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FLAMMABILITY AND FHCTO-STABILITY
OF SFLECTED POLYMER SYSTIMS
BY
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Adviser: Eli M. Pearce
Submitted in Partial Fulfillment of the Requirezent
for the Degree of )
Docter of Philosophy (Chemistry)
June " 81
.»stematic approach .o the improvexent of the

flammability of ;poxy resins, bisphenol-A polycarbonate ,
poly(dutylene terephthalste), and Nylon 6.6 by introducing
halogens and loodp functicnality inzo the flame retardanis
ig described. The phthalides (the loop functiorality
containing molecules) include 3,3-bis(4-bomophenyl)-
phthalide, 3.3-bis(b-chloropheryl}phthzlide, ard paencl-
phthalein. The phthalide contairning epoxy resins are
synthesized and characterized in comparison with the
bisphenol-A epoxy resins in terzs of flaxmabilily in the
copolymer systaoms. The resins include diglycidyl ethers of
phenolphthalein, bisphencl-%, teirabromcbisphenocl-A, and
tetrabromophenolphthalein. The vaporizetion of the
phthalide additive in the polyrers is observed ir. Thevmal
Gravimetric Analyéis. The flsne retardarcy is primarily due
o che presence of halogens. In the poly(butylene tere-

phthalate) system, the cleavage of the carcmatic'sr bond

vii
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of ths flame resardsnt additive enhances the crosslinking
reactions between the aromstic rings resulting in en
{ncrease of char formation. In the spoxy resin systems,
loop functionality contributes to char formation to a larger
extent. The intersction between the epoxy resin and poly-
{butylene tererhthalate) follows the mechanisa of inssrtion
of the oxirare ring intc the ester bond. 7This pechanisn is
studied by FP-IR.

The investigaticn ¢f the thermal properties of the
char-forming pherol-formaldehyde resins is concducted to
provide information for the systematic design of high
temperature flame-resistant phenolics. NMR and FT-IR are

3

uged to characterize the oligomeric resins and the cursd
rasins. The curing agents used in the study include formal-

dehyde, s-trioxane and terephthaloyl chloride. The drominete:

(¢

phenolic resins are found to have higher exycen indices with
lower char yields. %he nonhalogen-containing phenelic
resing give a linear relationship detween char yield and

oxygen index acco-dirng to the following equation:
LI = 2.5 + 0.57 (% char yield at 800°C N,).

fhe differences in structurs of the cured resins are
observed frce the PR-IR spectra. The s-trioxane cured
resing contain lorng chain ethers and cyclic acetals along
with the methylene lirkages. The terephthaloyl chleride
cured resirs are crogsiirked through the hydroxylz and

centain the inter- and intra-molecular ester linkages.

viii
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In the siudy ¢* the photo-Pries rearrangement the
fluorene-based polyarylates prepared includs 9,9'-bis{i-
hydroxyphenyl)fluorene iscphthalate (BPP-I). 9.9'-biscresol
fluorene isophthalate (BCF-I), and 9,9°'-bis(3,5-dimethyl-U-
hydroxyphenyl)fluorene isophthalate (BDMPF-I). The formatio
of the g-hydroxybenzopherone moiety upon UV irradiation ol
BPF-I1 and BCF-I can be observed in the UV and IR spectra.
The degradation of the polymer struciure of EDNPF-I is due
to its inability to rearrangs into the o-hydroxybenzophencna
structure which can function 8s an internal Uv-stabilizer.

A mechanism for this degradation is postulated dased on the

evidence from the IR spectra.
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ABBREVIATIONS
In addition to the comnon syTbols and apdreviatisns,

the following are designated for the various monomers and

polymers.

DGEBA piglycidyl Ether of Bisphenol-A

DGETBBA  Diglycidyl Ether of Tetrapronobisphenol-A

DGEPP Diglycidyl Ether of Phenclphthalein

DGETBPP  Diglycidyl Ether of Tatrapronophenolphthalein

PF Oligomeric Phenol-Formaldehyde Resin

mCPF Oligomeric geth-ghloroghenol-gomudehydo
Resin

nBPF Oligomeric Deta-Sromophencl-Fornmaldelhyde
Resin

oCF Oligomeric Eeta-gresol-gonoldehyde Resin

pPCPF Oligomeric para-Chlorophencl-Fformaldehyde
Resin

pBPF Dligomeric gara—gromoghenol—gomldehyde
Resin

pCF Oligomeric para-Cresol-Formaldehyde Resin

X(F)=- grosslinked with Fornaldehyde

x(7)~ Ccrosslinked with s-Trioxane

X(c)~- Crosslinked with Terephthaloy! Chleoride

BPYF 9,9'-Bis( 4-hydroxyphenyl })=fluorene

BPF=1 Polyiscphthalate of BPF

BCF 9,9'-Biscresol-fluorene

BCF~I1 Polyisophthalate of 3CF

BDMPF 9,9'-gis(3.Sogigethyld—hydroxyghenyl)_t_luorem

BDNPF-I  Polyisophthalate of 3CMPF
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3. IITRODUCTION
The growing use of polymers in a variety of

spplications has created a great deal of concern over thelr
performarce in many aspects including flammability and
photostabllity.

The initial goalsof the research in flezmadility sare
meinly focused on the flame retardation of polywers and nct
their flame proofing due to the bdbalance of preperties
required in these systems. As a result, many flare
retardants and flace resardant pelymers have been and still
are being developed.

Recent advances in space and other techrologies have
continued the development of high temperature resiscant
polymers. Theories and approaches ir, synthegizing these
polymers are mainly based on structure-flammability relation-
ships.

One objective of this work is to utilize the
structurzl features of some high texperature polymers in
designing new and better flame retardants. An attempt has
also teen made to introduce halogen systematically into the
gtructure of high temperature phencl-formaldehyde resing and
to study their flame retardatiocn.

Developments in the area of organic photochenistry
have given assistance to the intervretation of photo-
degradat.un processes and to the search for novel petheds of
etabilization. Consequently, many “tailor-made” stabilizers

are being developed for specific polynmers. However, the use
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2.

of monoreric stabilizers has some critical limitations: (1)
incompatidility with the polyusrs, (2) potential migration of
the additives, (3) impairing the mechanical properties of the
polymers. (&) extractability and *blooming”.

faking this into account, the systheses of photo-
resistant polymers haveccnsiderstle interestcs, Stabilizing
groups can be introduced into the polymer during the synthesie
and funciion as internal stabilizers. In this study the
nature of this type of stabilizing process in fluorene-based
polyarylates has teen investigatad. The interpretations 2re
based on the spactroscopic observations.

1.1 Elezents in Plame Retardation
Upon examinirg the different means of achieving

flame retardation, a number of guidelines have been established.
fhe ideal flame-retardant polymer system should have {1) a
high resigtance to ignition and flame propagation, (2) reduced

]

smoke generstion and low toxicity of the contustion gases,
(3) dursbility, (&) acceptitility in appearance and reperties
for specific end-uses, and (%) 1ittle or no econcmic penalty(l).

A brief anatomy of a combustior process can be shown

by the followirg schene:

Decomposition
2 ~
g‘h~~~~ Ignition
E Combustion AA

b
Consunption

Heatin

e e . T T Ty . =
e ——try  SaCenaniset ilincdihe




g

degradation and decomposition of the polyzer. Decomposition
lsads to the formation of various fragnents which are
susceptible to ignition ind cemdbustion. Heat generated freo
the combustion process supports further decompositicn oI the
material. Flame retardation can be achieved by interroptinrg
the burning process at cne of the arrcws shown in the schens.
At stage A decomposition of a polymer is usually initizted by
oxidation resulting in the formaticn cf active free recdlicals,
This process can be interrupted by chain transfer agents,
such as snines, phenols and halogen compounds. Materials
used in stages B and C to prevent ignition and combustion
usually are the chemicals which can develop noncezbustible
gases, such ‘f gzo. hydrogen halides, Co2 and Nﬁj when
decomposed. These roncombustible gases may act as gas-phase
diluents for the ccodbustidle decompesition products odaired
from the polymer. In addition %o being a gas-phase diluent,
the water released from materials., such as Alzoa-JHéc can
also dissipate the heat generated at stage E and thus
{nhibit the burning procese. Thare are naterials which are
active in.the condensed phage to prevent igniticn and
combustion. Such materials can forz nonvolatile char or
glassy coatings which minimizs the cxygen diffusion to the
polymers and also reduce the heat transferred from the

flane tc the polymer(z’.

