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The Stability of New Tranparent Polymeric Materials: The Epoxy
Trimethoxyboroxine System, Part 1, The Preparation, |
Characterization and Curing of Epoxy Resins and their Copolymers,

1. Introduction:

Polymers of reasonably good stability and mechanical properties
useful in various materials of construction are based on the epoxy
resins of the diglycidyl ether of bisphenol-A (DGEBA). The flammability
of DGEBA is one of the major problems in the application of this

material, Martin and Pri.ce1 examined the effects of resin composition, j
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curing conditions, fillers, and flame.retardant additiyes on the
flammability as measured by the‘oxygen index, and observed that the
oxyfen index of DGEBA cured with various curing agents were beiween
0.i98 to 0,238, They also found that fillers and flame-retardant
additives can increase the oxygen index to a—certain level dependent
on the material and the amount uéed. Since these approaches involve
non-compatible additives, large changes in the hasic cured resin
properties can be anticipated, For retention of thes basic »roperties,
a search for inherently high flame resistant epoxy resins was initiated.
In the study of various boron.containing compounds as curing
agents for epoxy resins, with the purpose of increasing the thermal
stability of the resultant polymers, Haworth and Pollnow2 concluded
that the bcroxine complex showed considerable promise as a homogeneous
curing agent. This latent curing agent gave cured epoxy resins with
heat d:flaction temperatures rangeing fron 80° <o 120°C, ~
The Trimathexyboroxine (TN¥3) was also used in the preparation
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of cpoxy resin foams3'u'5 with high heat resistance, Lee and Ni.xcm:"'+
used a primary polyamine and trimethoxyboxine to obtain a highly cross-
iinked polymer which remained rigid at temperatures up to 300°C. The
addition of a mixture of boric acid and sodium borate improved the self.
extinguishing properties of the epoxy-boroxine.amine system due to boron
oxide formation which forms a "glass.like" coating the burning mass
and hindering the access of oxygen and the egress of volatile gases,
Parker, Fohlen and Sawko first used TMB as a curing agent to
prepare transparent epoxy panels thch had a heat distortion temperature
of 110°C, This crosslinked transparent aromatic system is thermo-
mechanically stable to 400°C, gives a high char yield.has_a high tensile
strength, and shows more resistance to laser penetration than conventiona
transparent materials, Recently, Lopata and Riccitiello7 investigated
this epoxy-boroxine system by differential thermal analysis (DTA) and
noted the occurance of exothermic peaks at approximately 390°, b30° and
470°C, with the major exotherm being at 430°%. They also used solvent
extraction, DTA and gel permeation chromatography to study the low
molecular weight part of the cured epoxy system and found that this part

plays an important role in relation to the exotherm at 430°C due to

~ the presence of unreacted epoxide rings. Furthermore, they investigated

the polymerization mechanism og this particular curing agent with a
model epoxide compound, phenyl glycidyl ethera. and found that the
polymerization involves a fast.initiated, nonstationary, cationic
polymerization with five elementary steps, including spontanoous'ahd
monomer transfer as well as a termination reaction as shown in Figure
1.
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From a flame retardancy point of view, high char yield may be
related to decreased flammability as measured by the oxygen index,
Increased char formation can usually limit the production of combustible
carbon containing gases, decrease the exothermicity due to pyrolysis

reactions, and decrease the thermal conductivity of the surface of
6

burning materia19. Parker, Fohlen and Sawko~ also reported results
on the polycarbonate prepared from phenolphthalein., This material has 1
a thermogravimetric char yield of about 54%. compared to 20% for bisphenol-
A polycarbonate. has high impact strength and is effective against

high-energy thermal radiation., The effect of menomer structure on

the thermal properties of polucarbonate has been evaluated as shown
in Table 16. The char yield varies from 204 for the bisphenol-A
polycarbonate to S4% for the phenolphthalein polycarbonate at 800°c. |
while the oxygen index varies in a similar manner from 23 to 47.

Koshak, Solov'eva and Kamenskh1° prepared a series of epoxy polymers

T AT

from bisphencls including 9,9-bis(4.hydroxyphenyl)fluorene, Based
upon thermal analytical studies of the cured materials, they concluded
that the heat resistance and thernal stability of the polymers obtained
from the diglycidyl ethers varied according to the structure of the
elementary unit. They also found that the best thermal stability was .
possessed by polymers having a fluorene or anthrone group between the
two phenyl groups., The results are shown in Table 2. .

Based upon these results, the material prepared from a diglycidyl
ether of phenolphthalein (DGEPP) or 9,9-bis(4-hycroxyphenyl)fluorene
(DGEBF) cured with trimethoxyboroxine shoule show better properties
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over that obtained from the DGEBA-boroxine system provided good
transparency and other desired properties can be obtained. '
L011’12'13”1u first used phenolphthalein and epichlorohydrin
to ﬁrepare the epoxy resin in a dry or aqueous system in the presence
of sodium hydroxide. The purified resin is yellow in color and has a
transition temperature 30°C, Based on the reaction of phenolphahaleln
with sodium hydroxidq. Lo proposed four possible structures.present 1n.
the epoxy resin, Because of the yellow color, Lo concluded that the
quinoid structure is the major product from the reaction. Furthermore,
Lo assumed that the original lactoid structure of phenolphthalein
changed to an ester carbonyl, because of the shift of the 1725 to
1730 cm=1 vand of phenolphthalein to 1750 to 1760 cm™! in the resin.
Salazkin, Komarova and Vlnogradova15 compared the absorption
infrared spectrum of DGEPP resin directly obtained from the reaction of
phenolphthalein and epichlorohydrin in the presence of aqueous sodium
hydroxide with some related compounds of phenolphthalein aﬁd concluded
that the new formed band at 1765 cm=l is due to the stretching of
carbonyl froup in lactoid., Basea upon this fact, they confirmed that
the major product in the system is the phthalide rather than the quinoid.
In order to understand the products prepared from phenolphthalein
and epichlorohydrin, liquid chromatography was used to separate each
component in the product and to determine the relative amount of each
compound, For identifying the actual structure of each compound, IR
spectroscopy, UV spectroscopy and NMR spectroscopy were applied.. The
epoxy equivalent weights and the softening temperatures of the compnoents



were measured,
For the sake of understanding how the structural unit difference

affects on the reactivity of epoxy resins, differential scanning

calorimetry (DSC) was used to investigate the curing reactionc of
ar>xy homopolymer systems and the copolymer systcﬁs with curing agent,
TMR,

