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ABSTfRACT

The tensile and flexural properties were determined for the resin
obtained from the diglycidyl ether of bisphenol A and 6.5 pph of trimethoxy-
boroxine. The resin has high ultimate flexural and tensile strengths
(20,810 psi and 13,090 psi, respectively, at 76*F). The strength retention
up to 300°F has been determined. About 5 per cent of the 76*F flexural
strength is retained at 3000F. This cured resin should be usable in three-
layer canopies at skin temperatures up to 3500F.

Maximum thermal rigidity was obtained from the hexahydrophthalic
anhydride - vinyAeytalohexene dioxide resins at a ratio of 0.7 to 0.8 mol
anhydride per mol equivalent epoxide (1.4 to 1.6 mol HHDA per mol VCHDO).
The resin obtained was very light yellow. The fully cured resin has a flex-
ural modulus of 105 psi at 425°F. This resin should structurally resist skin
temperatures up to 4.500F in three-layer composite canopies.

Endomethylenetetrahydrophthalic anhydride,when used at ratios of
0.7 to 0.8 mol per mol equivalent epoxide as VCHDO% produces resins that have
heat distortion temperatures above 525*F. Unfortunately cure temperatures
of 5500F, which cause severe discoloration and oxidation of the resin, are
required to obtain the high temperature resistance. This resin system is
the most thermally rigid of all systems investigated to date.

The endomethylenehexahydrophthalic anhydride produces resins with
heat-distortion temperatures in the 450*F range. However, when they are
cured at temperatures above 5000F, rather severe degradation of thermal prop-
erties occurs.

A film-forming mold release agent was developed for releasing
ep6xide resins cast in plate glass molds. A water solution of 2.5 pph
carboxymethylcellulose and 0.12 pph poly(vinyl alcohol), when coated onto
the plate glass mold, forms a film that releases readily from thn g!ac sur-
-face after the resins have cured. Castings of epoxide rexins zrsde In the

coated plate glass molds had excellent optical properties.

The syntheses of novel epoxide resin& are discussed. These resins
are based on two bicyclic [2.2.1] heptane rings with three different types
of connecting groups. These are a carbonate, an ester, and an ether. Thermal
stability and color were of primary importance in selecting these structures.
The endo bridging should add to the thermal stability of these resins and the
three different connecting groups will help elucidate the color formation in
these resins. A ctured resin has been made using maleic anhydride, a polyol
initiator and bis(bicyclo [2.2-1] -2-methyl-5,6-epoxy)carbonate. Physical
properties of this resin were not determined.
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PREFACE

The work discussed in this report was carried out between 15 Decem-
ber 1959 and 14 February 1961 under the provisions of Contract NOas 60-6099-c
for the Bureau of Naval Weapons, Department of the Navy. Mr. Mason Thompson
of the Institute's Engineering Division was responsible for the stress-strain
analysis, and establishment of evaluation procedures and instrumentation.
Syntheses of the bicyclic diepoxide resins were carried out by Mr. Thomas
Medved. Mr. Calvin Bolze, Chemical Statistician, carried out the analysis of
data from the formula optimization experiments. A

At the end of the normal contract period, sufficient project funds
remained to support additional work. A request was made for an additional
60-day extension in the contract period, from 15 December 1960 to 14 February
1961. The request was granted 15 December 1960.

Mr. Howard Christie served as Project Leader under the supervision
of Mr. Martin N. Schuler, Head, Industrial Chemistry Section. This report
was prepared by Mr. Christie and Mr. Medved.

Approved for:

MIDWEST RESEARCH INSTITUTE

B. W. Beadle, Director
Chemistry Division

7 March 1961
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tctmperature of oven air, OF.
I

t= temperature of heated face, "F.

t= temperature at interface, OF.

tNj. temperature of cool face, OF.

t*• temperature or cool air, °F. i

hi thermal conductivity of epoxy layer.

h- thermal conductivity of acrylic layer.

k0 - film coefficient-of air on heated surface.

kj. film coefficient of air on cool surface.

x = thickness of epoxy layer, in.

= thickness of acrylic layer, in.

q - heat flux in Btu/ft 2 /hr
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9?CH 3

CHSO- O-CH 3
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I. IMITF0DUCTION

- The skin temperatures produced by air friction on supersonic air-
craft are above the softening point (about 225 F) of the canopies in many oper-
ational superconic aircraft. Hot-stretched acrylic is used for canopies be-
cause of its light weight, good optical properties, formability, and good re-

sistance to crack propagation and impact failure. However, at temperatures
above 2250F, regression of the stretched acrylic occurs.

At an altitude of 30,000 ft. the equilibriun skin temperatures are
in the 250OF range at Mach 2, and in the 500*F range at Mach 3. The actual
canopy skin temperatures will be somewhat lover because of internal cooling

of the cockpit area, and geometrical configuration and location of the canopy.

Use of hot-stretohed-acrylic in aircraft with speed capabilities above Mach 2

places a restriction on the length of time-that the. craft can be operated at
maximum speed.

The initial objective of this program was an investigation into the

mechanical properties of a two-layer composite canopy material. The composite
consisted of an outer layer of a transparent thermoset plastic capable of
resisting skin temperature of 400OF (minimum). A target goal of 500*F was
established. Physical properties of the trimethoxyboroxine-cured diglycidyl-
ether of bisphenol A were determined at room and elevated temperatures. An
investigation into the distribution of stresses in a two-layer composite was
carried out by instrumenting the composite with strain gauges and thermo-
couples.

SEarly in the project period, a number of 12 in. x 12 in. x 0.25 in.
plates of the trimethoxyboroxine (TMB)-cured diglycidyl ether of bisphenol A

(DEBA) were supplied to the Goodyear Aircraft Corporation. These plates were
evaluated in a three-layer composite consisting of an outer layer of thermoset
resin, a middle layer of an elastic thermoplastic, and an inner layer of hot-
stretched acrylic. The results from shock-heating tests showed that -the TMB-
cured DEBA resin was superior to all other thermoset resins testee. In respect
to color stability at elevated temperatures and resistance to thrmnnal chock.

The favorable results obtained by Goodyear ied to 6aome modification
in t6e project goals. The three-layer ecmposite produces a structure with
less' transfer of streos from the outer to inner layers than the two-layer com-
posito, and thus should be more resistant to impact failure. Evaluation of

the two-layer composite was suspended after the fourth month of the contract
period. Emphasis was placed on mechanical evaluation of the TMB-cured DEBA
resin and on the development of new resins from the saturated cyclic epoxides.

i



In'addition, the level of effort expended on syntheses of some new bicyclic

diepoxides was increased.

The work carried out on the anhydride-cured, saturated cyclic

epoxides was aimed at the development of resins that would retain their

strength at temperatures above 400OF, and also resist discoloration at these

temperatures. Some of th-t resins obtained were more resistant than the TMB-

DEBA resin to loss of physical strength and to discoloration at 400"F. Opti-

mum ratios of anhydride to epoxide were determined for the materials investi-

gated.

A film-forming water-soluble release agent suitable for releasing
cured epoxide resins from plate glass molds vas developed. This agent makes
possible the productic.n of castings with excellent optical surfaces.

This final report is divided into two sectit ons. The first section
coversi the experimental work and results obtained from commercially available
anhydrides and epoxide resins. The second section discusses the synthesis

program aimed at preparation of a new class of epoxide resins based on bicy-

cli€ ring structures.

II. PLASTICS FROM CCMMERCIALLY AVAILABLE MATERIALS

This section of the report is a presentation of the conclusions and
a discussion (II A) of the results from the experimental work with commercially

available materials that- could be used to produce temperature-resistant, trans-

parent composite plastics for supersonic aircraft canopies. II B is a descrip-

tion of the laboratory work carried out.

I A. Conclusions Drawn From Experimental Results

1. Analysis of Strain Produced by Thermal Gradients Through Com .ates

i Composite plates consisting of 0.25 in. thkk layer of trimethoxy-
boroxino cured diglycidyl ether of blsphenol A cust against 0.25 in. poly.

(met~ylmthacrylate) were Instrumented with high-temperature strain gages and

thermocouples atnthe nerface between the two layers and at each outer layer.

The 'plate wvere subjected to air temperatures up to 450"F on the epoxy surface
while they were cooled by a blast of room temperature air on the acrylic side.

The effects of the temperature gradient on stress distribution through the

4
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composite were measured. Analyses of the data indicate that t1le bending
stresses were quite swall, being 150 to 200 psi at an outer skin ttnperature
of 350*F. This level of stress is considerably below the ultimate strength
of the epoxy layer at temperatures up to 350"F.

2.• Resins Cuire-wiiTrimethoxyboroxine

The work under Contract NOas 59-6137-c, "Development of High-
Temperature Resistant Transparent Plastics", led to the use of trimethoxy-
boroxine (Tm?), an organo-boron compound, as a catalyst for curing the diglyc-
idyl ether of bisphenol A (DEBA). Five pph of TM. produced the most thermally
stable resin and appeared to be the optimum catalyst concentration. The
tensile and flexural properties of resins cured with 5 pph TMB at temperatures

4 up'to 220*F were determined. The strength levels were low and the resin lost
strength at lower temperatures than expected.

I A study of the effects of the concentration of TMB, cure tempera-

ture, and cure time Indicated that the optimum catalyst concentration varied

with curo time and temperature. Maximum thermal rigidity was obtained at a
concentration of 6 to 7 pph TMB in DEBA. Table I is a summary of the tensile
and physical properties of the resins obtained with a concentration of 6.5
pph TV and a cure cycle of 3 hr. at 180IF, 4 hr. at 275eF, and 6 hr. at

3500F. The presence of an optimum amount of catalyst at 6.5 pph adds further
weight to the hypotheses that the TB acts as a Lewis acid-type catalyst for

the etherification reaction between oxirane groups. Lee and Nevillel/ re-
ported on the use of TMB as a curing agent for epoxide resins. They propose
an anhydride-type reaction to form a boron polyester.