There are many ways to Beasure the flammability of

a material. A test that has been wilely used on a lsboratoery

ot ae o




scale in recent years since its initial development in 19¢¢
ig the Oxygen Index (0I) test(J). In the CI test, the
paterial in the form of either a rod or a sheet is clamped
vertically and ignited at the top, SC that it burps in a
candle-like zanner in an upward-flowing mixture of cxygen
and nitrcgen. The oxygen concéntration of the gas is then
adjusted until the niniruz lavel for sustained burning is

reached. The 0T is then defined as:
of = (100 X [0,])/([N;] + o)
where {0,] and [¥,] are the volume corcentrations of oxygen

and nitrogen, respectively.

1.2 Structure-Flamnability Relationshin

A nusber of studies have deen concerned with
devaioping correlations retween the struciure of the polymers
and their char Sormation. Char yield thuz tecomes an
importart oeasureaent in flapmadility studies. It is
defined as the char residue in weight % at §60°C in a
Chermal Gravimetric Analysis under nitrogen atmosphere.
Parker, &%t gl.(h) have correlated char yield with the
punber of moles of multiple bonded eromatic rings per gram
of polymers (Figure 1). YVan Krevelen(5’ hag developed a
l1inear relationship between char yields and oxygen incices
of polymers (FPigure 2) and a prediction of the amount of
char yield from the nuzber of aromatic units {n the polymer.
Besides aromatic structures, char formation can also be
increased by intrcducing cyellc furictional side groups

(capdo groups) in the polymers. Such polyTers are termed



CHAR YIELD, AT 700°C, parcent’

{POLYPHENYLENE)

{PHENOLIC-NOVOL AC)
PHENOLPHTHALEIN
POLYCAR3ONATE

- —0PTIMUM FIRE RESISTANCE
EPOXY-BOROXINE

EPOXY-NOVOLAC)

20 BISFHENOL A POLYCARBONATE
i B 1 ] . 1 J
0 2 4 (] 8 10 12 4

NUMBER OF IMOLES OF MULTIPLY BONDED
ARCMATIC RINGS PER gm OF POLYMER

Pigure 1: Bffect of Aramatic Structure on Char Yield,

J. A, Parker, G. M. Fohlen, and P. M. Sawko, Paper
Presented at Conference on Traasparent Aircraft
Enclosures, las Vegas, Nevada, Feb. 5-8, 1973.
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scardo polymers”. These polymers have been the subject of
an excellent review(6). Systematic studies on cardo polymers
have begur. with the syntheses of high molecular weight poly-
arylates from phenoclphthalein and various dicardoxylic acids
in 1961(?). So far numsrous carde polymers with various

cardo groups (see below) have been syntheslzed.

67 O%- Cee)
¢ . b
It has been found that the presence of cardo groups in
different hetero- and cardo-chain polymers endows then wizh
not only erhanced therpal stability but also excellent
solubility, which is of particular importance in aromatic
polymers with rigid chains.
1.3 Flame Retardant Additives

For the evaluation of specific coniributien of
cardo-group containiqg additives to the thermal behavior of
polymers, a series of compounds based on the phihalide group
have been synthesized. The effecte of varyi-g anounts of
the phthalide additives on the f1lammzbilicy of bisphenol-A
polycarbonate, poly{dutylene terephthalate). and nylon 6,6
have been studied by thermal analy-ical techniques and
fourier Transform Infrared Spectroscopy (FI-IR).

Flame-retardant resins can alsoc be used as the
sdditives incorporated inte nerhalegenated resins in order

to inpart some useful degree of flame retardancy to the




axterial. One exaopls is the use of tetrals zephthalic

sphydrize polyester resins in rorhelcgenated polyester
resins(e). Using & polymer Tesin as 8 flace-retsaxrdant
sdaitive has the advantage that txe 223itive woull not
subsequently leach ocut of the system orce the resin systes
{s crosslinked. In addition it can  be easily mixed with
a polymer resin &t 8 variety of levels deperiding c¢n the
degree of flaze retardancy desired for & pariiculsr
application.

The syntheses of flexe T tardant epoxy resins of
tetrebromo- and tetrachloro-tisphenol-A hsve bdezn reported
in detai.lw'm). The use of tatrzbro=obisphexcl-A epoXy
resin as en additive i the scrvlonitrile-butadiene-styrane
copolyner systen(n) ard polycar!:_or.ate systen(lz) hes been
reported in the literature. ghese halczensted resing, how-
gver; are too viscous for m&y applicat:onsu”» Cardo
group conitaining epoxy resins, or the other hznd, are
mostly solid resins due to the fazct that the cyclic side
groups increase the glass +yansiticn texpersiure (‘!‘s) of
the po).yuer(m). The solid resins provide ro wuscal
problezs in sazrle handlirg and formulation.

The diglycidyl ether of 4, 5,6,7-tetrabre=cphenocl-
phthalein (DGET3PP) has been synthesized erd corclyserized
with the diglycidyl ether of bispherol-a (DGEEA) and
evaluated as an additive in poly(Zutylere ten zhikalate).
The LCETSPP/CGERBA systen actuzlly forms 2 cepolyner once
the resin is cured by phthalic anhydride. Txe evaluation
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of the cursd DGETRPP/UGEBA copolyrer in terzs of thermal
properties 1s Yased on a comparison with the system usinrg
the diglycidyl ether of tetrabromodisphenol-A (TGETBBA).

The degrees of curing has always been an important
factor in determining the properties of the final products.
It 1s also inmportant to monitor the curing reaction in order
to adjust the curing conditions. Por this purpose PU-IR hes
been used to follow the curing reactiors. In addition, the
spectral subtraction routine 1is applie? to the determiratien
of the changee in chemical stru~tures.

In the poly(butylene terephthelat2) system the curirg
4s caused by the interaction of the oxirane ring with the
ester groups and proceeds by the nechanism of "insertion® of
the fragment of the oxirare ring intc the ester hond without
scission of the molecular chain of the polyester(IS). The
effects of various asounts of DGEITB3A and DGETBFP on char
yield and oxygen index of = “v(butylene terephihalate) are
cozpared.

It is alsc interesting to know how much contribution
to the flame retardancy is due to the pregence of bromire in
the resin. The diglycidyl ether of pherolphthalein has been
synthesized and formulated in the same fashion as that of the
brominated resins. The analysis of the resulis gives an
evaluation of the effectiveness of bronine and cardo groups
for flame retardaticn.

1.5 Modified end Flame Resistant Phenolic Resins
That phenols and formaldehyde react has been known

as far back as 1872 by aner‘lé)

and others. The substances
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obtained by thess investigations were merely of theoretical
interest and no attempt was made to utilize them ccumercially.
Nith the advea: of cheap comzercisl formaldehyde. Klee-
ber5(17) continued the investigation and obtained a cross-
linked, insoluble resin by the reaction of an excess of
formaldehyde in the presence of hydrochloric acid. Luft(le)
wes the first one to develop technical applications fer
curable pherolic resings. The process involved an acid
catalyst, i.e., sulfuric acid, and a suitable solvent
system, such as a mixture of formalin and glycerin. The
resin was able to be molded or fravn into threads. 1In 1907
Paekeland applied for his "heat and pressure” patent(lg)
for the processing of phencl-formaldehyde resins. This
technique made possidle the worldwile epplication of
phenolic resins.

The ccrditions, mainly pH and temperature, under
which reactions of pherols with formaldehyde are carried
out,have a profound influence on the character of the
products obtzired. Rescl resine are <the products of the
reaction betwaan phenol and an excess of forzaldehyde
(1:1.5-2) in the alkaline p-range(®®). 1Initially, shen-
oxide icns are formed from phencl under alkaline conditions.
Delocalization of the electron pair on the oxygen ion resul<s
in increased electron densities at the o- and p-poesizions.
This effect lecds to substitution of phencl W slectrophiles
@t the o- and p-positions. The first-step product; o- and

p-methylolpherols (see telow), are more reactive towards
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0H OH
[:t:r_ cxzou
o-Hydroxymethylphenol p-Hydroxymethylphenol

formaldehyde than the original pherol and rapidly undergo
further substitution with the formation of di- and tri-

pethylol derivatives (see below)(zl).