The degree ¢f crosslirling in a network polymef has a large
effect on the various praper’.es of polymers, such as dimensional
stability and resistance tc solvents, One method for determining the
degree of crosslinking is to extract the polymer that is not incorporated
into the network structur: as a sol fraction, In this study, solvent
extraction by tetrahydrofuran was employed to determine the amount of
gel fractionsin different compositions of copolymers.and to help to
understand the reactivity of epoxy resins,

The useful life of a material depends on the resistance to ita
environmental exposure, As previously expected, DGEPP and DGEBF should
have higher thermal stability than the conventional epoxy resin, DGEBA.
In order to’improve the heat resistance and to lower the flammability
of DGEBA, it was copolymerized with DGEPP or DGEBF., For understanding
how the properties change with the content of DGEPP or DGEBF, DSC and -
thermogravimetry (TGA) were used to investigate the various copolymer
compositions of DGEBA with DGEBF system or DGEBA with DGEPP system,

Char formation has been one of the important factors that ;ppear
to relate to the flammability of a material. Martin and Pricel concluded
that the oxygen index is nearly independent of cure conditions and

tends to be lowered for increasing 0/C ratio in the overall composition

L



-6-

in their flammability sfudy on epoxy resins, Van Drevelen16 found a
correlation between oxygen index (0I) and char residue (CR) on pyrolysis
for halogen.free polymers as '
17.5 + 0,4 CR
100 (1)

oI =

where CR is expressed as a weight percent, However.'the linear -
relationship between the oxygen index and “he char residue or the
variation of the oxygen index with the change of 0/@ ratio has to.date
been limited to the relatively few polymers investigated. In the case
of the copolymer system, it may be expected that each monomer should
contribute a char residue of an oxygen index proportional to its ::
composition, if two units in the copolymer do not chemically interact
in an wnusual manner» and the copolymer has high molecular weight,
'The'copolymer systems, DGEBA with DGEPP and DGEBA with DGEBF, were
studied to confirm the wider applicability of these correlations between
the char residue or the oxygen index and the composition of copolymers,
and their general use for predicting the heat resistance and the
flammability of a conventional epoxy polymer system modified by

copolymerization with a high performance monomer.



2. Experimental

2.1, Preparation of Bisphenols .

Bisphenol A and phenolphthalein (Aldrich) were recrystallizod
from aqueous alcohol and alcohol, respectively, |

9,9-bis(4-hydroxyphenyl)fluorene was prepared from fluorenone
and phenol with a catalyst, dry hydrogen chloride and a cocatalyst,
p-mercaptopropionic acidla. 1 mole of fluorenone (Aldrich) was
dissolved in 8 moles of molten phenol, 4 ml of‘p-mercaptobropionic
acid was added and then dry hydrogen chloride was bulbed in for 20
minutes., The system became very dark and finally.changed to a viscous
and clear liquid, The mixture was then purified by steaﬁ‘distillation
to remove unreacted phenol,hydrogen chloried and cocatalyst, After no
wore phenol in the distillate could be collected, the system was treated
10 1liters of cold water and 2,1 moles of sodium hydroxide to dissolvé
9,9-bis (4=-hydroxyphenyl)fluorene. The mixture was filtered to separate
unreacted fluorenone. The filtrate was extracted with toluene to ‘
rémove the impurities present in the solution, and then, acidified
the aqueous layer with acetic acid to precipitate a white solid, The
product contained hydrate in crystal. Dehydration product was a white
powder which waé recrystallized from toluene or dry ether. A traﬁsparént
crystal was collected from toluene orf ether solution, washed with
small amount of solvent, and then, dried in a vacuum drier. Finally.
a white powder with a melting temperature..22h°c. was obtained.

2-2, Synthesis of Diglycidyl Ethers of bisprenols

The apparatus employed was a heated reaction kettle with a thermo-
meter, mechanical stirrer and a water cooled condenser, The reaction

kettle was charged with 1 mole of phenolphthalein (Aldrich), and a
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specified amount of epichlorohydrin (15 moles, 12 moles, 9.15 moles,
and 3.2 moles). Due to the low solubility of phenolphthalein in
epichlorohydrin, the former was suspended in the latter, The stirrer
was started and the reaction mixture was heated to 9o°c. During a
period of 3 to 4 hours, 2 moles of sodium hydroxide pellets were added
to the reaction mixture and the reaction temperature was maintained
between 9o°c to 100°C, The reaction mixture changed in color from
white to deep violet and then yellow, After the color of the reaction
mixture had become pale yellow, the solution was filtered to separate
the solid sodium chloride formed during the reaction. The salt cake
was washed with additional epichlorohydrin. The unreacted epichloro.
hydrin, The unreacted epichlorohydrin was then distilled off under a
vaccum of 30 mm.Hg from the filtrate. After no additional epichloro.
hydrin could be removed under this vacuum, the vacuum was decréased to
2 mm-Hg for 30 minutes at 180°C,

DGEBF and DGEBA were prepared by the same procedures as the
preparation of DGEPP except the initial reactant feed ratio of the
bisphenol to epichlorohydrin was 1 to 10,

2-3. Lliquid Chromatography

Silica gel (Grace) with the mesh number 60 to 200 and 5 volume
percent of acetone in chloroform were used as absorbent and elution
solvent, respectively, The column employed had an inner diameter of
3.5 cm and a height of 40 cm, Ten to fifteen grams of the DGEPP was
charged. Two different colors, red and yellow, were observed in the
column at the beginning. The red color material eluted first and

became colorless after elution from the column., A higher acetone
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content eluent (Gradient meihod) was added in order to remcve the
slowly moving yellow material, The elution rate was 10 ml per minute
and the solution was collected in S0 ml portions. The solvent was
removed by simple distillation and the residue was weighed.