During the first quarter of this project, several sheets of the TlB.
cured DEBA were supplied to Goodyear A rcrdft Corporation* for evaluation in
a three-layer composite. The results-/ from these tests were quite prcmising.
The, sheets successfully passed the operational cycling test. The three-layer
composite for canopies has some distinct advantages over the two-layer ccm-
posite; impact resistance is higher, and the stress distribution .aur.ed by
the temperature gradient is reduced. Some modification of the seope of this

I _______________

* G.A.C. Plastics Engineering Department, Akron, Ohio. Attention Robert E.

Shumaker.
Lee, H., and Neville, K., "New Curing Agents for Epoxy Resins", SPE

Journal, p. 315, March 1960.

. Quarterly Progress Report No. 4, "Evaluation of High Temperature Cast-in-
SPlace Transparent Laminates Suitable for Canopies on Supersonic Fighter

SAircraft", Contract NOas 59-6146-c, 9 February-8 May 1960, Goodyear
Aircraft Corporation.

-I
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program was made after a meeting with the Bureau of Naval Weapons' projent
monitor in May of 1960. Work with the two-layer composite was halted, and
an accelerated evaluation of the mechanical properties of the TiB-cured DEBA
resins wans undertaken. In addition, the work on never saturated cyclic
epoxides and syntheses of the bicyclic diepoxides was accelerated.

I SUMR iOF PHYICAL PROETS OF 6.5 pp M3CRD DA i

i Flexural . Tensile

-Elasticity Flexural Elasticity Tensile at
Temp. in Flexure Strength in Tension Strength Rupture
(or) (psi x 10) (psi) (psi x ,0'-) _ l)

76 5.33 20,#800 5.77 13,100 1.99
150 4.02 17,600 4.79 11,P500 2.48
200 3.10 11,970 3.58 7,000 3.78
250 1.48 5,500 1.70 5,000 2.01
280 0.70 '2,000 0.30 -, - -
300 0.26 670 - - -

SMixtures of the diglycidyl ether of bisphenol A and an epoxy novolak
could be cured with TMB to produce resins with better thermal rigidity than
with DEBA alone. A 60/40 mixture of these two epoxides produceý a cured resin
with an Eb a 100,000 psi (flexural modulus is equal to 100,000 psi) tempera-
ture of 3400F. The epoxy novolaks are dark yellow. All attempts to decolor-
ize these materials have failed. The cast'ngs obtained were yellow, and would
not be at all suitable for aircraft canopies. If a colorless novolak can be
obtained, the cured7eisin would be greatly superior to the DEBA resin in
thermal stability and rigidity.

3. Anhydride-Cured Saturated Cyclic Epoxides

Vinylcyclohexene dioxide (VCHDO) was given a cursory evaluation
during the work carried out under Contract Was 59-6137-c. Colorless resins
were produced with VCHDO and hexahydrophthalic anhydride (HiPA). However,
the use of VCHDO in preparing two-layer composite plate was not pcssible be-
cause of severe attack of the poly(methylmethacrylate) by the VCHDO. As the
outer layer of the three-layer composite will be cast separately, no limita-
titns are placed on selection of the resin components by the presence of the
acr lLc layer.

4



Of the three anhydrides, hexahydrophthalic (HHPA), endomethylene-
tetrahydrophthalic (EMTHPA) and endomethylenchexahydrophthalic (EMIPA)
investigated, EMHbPA yielded the most color-stable resin. The drop in light
transmission of a 0.25 in. thick sheet soaked at 410OF (210*C) was only

i.75 x 10-2 per cent per minute. The TMB-cured DEBA had a rate of 6.16 x 10"2
per cent per minute at 400bF (2040). The optimum ratio on EMH eA to VCHDOwas 0.7 to 0.8 mol equivalent anhydride per mol equivalent VCHDO. When cata-

lyzed with 0.25 pph of a 60 per cent aqueous solution of benzyltrimethyl-

ammonium chloride, a resin with an Eb - 100,000 pal temperature of 400OF vas
obtained. On exposure the 550OF severe thermal degradation of this resin
occurred. Howeeif, -this resin looks most promising for use in three-layer
ocmposite canopies at temperatures of 4000 to 4500F.

I Hexahydrophthalic anhydride and VCHDO produced a resin with an
Eb 100,000 psi temperature of 420OF when catalyzed with 0.6 pph of the
Squarternary am.ne salt and post-cured at 4500F. At this high catalyst con-
centration, the cured castings were yellow prior-to-post cure. When tle
catalyst level is lowered to 0.30 pph, the color formation is substantially
reduced but the Eb u 100,000 psi temperature is reduced to 380*-3900F. The
discoloration rate on exposure of 0.25 in. thick sheet to 410*F is 3.75 x 10-2

per cent per minute, nearly half that of the TB-DEBA resin at 4000F. The
optimum ratio of HHPA to VCHDO was 0.7 to 0.8 mol equivalent anhydride per
equivalent VCHDO. The resin obtained frcm MEPA and VCHDO should be usable in
canopies at e i-a•res up to the 400"-425"F range.

The most thermally rigid resin was obtained from VCHDO and endo-
iiethylenetetrahydrophthalic anhydride (EWrUPA). This mixture could be cured
to Eb m 100,000 psi temperatures of 540"F (282C). Unfortunately, this anhy-
bride yields a highly colored cured resin even at post-cure temperatures not
exceeding 350eF. The anhydride was carefully distilled through a five-plate
bubble cap column in an attempt to reduce the color formation. No great re-
duction In color was obtained.

Other attempts to purify the EVPA met with similar failurei. Tne
resin obtained from this anhydride and VCHDO Is the mont thermally stable of
all resins investigated having a weight loss of only 5.3 per c.'nt after V hr.
at 500eF. The VCHDO-HHPA resin lost 12.5 per cent after the VMr, eAposure.

4. Film-Forming- Mold Release Agent For Glra-ss

Excellent release of cured epoxide resins from plate glass has been
6btained by the use of a film-forming release agent. A water solution of 2.5
pph low-viscosity-grade carboxymethylcellulose and 0.5 p•h of a viscosity-
gride poly(vinyl alcohol) flushed onto polished plate gXass and dried, produced

i -5 -
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an excellent release film. The film is completely transparent, very smooth,and has the proper degree of adhesion to the glass surface.

Excellent release is obtained with amine., anhydride, and catalyti-
cally TMB-cured DEDA resins. More care is required in preparing coated molds
for resins based on VCHDO because of the very low viscosity and solvent action
ofrthis low molecular weight compound.

B. Experimental, __

1. Preparation and Testing of Two-Layer Coriosites

The following discussion reviews the procedure used for the prepara-
titn of the epoxy-acrylic composites.

a. Surface preparation of acrylic layer: The surface of the
acrylic sheet was cleaned with a refined kerosene of low aromatic content to
remove all traces of the masking paper adhesive. The sheet was then washed
in warm detergent solution, thoroughly flushed with distilled water, and
dried. This procedure has been found satisfactory In terms of both adhesion
and solvent stress crazing.

b. Mold preparation: Gaskets of the desired thickness are made
from a commercial room temperature vulcanizing silicone rubber. The gasket is

placed between the acrylic sheet of the composite and an additional sheet of
acrylic that has been flush-coated with a poly(vinyl alcohol) solution.
Spring clamps are placed at the gasket line. Three sides and about one-half
ofthe top of the mold are sealed by the gasket.

it Care must be used in coating the i•heet with poly(vinyl alcohol) in
order to provide a smooth mold release film. The solution used\ was a 5 per
cent concentration of a medium viscosity grade poly(vinyyl alcohol) I-L ,ater.
The solutionvas filtered prior to use to remove any particulate r.,.,trltmnation.
The coated plate was then placed in an oven at 180I F to dry the release MIX.t

of -Preparation of enoxy resin: The diglycidyl ether of bisphenol
Atwas heated to 140F, degassed at <S am. Hg and 5 per cent by weight tri-
methoxyboroxine* was thoroughly mixed into the resin. The mixture was then
carefully poured into the mold. An alternate method in which the resin isI

* See List of Symbols for structures.
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injected at the bottom of the mold insures that no air bubbles will be en-
trapped in the casting.

d. Curing: The acrylic layer determines ithe upper-temperature
limlt for curing the resin. The maximum temperature\,used in preparing the
composite discussed is 2000F.

The filled mold was placed in a forced air circulating oven at 200"F
for a period of 10 hr. After this period, the mold was removed and the com-
posite separated from the gasket and mold sheet. The Barcol* hardness of the
epoxy layer should read at least 45 with no flow. If the hard ess is not high

enough or if cold flow is indicated, the composite is returned 'o the oven
until these values are obtained.

After curing, the poly(vinyl alcohol) mold release film was washed
from the composite--- Warm water containing a small amount of detergent readily
removes the film.

ie. Test eguipment and procedures: An electrically-heated test oven

was modified so that it could be used to produce the desired thermal gradient
through 6 in. sq. composite specimens. The composite specimens were mounted
in' the window space with the epoxy layer facing into the oven. The outer sur-
fate temperature of the composite was cooled by a stream of room temperature
air passing over this surface. This arrangement of equipment provided a means
of controlling the thermal gradient through the composite and allowed a rea-
sonable reproduction of cockpit conditions.

f. Determination of heat transfer through the acrt-lic-epoxycompos ite : _-- -

_(1) Theoretical conderaton_: The initial determination of
the heat transfer characteristics of the acrylic-epoxy composite was performed

to determine the thickness of materials required to produce the necessary tern-
perature gradient through the compolite. The information was a] o re..uired
for design of subsequent test equipment and procedures. The teraperature re-
quirements which the composite must meet include a minimum outaty face tempez:a-
ture of 400OF and an Inner face temperature not exceeding IeOOF to P_251 (i.e.,
the hot-stretched acrylic must be kept below it: relaxation temperature). The
temperature gradient through a typical composite cross section is shown in
Fig. 1.**

* Barber-Colman TIpressor, Model No. GYPT-934-1.
** See p.viii for explanation of symbols.