OH OH OH
oH, 08 HOCH,—, O CH,0H  HOCH, CH,C
CH,CH i, 0H
o,p-Dihydroxy- 9,0'-Dihydroxy- frihydroxy-
methylphenol methylrherol methylphrencl

The methylolphencls then undergo gslf-condensation to forz
dinuclear and polynuclear phenols in which the phenolic
nuclei are 1linked by methylere groups. The crosslinked

polymers are obtaired simply by heating(zz)'

Novolak resins are ncrmally prepared by the inter-
action of a molar excess ¢f phenol with Zormaldehyde
{1.25:1) urder acldic conditions(ZB)- In the first step.
the formstion of a hydroxyrethylene carbonium ion froum

methylene glycol occurs:
H' +
HD»CHZ—OH —_—— CHZ—GH > Hzo

The second step is the addition ol the hycrexyxe<hylene

cardoniun ion to phenol:
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oK OX OH
H CH,CH

fast 2
@ + *oi,-on S O<°Hz°“ e @ .

In the presence of acid the initial products, o; and p-

sethylolphercls, are present only trangiently in very small
concertrations. They are converted to benzylic carbonium iens
which repidly react with free pherol to form dihydroxy-

di;hem'hethmes(zu'”)

H__,‘wzouz @rzm
$- “6—6"0 -

Polyruciear phencls are produced by furthef methylolaticn
and methylene 1link formation. The fina2l reein can be cured
by the addition of & crosslinkin agant.

Cured phenclic resins have gocd heat stability,
resistance to most chemical reagents, anc good nechanical
progerties. The principle uses include thermosetting molding
powders, laminates, adhesives, binders and surfece ccatings.
The highly crosslinked fiber named Kynol‘”) has been
developed from phenolic resins and i1s largely used in
flane-prcof apparel.

The therro-oxidative resistance of phenclic resins

ca= be further improved by chemical modifications. The




following aethods have been used(ze)a
1. Etherification or esterification of the
phenolic hydroxyl groups,

Complex formation with polyvalent elexzenis
(Ca. u. zn. C(,."‘).

3. Replacement of the methylene linking grours
by heterocatoms (0, S, N, §i,*-*).

[

The present study is initiated with a view %o
making zodificatiors of the flammabillty behaviore of
phenolic resin by using subtstituted phenols. Also,
esterificatiocn of phenolic hydroxyl groups has bdeen applied
to the system by using terephthaloyl chloride as the curirg
agent. This makes possidle the cresslinking of p-substituted
phenolic resins. Modification by esterification has also
been raeported by Lei(29’ in the synthesis of p-chloro-
phenolic fider. The croeslinking of the £iver invelves
reactions between the hydrcxyls and the diacil chlerile.

1.5 Phote-Stebility of Fiuorene-Based Polvzxviates

1.5.1 Basic Avproaches
Polymers coniaining certsin chromophores can

_absorb light followed by photochemical reactions whick
function as one mcde for the dissipation of the zbsorbded
energy. Such photochemical reactions have incluled tre
formation of free redicals, phostcicnizations, cyclizatiors,
intrawoclecular rearrargementis, and fragmentatiors.

Many polyners have been protected against photo-
degradation by the addition of stabilizers. These additives

have been of two general types: 1light screens 2nd ultre-
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violet (UV) absorbers. Light screens function either by
absording 4amsging radiation before it reaches the polymer
surface or by limiting its penetration into the polymer bdulk.
Coatings and pigments are classified as light zcreenc.
Carbon black is by far the most effective pigment. Its
effectiveness can be attributed to & combination of deing
1ight screen and an absordber through energy dissipating
mecharisms in its polynuclear aromatic structures(3°). The
UV absorbers functions by absorbing and digsipating UV
irradiation through phote-phyeical processes. Xost important
1s the internal conversion process which changes electronic
energy into vibrational energy by a radietionless route with-
out a change in spin multiplicity (81 ~>» S5 S5 —> Sl)' It
has been a major proposed nzihanism for photosiabilization by
sdditives such as o-hydroxyberzophencnes (1}, o-hydroxy-
phenylbenzotriazoles §11), and salicyletes (III)(Jl)x

H.

AN

©/ 0 >0 @

(11) (111

These compounds have a common structural feature, the
intramolecular hydrogen bond. The photo-stabilizaticn
mechanism is considered to be the result of & rapid charge-

transfer transition,
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which may be facilitated by the strong intramoleculer

hydrogen bond(32’33).

The protective actior nas aleo been found in the case
of resorcinol moncbenzoate which is alrost as effective as
2,4-dihydroxybenzcphenone. The comparsble effactiveness is
due to the fact that resorcincl monobenzoate 1S converted
by sunlight into 2,4-dihydroxybenzophenone by a photo-Fries
+(3%)

rearrangemen

ﬁ\o\ OK o !
©/ ©/ - @ \an

the photo-Fries rearrangenert has deen fi-st

a

reported by Anderscn and Reese(BS) in 19€0. A simple example

is - the rearrzngement of phenylacetate in ethanol to give

2- and p-hydroxyacetophenones ard pherols
0
0-C-cn, -
3

?ﬂ 9 OX 9“
nv . +
ethanol 3
c=0
1

CHy
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The rearrangement has been found to occur for many derivatives
(35’37’. a:ylalkglcarbcnates(as'39).
(41}

of phenol:phenyl esters
i phenoxyacetic acids(ho). and hydroxyphenyl cinnamates

' A recent review of the photo-Pries rearrangexent has been

published ty Bellus(%2),

‘ Two mechznisns have been proposed for the photo-Fries
rearrangenent. Anderson and Reese‘“” have suggestad a

‘ *moleculer®™ pathway, involving & yridged intermediate of type (1)

3 0
[ ]
' g— C~n o— C~r
| o —
R R
g.
v R )
. 0
H + R | —
: or
R’ . L R*
(1) (11)
0
) OR
< c

bt g

R* R




A similar intermediats is considered for the para-
rearrangexent, KObsa(36) and Finnegan and nattice(37) have
proposed a “cage radical pair” intermediate (II), in which
€-0 homolysis is followed by the attack of the resulting
acyl radical on the ortho or para position of the pheroxy
radical with sudseguent enolizetion.

1.5.2 pPolveer Photo-Rearrangenent

It has been demonstrated that many photochenical
resctions shown by szall organic molecules czn be induced in
polymers when the same chronophoree are bendad to a pelyzer
backbone(“b’. fhe rearrangement of poly(s,4°'-diphenylol-
propane iscphthalate) to o-hydroxytenzopherore moieties can

be taken as & typicel representation of the photo-Fries

rearrargexent i» a polyweric system(aS).
[ 3 ~ g_./'\. hy
-—(D—(:]}-—? s-C 4;)"v‘;ﬁ" —_—
CH
3
My
~+o-0-¢ *—O-
CH,y |
C=0

S
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(“6), the photo-Tries

In the work of Cohen, Young and Markhart

warl
-

rearrangexent products in poly(aryl estars) and Poly{ary
carbonates) are considered to bde the internal UY stabilirer
of the hydroxybenzophenone type. Korshak et g;.(“7) have
elso reported the synthesis cf prlymers capable of self-
stabilization.

It is suggested that the rearranged polymsr
functions as & coating to prevent further deterioration ef
the polymer bulk.