2-4, Product Analysis

The products collected from the column were identif: ed by UV,
NMR and IR spectroscopies. The Caryall Spectfophctometer was used
for UV studies and chloroform used as the solvent, A Varian A.6C NMR
Spectrometer was used for the NMR measurements and CDCl3 was employed
as solvent, The IR spectra were obtained,by.reflggting the infrared
beam on a sample. coated on an aluminium plate using a Fourier Transform
IR system with & cm-1 resolutién and a double precisicn collection,
The softening temperature of each component obtained from liquid |
chromatography was studied by DSC (DuPont Thermal Analyzer 900j,

2-5. Epoxy Equivalent.weight Determination |

ASTM-D 1652-7317 method was used to determine the epoxy content
of the epoxy resins, Two tenths of a gram of the resin was added to
a 50 ml flask and then dissolved in 10 ml of 50 volume pcfcent of chloro-
benzene in chloroform. The mixture was stirred with a teflon coated
magnetic stirring bar. Four to six drop§ of 0.1 percent of crystal
violet solution in glacial acetic acid was used as the indicator,
The solution was titrated with 0.1 N of hydrogen bromide in acetic acid
to & blue-green end point,

2-6. Curing

TMB (Aldrich) was used as the curing agent.
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In order to'compare the results of the cured epoxy iesins. 9.5
grams of TMB was mixed with 1 equivalent of epoxy resin.6'7

The DCEPP or DGEBF was powdered under room tempsrature and then
mixed with the curing agent, The mixture of the DGEPP-.TMB system was
red in color, |

The two component epoxy system was prepared by mixing DGEPP or
DGEBF and DGEBA togather at 139?0. and then, the curing agent was added
to the system, The curing conditions were also investigated by DSC (
DuPont Thermai Analyzer 900),

The curing was carried out at 1359C for 3 hours, 1ao°c rof 3 hours
and 220°C for another 3 hours,

DGEBA was mixed with S phr. of TMB and then coated on a fresh .
and smooth surface of aluminium plate. The DGEBA coated plate wes
put on a microheater which can control the constant temperature and
is set up in the sample compartment of a Fourier Transform IR system
(Digilab, FTS-IR Spectrometer, Model FTS.20B) right after coating.
The temperature was controll.d at 80°C, The heater set up is shown
in Pigure 2. |

2-7, Thermal Analysis

The thermal properties of various samples in this study were
investigated on DuPont Thermal Analyzer for DSC and a DuPont 950 Thermo.
gravimetric Analyzer for char residue determination, All measurements

were carrier out under a Np atmosphere at a flow rate of 0,2 liter
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per minute with a heating rave ui 19°C/min.

2.8, Oxygen Index Measurement

The oxygen index of the various compositions of DGEBA copblynor!zod
with DGEPP were measured using the General Electric Model CR280OKfi1A
Pluid Flammability Test Kit which extends the oxygen index method to
1liquids and solid materials which can be melted or tested in powder
or pellet form, -

The cured epoxy resin was made into a pellet form first, and then
placed in a sample cup mounted on the cup holder in fhe flame chanmber.

The mixture of o:ygen and nitrogen is passed upward through the
chimney at a flow rate 3 to S5 cm/sec. The test followed the manual
procedureszo. The oxygen index was obtained from the equation as

o = —2 (2)
0, + Np .

where the unit of gas quantity is volume,

2-9. Gel Fraction Determination ‘

1,0 gram of cured polymer was charged into Soxhlet apperatus
for 48 houss with a solvent, tetrahydrofuran. The ensoluble part was

_collected and dried until no more weight change could detected. The

gel fraction was calculated as

Weight of insoluble wmaterial

Gel Fraction = (3)
Initial weight of material I
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3. Results and Discussion .

3.1, Structure Study on the Phenolphthalein Epoxy Resin

The original epoxy resin of phenolphthalein produced from the
reaction between phenolphthalein, epichlorohydrin, end sodium hydroxide
is yellow in color. Lol112013,18 £ipgy prepared this material and
proposed that ihe product has four possible structures dased on the
equilidrium reaction between phenolphthalein and sodium hydroxide
(Pigure 3). 3ecause of the yellow color and the infrared absorption
band shift, Lo further assumed that the quinoid is the major product
in the reactionll.

Salazkin, Komarova and Vinogtudova15 compared the abdbsorption
infrared spectrum of 3},3-(bisphenyl)phthalide with those of compounds
(Figure &) which have similar or the same structures propesed by Lo,
and concluded that the phthalide is the major product instead of the
quinoid structure,

In order t¢ confirm the composition and the amount of each

component in the phonolphthalein epoxy resin, liquid chromatography

was carried oyt. The pure chloroform as eluent guve a better resolution,

but the mixture of chloroform and acetone have a shorter elution time.
In order to get better resclution and a faster elution rate, 5% by
volume ofacetone in chloroform was used as solvent., PFigure 5 is the
dried weight of the collected material as a function of elution volume,
Three peaks (defines as A,B, and C) can be observed independent of the
feed ratio of epichlorohydrin to phenolphthalein in the preparation |
of epoxy 1esin, The first fraction, A, gave a colorless, transparent
and very viscous material which is the major product. The second

fraction, B, was solid with a very light yellow., The third fraction
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C, wes & yellow solid resin.

The properties of the sopurat;d components from the epoxy mixture
are shown in Tedble 3. The softening temperature as measured by DSC and
the eposy equivalent weight both increase with increased retention
volume, If the structure of the epoxy resin is the phthalide form,
then, the the first peak (major peak) will be the monomer of DGEPP; No
meltirg voint was obierved even when the samples were cooled and measured
again, and this was'indicatiéa,that the epoxy resir was in a glassy
state. AsS the casze of the DGEBA preparation?l, the epoxy equivalent
weight decreases with an increase of the initial feed ratio of epichloro.
hydrin to phenclphthalein as shown in Table &4, rﬁ; amount of monomer
formation and epoxy equivalent weight are controlled by the initial
feed mole ratio of reactunts, The change of weight fractiaon of fraction
A (y) obtained from liquid chromatography with the variation of feed
mole ratio (x) may be generalized and represented as |

y 51,0 . o8 ‘(g‘)
with a boundary condition, x s 0y y = 0and x s @3 y = 1,0, where a is
an arbitrary constani which is equal to -1.5,- obtained from Pigure 6,
in this study. .

The infrared spectra of the three components from the liquid
chromatography have the same absorption patterns. They show a diotinci
shift of the 1725 cm! vand od phenolphthalein to 1765 cz~1 in the
resin, Loll assumed the change of ketonic cardbonyl to an ester .
carbonyl, dbut Salazkin et 8115 related this to the normsl phthalide
carbonyl absorption by comparison with model compounds, Jones ot a122
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examined the infrared spectra of 23 simpleisaturated and unsaturated
lactones and showed that the unsaturated five member ring lactones
including two phthalides gave the carbonyl absorption between 1772 cm-1
to 1787 cm=! in cCly and 1752 cm~! t01789 cm=l in CHCly. From these
results, it can be concluded that the three components have the samec
structure which is the phthalide instead of the quinoid or other
structures proposed by Lo. The shift of the phthalide carbonyl absorp-
tion band in the infrared spectrum may be attributed to the formation of
hydrogen bonding between carbonyl group in the lactone ring and hydroxyl
group which is present in pheﬁolphthalein and absent in its epoxy |
resin since the proton‘in the hydroxyl group has been replaced by a
glycidyl group. The infrared spectrum of phenolphthalein shows a very
S ‘.HH e .
5m---uo
strong ‘and ‘broad absorptlon in the region from 3700 cm‘1 to 2200 cm'1
which indicates the formation of hydrogen bonding. The hydrogen bonding,
of course, cag-be formed between two hydroxyl groups, but its formation
from carbonylsgrcup and hydroxyl group appears to be important and
accounts for’ the observed absorption band shift., The hydrogen bonding
formation caﬁwaecrease the charge density or bond order of the x~. bond
in the carbonyl group and cause the vibrational frequency shift to a
lower value,