I "
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Four heat flow equations from Fig. 1 are as follows:

I kql. (heated air film) . ko(tl-t 2 )

q2 . 3 (epoxy layer) " e (t 2 -t 3 )Xe

Sq3- 4 (acrylic layer) = h (t 3 -t 4 )
Xa

q4 - 5 (cool air film) - k1 (t4-tS)

SThese equations are applicable for solution only if all values
are known. The minimum outer face (tl) and inner face (t 3 ) temperatures can
be assumed as 400* and 180*F, respectively. The film coefficient (k 1 ) be-
tween the cockpit air-and the acrylic face at low air velocity was assumed as
6 Btu/hr/ft 2 /*F.

i• The thermal conductivity of the epoxy and acrylic layers of the
composite were known only approximately for the temperature ranges to be
encountered. For these reasons and because the film coefficients of the air
flow on the two composite surfaces are known only in general terms, the re-
sults of these calculations were not used as a firm basis for design of the
composite.

I Using 1.30 Btu/hr/ft 2 /*F/in for the thermal conductivity (ha)
for the acrylic and 1.00 Btu/hr/ft 2 /*F/in for thermal conductivity of the
epoxy layer, solution of the four equations showed that approximately 1/2 in.
layer of epoxy-4ould•-be required to adequately protect the acrylic 1-iv'er at
minimum temperatures. The results frcm these calculations are F,-.9-•ted in
Table I1.

(2) Experimental determination of bh end be: A composite
instrumented with 28 gage iron-constantan and 3aldwin SR-4 strain gages was
prepared. The thermocouple and strain gages were bondel to the inner face of
the acrylic prior to casting the ccmposite. A mixture of 10 pph diethylene-
triamine in the diglycidyl ether of bisphenol proved adequate for bonding to
the acrylic sheet.

9-
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After the composite was cured, thermocouples and strain gages
were bonded to the epoxy and acrylic surfaces. Trimethoxyborcxine-catalyzed&
epoxy resin a sed for bonding the gage and thermocouple to the epoxy (high
temperature) side, the amine and resin were used on the acrylic side. A con-
siderable amount of effort was required to develop satisfactory methods for
transfer and mounting of the strain gages. An instrumented composite test
specimen is shown in Fig. 2.

I . The instrumented composite was placed in the oven window and
subjected to increasing temperatures. The temperature through the composite
was monitored and final readings were taken after 5 min. at equilibrium tem-

peratures. Both temperature and strain readings were obtained. These data
were used to calculate heat flux through the composite. Data from this experi-

ment are shown in Table II.

1 Tgliiebasis of these tests it was estimated that the epoxy
layer will need to be approximately 5/8 in. thick -to provide the required

protection for the hot-stretched acrylic layer.

Sg. Analysis of strain produced by the thermal gradient through the
composite: The instrumented composite held three Baldwin CD-7, SR-4 type

strain gages, one each on the exterior surfaces and one at the epoxy-acrylic
interface (see Fig. 2). The strain produced at the three locations was re-
corded with the equilibrium temperature readings. The strain readings from

this test and a duplicate test are presented in tabular form in Table III and
in graphical form in Figs. 3 and 4.

SThe strain measurements shown (E2,E3 and E 4 ) represent the strain

on the surfaces and interface corresponding to the thermocouple positions.

The gages used on this instrumented comporite were mounted on a phenolic film

that softens above 350"F. This fact placed some doubt on any data taken above

that temperature. The bending strain produced in the composite layers can be

represented as half the differences in strains on the extreme fibers. The

bendinG strain obtained from these correspondsto a relatively low level if

150 to 200 psi bending stress.

2. Physical Properties of the TMB -Cured DEBA P,'.in(

a. Preparation: The sheets of cured resin used to make the tensile
and flexural test specimens were prepared as follows:

(1) As-cast acrylic sheets, 13 in. by 13 in. by 1/4 in. were

cleaned and flush-coated with a 5 per cent solution of poly(vinyl alcohol).

.1
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The coating was dried at 140*F. One-fourth inch thick silicone-rubber gaskets
were placed between the coated sheets and held together with spring clamps.

(2) The diglycidyl ether of bisphenol A (DEBA) was heated to
160PF, 5 pph trimethoxyboroxine (TMB) was added and thoroughly mixed into the
resin. The resin mixture was filtered into the mold through a funnel contain-
ing loosely packed unbonded fibrous glass. The filtering removed any scum or
gelatinous particles formed during addition and mixing of the resin and cata-
lyst.

(3) The filled mold was placed in an oven and cured for 18 hr.
at 1800F. After cooling the mold was separated from the cast epoxy sheet.
The poly(vinyl alcohol) release film was washed from the sheet with lukewarm
water. A number of sheets were cast to provide a sufficient quantity of mate-
rial for making the flexural and tensile test specimens.

b. Test equipment:

(1) Flexural test fixtures: Flexural properties of TMB-DEBA
were investigated at elevated temperatures using the temperature test oven
mounted on the Institute's Instron Testing Machine (Type TT-CM) (see Fig. 5).
In order to conduct these flexural tests with this oven arrangement, the ten-
sile grip fixtures were replaced with a center loading, simple beam, flexural
test fixture shown in Fig. 6. The fixture was designed to conform to the
ASTM Standards fr-Tests of Flexural Properties of Plastics (D 700-58T), with
a I specimen beam length of 16t (16 times the thickness of the specimen). In
order that several thicknesses of sheet plastic may be tested using this fix-
ture, four sets of holes are provided covering a range of specimen lengths of
2,1 4, 8, and 10 in. (specimen thickness from 1/8 to 5/8 in.).

Flexural test specimens conforming to the above noted ASTM
Method of Test (D 700-58T) were machined from four 12-in. square sheets of
0.25 in. thick cast sheets. The specimens, 1/2 in. wide and 6 in. long, were
carefully machined with light cutting strokes of the cutting head, ad vater
as a lubricant and cooling fluid, to minimize residual stresses :r--. the
machining operation. After machining, the test specimens were --tress relie 'ed
at 350*F for 30 min.; then examined by viewing through a sheet of F'riarold
plastic so that residual stresses, stress concentratlonr, nicks or voids, and
uneven mixing of the resin would be distinguished by polarized fringe patterns.
Specimens exhibiting an appreciable amount of fringe indexes from any of the
above causes were discarded and not used. It was not possible to obtain all
specimens free of any fringe patterns; however, the fringe patterns remaining
in the specimens used were of low order fringes and principally parallel to
the span of the bend specimen (not normal to the load application of the

-15-
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specimens in bending), so that these fringes should have little effects on
the test data.

The mid-span bending load was applied to the test specimens at
a uniform crosshead rate of 0.20 cm./min (the nearest metric crosshead rate,

on'the Institute's Instron Testing Machine, corresponding to the 0.10 in/min
specified by ASMD-_OO,58T). A load deflection record of each specimen was

redorded-on the Instron's pen recorder. The elevated temperature of the test
oven and test specimens was regulated and measured by a temperature regulator
(Sim-Ply-Trol) and thermocouple bridge.

The measuring thermocouple was embedded in a section of cured
resin sheet duplicating the test specimen and placed adjacent to the test
specimen. When the measuring thermocouple indicated that stable temperature
had been reached, the test was carried out. The temperature indicated by the
ther'mocouple was recorded as the test temperature.

1 (2) Tensile test fixtures: The initial tests were carried out
with wedge type grips (see Fig. 7) and an extensometer that was sensitive
to any bending moment placed on the tensile test specimen during testing. 4

Considerable deviation in test data was produced by this system because slip-
page of the jaws placed an eccentric load on the test specimen, and the speci-
men'bent. These phenomena were the cause of erratic and inaccurate strain
readings.ý A modified extensometer was built and the wedge jaws replaced with
a perpendicular clamp type jaw. The data obtained with this equipment were
much more consistent and are considered reasonably reliable.

The extensometer, shown in Fig. 8, was equipped with a tempera-
ture stable Schavitz transformer to sense strain of the specimen during load-
ingi The strain output of the Schavitz transformer vis fed first to a Day-
tronic Corporation, Model 300, Displacement Indicator\\for calibration and then
to the axis input of a Moseley, Autoeraf, X-Y Recorder. The load signal from
the instron was applied to the Y-axis input of the recorder. The recording

obtained was a direct reading stress-strain curve for the specimen unlder test.

Tensile test specimens were prepared according to .AZV1 D 638-
58T, "Tests for Tensile Properties of Plastics". The specimens uore rnchbn1."in
from 0.2S5 in. nominal thickness sheets of the cured resin uing gutting and
stress-relieving techniques previously described. The nominal dimensions of
these test specimens included a 1/2 in. constant width test section, a gage
length of 2-7/8 to 3 in. and a grip area of 3/4 to 7/8 in. in width with a
total length of 6.0 in.

-18-
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The specimen loading rate of 0.5 cm/min (0.197 in/min) used is
in close agreement with ASTM D-638-58T. The tests were carried out at room
and elevated temperatures. The elevated temperature tests for tensile prop-erties followed the procedure outlined for determining the temperature during !

measurement of flexural properties.

c. Properties of DEBA resin cured with 5 Mbph TB: The initial
tests were made on sheet castings of DEBA cured with 5 pph TMB. The sheets
were prepared as outlined in Section II-C-2a. These specimens were cured at
220*F for 6 hr. following the 18 hr. at 180*F cycle. Tensile and flexural
test specimens were prepared frcm the cured sheets and tested as previously
outlined. The data obtained are shown in Figs. 9 and 10.

d. Catalyst concentration and cure cycle 6ptimization: There were
some discrepancies between the temperature at which a large strength loss
(transition temperature) occurred that was previously reported and those
found during this report period. These changes suggested that the formula-
tion was extremely sensitive to elevated temperatures and to the time from
initial cure to the annealing operation. Apparently the resin was not com-
pletely cured, either from too low a catalyst concentration or 7n incomplete
cure cycle.