In the present werk we have investigated the
chemical changes which occur during the UV {rradiation of
fluorene-based polyarylates. The derivatives of fluorene-
based polyarylate substituted in the phenol ring ortho-
positions by methyl groups have alsoc tean synthesized and

studied. The resulss have provided ar inzight into the

1
H

structural requirezens for producing phote-IT ArTENEE

ments in polymers.
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2. EXPERIMENTAL

2.1 Standard Procedure for the Preparation of
Phthalides

AlC1

0

]

c-C1 1
| + 2 §0C1,
! -Ci

]

0

(R = Br, cl, OH)

Phthalides prepered for the study include
3,3-bis (s-dbrorophenyl)phthalide, 3,3-b%4s(4-chleropheryl)-
phthalide, and prenolphthalein.
o a mixture of (0.25 mole) of phthalcyl chloride
{Aldrich) and 78.5 g (1.50 mole) of bromobenzene (Aldrieh),
! 16.7 g (0.125 mole) of anhydrous aluminum chloride (Fisher)
i3 added in small portions. A few drops of thioryl chloride
(Aldrich) are added as co-catalyst. The mixture ie charged
into a 500 ml round bottom flask cennected with 2 reflux
condencer and heated in an oil dath with stirring at 110%
for 24 hours. The reaction mixiurs i5 then gtean distilled
to remove the unreacted brcmobenzene. The residue left in.
the flask is extracted with hot dilute hydrcchlorlc acid to
remove aluzinum s21ts. The residue is then filtered and
washed with diiute socdium chloride soluticn. The product is
dissolved in hot acetone and decolorized over decclorizing
carbon. One crystallization fron acetone gives 96.5 g (87%)

of fine light yellow crysizls. Further purification gives
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vhite crystals, m.p. 184.5-185°C, IR: 1860 en™! (¥ -lactone),

1080 cw”} (BrCgH, ~). TLC: one component. '

Anal. Caled, for czouzzozarzz ¢, 54.10; H, 2.71; Br, 36.02.

Found: = 54,25; H, 2.68; Br, 36.15.
3,3-8is(4~chlorophenyllphthalice

Yield : 90%
B.D. 154.5-155°¢, (Baeyer(gs) reported 156-155°G)

IR 1760 e~} (¥ -lactone), 1096 em™t (CICH,=).

o«

e one component,

Anal. Calgd. for ChoH,50,Cly: G 67.58; H, 3,38; C1, 19.97.
Found: ¢, 67.33; H, 3.44; Cl, 19.74,

She same product was obtained in 84% yield by
Blicke et 3;.(97) Bradlow 2t 21'(98) reported the preparation
of 3,3-bis{4-fluorophenyl)phthalide in 92% yleld by the
similar method, The para-isomers are considered to pe the
mein products.{gg)

2.2 Phthalides Used as Additive in Polymers

Bisphenol-A polycarbonate {Polysciences), Kylon 6,6
(Monsanto), and poly(butylene terephthalate) (AMP) are selecte
for the study. Polymer filrs containing phthalides are cast
from trifluvorcacetic acid and dried at 25°C uncer vacuum.

fherpal Gravimetric Analysis (IGA) neasurements of
the resulting filzs are pade uncer nitrogen using a Du Pont 9
Thermal Gravimetric Analyzer and 950 Thernal Analyzer,

Oxygen indices are taken by using GeneralElectric CR 280
FM 11B Oxygen Index Flammability Cauge. Infrared spectrun of
the gaseous products 1s taken on 2 pigileh FTS-20B Fourier

Transforn Spectroreter.
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2.3 Standard Procedure for the Preparation of
Epoxy Resirs

0
/ \ .
HO-R-OH + C1CH,-CH —— CE, —~acd 5

) on )
-~ 7~
cH,, \cx-cnz-o-{-a -0- c;-z-cr- -} -0-C¥ -(.*--—-——\—-cm2
n

" - @g-’—@— vz
)
-@— DGET334
CH

c
@: ~o DGEPP
”~

Br C,
bhd DGELZE?

o=
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2.3.1 Freparation of 4,5,6,7-Tetradbrozophenol hihalel

Ko /@°’*
CH Br E Br
Br a ZnCl,.SCCL Br,
2’ 2 0
Br p 1500 ¢ l&8 hrs Br e

C
Br § Br

N
+
[=1 {o]

Approxinately 29.5 & (6.35x105310) of %etrabromo-
phthalic anhydride {aldrich) is added to 6.6 g (0.5 mole)
of purified phenol (Aldrich) in # 500 mi round dectitexn flask
connected with a reflux condenser. To the mixture 10 g
(0.0?7 mole) of zinc¢ chloride and 1 ml of thionyl chloride
are sdded. The flask contairing the reaction mixture is then
immersed in an oil-bath and heated to 150°C with stirring.
Hydrogen chloride gas is avolved during the first few hours
of reaction. After 48 hours the reaction mixture turns cark
and viscous. The resulting mass i3 then cteam digtlilled %o
remove excess pheriol. The solid residue is enllected and
dissolved in a large anount of 2N sodium hydroxide solution.
ohe solution is filtered through Celite and precipitated
into a large amount of dilute hydrochloric acid soluticn.
The precipitate is collected and washed with dis<illed water.
The crudebnaterial ig dissolved in acetone and decolorized
over charcoal followed Yy reprecipitation in distilled water.
Repeated recrystallizations from hot 95% alcohol are
performed by careful saturation of the clear solution with

distilled water. Colorless powders, m.p. 314% (psc) is
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obtained. The yield is over 90%.

Anal, Caled., for C20H1°Br40‘: C, 37.90; H, 1,59;
Br, 50.42. Fourd: C, 37.78; H, 1.,71; B», 50.00.

*hs NXR spectrum shows a sywymetrical AA' XX pattern
for the aromatic protons (see delow), indicating that

phenocls are gara-Substituted.(loo)

2.3.2 fEpoxy Resin Preparation
To a 50 ml four-necked flask equipped with a stirrer,

s thermometer, a dropping funnel, anc a reflux condenser {s
added 28 g (4.4:10'2n01e) of 4,5,6,7-tetrabromophencl=
phthalein and 81.7 g (8.8x10 2mole) of distilled ‘epichlorchydr

(Aldrich). The reaction mixture is heated with stirsring to
2

80-90°C. The 40% NaOH solution {8,8x1C “zole)} s then added
dropwise over a period of 30 minutes, The reaction mixture
turns from deep purple to orange coxqr in 2 hours. After
another one hcur the reaction mixture js cocled and filtered.
The clear aguecus upper layer is siphcned of? and the resin is
slurried with 200 ml of distilled water. The mixture is
heated at 60-80°c. After settling, the aguecus layer is
agein siphoned off., This washing procedure ig repeated sever:
times until 100 ml of the wash water consumes less than

0.15 ml of 0.1 N HCl1 upon titration (indicator: Methyl Red).

The resin is vacuum distilled at 120°%¢, The resin soldifies
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upon cooling. The solid resin is then dried at 100°¢ at
reduced prassure overnight.
2.4 Characterization of Epoxy Resins
Diglycidyl Ester of Bisphenol-A (DGEBA)
This resin is characterized by using ASTH D-1652-73
nnthcd(ua). The s0lid resin is heated to melt and filtsred

through glass weol. Tc & sclution of 10 nl of X0 volune
percent of chlorobenzene in chloroform, 0.5 g of the resin

is edded. The solution is stirred with a magnetic stirrer.
Pour drops of 0.1 percent of crystal violet (4,4 ,4"-pethy-
1idyne tris-(N,N-dimethyl-aniline)) sclution in glacial
acetic acid is used as the indicator. The solution is
titrated with 0.1 N of hydrogen b;omido in acetic acid
(stardardized by 0.4 g of petassium hydrogen phthalate). The
solution turns frox light green to red indicating the
send-polint.

Weight per epoxide eguivalent = g_Bloog

W = Wejght of semple
S » Milliliters of HBr used in titrating sample
B = Milliliters of MBr used in titrating dlanx
N = Normzlity of HBr.

The weight per epoxide equivalent of [GEEA is
found to be 192 g.
piglycidyl EBther of Pherolphtralein (DGEPP)

Weight per epoxide equivalent: 247.
Diglycidvl Ether of Tetrabremobisphenol-A (DSET3EA)

Weight per epoxide equivalents 8CO.
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Diglycidyl Ether of Tetradromophenolphthalein
{250 EPP)

Deternination of epcxy content of DGETEPP by ASTN

nethod has failed to provide a reliadble result dus to the
aabiguous end-point upon titrztion. Ancther prossdure fer
deterninaticn of epoxide equivalent by the pyridiniun
chloride lcthod(ug) is used.