Tﬁe ultraviolet spectra (Figure 7) of the three components in
the epoxy resin also_indecates that they have the same structure due
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to the same absorption patteéns. All of the three components show

three absorption maximum at 238 rm, 275 nm and 282 nm which are the

same as for pure phenolphthalein in the same solvent, chloroform. This'
is indicative that basically the epoxy resin has the same functional
group - the phthalide structure - as phenolphthalein, The only difference
between phenolphthalein and its epoxy resin is the extinction coetficient
- ratio, Ez38 nn/E275. nme This value is 3.0 for phenolphthalein and

4,2 for each component of the epoxy resin., Furthermore, the simple »
compound, phthalide, also showed the same absorption823. If the phthalide
gﬁrucfpre is opened during resin preparation and forms an ester, then the
absorptions Qhould have some degree of shift, but, in this study, no
ahixx<was observed, It can be concluded that the assumption of the
quinoid structure in the epoxy does not occur.

,,__:Ihe extinction coefficients for each component in the DGEPP resin
qgre‘galculated based on the titration result of epoxy equiialent

weight determination and the structure (V) assumed below

.- /\ OH 0
‘ l /\

. CH2=CHCHy -C-Q- OCHy HCHzo-Q-C@ OCH,CH-CHy

. :;D 0 n

—— i i//

L (V)

by the equation .

Mass of epoxy resin in1 1, of solution

‘" Absorbance = E x x (14m) (5)
Epoxy eq. Wt, x 2

and
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Epoxy equivalent weight = (430 + 374 n)/2 (6)
The extinction coefficients of the three peaks observed in the spectra
are shown in Table 5. From this table, it may be observed that the
extinction coefficients at A = 275 nm and » = 282 nm are about 0,45
x 10% 1 mole~! cm=! and 0.40 x 10" 1 mole~! em=l, respectively, and
are independedt of the component of the epoxy resin and of.phenolphthalein,

At \ = 238 nm, the extinction coefficient increased from 1.42 x 10“

1 mole"1 cm'1 for phenoiphthalein to about 1,90 x 104 1 mole'1 cm‘1
for its epoxy resin. From the struﬁture (V), equation (5), equation
(6) and the extinction coefficient, the epoxy equivalent weight may
be calculated from ultravioiet spe¢tral results,

‘Nuclear magnetic resonance spectroscopic studies of the fhree
components in the epoxy resin show a Small difference, Figure 8 is
the NMR spectra of the glycidyl groups in the three components, The
terminal 17}{2 group of epoxide, -¢H group of epoxide and the other
-CHy- group with the ether linkage have peaks at 2,8 ppmy 3.3 pPpm
and 4.1 ppm, respectively, which are the same as the simple model
compound, phenyl glycidyl ether, with the same splitting picture and
coupling constants, For component A, the integral shows the ratio of
hydrogen atoms as approximately 2 to 1 to 2 which is the same as the
proposed structure of monomer, the phthalide structure in Figure 3.
Components B and C show a relative increase in the integral of .CH,-
with ether linkage, but the ratio of proton number of terminal JCHo
of the epoxide group and -¢H group is still 2 to 1, A possible )

explanation for this result is that component B and component C are
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not monomer and have a higher n value in the structure (V). The n
values of the three component have been calculated based on this

: strﬁcture and from the epoxy equivalent weight determined as shown
in Table 3. . This structure shows that the -CHy- group with ether
linkage increases relatively in intensity in the NMR spectrum as the
value of n increased,

From the nrevious results, it may be concluded that the phthaiide
~ structure in phenolphthalein is not op&ned to the ester during the
preparation of the epoxy resin. The only structure in the product °
is phthalide, even if three components were obtained from liquid
chromatography. The structure of pheholphthalein in an aQﬁeous alkaline
solution is known to depend on the amount of alkali present, The
formation of the epoxy resin with phthaiide structure shows that a

rearrangement or a shift of equilibrium between forms (R) and (TI).
in Figure 3}, take place during the reaction and leads to the retention
of the lactone ring in phenolphthalcin. |

The difference among the three components is the degree of
polymerization and the colors they have. The reason for color formation.
is not cleaf. The softening temperature increases from A to C and is
apparently due to0 the increase in average molecular weight,

The three components were individually cured with the same amount
(9.5 &/ epoxy eq.) of curing agent, trim&thoxyboroxine. After mixing
the curing agent with each component, the reaction mixture'gnve a red
color at the beginning and formed an orange transparent cured epoxy
resin, Because three components with different color gave the same
final result, it also seemed to confirm the same basic structure in

the three fractions,
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3-2. Properties of Diglycidyl Ether of 9,9.bis(4-hydroxyphenyl)
-fluorene (DGEBF) '

Korshak et a1l®

first prepared this epoxy resin from epichloro.
hydrin, 9,9.bis(k-hydroxyphenyl)fluorene and sodium hydroxide and fourd
that the resin cured with trimellitic anhydride or m-.phenylenediamine
gave very good heat resistance and high thermal stability,

DGEBF is water white and has a softening temperature about 500C obtained
from DSC measurement, anc an epoxy equivalqnt weight 305 grams per
equivalent, An extremely small amount of unremovable dispersed ﬁaterial

wae present, The structure of the DGEBF is proposed as

04 8}{ ' 0,
caz-cucrxzo% OCK, HcazoO g OCH,CH=CH,
n

(V1)

Based on this structure and epoxy equivalent weight, the average n
value can be calculated as 0,36. At the same temperature, this resin
. has the highest melt viscosity'among the three epoxy resins, DGEBA,
DGEBF and DGEPP. This may indicate the highest chain stiffness among
these three resins. This property is very important in the curing
process,

3-3. Curing Studies |

In order to determine the best curing conditions for epoxy ;esin;.
the DSC thermal analyzer was employed to investigate the initial curing

temperatures,
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Figure 9 is the DSC thermograms of DGEPP, DGEBF and DGEBA after
mixing with TMB. It can be observed that the mixture of DGEBA and TMB
and that of DGEPP and TMB start to release heat at 70°C and 150°C, and

‘give the maximum exotherm at 17C°C and 2409C, respectively, No

maximum exotherm can be detected in either the DSC thermogram of epoxy
resins without curing agent or the completely cured epdxy resin in the
same temperature concerned, This indecates that the peaks are attributed
to the exothermic curing reactions.