A study of the effects of the concentration of TMB and cure cycle
onlthe thermal resistance of the cured epoxy resin was carried out. Four
levels of TM-con6entration were used, 4, 6, 7, and 9 parts TMB per 100 parts
ofl the diglycidyl ether of bisphenol A (DEBA). Three post-curing tempera-
tures, 300, 350, and 400*F, and three post-cure times, 4, 16, and 50 hr.,were

used to cure the resin-catalyst mixture.

After the appropriate cure cycles were completed, flexural test
specimens were cut from the cured sheets. These specimens were 0.5 in. wideo
approximately 0.25 in. thick, and 6.0 in. long. The flexural modulus (Eb) of
each specimen was determined at increasing temperatures until the modulus was
below 1 x 105 psi. Figures 11, 12, and 13 show the effects of catalynt con-
centration, cure temperature, and cure time on the thermal resistance of the
curcd resin. These figures are plots of the temperature at which the ilexveal
modulus of elast5cityz..b) is equal to 105 psi. The numerical data Are given
in 'Table- IV.

The data obtained from this experiment were subjected to a statis-
tidal analysis to determine if the effects observed were significant.

-21-
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TABLE IV

EFFECT OF CATALYST CONCENTRATION AND CURE CYCLE ONF
STRENGTH AT ELEVATED TEMPERATURES

iTemperature at vlhic
TMB j_1Eb = 100.,000 Psi

Concentration Cure Time Cure Temperature (OF)!,(pph) hr 300 350 400

4158 155 176
4 6158 185 210

S50 185 217 251

4 190 225 242
6 16 225 246 260

50 245 261 287

4 218 238 252
7 16 246 255 260I " 50 252 265 285

4 217 •220 228
9 16 223 225 245

50 237 246 267

A second order model was fitted to the data by the least squares
method. The form of this surface vould be:

T(b=1O5) = U)+ b(C) + c(C 2 ) + d(t) + e(t 2 )

+ t(T) + g(T 2 ) + h(tC) + i(TC)

+ j(tT)

where C is catalyst concentration in per cent

t Is logarithm of time

IY T is temperature in *F.
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As the levels were not equally spaced in terms of the transformed
variables, it was necessary to compute the following orthcgornal comparisons
for analysis .i/

C 4 6 7 9 T 30003500 4000 t 4 16 50CL -5 -1 +1 +5 TL -1 0 +1 tL -17 1 16

C +i -1 -1 +1 TQ +I 2 +1 tQ 5 -11 6i
The equation in terms of these variables vas:

T(Eb=1 05) = 227.50-+ 4.82 CL- 18.61 Cq + 1.26 tL + 0.04 tq

+ 19.58 TL + 0.00 TQ- 0.0 CLtL -1.96 CLTL

I - 0.04 tLTL

Using the residual as the estimate of experimental error, the
coefficients were tested for statistical significande. The underlined coef-
ficcients were very highly significant (p = 0.999). ýhe other coefficients
were not significant at the 0.95 level.

SExamination of the above equation shows the following:

1. At a given cure temperature and time, an optimum catalyst con-
centration exists.

2. If cure time or temperature is increased, the optimum catalyst
concentration Is decreased.

3. The effect of increasing cure time or cure tempera'..rc (at a
given catalyst concentration) is to increase the T(Eb=IO5).

44. There is no evidence of a maximum in efther nure time or cure
temperature and the variables appear independent in this range.

i_/iRobson, D. S., "A Simple Method for Constructing Orthogonal Polynomials
when the Independent Variable is Unequally Spaced", Biometric, Vol. 15,
No. 2, 187-191.
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e. Determination of the tensile and flexural properties of DEBA
resin cured with the optimum concentration of TMB: A\ number of 13 x 13 x
1/4.in. plates of the 6.5 pph TMB-DEBA resin were prepared. The cure cycle
used was 3 hr. at 180F, 4 hr. at 2750F, and 6 hr. at 3500F. Sixteen of

these plates were forwarded to the Goodyear Aircraft Corporation, Akron, Ohio,
for! evaluation. The remaining plates were cut into flexural and tensile test

specimens for determination of physical properties at elevated temperatures.
The tests carried out have been described previously. The data from these
tests are shown in Tables V, VI, and VII, and in Figs. 14, 15, and 16.

f. Improvement of thermal resistance with an epoxy novolak: The
strength of the TMB and DEBA drops rapidly at temperatures between 275 and
3000F. It is desirable that the material resist temperatures up to 4006F.
An investigation-of-a-pllyfunctional epoxide resin derived from a phenolic
novolak was carried out. This material having a much higher reactive func-
tionality than the diglycidyl ether of bisphenol A produces a cured resin of
higher heat distortion temperature.

The structural diagram of this resin is shown below:

Ii
0H H H
H H H H H H HE H

IJ n
Theivalue for n. ranges from 0 to 3 with an average value of 1.3. The pres-
ence of more epoxy groups increases the reactivity of the monomer atud %JkIrmal
stability of the cured resin. The ccmmercially available resin b: a color
of 5 on the Gardner-Holt scale and a viscosity of approximately :.0,000 ;ps ct
125*F. The resin is too high in viscosity to be used directly and m.t be
blended into the diglycidyl ether of bisphenol A (DEMA).
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TADLE V

FLEXURAL PROPERTIES OF EPOXY RESIN AT ELEVATED TEI4PERATURES

(6.5 pph T1vB in DEBA, Cure Cycle 18 hr. - 180F, 12 hr. 350"F)

Ultimate Modulus or

Spec. Width Thickness Max. Load Flexural Strength Elasticity
No. (in.) (in.) (lb.) (a"b, psi) •-3 , pi x 10-5

Room Temperature, 77,F

2 0.4970 0.2320 95.9 21,520 5.65

2 0.5025 0.2621 131.2 22'8001 5.27

3 0.5050 0.2791 89.3 13,650±' 5.*32

4 0.4967 0.2317 54.7 12 3;;1' 5.42
5 0.4990 0.2243 94.3 22,560 5.26

6 0.4958 0.2546 109.3 20,400 5.22

7 0. 5044 0.2267 78.3 16,800 5.17
20,810 5.33

Std. Dev. 4-2,370 +0.14

Temperature 150I F

0.5013 0.2697 114.0 18,9350 3.97

2 0.4984 0.2505 68.4 l3,1202/ 2.86 2

3 0.4980 0.2206 70.6 17,400 4.10

4 0.5005 0.2550 100.8 18,600 4.01
5 0.4985 0.2210 66.1 16,266 3.99

06 0.5037 0.2255 74.5 17,420 4.02

7 0.4957 0.2304 76.7 17,480 4.07
Mpg. 17,580 •4.02

Std. Dev. +1,095 +0.045

Timperature 200eF

1i 0.5025 0.2074 77.4 12,930 2.71
2 0.4992 0.2466 48.7 9,63C 3.08

3 0.5011 0.2641 81.6 14,010 3.11
4 0.5005 0.2511 69.9 13,290 3.09

5 0.5000--0-.2427 55.1 11,220 3.13

6 0.5550 0.2765 46.3 6,610;/ 2.98
7 0.4972 0.2270 46.3 10,840 3.09

Ave. 11,970 3.10
Std. Dav. ±1,440 _0.05
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TABLE V (Concluded)

Ultimate Modulus of
Spec. Width Thickness Max. Load Flexural Strength Elasticity
No. (in.) (in.) (lb.) (a-b, Psi) Eb, psi X 10"5

Temperature 250OF

1 0.4993 0.2385 28.4 6,000 1.36
2 0.4816 0.2602 26.9 4,950 1.24
3 0.5032 0.2800 25.4 3,860./ 1.12_./

4 0.4904 0.2297 23.6 5,470 1.78
5 0.4992 -0.2520 30.4 6,830 1.61
6 0.5048 0.2655 22.7 3,830 \ 1.44
7 0.4985 0.2498 21.6 4,170 1.47

Avg. 5,480 1.48.
Std. Dev. t1,040 .0.225

Temperature 300"F--

1 0.5010 0.2610 3.75 660 0.224
2 0.5009 0.2738 4.41 700 0.290
3 0.4966 0.2532 3.97 750 0.298
4 0.5076 0.2457 3.31 650 0.248

.. 5 0.4986 0.2209 3.97 610 0.235
6 0.5031 0.2650 3.31 560 0.249
7 0.5018 0.2364 3.53 760 0.282

Avg. 670 0.261
Std. Dev. t72.5 +0.0269

Bubble in -iiýof test specimen caused premature failure.
2. Seme residual intornal strains present as indicated by polari7,?d l.•iht

examination.

I"
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TABLE VI

i TEN~SILE PROPERTIES OF EPOXY JESIN AT ZIEVrtZED TEIRA~TURES
(6.5 pph TM in DEBA, Cure Cycle 18 hr. - 180F, 12 hr. - 350*F)

Ultimate

Tensile Tensile Mod. Elongation
Spec. Width Thickness Max. Load Strength of Elasticity at Rupture

NO. (in.) (in.) (lb.) (psi) (psi x 10-5) (,)

Temperature 77*F

1 0.5039 0.2436 900 77,340 5.92 1.40
2 0.5066 0.2475 1,400 11,180 5.36 2.48
3 0.5046 0.2424 1,490 12,300 5.85 2.56
4 0.5064 0.2430 911 7,410 6.21 1.49

0.5051 0.2489 1,195 9,520 5.80 2. 00
6' 0.5035 0.2612 775 5,90• 5.52 1.00-/
7, 0.5030 0.2485 1,290 10,300 - .