Pxactly C.217 g of spoxy resin is dissolved in
25 ml of 0.2 X pyridinium ckleride-pyridine solution (16 =l
conc. HC1l per liter of pyridire) in a round bottoa flask
comnected with a reflux condenser. The solution is heated

to reflux with stirrirg for 25 minutes. After refluving, the

. gsolution is cooled with the cendenser in place. Fifty ml of

methanol is added through t:e reflux condenser #nd let drain.
The solution is then titrated with 0.5 N standardized
metharolic NeCH to & pin¥k erd point of 15 drcgs of‘phancl-
rhthalein. . ’

(16) (semple weight, g)

¥ A o$ Y gt .
Weight per epoxide equivalent = (g of oxirane oxygen i sa=plie)

Crees of oxirane oxygen in saxple = (A-B) (N)(0.026)
A = Nillili%ers of Nal¥ for blank

B = X{11iliters of X&l¥ for sample
N = RNormality of NeCH
0.016 = Nilliegquivalent welght of oxygen in grexs.

The weight of resir. per eroxide equivalent is fourd
to be 537 &

Mo M- for Czs?.'leob-g:‘“z C5 01«86! H, 2.“3;
Br., 42.85; Molecular weighs, 746. Fournd: C, &1.63:
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H, 2.54; Br, 39.84; Average moleculsr weight, 80S.

NMR ( §): $.85~7.22 ppm (lr?natic protons)
2.73-2.91 ppm ( =CH, )
3.23-3.35 ppm { ~CH~ )
3.64-4,28 ppm ( ~OCH,- ).

The DSC traces of the uncured resins (Figures 3-5)
are taken on a DuPont 91C Differential Scanning Calorimeter
and 1090 Thermal Analyzer. The absence of T‘ in DGEPP and
DCETBPP suggests that both resins are highly azorphous.

The appearance of an endothermic glass transition in DGETBPP
{s due to the "hysteresis effects” caused by slow cooling
{after vacuum—oven dried at 70°c) and subsequent fast

{101)

heating (10°¢/zin temperature run). The glass transitior

temperatures (tz) of DGEBA and CGETBRA are resclved by
quenching the samples at the molten state (T-) followed by
10°c/ain temperature runs, Crystallization of the sarples
does not occur fast encugh at thit heating rate to give
endothermic relting curves. The melting peak of DGETBBA
reappears after annealing the sawple at 115°¢ for 12 hours.

2.5 Broninated Epoxy Resins Used as Commoners in the
DGEBA_System

Fqual: amounts of DGEBA and DGETBPP (or DGZTBBA) 2re
pixed at 120°C with a calculaied amcunt of phthalic anhvdride
(0,6 equivalent per equivalent of epoxy group). The resin is
initially saintained at 120°c for one hour and is then cured
for 1-2 hours at 170°-180°C, The curing reaction is monitore
. by taking the sample out of the batch at the various stages ¢
cure and examining the charges of absorbance in the IR spectri

The cured resin is characterized by TCA and OI.
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2.6 ox¥ Resins/Polv(butylene terephthalate sten
Samples are prepared by mixing poly{butylene tere-
phthalate)- and the additive resins at the specified weight
ratios and are melted with stirring in the aluminum <ishes,
Char yields and oxygen indices are taken, The reactions
petweers DGETEPP and poly{butylene terephithalate) are
i followed by FT-IR. IR spectra are taken cn the thin films
of the saxples ccated on the aluminum nlates using a
Reflectance Attachment (Figure 6).

2.7 Standard Procedure for the Preparation of the
0ligomeric Phencl~Formaldehyde Resins

The phenclic monomers used in the syntheses include
phenol, - and p-cresols, p— and p-chlorophenols, and ==

and p-breoophenols.
Che mole of phenolic monomer, 66,2 g (0.83 mole) of
A

1,5 g of

a 37.8% agueous solution of forzaldehyds, an
oxalic acild are reacted by refluxing at 95—97°c with
stirring. The precipitatiocn of the resin is observed curing
the reaction. Excess water and the unreacted ghenolic
monozer are recoved by vacuum distillation. The solid resin
is then dissolved in menthanol and precipitated in A large

amount of* acidified water (pH 3.4). Tr precipitate is

collectee, washed with water, and dried under vacuuzm at
room tecperature, The resing are obtained in 80-95% yleld.

2.8 Characterization of the Oligomeric Pheriol-
Formalcdehyde Resins

The melting points of the resins are determined dby OISC.

The nucher-averages molecular weights are detertined by MR
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rignre 6: Schematic Diagran of Reflectance Attachment.
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using a Varian HR/NTC TT-220 proton NMR spectrometer. Tha
number of repeating units is calculated from the ratio of the

he

tot2l arcma%tic protons and the hydroxyl proiins o th otal

v —

number of methylene protins.

2.9 Standard Procedure for the Crosslinking of
Phenol-Pormaldenyde Resing

2.9.1 Crosslinking Through Ester Linkages with
Terephthalcyl Chloride

mo a resin Xettle equipped with two dropping funrels

and a mechanical stirrer is added 5.0 g of oligomeric resin

2ncle of phenolic hydroxyls) in

A~
- paseos

(containing 2.7-4.8x1C"
300 ml acetone {Aldrich, distilled). Excess (9.6 g. 4.7x10-;
role) of terephthaloyl chloride (Aldrich, recrystallized fror
hexane) in 100 rl acetone is elowly charged in%o the sclutioc
Simultaneously iriethylanine (5.6 g,9.5x1o'ﬁole) ig 2dded
dropwise into the reacticn nixture over a period of 15
alnutes. The reactior is kept at room temperature for 12
hours. A4t the end of the reactiocn the crosslinked resin
precipitatesfron the solutioﬁ. The product is washed
successively with acetone, distilled water, dilute ammenium
hydroxide solution, distilled water, dilute oxalic acid
golution, water, ard acetone. The final resin is then dried
under reduced preasure.

2.9.2 Croeslinking Through Vethylene Linkazes

2.9.2.1 Crosslinking with s-Trioxzne

To a resin kettle is adced a solutlien of 5.0 g of
oligomeric resin, a large excess (3£.0 g, 0.4 mole) of

s-trioxane. and 3.0 g of p-toluenesulfonic acid in 202 ml of
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bis(2-ethoxyethyl) ether. The solution is Xeazad at 95-100°C
R

W

sehad with

with stirring for 48 hours. The cured rogin
distilled water and methanol. and d&ried wdar reliced

pressure.

2.9.2.2 Cresslizkine with Ser=2> iakvie

To a resin kettle 1S =d2ed 5.0 g cllgtaezic rasin,
200 g of 37.8% formeldehyce, &d 3.0 g of p-zelizamesulfonic
acid. The mixture is hested to 62-54°C ana reliuzed with
stirring for 5 hours. The cured resin is th2= w@shed with
distilled water and methanol.

2.10 Characterizaticn of Cured Fhercl-Ferzz'lebyde
Resing

Selected samples of cured resirs &r? 2=3izzed by

PTI-TR. Thermal properties are cetermined Yy T =d 0I.

2.11 Preparatiop of Flucrane-Isgad Selror—_3tes
2.11.1 Preparaticm of Iiszhencis
0 cE
] 82 1 R
1 =1
+ 2 O TT == xS
——~—-—2 VU?Q
R Rl

1. 9.9'-Bis(4-hydroxthenyl)fiuorere {377),2; = R. = H
2. 9.9'-Biscresol fluorere (=CF), Ry = e R, = H
3. 9.9'-Bis(3, 5-dizetryl-S=hyiroxypheryi,Ziucrere [§:Dou

yom 4
I3
- 4

Rl = Rz = ('Jl'i3
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Bisphencls are prepared by following Morgan

procedure{ Excess phenol, cresol and 2,6-dimethylphencl are
used in the condeneation reaction with fluorenone. & small
amount of mercaptoacetic acid is used as co-catalyst. Iry
nydrogen chloride is budbled through the reaction mixture
for 20 minutes while the reaction is kept at 1u0°-150°c. At
the end of the reaction the viscoze mass is washed with hot
water several times and dissolved in NaCH solution. The
product is obtained by titrating with corncentrate HCl. Cne
recrystallization from toluene gives white crystals.
BPF: m.p. 224°-225%C, yield 56%.