The chemical reaction rate ofa closed system depends on several
factors,such as the concentrations of reactants, the reactivities of
the reacting functional groups and thr mobilities of the molecules or
the functional groups. As describéd above, exotherm of DGEBA in the
curing is much earier than that of DGEPP, The DGEBF-boroxine system
showed a similar thermogram to that of DGEBA system except the transition
temperature is 50°C compared and also exotherm has a maximum,150°C,
compared to 170°C for DGEBA.

In solvent extraction studies, gel fraction varies with the

composition of the copolymers using the same curing conditions as

shown in Table 6, The DGEBF copolymer with DGEBA haﬁ a almost conatant

gel fraction up to a 30 mole % of DGEBF content, then decreases with
increased DGEBF composition, and final reacheﬁ a 33.3 wt, % of
crosslinked material., In the case of DGEPP copolymer with DGEBA, the
gel formation decreases with an increase of DCEPP content, becomes
lower at higher than 45 mole £ of DGEPP content and has a final gel
fraction of 54.3 wt.%,

Based upon these results, the lower exotherm starting temperatures

of DGEBA and DGEBF curing systems and comparative gel fractions obtained
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from DCEBA homopolymer and its copolymer with DGEBF extened to a 70
mole % content, it is reasonable to propose that the epoxide groups of
both resins have siﬁilar chemical reactivities during curing with TMB.
In the case of DGEPP, it showed a higher starting exothér tem_erature
and is incative of as epoxy.boroxine system with low reactivity., As
described previously, DGEPP changed its color from yellow to red after
mixing with TMB and to orange at thefinal cured stage. This may beé
indicative of a compoex formation between DGEPP and TMB., DGEPP, |
ﬂetermined previously, is a derivative of phthalide and has an electron |
rich carbonyl group, but the TMB has three electgon detiéi§nt boron
atoms in a molecule, Phthalide and boroxiné may form a complex and
reduce the possibility of reaction between the epoxide ring and the
curing agent. In the polymerization study of phenyl glycidyl efhér.
Lopata and Riccitieiloe proposed a fast initiated mechanism, “The epbxide
. group forms a carbonium ion after rapidly reacting with TMB as shown
in Figure 1. If a complex is formed between DGEPP and boroxine, then, to
initiate the polymerization, one has to break this complex by heating.
Prom 311 quadruple coupling constant in TMB study, Ring and Koakizu

concluded that the resonance structures of this compourld are

OCH | H
£ f° 3 |
Y P& ORIGINAL PAGE IS
¢ I — E ~ CF POCR QUALTTY,
B B -
1{3co’B o~ Mock, Hyco” ~of  ~ocH .
(VII) (VIII)

and 60% of the structure (VIII) is present in this material. The
methoxy group also increases the acidity of the boron ana thus the
double.bond character, This fact indicates that TMB is present with
a highly electron deficience and 60 % of aromaticity which is very
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favorable for forming a complex with the electron rich group such as
the carbonyl group in phthalide,

It is a well known trerd that a molecular unit with a higher
aromatic ring content has higher rigidity or stiffness ahd higher
viscosity of its melt at a certain temperature, if all other factors
are equivalent., From the structure consideration of the three epoxy
resins, the measuring order of aromatic ring content is DGEBF > DGEPP>
DGEBA, which also corresponds fo a transition temperature arid the
viscosity at a certain temperature, Beéause of'the higher viscosity

of DCEBF and relatively high temperature employed in curing, DCEPP may

‘'have a higher crosslinking density at the final stage of the curing
cycle, even though DGEBF is more reactive. ' '_.1

The variation of gel fraction with copolymer compodition cap~also
be explained by the same reasoﬁing. The copblynor of DGEBF wifh DGEBA
at a content up to~aboﬁt 30 mole % of DGEBF has the same or slightly

increased gel fraction in weighi percent, The DSC thermograms showed

the same reactivity of epoxide groups in both resins, thus, the curing
reaction of the copolymer with a DGEBF content lower than 30 mole % 1
may be controlled by the reactivities of resins.  If the DGEBF content g
is higher than 30 mole %, the viséosity of the resin will becoms  ©
significantly high enough to shift from ‘a: rcgctivity‘cohtrolled>¢ugiﬁg
to a diffusion controlled reaction after a certain degree of crosslinking
reaction, The shifting period from a reactivity controlled reaction

to a diffusion controlled one is shorter 1Y the DGEBP content is highir.
due to the higher stiffness of DGEBF unit and correspondently the

:
1
higher viscosity of DGEBF. Therefore, gel fraction can be expectpd to 3

- *

OSIGINAL PAGE IS _
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decreace with the increasir- DCI2T content in the copolymerization
eyetsn of DGEBA and DGEBF, | |
Due to the lower reactivity of DGEPP resin, its copolymer with
. resin should decreases the gel formation continuously with an increase
3 of DGEPP content, Because of higher mobility of DGEPP compared to
DGEBF, the high DGEPP content copolymer with DGEBA should has higher
gel formation than the same content of bGEBF in the copolymer of DGEBF
and DGEBA.
Furthermore, the cured DGEPP and DGEBF were very brittle and weak
in thrength., This may result from a relatively lower degree of - .
crosslinking as shown in the gel fraction studies. -
For improving the cured properties of DGEPP and DGEBF, three
high boiling temperature boron éompounda- trim,p.cresyl borate (IX),
tri-hexylene glycoi biborate (X) and triethanolamineborate (XI) were

also investigated

s
CH 0) B CHy=CaCHp=CH-Cil H,CH,-0
( :r<::2>' )3 3 £\‘ f/i 3 Ve
(1X) | AN
CHCH -
(XI) .
“3°-i-°“z-f“-053
H
3
Hac-C -CHz-CH-C H’

J
| (x)
, but only compound (XI) which is a white solid with a melting point,

SR ¢ YR

P -



235.59% to 238.5°C gave good cured properties for three resins under
the correspondent amount of curing to TMB, Also DGEPP cured with
compound (XI) appeared a pale yellow transparent tough matorial‘instoad
of an orange iransparent weak resin cured with TMB.