Avg. 9,675 5.77 1.99
Std. Dev. t2,9010 +0.363 +0.52

Tempernture 150"F

1 0.5031 0.2459 1,355 10,950 5.05 2.82
21 0.5064 0.2536 1,235 9,620 4.83 2.36
1A3 0 ,5035 0.2500 1,408 10,970 4.93 2.72

4 0.5033 0.2469 1,455 11,700 4.70 3.08
5' 0.5059 0.2424 915 7,460 4.76 1.574Y/ i
6. 0.5115 0.2516 1,095 8,540 4.85 1.82
7 0.5044 0.2491 882 9,300 4.39 2.06

Avg. 10,180 4.79 2.476
Std. Dev. ±1,144 t to. n0 tO.255

291
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Ii
TABLE VI CConcluded)

Ultima~te
Tensile Tensile Mod. Elongation

Spec. Width Thickness Max. Load Strength of Elasticity at Rupture
No (in.) (ps--i xNo. ~(in.) (lb.) (psi) (s 05

Temperature 200OF

1 0.5062 0.2537 574 4,40oo./ 4.00 1.41./

2 0.5064 0.2518 1,035 8,130 ( 3.64 2.56
3 0.5031 0.2416 925 7,600 3.49 2.72
4 0.5056 0.2300 805 6,900 3.63 4.18
5 0.5055 0.2358 745 6,2.60 3.59 4.82

0.5067 0.2560 729 5,610 3.55 2.59
7 0.5010 0.2497 872 6,970 3.16 4.00

Avg. 6,912 3.58 3.478
Std. Dev. ±900.2 *0.798 *0.978

...... T rtulc 250OF

0.506S 0.2410 430 2.,210 1.72 2.82
2 0.4950 0.2419 305 2,540 1.95 1.44
3 0. 5062- • ý510 254 2,,COO 1.44 1.78

Avg. 2,,250 1.70 2.01

VPremature failure caused by extensompter.
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TABLE VII

UVITIATE TENSILE sWNGTH OF EPOXY RESIN AT
ELE~VATED TEMPERATURES

Ultimate
Spec. Width Thickness Max. Load Tensile Strength
No__ (in.) _-_in._) (psi)

Temperature 77*P

21 0.5023 0.2550 1,720 13,450
2 0.5033..-.0.2425 1,,655 13,600
31 0.5046 0.2424 1,490 12,300
4' 0.5012 0.2425 1,650 31.5,550
5! 0.5023 0.2510 1,580 12,550

Avg. 13j,090
Std. Dev. t860

Temperature 150OF

1! 0.5057 0.26S1 1,655 12,380
2 0.5035 0.2622 1,545 11,710
35 0.5005 0.2512 1,520 12,100
4 0.5002 0.2518 1,310 10,400
5 0.5044 0.2491 1,390 11,050

Avg. 11,550
Std. Dev. t710

Temperature 2000F

11 0.4987 0.2466 960 7,200
2! 0.4996 0.2619 795 6,100
3. 0.5002 0.2518 880 7,000
4t 0.5010 0.2497 882 7,050

0.5056 0.2300 815 1 7,000
Avg. 7,.010
StA. Dev. t-670

i
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TABLE VII (Concluded)

Ultimate
Spec. Width Thickness Max. Load Tensile StrengthS.o0. (in.) _ (,11.) , p

Temperature 250OF

1 0.5003 0.2565 615 4,810
.2 0.5006 0.2504 615 4,860
3 0.5100 0.2484 685 5,400
4 0.5102 0.2424 610 4,930
5 0.5000 0.2438 585 4,800

Avg. 4,980
Std. Dev. t800

Temperature 2809F

i 0.4981 0.2754 231 1, 710
2 0.5012 0.2415 88 695
3 0.4992 0.2524 L231 1,840
4 0.4989 0.2490 120 97Q

Avg. 1,3
Std. Dev. ý560

tS6
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Mixtures of 90, 80 and 60 per cent by weight of DEBA and the epoxy
n6volak were prepared. Trimethoxyboroxine was added to the resin mtxtures at
the 5 pph level and 6 in. by 6 in. by 1/4 in. plates were cast and cured for
18 hr. at 1850F. The plates were cut into three 2 in. by 6 in. sections and
one each cured for 4 hr. at 300*F and 4000F. The flexural modulus of these
samples at elevated temperatures was determined on 0.5 in. by 6.0 in. speci-
mens using the technique previously discussed. The results of this experi-
ment are shown in Figs. 17, 18, and 19.

3.} Anhydride Cured Saturated Cyclic Epoxide

Vinyl.yclohexene dioxide was investigated briefly during the work
carried out under Contract NOas 59-6137-c, "Developnent of High-Temperature
ReSistant Transparent Plastics", M.R.I. Project 2289-C. The work at that,
time was based on in situ casting of the resin directly against the hot-
stretched acrylic sheet. It was found that vinylcyclohexene dioxide severely
swelled the acrylic sheet. Further work with this diepoxide monomer was
abandoned at that time.

The change in emphasis, created by the three layer composite, has
made further investigation of this monomer desirable * Vinylcyclohexene di-
oxide yields resins of much higher heat distortion temperatures (with anhy-
drides) than the bisphenol A epoxide resins.

a. Determination of optimum anhydride content by weight loss on
exposure to elevated temperatures: Vinylcyclohexene dioxide is much more
sensitive to acid catalysis than bisphenol A epoxides. The initial investi-
gation of this monomer was made with hexahydrophthalic anhydride and endo-
methylenetetrahydrophthalic anhydride as the co-reactants. Because vinyl-
cyclohexene dioxide is sensitive to acid natalysis, it was necessary to deter-
mine an optimum ratio of anhydride to epoxide. Acid catalysis causes some of
the epoxide to polymerize through the etherification reaction, thus reducing
the amount of epoxideremaining to react with the anbydride.

I Determination of the effect of anhydride epoxide rati' r on thermal
stability has been a satisfactory method for determining the optimum .atim,.
Ten-gram amounts of 13 different anhydride-epoxide mixturem of mol ratios
froni 0.3 to 1..2 mol anhydride per mol epoxide, were prepared from hexahydro-
phthalic anhydride and endomethylenetetrahydrophthalic anhydride with vinyl-
cyclohexene dioxide. One-half of one per cent, by weights of a 60 per cent
aqueous solution of benzyltrimethylammonium chloride was added to each mix-
ture. The mixtures were cas • into 2.0 cm. glass vials and cured. The hexa-
hydrophthalic (HHPA) vinylcyclohexene dioxide mixtures were cured for 14 hr.
at 180*F and 8 hr. at 300*F. The endomethylenetetrahydrophthalic anhydride

mixtures were cured at 180lF for 12-1/2 hr. and at 300"F for 18 hr.
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After the resin mixtures vere cured they were cut into test speci-

mens, weighed, and placed in an air-circulating oven at .OO0F. The samples
were removed f -ovenp cooled in a desiccator and reweighed after 4, 8,

1i'i and-32 hr. of accumulated exposure. The results of this experiment are

shown in Figs. 20 and 21; the weight loss after exposure is plotted against

the resin composition.

b. Resins from vinylcyclohexene dioxide: The optimum ratio of
epoxide to anhydride for vinylcyclohexene dioxide was 0.5 to 0.6 mol hexa-
hydrophthalic anhydride per mol epoxide and 0.45 to 0.50 for the endcmethyl-
enetetrahydrophthalic anhydride. These ratios yielded resins with the small-
est weight loss after exposure to 5000F. The endomethylenetetrahydrophthalic
anhydride resin was more stable than the hexabydrophthalic anhydride, exhibit-

ing a weight loss of only 3.6 per cent after 52 hr. of exposure at 5000F.

Cast sheets of the anhydride cured vinylcyclohexene dioxide were
prepared. The 6 x 6 x 1/4 in. sheets were cast between poly(vinyl alcohol)-
coated ferro-type plates. Specimens with the following compositions were
prepared:

1. Vinylcyclohexene dioxide 1.0 mol
Hexahydrophthalic anhydride 1.0 mol
Benzyltrimethylammonium chloride

(60 per cent solution in water) 0.25 weight per cent of
resin mixture

2. Vinylcyclohexene dioxide \ 1.0 mol
Endomethylenetetrahydrophthalic

anhydride 1.0 mol
Benzyltrimethylazmonium chlohride

(60 per cent solution in water) 0.25 weight per cent of -

resin mixture

3. Vinylcyclohexene dioxide 1.0 mol
Endcmethylenehexahydrophthalic

anhydride i.0 mol
Benzyltrimethylammonium chloride

(60 per cent solution in water) 0.25 weight per cent in

resin mixture

4. Diglycidyl ether of bisphenol A 1.0 mol
Hexahydrophthalic anhydride 1.8 mols
Denzyltrimethylaenonium chloride

(60 per cent solution in water) 0.50 weight per cent in

resin mixture

36
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5. Diglycidyl ether of bisphenol A 1.0 mol
SEndomethylenehexahydrophthalic

anhydride 1.8 mols
Benzyltrimethylammonium chloride

(60 per cent solution in water) 0.50 weight per cent in
resin solution

- 6. Diglycidyl ether of bisphenol A 1.0 mol
Endomethylenetetrahydrophthalic

anhydride 1.8 mols
Benzyltrimethylammonium chloride

(60 per cent solution in water) 0.50 weight per cent in
resin solution

I The endomethylenetetrahydrophthalic anhydride (bicyclo [2.2.1] hept-
S-ene-2,3,-dicarboxylic anhydride) was the ccmercial product distilled at
2.0 amm. Hg, b.p. 130-4F. The endomethylenehexahydrophthalic anhydride was
made by loif pressure hydrogenation of the tetrahydro anhydride with Adams
catalyst.!/ The hydrogenated product was distilled at 2.0 amm. Hg, b.p. 148-
152F. The hexahydrophthalic anhydride, vinylcyclohexene dioxide and diglyc-
idyl ether of bisphenol A were commercial products used as received.