Anal. Calcd. for C,cH;g0p: €, 85.71; H, 5.1: Found:
C, 85.62; H, 5.21.

MR (§ ): 6.76 ppa (phenolic protons)
7.10-7.80 ppo {fluoreryl grotons)
£.10 pom (hydroxyl protens)

BCF+ m.p. 110°-111°C, yield 70%.
Apal. Calcd. for CZ?H2202’ ¢, B5,7; Y, 5.8%: Found:
C. 85.2; H, 5.43.
POMPF: m.p. 271-272°C, yield 35%
Apal. Caled. for CpoH;.0n: C. 85.71: K, 6.40;
Fcund: C, 85.52: H, 6.26.
NMR (§ ) 2.13 (methyl protons)
6.73 (phenolic prectons)
7.10-7.72 {fluoreryl protons).
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2.11.2 eparatio ¢ Polyners

"~

cic gm waci
* @ Iit"o.c‘g'c'—?fu2 T,C1 >

1. Polyisophthalate o? 9,9'-bis(u-hydroxyphenyl)-
fiuorene IBFF-I); Ry = Ry = K

2. Polyisophthalate of 9,9'-biscrescl fluorene
(BCF-I): Ry = CH3; R, = K

3. Polyiscphthalate ef 9,9'—bis(3.S—dinethyl-h-hydroxy-
pheryl)fluorens (B0¥PP-1)s Ry = Ry = CH3-

The polyarylates are synthesized by interfacial poly-

condensation using the procedure sintlar to that for the

polyterephthalate of 9.9'-bis(“-hydroxyphenyl)fluorene. For
a typical run, 3.5 & (6.01 zole) of BFF, 1.6 g (0.04 mcle)
of sodium hydroxide and 2.1 g (0.0 pole) of tetrzethyl-

anmonium bronide are dispersed in 120 zl of water in &

blender. To this mixture 1s added quickly with vigorous



stirring 2.03 g (0.0l mole) of isophthaloyl chloride in 30 ml
of 1.2-dichloroethare. After stirring for 3 minutes, the
addition ¢f 200 ml of n-hexane it made. The separated
polymer is collected, washed with water snd dried. The
product is rediscolved in methylens chloride and precipitated
in 500 @l methanol to yield 4.0 g (95%) of polymer.
BPF-1

Apal. Calcd. for C4qp0Chs €. £2.505 H, 4.17:

Found: c. 83'793 K, a076'
Niny * 092 (0.45 g/d1, methyl chicride, 25°C)
Q‘ s 265°C
 JU c00°c
Char yield,8.0°C 1 59%
o : 737.
8CF-1 .
Anal. Caled. for C35H230u: c, €0.6; ¥, 4.72;: Found:

C. 82-6l Ho u'?6'
s 0.25 (0.45 g/dl, methylere chloride, 259¢)

MNin
T 3 287°C
J [+]
Td 1 520%YC
Char yield,800°C: 40%
0T s 36.
BOMPP-1

Apal. Calcd. for CB?HZS 0.: €, B2.84; H, 5.22; Found:

————— [o8

c, 79.77: H. 5.36.
0.85 (0.55 g/41, methylene chloride, 25°C)

iph °

)
Tg s 315°C

Td ¢ 510°c
Char yield,86C°C: 34%
0I ¢+ 35.



2.12 Studies of Photo-Fries Rearrangezert
2.12.1 Jrradiation Chamber
The equipment for photo-Fries rearrangement cencdsts
of a power source (Henovia 27801), an ultraviolet light
source (Mercury-Xeron Compact Arc lanp. Hanovia 508B0090)
with 1000 wetts of pcwer and 2 lemp housing system
(Schoeffel Instrument Co., LH 152 N Lasp Housing).
! 2.12.2 UV _Spectroscopic Studles
Polyzer samples are dissolivad in methylene
ehloride (Aldrich, distilled) to maka 5.0 X 1¢7% ¥
solutions. After the initial UV-Yisitle spectra are taken
the quar~z curvettes containing the sanple golutions are
then placed in the irradiation chanmber for irradiation.
Spectra are taken after certain periods of irradiation tice.
2.12.3 FiI-IR Specsroccopic Studies
2he aluminun plases coated with polymer filme ars
subjected to UV irradiation. Infrered spectra are taken

before and after irradiation, using Reflectance Attachment.
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3., RESVLTS AND TISCUSSION

3.1 Plaze Retardenis Containing Toov Functionalisty

3.1.1 Effects of Pnthallles on Thermal
Properties of Felymers

3.1.1.1 Bisvherol-3 Polycarbonate Svalte=
Table 1 sunmarizes the valuesof char yield and

oxygen index for all the polynmer se=ples incorporated with
different amcurts cf edditives, Bigphemol-A polycarbonate
containing phthalide additives show slight weight changes

in TCA at 800°C as compared to the dolymer without the
additives. The smount of welight chirge actually correspernds
to the amount of additives incerporated intc the pelymers
indicating the additives are not active in the condensed

phese. The TGA curves (Pigures 7-9) skow two areas ot

and the deccmposition of the polymers-(digcusced later). A
plot of oxygen incex as a function of the percentage of three
different phthalide additives in bBisthenol-A poiycartonate is
11lustrated in Pigure 10 . <The substituted bispheryl
phthalides are found to increase the
oxygen index in & linear fashion with increasirg weight € of
the additives. In substituted pherylphthalides the relative
order of effectiveness is Br > C1 > CZ, tased on the glocpe
of the plot.

Although a large body of resezrch into the mechanisa
of halogen fire retardants have been reported, consideradle

uncertainty remains concernirg the relative importarce of

-~
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rigure 9: Effect of Phenolphthalein Additive upon Char Yield of Bisphencl-A {
Polycarbonate as Measured by TOA at 10°C/nin under N,. & f



_® 3,3~bis(4-Bromophanyl)phthalide
o 3,3-bis({4~Chlorophenyl)phthalide
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30F

i
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Maitive, Weight %

rigure 10: Relationship of Cxygen Index with additive
Ccontent in Bisphenol-A Polycarbonate.
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hydrogen halide gas versus free radical reactions. The role
of hydrogen halide as the primary inhibiting species ln ges-
phase reactions is supportsd by the fact that the inhiviting
effect (as measured by the flame velocity) of bromine (Brz)

and chlorine (012) in a carbon monoxide-oxygen flame can be
increased by the addition of hysrogen (52)(51.50). The
halogens are considered to te @dissocisted or converted to KX
molecules. The diatopic halogen molecule is herce not
expected to be the {nhibitor, but rather the halogen 2tco or
HX molecules!58). Nevertheless. Fenizore end Martin (53)

have found that the injection of hydroger chloride or
chlorine into the oxygen-nitroger mixture used in thelr
oxygen index measuregents has 1ittle or no effect upon oxygen
fndex. The inhidbiting effect 1= found only when chlcrine

is gubstituted in the polymer. The halogen flame intibition
can net be considered to te onity duve to the blsnketing and
cooling actions of the gases evelved since certein halogen
containing materials are ®uch more effactive then inert

gases such as carbon dioxide a&nd nitrogen(jh). Therefore,
the actions of halogenated fire retardants are sainly
chenical in nature. The mechenisas agsoclated with polyrer
combustion and its suprressior has beer reviewed by
ﬂmen(ss). Rosser et g_l_.(sﬂhwc preposed & pechanisn Jor
the suppression of the gas-phase radical reactlions. It

cor.sists of the replacement of the radical chain carriers

by less reactive halogen atoms {X:):
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4y,
MR+ X+ ——> HX + R-
H~ m —p Lo # Hz
OHe¢ HX ——> Xe+ Hy0
where HR represents the fuel or cther hydrogen containing

gpecies. The substitution of X for X and OH results in a
reduction of diffusion of such species and the possible

exothermic propagation reaction:

OH*+ CO —> He+ CO,
and chain branching reactions:

Het+ 0y > QH.+ O
Hy, + 00 — OH-+ H-

Creitz(sm has indicated, however, that the haldgen
acids might rot be the primary irhibiting species baced on
the experimental results that the inhibitor (HX), when added
to the fuel, is litsle more effective than the eguivalent
amount of nitrogen(-“”. It appears that the halogsr. acids
can rot survive under the oxidizing conditions in ths
reaction zone. It iz more llkely that the inkivition takes
place in the oxygen-rich, recombiration region which is out
side of the reaction zone of a diffusion flame. Removal of
the active oxygen atoms accounts for the inhitition effect
according to the following mechanlisms.