For studying the curing reactions, the Fourier Transform Infrared

-1 resolution and

Spectrometer was used on the DGEBA.TMB systeﬁ. 8 cm
double precision were employed. The advanges of this technique are the
high sensitivity of absorption spectral detection, the same epoxy

coated plate used through the whole experimental period without changing
the thickness of the sample and the ability to obtain the difference °
spectrum from the sample spectra before and after curing .-

The conventional infrared spectrometer has been used for curing
studies on DGEBA curing with other curing agentszn'zs. Due to the low
~sensitivity of the conventional infrared spectrometer, the results were
only traced by following the change of the 910 cn'l‘of absorption band
which was assigned as epoxide group.

Lopata and Riccitiello® studied the kinetics of the bulk thermal
polymerization of phenyl gSlycidyl ether induced.by TMB using infrared
absorption spectroscopy and gel permeation chromatography to follow
the polymerization., Based on the results obtained, they postulated a
fast.initiated, nonstationary cationic polymerigzation with five .
elementary steps, including spontaneous and monomer transfer as well
as a termination reaction.

For being able to understand the reactions durin( the curiné
process of the DGEBA system, the FTIR spectrometer was used to investigate
the detail chemical changes occuring during bulk polymerization. Gigure

10 shows the difference spectrum of the mixture of DGEBA and TMB with
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a mole ratio 7.9 to 1 bvefore and after tﬁo sample was cured for 36.5
minutes at 80°c. From this spectrum, it can be observed that the
absorption bands at 3063 cm‘i. 3009 cm". 914 cm‘l. 860 cu‘i. 775 cm'1
and 721 em~l decreased after 36.5 minutes curing period. The absorption
bands at 3063 cm-! and 3009 cn~! are due to the C.H stretching of the
methylene and of the methin groups of the epoxide ringz7'28. The

bands occuring at 914 cm=! and 860 cm=! are the ring deformation of
epoxide group.29'3°'31. The rocking of the epoxide ring may be assigned

to be at 775 em‘1 and 721 cm~! which were found to be strong absorptions

at 821 cm=! and 807 cm"1 in the ethylene oxid§27. Based on these ¢

results, the polymerization reactibn‘has only consumed the epoxide.reing.
Also increases of bands were observed at 2947 cm'i. 2893 cm‘l.

2855 cm'1 and a region between 1150 cm'i and 950 em*l, The absorption

bands at 2947 cm‘z. 2893 cm‘1 and 2855 em! may indicate the formation
of -CH,- group without the strained epoxide ringza. The absorption
region between 1150 cm-1 and 950 cm‘1 is broad and appeared that sever:l
bands overlapped togather. This region may be the formation of the
ether linkages and an -0H functional group’z. The decreasing order
of C-0 vibrational frequency as a function of the group substituted
on one oxygen is’? '
CgHg= > CHo%CH- ¥ <CHR, ¥ ~CHaR > ~CHC¢H

Possibly, primary and secondary ethers, and primary and socondarx
hydroxyl groups can be formed directly from the terminal epoxido'ring
dvring polymerization, ‘

Pigure 11 shows the quantitative results of the variation of
the bands as a function of curing time, Prom this figure, it may Ve

observed that the -CH,. and C-0-C groups form very fast initially and
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then level off after an hour during the curing period, The disappearance
of epoxide group has a compgrable rate to the formation of -cxz. and
C-0-C groups initially, but the epoxide group still decreased even
after the forration of -CHp- and C.0-C groups have leveled off. This
may indicate that the epoxide group'reacts continuously to form some
other spociQs instead of the formation of «CHye anh C-0-C groups. This
will be investigated further in the future, |

3-4 Thermal Characterization

Tho DSC was used to study the glass transition temporaturo of the
homopolymers, t0 understand the effect of copolynor composition on the
g€lass transition temperature, and to investigate the heat change during
the decomposition of the cured epoxy resins. The DSC thermograms of
the cured DGEPP, DGEBF and DGEBA in an inert atnoaﬁhero of N, showed
sxothermic peaks at'approximafely 310°C. 390°% and uao°c for the first,
3109C, 380°C and 420°C for the second and 345°C, 390°C 4309 and 470%
for the third (Figure 12), This may indicate that they have almost the
same degradation paths even though different structural units are present,
Therefore, it can be asrumed that the degradation starts from the
similar structure units . the aliphatic groups present in tﬁa three
cured resins, '

The glass transition as a function of composition in copolynora‘

has been extensively studied by many investigators and the current |

fheortos were summarized by wood33. The glass transition of a copolymer
should be equal to some type of a weight average of the individual

i

glass transitions of the homopolymers Tgy and T,. For a binary < --" Mi

copolymer, the Gordon.Taylor equation relating the glass transition ]

t0o the glass transition temperatures of the honopolymors is equivalent

(3 S a - :1 '
v-w.aAL PAGE 1s TN X‘,é-,
5 pPOOR QUALITY 'y

e Az BN
)
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to

AC1(Tg = Tgr) + ACp(Tg = Typ) = 0 (?)
where Cy and C, are the weight fractions of the constituents and A,
and A, are constants, It can be rourfansod to the form

Tg ® K('.‘.‘sz - '1‘8) (Cz/Ci) + '1'81 (8)
and '

Tg = =(1/K) (Tg = Tg1) (C1€2) + ng (9)
where K = A2/11. Figure 13 shows the glass transition tomperaturo ss
(Tgy = Tq) (1 =« C2) (Tgo = ) C

§ £ 2 am!»,1‘xxx'xe1.:1onof--53 ‘ 2
C2 (1 - Cp) .
for DGEBA.DCEPP copolymer. From this plot. the 1/K value and K value |

a function of ~——=

can be obtained from each linear re}ationahip. In tiis case, the X
parameter for copolymer.of DGEBA and DGEPP cured by TMB is equal to J
L,0, Figure 14 is the glass transition temperatures for various
compositions of DCEPP and the theroretical result obtained,

A similar <reatment for the copolymer of DGEBF and DGEBA is shown
in Pigure 15 and Figure 16, The K parameter obtained from Pigure 1§
is 3.5 for this copclymer system based on the glass transition
tamperatures of the copolymer with the DGEBF content below 35 mole %
and the homopolymer of DGEBF. From pigure 16, two glass transition -
temperatures for DGEB? homopolymer, 350°K and 400K can be observed,
the former is the one obizined directly from the same curing cycle as
the other polymerization system. The latter was obtained by further
curing at 220°C for 3 additional hours. The K parameter was calculated
from Y00°K fo glass transition of DGEBF homopolymer. The glass transitior
temperature start to deviate from the Wood equatior, after the DGEBF
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content is higher than 35 mole %, It is lower than the predicted -
value and may be due to the incomplete curing indicated previounly

by the gel fraction study. This showed low gel formation for the

high DGEBF confent copolymer with DGEBA as shown in Tabdble 6.