All castings were cured for 18 hr. at 150°F, and 3 hr. at 2500F.
Samples containing the endomethylene anhydrides were given an additional 3 hr.
at.350"F. Flexural test specimens, 6 x 1/2 x 1/4 in., were cut from each
plate. The modulus of elasticity in bez.ding (Eb) of these samples was deter-
mined at elevated temperatures. The results of these tests are shown in Figs.
220'1 23.. and 24.

c. Color stability of vinyIcyclr.hexene dioxide resins at elevated
temperatures: The heat resistance of hexahydrophthalic anhydride and endo-
methylenehexahydrophthalic anhydride resins was cornsiderably superior to the
TMB-cured DEBA. It was expected that the resistance to tiscoloration should
slao be superior. Two-inch square pieces of the various vinylcye.lhe::dne di-
oxide resins were subjected to cycling exposures of 10, 20, and 4( min. at
4107F. The light transmission of the specimens was measured aft,'w each exrc-
sure period. Specimens were placed in an air-circulating oven at 41,,)F for
the time period indicated. After cure, they were removed and al3owed to cool
for' 15 min. The light transmission was then determined and the specimens re-
turned to the oven for the next cycle. The results of these experiments are
shown in Figs. 25 and 26.

iJ_ Final Repo-rit--Contract NOas-59-6137-c, "Development of High-Temperature
Resistant Transparent Plastics", January 20, 1960, Midwest Research
Institute, Kansas City, Missouri.
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d. Optimization of anhydride - vinylcyclohexene dioxide ratios to

obtain maximwn thermal rigidity:

1 (1) Hexahydrophthalic anhydride: Previous work with resins

obtained from hexahydrophthalic anhydride (HHPA) and vinylcyclohexene dioxide
(VCHDO) yielded cured resins with good color stability and resistance to tem-
peratures approaching 4000F. There was, however, some doubt that the optimmn
anhydride-to-resin ratio, as determined by weight loss, would produce the most

rigid resin. The following section outlines work done toward optimizing the
anhydride-to-resin ratio and determination of the amount of catalyst required.

Mixtures of vinylcyclohexene dioxide and hexahydrophthalic
anhydride per mol equivalent epoxide were catalyzed(with 0.25 pph of a 60 per
cent aqueous solution of benzyltrimethylauonium chloride. These mixtures
were cast into 6-in, by 6-in. by 0.25-In. sheets. The castings were initially
cured at 180F' until gelation occurred (about 4 hr;) and then 2 hr. at 2400F.

The plate glass molds used were coated with the carboxymethyl-
cellulose poly(vinyl alcohol) release agent. After the initial cure period
was completed, the molds were slowly cooled in the curing oven'. As the molds
cooled, the cured castings released from the mold surfaces quiie readily. The
molds must be cooled slowly to prevent thermal shock and resulting fracture
of the glass.

The cured sheets were cut into 6-in. by 0.5-in. strips for
determination -of-fle.kural properties. The flexural test specimens were then
subjected to additional curing at increasing temperatures up to 4500F. Samples
were withdrawn for testing as shown in Figs. 27, 28, and 29. The results of
these tests are shown in these figures. The modulus of elasticity in bending
(Eb) is plotted against temperature in Figs. 27 and 28. Figure 29 shows the
effect of mixture ratios on the temperature at which the Eb is equal to 2 x
105 and 10 psi.

I The optimum ratio of hexahydrophthalic anhydride --.r vinylcyclo-

hexene dioxide was 0.7 mol anhydride per mol epoxide equivalent- Tlvree se'ts

of 6 x 6 x 0.25-in. plates of a mixture of 0.7 mol anhydride per 0.5 mol (1
equivalent mol) vinylcyclohexene dioxide catalyzed with 0.15, 0.30 and 0.60
pph of the 60 per cent aqueous solution of benzyltrimethylanmonium chloride
(0'.09, 0.18, and 0.36 pph active catalyst) were cast and cured. After the
240"F curing period was complete, flexural test specimens were prepared and
subjected to additional cure at 350, 400, and 450"F for 2 hr. at each tempera-

* -41-
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ture. Samples were withdrawn for testing at the end of each period. The

results of these tests are shown in Figs. 30, 31 and 32.!I
if, (2) Endomethylenetetrahydrophthalic anhydride (EMIPA): The

initial work with this anhydride was somewhat disappointing as the resins
obtained did not have good thermal resistance. A series of experiments to
determine the optimum anhydride - VCHDO ratio were carried out. Sheets of
the resins made with ratios of 0.4 to 1.1 mol anhydride per mol equivalent
epoxide were cast and cured as outlined in the previous section. The samples
were cured at 3000F, 450*F, and 550"F for 2-hr. periods. The results from
these tests are shown in Figs. 33, 34, 35, and 36. The temperature at which
the flexural modulus (Eb) is equal to 2 x 105 psi and 105 psi is plotted
against composition in Fig. 36, which shows the maximum rigidity to fall be-
tween 0.70 and 0.75 mol anhydride per mol equivalent VCHDO.

i The effect of catalyst concentration on the resin thermal re-
sistance is shown in Figs. 37, 38, and 39. The procedure for obtaining these
data was the same as used with the hexahydrophthalic anhydride, except that
the curing temperatures were higher.

The higher curing temperatures created considerable discolora-
tion of this resin system, especially at 550"F where the castings turned black.
The initial discoloration was high. This anhydride does not produce a color-
less cured system and was examined only because of its similarity to the endo-
methylenehexahydrophthalic anhydride and its availability. The endomethylene-
hexahydrophthalic anhydride must be prepared in the laboratory and is thus
not! readily available in large quantity.I

(3) Endomethylenehexahydrophthalic anhydride: Resins obtained
from vinylcyclohexene dioxide and endomethylenehexahydrophthalic anhydride
(EMMOPA) were the most resistant to discoloration at 400*F of all the resins
investigated to-date. •The limited availability of this anhydride reduced
somewhat the number of tests that could be performed. Mixtures of 0.55, 0.65,
and 0.80 mol anhydride per mol equivalent of vinylcyclohexene dioxide. %:ere
catalyzed with 0.25 pph benzyltrimethylamnonium chloride and cure&., using tem-
peratures up to 550"F. The flexural moduli at elevated temperataez ware
determined and are shown in Figs. 40, 41, and 42.

These castings had a light pink color after the initial cure
cycle at 240*F. These castings did not gain much additional color at 450"F.
At 550"F considerable surface oxidation occurred.
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,! (4) Development of a film-forming release agent for glass:
The procedures used for preparing the laboratory sheet samples of the thermo-
set resins have not produced optically acceptable castings. The castings
were not consistent either in thickness or in surface smoothness. It was
apparent that polished glass surfaces would be required to produce the de-
sired surfaces. A number of mold-release agents including silicones, fluori-
nated waxes, modified natural and synthetic waxes, orianic solvent-soluble
film formers and water-soluble film-forming resins were investigated.

Several formulations of water-soluble, film-forming, mold re-
lease agents were investigated. One of these proved to be effective. Out-
lined below is the formulation of the carboxymethylcellulose poly(vinyl
alcohol) mold release agent and the technique used to apply this agent toglass.

A low-viscosity-grade carboxymethylcellulose powder was dis-
persed in water at a concentration of 2.5 pph along with 0.12 pph of a medium
viscosity grade poly(vinyl alcohol). After the powder vas thoroughly dis-
persed, the mixture . washeated to 180eF to effect solution. A nonionic sur-
face-active agent was added to improve the wetting of the glass surface. Only
about 0.05 pph of the wetting agent was required. After cooling, the solution j
v wnsvacuum filtered through No. 1 filter paper on a Buchner filter funnel.

I The mold release solution was applied by either of two tech-
niques, flush coating of one surface or dip coating of both surfaces. The
plates are allowed to drain in a vertical position for 5 min. at room tempera-
ture, then dried at 1400F.

I The resulting release film is ccmpletely transparent, very
smooth, and is about 0.0001 in. thick. T-e thickness of the film is deter-
mined by the viscosity of the solution. The 2.5 pph solution has been found
to ýield the most_.cowistent release.

III. PREPARATION OF BISBICYCLIC DIEPOXTDES

A. Background anl Objectiv"

Water white transparent resins can be made from the diglycidyl ether
of bisphenol A (DEBA). However, color at elevated temperatures and thermal
stability are not good. Saturated cyclic epoxide resins shov superior high-
temperature color stability and thermal stability over the (DEBA) epoxy resins.
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Typical examples of these resins are 3,4-epoxy-6-methylcyclohexylmethyl-5,4-
epoxy-6 -methylcyclohexanecarboxylate (DDC) and l-epoxyet.hyl-3,4-epoxycyclo-
hexane (VCHDO). These compounds produced resins that resisted oxidation and
surface discoloration at tempcratures 50eF higher than the resins made from
DEBA. The heat distortion temperature was improved by 150F over resins
made from DEBA.

The initial color of these resins has not been as good as the ini-
tial color of the DEBA resins. However, with the VCHDO resins proper purifi.
cation of compoaents--ehould give clarity equal to that obtained from DEBA
resins. The DDC resin always cured with a light yellov color even when all
components were purified to colorless materials. The color in this case is
apparently due to chemical properties of the DDC resin and is not caused
by impurities.

I The objectives of the synthesis work was to prepare monomers which
would produce resins with saturated cyclic structures similar to DDC with
better thermal stability and freedom from color.

B. Discussion of Results

I., Monomer synthesis

Synthesis of three diepoxide monomers were attempted.

Bin 2(bicycloE2.2.l]heptanei5,6-epoxy)-meth~l]carbonate
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K$~CH2O~

5,,6-epoxy bicyclo [2.2.1] heptane-2-methyl-5' ,6 '-epo~xy-bicyclo-
[2.2.1] heptane-2-carboxylate

I

These diepoxide compounds consist of tvo bicyclo[2.2.l]heptane rings joined
by different groups. The three connecting groups used were a carbonate, an
ether and an ester.

The endo bridge linkage should add thermal stability to the cyclo-
hexane ring. This principle is demonstrated in the superior thermal rigidity
and stability of resins made with 5-methylbicyclo[2.2.1]hept-5-ene-2,3-dicar-
boxylic anhydride over resins made with phtbalic or bexahydrophthalic anhy-
drides.

