.585 0.4

240 0.684 1

r 230 0478 2

220 0.173 4

KBr 0. 220 0.074 9

2.0 220 0.145 5

S (CH3 (CH2 ) ,) 3N u.5~ 2140 1

N ( ~ 2110 1

N 7
4'



CcrnpoM i . )i r ~ lr [ iP ii I Ar Q' i sed f'oly(DHCLD-)MC'

Type of' Res3idue A v'uut Analysis

I 3(3 H, 810 cm-,

OCOOCH 3

o ~ IR, 1150 cm'

-OCOOCH 3

I C= 5 IR, 1810 cm'1
0

OCOOCH 3

9 11'NMFI
OCOOCH 3

6 H'NMR



i1h .
SSolution Arom it i sat ion ,' Pol v ( OHCD-DMC ) at 14802 in NMP

lnitial concert,r:.iti .n 15 p-rcent w/v

Time Aromatisation GPC Results

(Min) percent F, Mw/In

0 0 139,700 2.34

40 6 140,800 2.27

166 15 139,000 3.11z

176 16 169,000 4.02

188 18 193,800 4.06

210 20 243,700 6.46

217 22 320,900 7.63

229 26 331,200 12.10

Table 11

Polyphenylene p-Terphenyl (13)
vThis paper

Principle Principle

Reflections Reflections Structural Feature

4.5 4.40 Distance between phenyl

g roups in some molecule
in thp direction of the

principle molecular axis

3.9 3.89 ristance between similar
-entreFs of phenyl groups

in idjacent molteules all
lyin : in the sam.e plane

A.3., r) , I W l p Iin ':; I
'q,~ ~ '" I +'

,,11 )



Irl' ypey ei
ElIectr ic al Coriducl. i v i I, polypeiln

Dopant Conductivity Empirical
ohin-' cm' Formula

Sodium n type 0.6 x 10-'
Naphthal ide

Ferric p type 1.5 X 10-2

thMride I0X10
AsF, p type 1x02(C 6,H,)(AsFs),0 .4 2

ON
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