Char formation is important for the prediction of the flammability
of a material., In this study, the char ylelds of homopolymers and
copolymers of various compositions were investigated by thermogravimetry..
Figure 17 and Figure 18 show some results of the thermogravimetric
measurements og!:;polymers and copolymers, From both figures, it can
be observed that the decomposition temperatures are almost the same,
but the char yie;d changes with the copolymer composition, The
thermogravimetric plots also show iwo stage decompositions, a primary
decomposition in the range 400°C to 480°C and a second pyrolysia stage
above 480°C. These results are also indicative that the cured epoxy .
resins may have the same degradation routes as concluded from the DSC
studies, ' |

If char formation of each monomer unit in the copolymer is -
independent of each other chemically or there is no chemical interference
between monomer units during degradation, and the polymer molecular is
high, it may be assumed that the char yield of each monomer unit in the
copolymer is proportional to its mole fraction and expressd as

Y, = Xx¥¢ (10)
where Y; and Y{ are the char yields of monomer unit i in copolymer
with a mole fraction X; and in its homopolymer, respectively. The total
char yield of a copolymer, therefore, will be equal to the sum of the

char yield of each monomer uriit in the copolymer or
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Y = £XY? . A (11)
Figure 19 shows the char residue at 700°C as a function of the

mole fraction of'DGEPP in the copolymer with DGEBA. A linear relatioﬂ.

ship between cha: yield and the composition of DGEPP in the copolymer

can be observed. The linear relationship between char yield and copolymer

composition washaléo observed in the copolycarbonate of bisphenol-A

and phenolphthalein3u. . ‘ ,

Por the case of DGEBF copolymer with DGEBA, there is no linear

relationship between char yield and copolymer composition observed as A

shown in Figure 20, It is different from the inttial prediction for
this copolymer system. As it can be seen, the char yield increases
very fast at a low content of DGEBF and reaches.a maximum value of 40
wt, % at about 20 mole % of DGEBF and then decreases, Explanations
for this effect are not conclusive at this timé. Possibly, it may be
due to low degree of curing, if the DGEBF content is over 30 mole %

in the copolymer of DGEBF and DGEBA. Another possible explanation is

that the reaction between two monomer units to form more therrally
stable structure under high temperature. No matter how the DGEBF changes
the char yield or deviates from the predicted limsar relationship, the
DGEBF increases the char yield to a high value, #0 wt, % at 20 mole %
of NSESF content at 700°C, This indicates the DCEBF has a good potential
to be used to modify the more flammable conventiomal epoxy mnteria;;
DGEBA.

Similar treatment can also be applied to the flammability of the
copolymer by assuming that the oxygen index of a monomer unit in itg
copolymer is proportional to thg mole fraction im the copolymer, Then

g
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the total oxygen index will be equal to the suﬁ of individual value of
each monomer unit,

oI = ¢ X, O} | (12)
vhere OI; and OI? are the oxygen indice of monomer i in its copolymer
with a mole fraction X; and in its homopolymer, and OI is the total
oxygen index. Figure 21 is the linear relationship between the oxygen
index and the mole fraction of DGEPP in its copolymer with DGEBA.

Combining the Equation (11) and Equﬁtion (12), the relationship

between oxygen index and char yield can be express as

(01?2 - o19) (o1 - 019) .
o1 =y ———% 4+o01§.v] ——32 T (13)
or _
O = KyY + k,. : | N (184)
(015 - 013) o wo
where ky = and k2 = 0I, - Yoky. Figure 22 is the oxygen

(Y9 - ¥3)
index as a function of the copélymer char yield of DGEPP with DGEBA.
The solid line in this figure is s calculated result based on Y: =
0.24, and Y3 = 0,46 obtained from Figure 19, 0If = 0,205 and 0I3 =
0.430 taken from Figure 21 and the Equation (14)

PN ¢ B

a
33
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TABLE 2

I'UOrERTIES OF POLYMERS OF NIGLYCIDIC ETHERY

o

: . - P N it g S £33 '_ Thermal stability
< < F o | E 313 (Fc<«8 teraperature for . weigh luse (%%) alter
= Hardener 38 2 8 sk 198 3 3 20% weight loss  heating at 300°C; time, hr
B £= . 9E€ '3 g& .. w22 E.  asedonTuA,
< Ci, cE !mPwEEST °C y o8 3 o
i Truneihitie enligdewd: 002 ' 250 250 90 300 446 ; R i 90:1
o Phenglenedianinge. 090 13:0 220 80 200 . 480 . 822 035
| Trimellitie wiryteidle 097 | 01 280 130 310 . 330 | 484 | 210
, mePhenyleaediani. 936 24 25 103 300 ¢ 371 | 49l 553
3 Trimellitic subydride 094 |, 302 1 270 120 310 i 303 | 428 489
| m-Phenylenadiamine 06 | 337 | 250 05 305 345 | 353 | s0s
 Prieaeliitic aahydeule 989 ! 453 1310 0 15 325 284 | 202 | 405
; m-Dhenylerediainme 903 . 418 . 300 100 - 315 287 | 343 441
5 | "Trimeilitic aahydride: 097 . 44 | 300 160 ' 320 Po148 | 228 29-3
i m-Phenyicnediarmine 080 | 421 | 280 | 120 310 166 | 272 379
I "ritaellitic wnhydride L9790, 409 32 138 | 330 P12 234 30-1
| m-FPhenylenediunin-. 98-5 . 303 ' 310 130 313 "o1es |o233 ¢ 380
Trimeliitie aniny- tels 956 537 s ! 203 320 121 | 208 | 213
m-Pl'.c:nylm:--rliunmw, L 520 l 235 10 310 143 ! 244 : 338
S Trimellie anby dind Cowpse 201 05 200 325 25 . 6+, 738
Do Eleeslenedionine: 073 237 310 ey Slv 571 700 i 792
9 ' "Uruaellitic cadiyvdride 935 ; 426 265 160 310 v 181 240 | 32
" 1-Pheny leeedianine 637 ¢+ 403 | 250 145 300 236 , 270 | 400
10 | Trimcilitic anhxdride us-b 470 , 3o 283 400 170 10l | 312
r-Phengylen-dia. 933 ., 452 3 240 380 222, 2¢3 |, 306
PrimscHithe o byt L 993 566 330 240 3in 03 132 0 234
wethenylenediomine: 089 al-4 N5 220 330 105 16:1 ' 28
i Trimetuiwe end cion! 3940 578 G 230 w0 b B 11.4 . 225
a-Phznyh aceianeg o 993 ., 309 ‘ 30 ' 230 a6 1u0 ¢ 152 ¢+ 2%
1l Tamehitie annyele. ! 33 5530 ol 220 353 L 815 12 ' 255
. m-Theuylencdianime 930 52:1 250 240 SN0 98 147 301
Teomeilitio anhy et 972 232, 275 lov w03 IR EE 5 B S
v er vlomediama ey 031 18- 250 145 3 Ao sS4 1 93
] Wi anbe el y3i-4 197 A 250 am gt 391 032
T L BT AN (A CTI usn 154 210 2 . % 333 TS el