0o+ Xo + X ~——3> CX + N°

0- + X, —>X0° + X
0+ 4 0X:—> X- + O,

X0~ OOOH—-QHXOOZ



The relative effectiveness of the various hLalogens as
flewe inhibitors has been found te be directly propertionzl to
their atomic veights, L.g., PiCL:Er:T = 1.0:1.9:4.2,6.7(60),

rbaps the differences in efficiency axcng the halogens can
be explained by the differences in tond enerey(éll {C-X vond
energy in Kcal/mole: G-, 107.0: C-Cl, €£.5; C-Er. %.0; and
c-I. 56.5),

Infrared spectra (Figure 21) of the pyrolysis gases
frem the TGA experiment on bisphencl-A polycarbcnete contain-
irg chiorophthalide show a trace of KCl formation at the early
stages of heating. The weight loss in the range of 300°-400°C
(Figure B) nay be due to the eveporation of the additives.

The chemistry of additive phenclizhthalein in
bispherol-A polycarbonate involves reactions taking place at
160°-180°C. This is clearly skown by the Differential
Seerning Calorimetry (DSC) thermogrem (Pigure 12) of the
sszple. The weight loss starting from 12¢°C in TGA therme-
g (Figure 9) may be due to the evzporation of water which
is proposed to be cne of the possitle products of the follow-
irg reactions:

R0 — Rl' + .CH
.OH + RZH — 820 + Rz'
(RyCH: phenolphihalein; R,Y: roly=er)
Consequently phenolphthalein changes the rechanigms of
pysolytic degradaticn of the polymer srd alters fuel

weduction process resulting in Ilame retardation.
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rigure 11: Infrared Spoctra of ICl (A) and the Gases svolved bstween 300°-4009¢C
in a TGA Measurement of Bisphenol-A Polycarbonate containing 30% 3,3-bis

(4~Chlorophenyl)phthalide (B). IR Gas Cell; 25°C.
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3.1.1.2 Foly(butylere terephthalate) and
Nylor €.£ Systems

The Srogophthalide additive in poly(butylene tere-

increase In oxygen index as indicated irn Tsdle 1. The
coridensed phate activity can be attributed vo the loes of
dromine and the crcsslinking of the aromatic ~.ngs of thre

additive and the polymer by free-radical ccupliag reagticons:

n:-@-a-@-m— —_— - {z‘/-a-@-frzsr.
21--0-@- — !Er+-<_:’:.)-

. @_.R-@ . . 2 -/’;\ —_— _...(6\._—__

Nylon 6.5 coes not provide croeslirkirz sites resuliing in

&n unchanged char yield.
“he char foraing activity ic reduced due to the

evaporatior. of the acditive ir the 200°-250°C range as

jrdicated in Tiguves 13 and 14. This result lezic to an
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Tzble 1.
Thermal Analytical Data of Polymers Centaining
Phathalide gdditives
T
Char
» Yield %
Parts by an Oxygen
Polyrer | Addizive(® wt. & | 800%C,N, | Index.d
n Nor.e - 20.7 21.5
Pogphencl-d 3.3-bis (k-rozo- 10 17.2 25.5
pheryl)- 20 7.0 2.0
carbonate phtnalide 30 13.3 3.0
3.3'b15(u'Chl°r°" 10 17. 2L.3
rhenyl)- 20 1 §. & 27.0
gnthalide .20 13. 30.0
Phenol- 10 21.0 23.0
phthalein 20 2L & 25,
-0 9.0 26.0
FBT one 1.1 23.0
' 3. 3~-bis{4-Erono- —23:9
phenyl)- 30 2.6 31.C
hthalide
None - _ 5.9 4.0
3, 3-bis(4-Eroxo-
ryl"“ €.6 lphanyl)- 30 6.1 32.0
phthalide

(&} 3.3-bis(4-bromcphenyl)~

@),
phthalide 0
/
()
\

a<C c1

3.3-bis(b-0hlorophenyl)-
phthalide

Phenclphthalein
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expectation that less volatile material such Bs an oligomeric

ot

additive should retair its effectiveres: et hizh temperature.
In the later sections it will be demonstr sed that a high
degree of char foraing ability will resul: with the

incorporasion of an epoxy resin additive.

3.1.2 Effects of Phthalide Cortaining Fpoxy Resins
on the "hermasl Fropertiss ol Folimers

3.1.2.1 Epoxy Copolvmer lesins
Summaries of the thermal asnalyticel data of ine

phthalic anhyéride cured DGZES, DCERATGTT2EA, and
DGEBA/DGETB?P resins are shown in Tadle 2. The presence of
DGETERA in DGZEA leads to an increase of chzr yield from 7.3%
to 13.6% ard an increase of oxygen index frca 21 to 31. The
TCA thermogrzns in Figure 15 show no eign of the evzperation
of the additives. The char formation mectznisa is siciler
to the one described previcusly. The incresse of char
forzation has beern observad in other halogzmaled polymer

systems s.ch as styrene-vinyl benzyl chlceride copolmers(éo)

and chlorire-cubstituted aromatic polym‘.&es(en. In these
systems the cleavage of the C‘ rcpats C-CI »and encharces the c.
1linking of the aromatic rings.

Tae replacenent of DGETBEA by DGEIRP? in the
copolymer resin leads to another increazse in char yield from
13.6% to 22% and an increase in oxygen index from 31 to 34,
suggesting that the loop Zfunctionality o DCETREP contributes

to chzr formation and overall flame retarlsncy of the resin.




(a) - Bromine Char Yield.%

Resin Content,% at §00°C, N, 01
DGEBA (o] 7.3 21
DGEBA/TGETBEA 45 13.6 3
DGEBA/DGETBPP 50 22.0 b

() Cured with phthalic anhydride.
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3.1.2.2 PT-IR Studies on Curing Reactions
¢f the Epoxy Resing

The curing reactions of DGEBA/UGETBFP with phthalic

anhydride are studied by infrared spectroscopy (Figure 16).

The curing rsaction involves cpening of the anhydride ring
by An active hydrogen(6u)x
(o] 0
w "
(::)l 0 + HO — [:::I::
‘g’ c — O
0

i \c/o\ P ? 0 (': 9“
—C—0H + ¢l ~C-0-C-C-

The dbands near 1850, 1745, and ?15 cz'l. which decreacs in

intensity during the curing reacticn, are relatsd to the
structure of phthalic anhydride. The increase in intensity

1 results from the formaticn of an

of the tand near 1070 ca”
ether linkage. The crosslinked structure is formed at th
expense of oxirane rings of the epoxy resins. Accordingly.
the oxirane ring breathing adsorptiors at 1260 and 910 et
decraas; in intensity. The changes in intensity 2re clearly
demonstrated in the difference spectra obtained by sudtract-
ing the 1510 en~! band (semicircle stretching of the benzene
ring) to the base line (Figure 17). The spectra of the
individual comporents are shown in Pigures 18-21,

Similar changes in the infrared spectra are observed

during the curing reaction of DGE3A/ZGETE3A with phthalie
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snhydride. The decreases of dands at 1§50, 1768, 1250, ard-
715§ eo~t assoclated with phtralic anhydride are shown in
Figure 22. The saxple after curing at 120°C for one hour
already shows the presence of an additional dand
{ether linkage) which does not incrsase much after further
heating, indicatirg that the curing reaction is near

completion. The difference spectra are shewn in Figure 23.