IJ
The attempted routes of synthesis were as follows:

a. A carbonate linkage:

II

Na
2. + (HCH2C 2 "P

G-~CH2 O. ONC 2 .L

20

Bicyclo [2.2. • hept-5- Diethylcarbonate ,

( ene-2-methanol

+ 2:C H(3 0I 2 0 ý,"
•.._.-&- 0209-O-CH2_ ::

BiB [2- (bicyclo [2.2.1]hept-5- Ethyl alcohol
ene) -methyl] carbonate

Iso

I:

- O -I



+ 2 D

S II Perbenzoic Acid

4CH2~OC2.~~ O
+ 2

Bie [2- (bicyclo[2.2.lJ heptane- Benzoic Acid.
5,6-epoxy)-methyJ carbonate

S• IIl

Diepoxide III was synthesized and characterized. Initial attempts

to epoxidize, using peracetic acid in acetic acid were unsuccessful. Perben-

zoic acid in chloroform, ether and benzene vas tried. The best results were

obtained using perbenzoic acid in benzene. The epoxidation vas very slow when
beher or chloroform was used as a solvent. All epoxidations were run in the

temperature range -4 C to +4*C.

Perbenzoic acid was obtained in excellent yields (85-90 per cent) by
very rapid addition of the benzoyl peroxide to sodiun methoxide using the

quantities specified in Organic Synthe3is ._/ A bath of Dry Ice and acetone
wan used to cool the reaction mixture. Attempts to increase the quantity of

perbenzoic acid synthesized in one reaction resulted in reduced yields.

b. An ether ! :nkae:

G-C 2OH +br >

SBicyclo [I. 2.fj hept,-5-ene-
2-methyl bromide

IV

i Gilman and Blattp "Organic Synthesis", Coll. Vol. I John Wiley and Sons,
p. 431 (1944). V
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+CH2=CH2CH2Br-

Cyclopentadierie allyl bromide IV
V

2 2 +2 * >2 ~~C 2 K+1

I IPotassium~ Alkoxide of I
VI

* .1 ~iIJ& CH2Br +rl J~.m12 O + Ic

I IV vi Bis, 2- (bicyclo0r2..~e
5-ene) -methyij oxide

I VII

2 + CH 2 O-H-CH 2-%CH~y=CH 2

-V Allyl Ether

ViI
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C C+ 2 900H'

VII Perbenzoic

20C2<$-CH2OCH2->

Bis [2- (b cycloE2.2.1] heptane-5,6-

epoxy) -methyl) oxide
VIII

Diepoxide VIII was not synthesized. Synthesis of the intermediate
Compound VII was tried by two procedures. The pure compound was not isolated.
When diepoxide III was made, it was decided to spend additional time on the
curing of thiqeAsin.- Compound IV was synthesized by two procedures. One
procedure involved the replacement of OH of I with bromine. The other was a
Diels Alder reaction of V and allyl bromide. Three procedures to obtain IV
using PBr 3 were tried. One run involved the use of pyridine as a moderator.
The other runs differed only in the order of addition of reactants. All
reactions gave a clear product which distilled at 73-75*C/13 mm). The
ptoduct obtained was not stable and changed into a yellow mass after standing
overnight. Numerous attempts at distillation through various columns failed
t6 prevent the formation of the yellow material. Compound IV was obtained as
a!stable compound from the reaction of V and allyl bromide. This product had
a -b.p. of 58-60OC/9 mM.

I To obtain a reaction of potassium with I was very difficult.
The reaction must be done at temperatures above the melting point of the
p6tassium. The alkoxide readily coats the metal and prevents rentticou with
tfie alcohol. After heating for 16 hr. at 98*C, approximately ,.•" per cent of
a stoichiometric amount of potassium was reacted with the alcol.1,l. -;,he
reaction of Compounds IV and VI went smoothly. An excess of I v" i-ed as a
solvent.

Attempts to separate Compound VII by distillation were not success-

fAl. Vapor phase chromatography of the last fraction after two distillations
showed two components, one of which was Compound I. Measures can be taken
to eliminate these difficulties in future work. I
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Attempts to synthesize Compound VII by the reaction of V with allyl
ether have failed. The reaction was carried out in a sealed tube at various
timperatures. Temperatures up to 220C for 16 hr. gave no reaction. Tempera-
tuxres over 300eC for 16 hr. gave a rubbery material. If Compound VII can be
synthesized by this method the temperature would be between 220QC and 3000C.

c. An ester linkage:

+ CH2 =CHOHO C

VAcrolein CEO i

Bicyclo[2.2.1]hept-5-I ,ene-2-carboxaldehyde

II

I 0I -V + CH,,rCHqOE -

V Acrylic Acid COOH

Bicyclo[2.2.l]hept-5-

I ene-2-carboxylic acid

Ix
aluminum x-•r>

CEO isopropoxide "'>i\ 0 6

Bicyclo C2.P.i•Phept-S-ene-

hept-.•-en•-•-carboxylate

XIV. 54
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I I

LI~ CJH - ~CH. 0 ICH21' + H20
I ~ ~ 'CH2OH coonI ~ -~ H0r 5

I X XI

XI

0:,,l'H +21
CH2 0C

!i

5,6-epoxybicyclo [2.2.] iheptane-2-
methyl-51',6' -epoxybicyclo[2.2.l]
heptane-2-carboxylate

XII

Synthesis of diepoxide XII was attempted. Characterization of
this compound is not complete. The last fraction of the first distillation
analyzed 1 per cent high for carbon. Preparation of the intermediate XI
was accomplished by two methods. The Tischenko reaction involving Compound
IX gave ca. a 40 per cent yield. The reaction proceeded smoothly wit
using AlC13 with the aluminum isopropoxide as the catalyst systee. Prepara-
tion of XI by condensation of I and X using p-toluene sulfonic acid As tAnP
catalyst gave 60 per cent yield at refluxing xylene temperaturec. Au excess
of. the alcohol was used. Epoxidation of XI waz done by the same procedure
asI used for diepoxide III.

Ss i
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2. Oxirane Analysis

Functional group analysis of the oxirane ring of several epoxides1wa3tried. The-.S..8. Tentative Method cd 9-57 was uned to analyze DDC.,
dicyclopentadione dioxide, and diepoxide III.

I This method involves the use of HBr in glacial acetic acid. The

oxirane analysis for DDC was 100 per cent of theoretical, dicyclopentadiene
diepoxide consistently analyzed for 65 per cent by this method and diepoxide

III consistently analyzed for 60 per cent of theoretical. Other methods were
tried without success. KeenS/ gave a procedure for oxetane analysis using

refluxing anhydrous pyridine-HC1. With our compounds, this method gave lower
results than HBr-glacial acetic acid method. Another method!/ using H104 for
vicinal dihyVroxy groups gave erratic results. A new method published by

Gudzinowicy-./using dodedanethiol should be tried on the bicyclic type

epoxides.

3. Curing of Experimental Resin III

I •' i
- Epoxide resins cure into thermosetting resins with a variety of

catalysts. Two main types of cross-linked structures are formed: a polyother

formed from a catalyst such as trimethoxyboroxine; and a polyester formed from
curing agents such as the anhydrides. Several of the most common types of
curing agents were tried with diepoxide III. Figure 43 shows the effect of
trimethoxyboroxine on the infrared band of the epoxide group at 850 cm.-I.
Very little opening of the epoxide ring took place.( The resin increased in
viscosity after 16 hr. at 1400F. At room teqperature the resin was very
brittle and upon heating the resin would soften. This indicates that some
reaction took place to form a very low molecular weight linear polymer.
Figures 44, 45 and 46 show the spectrum of diepoxide III with diethylene tri-
afine, BF 3 -monoethylamine and hexhydrophthalic anhydride-benzyldimethylamine
curing agents, respectively. These spectra were obtained from samples cast
between salt plates which were exposed to the same temperature"s ba a 1rger

sample of resin. In all of these cases the epoxide band did nt •ecrease
appreciably, and a cured resin was not obtained. Maleic anhydide Rnd nleic

anhydride with polyol initiators gave hard thermoset resins. Fi'rm.s 47,. 48
and 49 are the spectra for maleic anhydride with trimethylolethanep maleic
ahhydride with ,3-propanediol and maleic anhydride. In the system with
p6lyol initiators the epoxide band at 850 cm.-1 had nearly disappeared.

~/Keen., R. T., Analytical Chemistry., 29, 1041-1044 (1957).
Siggiai Org. Analysis via Functional Orcups", John Wliley (1954).

I udzinowicy, B. Je., Analytical Chemistry, 32, 1520-1522 (1960).
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In the system with polyol initiators a thermosetting resin was obtained. The
ma~eic anhydride gave an incompletely cured resin. The reason for the high
selectivity in the type of catalyst and conditions for the bicyclic epoxides
are not known. This selectivity may also account for the low oxirane analy-
sis. The physical properties of this resin should be evaluated in the future.

C. Experimental

iý Synthesis of Diepoxides and Intermediates

a. Bis5B-(bicyclo2. 2.l 1 hept-5-ene)-methyJ carbonate II

Two hundred grams (1.61 mols) of I, 96 gý (0.81 mol) of diethyl
carbonate and a small piece of sodium were placed in a 500-ml. three-necked
flask. A thermometer) mechanical stirrer and an Oldershaw column were
attached to the flask. The mixture was heated. The temperature increased
to and held at 155*C; ethyl alcohol was stripped from the mixture as it was
formed (R.I., 1.3622 at 259C, b.p. 78-80oC). A total of 58 ml. of ethyl
alcohol was collected wkich is 62 per cent of theoretical amount. Distilla-
tion of the reaction materials gave the product at 140*C/1 inm!\\

Anal. Calcd. for C17H220 3 : C, 74.45; H, 8.03.

Found: C, 73.98; H, 7.87.

Iodine No. theo. 185.0. Found: 185.3.

n -1.5031/24*C infrared spectrum, Fig. 50.