1., Bis-(4-hydroxyphenyl)-2,2-propane. 2. Bis-(4-hydroxyphenyl)-
phenylmethane. 3. 2,2-Bis- (4-hydroxyphenyl)-2-rhenylethane, L,
Bis- (4-hydroxyphenyl)diphenylmethane. 5. 3,3-Bis-( -pydroxyphenyl)
-phthalide., 6. 3,6-Dihydroxyxanthene-9,9-spirophthalide. 7.
2-phenyl-3,3-bis- (L-hydroxyvhenyl)phthalimidine. 8. .3,6,D1hydroxy-
2,&,5,7-tetrabromoxanthene-9.9-spirophthalide. 9, Bis«(4-hydroxy-
phenyl)tolucuinomethane., 10, Bis-(4-hydroxyphenyl)phenylaceto-
phenone, 11, 9,9-Bis-(hydroxyphenyl)fluorene, 12, 3,6-Dihydroxy-
9,9-spiroflucrene, 13." 9,9-Bis-(4-hydroxyphenyl)anthrone-10, 1L,
Bis- (L-hydroxy-3-chlorophenyl)-2,2-propane. 15. Bis-(4-hydroxy-
3,5-dichlorophenyl)-2,2-propane,

V.V, lKorshak, L.K, Solov'eva and I.V. Kamenskh, Vysokomel. Soyed.,
13, 150 (1971).



TABLE 3

Some Properties of Phenolphthalein Epoxy Resin Fractions
Obtained trom Liquid Chromatography, Solvant: CHCl3~
Acetone (S5/5 by v). Absorbent: Silica gel,

Epoxy Resin
Proper ty A B c
Color White Clear Very Light Yellow Yellow
Sottening Temp., *C 19 &3 S2
Epoxy Eq. Wt. 233 326 625
n® 0.036 058 218

/O\ /O \
CHzC HCH20©\ OCHZ HCHZ 0 CHZ C HCHZ
n .

%
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TABLE 4

‘he felal snant oo cewween tne initial Feed so0le ratic of

Epichlorohydrin to Phenolphthalein, Average Equivalent

Weight, and Weight Fraction of Component A Obtained from

Iiquid "hromatngrarvhy.

Initial Feed MNole
Ratio. FEpi./Fhen,

Ave, Epoxy Fq. Wt,

Wt, Fraction of
Component A

3.2
6.1
9.2

12,0

15.0

20,0

306
270
258
274

242

0.52
0,61
0,78
0.79
0.89

URIGINAL PAGE IS
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TABLE D

UV Spectral Extinction Coefficients of tha Liquid
Chromatogravhic Fractionn from the FPhenolphthalein
Dirlycidy] ‘‘ther (DCEPP)

% = Ext, Coaff, X 10‘“ 1 mole'1 cm'1

Compound ngz;ua nm | E275 nm | F282 nm | 2238 /275 nm
O — — .
Phenolrhthalein | 1.42 0,47 0. 40 3.0
Component A 1,87 0,45 0.39 4,2
Component 3 1,81 0,43 0.37 h,2
Conponant C 2.00 | o.e 0,41 4,2

Solvent CHCl3




TABLE 6

The Relatinnship between Gel Fraction and Mole Fraction of
DGEPP or DGERF in the Copolymer with DGEBA. Curing Agent 1
Trimethoxyborexine (9.5 g/epoxy eq.)

Copolymer of MIE3A and DGEPP | Copolymer of DGEBA and DGEBF
Mole Fractinn of | Cel Fraction| Mole Fraction of |Gel Fraction
DCEPP (mole 7) (e, 3) D3EBF (mole %) Wt, %)
0.0 : 84,5 0,0 84,5
13.5 82.8 6.7 86.3
27,6 73.8 9.8 8%.2
k3.2 58.4 22,9 91,0
58.3 63.7 35.9 9.3
100,0 54,3 36.1 86.4
62,2 63.8
100.0 33

Curing Agent: Trimethoxyhoroxine; 9.5 g/epoxy eq.
Curing Conditions: 135°C . 3 hours, 180°C - 3 hours and
218°C - Another 3 hours.

In sealed tube under N, gas.
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FIGURE 4
C=0 Stretching Frequencies of Some Compounds

. OMPOUND C=0 STRETCHING (cm™ )
JONVIOL
/C\H 1720
R
6O\ O
3 3
VA
A 1720
C-R

&
R<C>:>\C%:> - 1720

I
0

R = OCHCHLH,
0

C 1765
oN:

S.N. Salazkin , L.I. Komarova and S.V. Vinogradova., lzv. Akad.
Nauk. SSSR, Ser. Khim., 144, (1973)
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FIGURE 6.

In(1.0 - Wt. Fract. of A in Resin)
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y: Wt. Fract. of Component A from
Liquid Chromatography of DGEPP.

x: Initial Feed Ratio.

y=1-0" eax - X=0,y=\n.

)
x=a , Y= 1,

SLOPE: -1.5=4

S 10 15 20
No. of Moles of Epichlorohydrin
No. ot Moles of Phenolphthalein

Ln(1.0 - Weight Fraction of Component A in DGEPP)
as a Function of Initial Feed Ratio of Epichloro-
hydrin to Phenolphthalein.
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FIGURE 7.

UV Spectrum of Phenolphthalein Epoxy. Solvent - CHCl3 .
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FIGURE 8
NMR Spectra of Pherolphthalein Epoxy Resins Collected from Liquid

Chromatography, ( Solvent - COCl3 )
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FIGURE 9.
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DGEBF
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’

DSC Thermograms of OGEBA, DGEPP, and DGEBF after
Mixing with TMB.
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FIGURE 19.

Char Residue at 700 °C as a Function of Mole
Fraction of DGEPP in the Copolymer of

OGEPP and ODGEBA.
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FIGURE 20.

Char Residue at 700°C as a function of Mole
Fraction of DGEBF in the Copolymer of

DGEBF and DGEBA,
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