I/

b. Biqr2-(bicyclo[2.2.Q heptane-5,6-epoxy)-methy1]carbonate III

Perbenzoic acid was prepared from benzoyl peroxide at.' rodium,
methoxide In benzene in the usual way.l/

Forty-five grems (0.331 mol) of perbeiv.oic acid was added to 45 g.
(6.165 mol) of I over a period of 1-1/2 hr. During this period, the
reaction mixtur"e"vwas kept between 0 and +4C. After addition of the per-
benzoic acid, the reaction mixture was kept at 3C until the test for active
okygen was negative. This time was usually about 63 hr. The product
was washed with 5 per cent sodium bicarbonate, distilled water and dried

G ilman and Blatt, "Organic Synthesis", Coll. Vol. I, John Wiley and Sons,
p. 431 (1944).
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ove r sodium sulfate. Distillation at 0.08 mm. gave the following fractions:
(1) b.p. 160-170, (2) b.p. 170-172. Eleven grams were collected (22 per
cent yield).

Ar l. Calcd. for C1 7H220 5 : C, 66.48; H, 7.20.

I Found: C, 66.40; H, 7.28.

Oxirane analysis theo. 10.4. Found: 6.3.

n = 1.5108/230C infrared spectrum, Fig. 51.

C. Bicyclo[2.2.l1hept-5-ene-2-methylbromide IV

I Phosphorus tribromide (0.33 col) was added to 122 g. (1 mol) of
I over a period of 1 hr. in a 500-ml. three-necked flask fitted with thermom-
eter, stirrer and'reflux condenser. The temperature was maintained at 250C.
Id one run, pyridine was used as a moderator. All reactions gave a product
b.p. 73-75$C/13 mm. Reported 75-77OC/13 m. The product obtained was not
stable and overnight changed to a solid yellow mass. The product was re-
claimed by redistillation throug;I a column containing 5 perforated plates.
A 15 per cent reduction in yield~was noted. The product from redistillation
also changed into a solid yellow mass upon standing.

d. Bicyclo[2.2.1]hept-5-ene-2-methylbromide V

Thirteen milliliters of allyl bromide (0.15 mol) and 9.5 ml. of
dicyclopentadiene (0.07 mol) were charged into a carius tube, sealed and then
heated at 170C for 8 hr. Distillation pielded a product which had a b.p.
58-60*C/9 Mm. Upon standing, no evidence of yellow solid formation was
observed. The infrared spectrum was identical to freshly distilled material
prepared from PBr3.

e. Potassium alkoxide of bicycl-o[2 V.2.jhept--ene-2-:.ý.thcnoI VI

One hundred twenty-two grams (1 mol) of I and 39 g. (I. no') of
potassium were heated at 200"F for 6 hr. on a Mt-tm bath. The mixture was
stirrel vigorously. Thirty grams of potassium was recovered. The alkoxide
was left in an excess of I which served as the solvent for the etherification.

f. Bis[2-(bicyclo 2.2.lj'hept-5-ene) -methyl]oxide VII

To the molten pocassium alkoxide (120*F) of I (0.25 mol) was added
a freshly distilled sample of IV (0.25 mol). Excess'I vws used an the sol-
vent. The reaction mixture was cooled and taken up in ether. The ether
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solution was washed several times with water. Distillation of the mix',ure
gave fractions with h.p. 43-50"C/2 mm, n = 1.4979; to SO°C/0.l t n
1.4990.

Redistillation of the last fractions gave the follo ni fractions:
(1) b.p. 29-72OC/4.8 mm,1 n = 1.4960; (2) 72-750C/4.8 mm, n = 1.4985;
(3) b.p. 75-76°C/4.8 mm, n = 1.4985; (4) b.p. 54-67,C/0.1-0.04 mm, n =
1.5150.

These-fractions were gas chromatogriaphed at 250"C. Two fractions
Vere recorded in every case. One of these was the alcohol I.

g. Bis[2. (bicyclor[2.2.13hept-5-ene)-methylJoxide VIII

SDicyclopentadiene (12.3 ml., 0.09 tool) and 11.5 ml. (0.09 mol) of
allyl ether were charged into a carius tube. The tube was heated for ca.
15 hr. at constant temperature. Temperatures up to 220*C yielded no reaction
products. Temperatures above 300°C gave reaction products that polymerized
into a rubbery mass.

h. BicycloF2.2.llhept-5-ene-2-carboxaldehyde IX

SFiv*4 yan red ninety grams (8.95 tools) of cyclopentadiene was
added to 500 g. (8.95 mols) of acrolein at room temperature over a period
of 4 days. This was limited by the rate of pyrolysis of dicyclopentadiene.
The boiling point of the product was 65*C/20 mm, reported 70-720C/20 mmm,

u. 1.4852, fP 1.0230 g/ml.

i. BicycloýI2.2."]hept-5-ene-2-carboxylic acid X

i Four hundred sixty grams (6.95t mols) of cyclopentadiene was added

to 500 g. (6.95 mole) of acrylic acid at room temperature over a period of
4 days. The boiling point of the product was 126-130*C/10-12 pm, reported
132-134"C/22 mm.

Anal. Caled. for C0H10 02 : C, 69.56; H, 7.25.

Found: C, 69.50; H, 7.08.

n n = 1.4925/24*C, • = 1.130 g/ml at 24°C.

i
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S. B2.••.2.2.lhept-5-ene-2-met.hyl, bicyclo .2.1]hept-5-
ene-2-rcarbox*late XI

To 42 g. (0.35 mol) of IX in 600 ml. dry ether in a glass
stoppered bottle, was added 0.05 per cent by wuight aluminum isopropoxide.
The reaction was followed to completion by potentiometric titration with
sodium sulfite (ca. 8 hr.). Distillation gave a product that had a boiling
point of 1170C/0.2 mm.

Anal. Calcd. for C1 6 H2 002 : C, 78.77; H, 8.15.

Found: C, 78.72; N, 8.09.

n 1 .5062/24C, = 1.0704 gnml at 24*C. A.

"Infrared spectrum, Fig. 52.

ck. Bicyclo[2.2.1]hept-5-ene-2-methyl, bicyclo[2.2.1 hept-5-ene-

2-carboxylate X1

I In a 5-liter, three-necked flask, fitted with thermometer and
reflux condenser and Dean Stark tube was added C10 g (4.43 m0ol6) of X,
650 g. (5.25 mole) (100 g. excess) of I, and 2.5 per cent by weight (based
on weight of X) of p-toluene sulfonic acid and ls00 ml. xylene. The mix-
ture was refluxed at 152*C until water was no longer eliminated. Seventy
per cent of the theoretical amount of water was obtained. The mixture was
washed with 5 per cent NaHC0 3 and distilled water. Distillation gave a
product with boiling point 120"C/0.2 mm. This product was identical to
that obtained by Tischenko reaction of compound IX.

1 i. 5,6-epoxybicyclo [2.2.l]hetane-2-methYl-5' ,6'-epoxybic,-y.lo
[2.2.l]heptane-2-carboxYlate XII

SThe same epoxidation procedure was used ex described for prepara-
tion of III. Distillation gave the following fractions: (1) 11i-. Ll2-
i30*C/0.065 mm (ca. 2 g.), (2) 135-136"C/0.07 mm (ca. 2 g.). a7fity per
4ent of the-raterifil remained in the distillation flask as a tur.

j Anal. Caled. for C16H2304 : C, 69.56; H, 7.24.

Found in Fraction (2): C, 70.73; H, 7.25.

Infrared spectrum is shown in Fig. 53.
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S2. Oxirane Analysis

* Three procedures have been tried for the analysis of the epoxide

tunctional group. The procedure, resin, and results are listed in the
tables below.

TABLE VIII

A.O.C.S. TENTATIVE M=HOD CD 9-57 (HBr-ACETIC ACID)

Resin Modification of Procedure Resuts (-) of Theory

DDC None 100
Dicyclopentadiene Dioxide None 65.9

t ""2 hr. standing time 66.4 V
I "hr. 65.9

I ""4 hr. " 65.9
" " 5 hr. 67.0

16 hr. " 65.3

Resin III None 57.0
61.0A

TAIBLE IX

XREFL.UXI1G PYRIDI:E HCIY

Res Modification of Proce.dure Results (%)

*Diyclopentadiene Dioxide Reflux I day 34.0

Resin III Reflux 3 hr. .54.0
Reflux 4 hr. 3.6
Reflux 5 hr. 41.4
Reflux 6 hr. 24.0

i/ Keen# R. T.# Analytical Chemistry, 29, 1041-1044 (1957).
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TABLE X

PERIODIC ACIDI/

Resin Modification of Procedure Results

Dicyclopentadiene Dioxide 1 day standing time 30.8
3days 64.7

s ,,,3 IN . ,, 64.9

S6 80.9
SH 6 n H tI 1215.

ti " " 8 "" " 89.1

" 8 " at 100F 105.8
"" 'O""10 " 128.5

I\

_/ Siggia, "Org. Analysis via Functional Groups", John Wiley, 1954.

3. Curing of Experimental Resin III

Figures 43 through 49 show the spectrum of Resin III with various
curing agents. Approximately 15 g. of Resin III was used. To reduce the
iiscosity, the resin was warmed to ca. 1400F before mixing. Immediately

after mixing, one drop of the resin n'nd catalyst mixture was cast between
salt plates and the spectrum run immediately. The spectrum was taken at
various intervals during the cure cycle. Attention was focused on the
epoxide band at 850 cm. 1. Generally two spectra of each catalyst system
are shown, the first spectrum after mixing, which has the greatest absorbance
at 850 cm.-l, and the spectrum obtained after considerable cure time. Fig-
lures 46 through 49 have a spectrum taken approximately 2-4 hr. after being
Sat temperature. The absorbance of the band at 850 cm.wl in these cases lies
'between the absorbance of the first and last spectra.

Table XI lists the various curing agents, time and temperature of
tcure.
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