3.1.2.3 Epoxy Resin/Poly(butylene tere-
hthalate} Systen

The thermsl smnalytical data of poly(tutylene tere-
phthalate) contalnirg different epoxy re. .n additives are
shown in Table 3, By comparing the data one c¢2n find that
DCEPP and DGETBBA have an equivalent influerce on oxygen
index. However, the ldob funictionality of DGEPP increzses
the char yield. The presence of tromine in DGET'PP causes @
slight decrease in char yisld and a- increase of oxXygen indsx
by one unit as compared to the LGZPP system.

If one takes into account the cher ylelds of the
additives, the actual increased char formaticn will be 11. 5%,
6.9% and 9% from DGEFP, DGETEBA, and DGETEPP, respectively.
The values are cbtained from the differences between the
experimental char yields and the calculated char yielés in
Table 3.

3.1.2.4 Pr-IR studies of DCETBPP/Pcly-
ytylere terephthalate ) Systenm

The spectral chinges which oceur upon heating the
mixture of DGETBPP and poly(tutylene terephthalate) at meltirg

are shown in Pigure 24. In order to compare the spectruz of
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Table 3.

€5.

Thermal Aralytical Cata of Poly(butylene terephthalate)

Containing Different Epoxy-Resin addjtives

Char Yield.% oxyegen

Additives £ Waight at 800°C, N, Index,%
None - 1 24
DGEPP 30 20, (8.5)(% 27
DGETBEA 30 10, (3.1)® 27
DGETBPP 30 18, (1)@ 28

(a) Calculated values based on 308 contridution
from the char yield of the additive (DGEPP,
26%; DGETBBA, 8%: DGETBPF, J4%.
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the aixture with that of the original sazple, a sum
spectrum of LGETEFF and poly(butylene terephthalate)

(Figure 24) is constructed by a 0.5:1 addition of the

1

individual spectrus. A new band at 1130 c¢m ~ associated with

ether lirkege (C-0-C) is observed. The newly formed ester
bond (D-CC) shows & vand at 1295 Cﬂ"‘o The decresce
of the band at 1250 en~l associated with oxirare ring dreath-

ing absorption is clearly observed. As a result of the
stiffer structure, the carbonyl C=C ghifts to 1735 cm'l.
Opering of the cxirane ring in DGETBPP results in thre
formation of -OX groups zo that the increase in intensity of
-1

the bands in the region of 35C0-3600 cz =~ is observed.

These spectral charges are clearly demenstrated in the
difference spectrun (Figure 25), obttained by sudtracting the
1770 em™? band {lactone ring stretching vibration) to the base

1

line. The positive difference bands 2t 113C cx ~ and

1295 em~l are observed. ~he decresss in insensity of the

band at 1250-12£€0 enl and a shift of carbonyl absorption are
also clearly resolved. The charge in *he degree of crysial-
linity of poly(butylene terephthalets) caused by the nelt

process is demonstrated by the appezrance of a sharp positive
difference tand at 730 cm'1(65). The subtraction critericn
for the reduction of the 1770 ex™! tand tc the base line is
to elimirate one ccoperent {(DGETAPP) frem the mixtura. The
other component may leave a few difference tands in tthe

spectrux. Por this reasen the difference spectruz shown in

Figure 25 is contracted 5 times to avoid coriusion.
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From the above analysis, the interaction of DGETBPP
with poly{dutylene terephthalate) may bde assumed to proceed

sccordirg to the following neehaniszs (157,

0
1]
| CHy— CHoR, ¢ Ry=CHyCHy-Chy~CHp~0-C-Phohy ——
~
0
+ .
CHZ.?H-Rl
o-
- +
Ry-Cly~CH,-CH,=CH, -G 3--=-C-PR-Ry  ——
Qo
O-C-PhRB
0

The final pr oduct is corpletely soludble in phenol at
elevated te_pe:ature. Further heating of the sample at 300%
for 3 hours after mixing leads to insoludle materials
attriduted to a crosslinked structure. The increase In char
formation 3s indicative of the formstion of the intercediate
compound during the heating process that is capatle of
altering the 3cde of decomposition of poly(butylene tere-
phthalate).

3.1.3 Conclusion

S3all molecules centainirg loop functiorzlity used

as additives do not affact the char formatjon of bisphencl-A

polycarbonate. The Increased flaie retardancy appears to be
mainly due to the presence of halogens. Kowever, in

poly(dbutylene terephthalate) the cleavage of thre
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-3r bond of the flane retardant additive seexs to

c

enhance the crosslinking reactions between the arczatis

aromatic

rings resulting in a higher char yleld.
fhe only apparent evidence for the char-forming
|
activity dus to locp funcilionality ig fourd in the epoxy-

resin systems.

3.2 FPhenol-Formaldehvie Resins

3.2.1 Structural Studies of the Cligozeric Pegins

In the syntheses of phenol-formaldehyle resins,
nunerous different typec of reacticns may occur. Among

these are hy.roxymethyletions ol p phenolic rings:

o o
O\ v oo ————> @— QH,CH
(1) (11)

Purther resctions of the hycrexymethylated phenols, II,
with formaldehyde g;ves henifornals and polyfor:als.

CH.0
IT+ CHLO — @—-& OCH, ¢ —2 @.—(cazo) e

(111)
xo(cxzo)r*i + 0 — Ho(c.‘{zc)xdx

(xv;
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Diphenylmethane-type methylene bridges (V) and dibenzyl
ether-type dridges (VI) are the products of condensation

type reactions:

I+I11 —> ©m2© + Hy0
ou

211 —> @-cxzocaz . + }!20

(v1)

Che mechaniszs and the rates of these reactions
mainly deperd on pH, type cf catalyst, and temperatur 9(66),
As a general observation, resol resins contain appreciabdle
pethylol and ether groups, while novalak resins contain very
11ttle methylol and ether groups'®’?.

. Model compounds have teen stﬁdied by Wocdbrey,
et 5;.(68). The results (Figure 26) show the different
chemical shifts in IR spectra for different type of
methylene bridges. The shift diffsrences obszerved tetween
methylene protons of 9- and p-hydroxyzethyl groups are
prirarily due to the strong initraxzolecular hydrogen bonding
between o-hydroxymethyl and the pherolic hydroxyl groups.

The methylene bridges formed during the condensmation
of phernol and formaldehyde can result in three different
forme desigrated as pera-para‘’ (I), ortho-para’ (II),
ortho-ortho' (I1I) depending upon the positicns of the




rigure 26: MNR Chenic:l Shift Region for Different
Punctional Groups of exl-Fornaicenyde Resics in Diiaze

solutions in Acetone.

Je Co Woodbrer H, P. Riggimbotiom and B. M. Celdartsen,
J. Polymer Sci. FPart &, 3, 1079(19%%).
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hydroxyl groups on the adjecent aromatic rirgs relative to

the methylere dbridge.

Fopet &0, 00

(11) (I11)

Hirst. et g;,(ég) has assigned thre chemical shift for each
of these three different configuratiors in dimers (Figure 27).
The chemical shift of 3.75, 3.89, a2ni 2.97 ppm observed fer
the methylere resonance in I, II, and III, respeciively, are
typical for larger moieties, and they form the basis for
interpreting the data odtaired in our studies.

Pigures 2€ to 32 contain the 220 iHz MR
spectra of the phencl-forzaldehyde oligomers ghowing clearly
hydroxyl, aromatic, and methylene resonarce peaks. The spectra
or crescl-formaléshvde oligomers (Figures 33 and 34) show
the methyl resonance peaks. The epiittirg pattern of the
absorption bands are not very well defined. This is in part
a result of the large nucber of isomers even with relatively
low molecular weight resirs. TFor example, there ars 23,203
linear isomeric struciures for a poclymer having only ten
phenolic units tied together with metnhylene dridges 41hrough
ortho or Eggg-pcsiticns(7°). As a result, there is 2 lack
of complete equivalence of all the protorns in a polymer chain.

The absorptions due to the phenolic hydroxyl protors
are usually in the region froxr about 8.00 to 9.25 pp2. The
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Part A, 3, 2091(1965).
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aromatic protons observed in the region from 6.25 to
7.50 pom. The me..ylene protons (axcept for those of para-
substituted phenolic resins} can e resclved Inte peaks due

0,0'-methylene bridgee (Figures 28, 30,

to p,p'-, 9.,p'- and
32, and 34). The grtho-ortho’ resonance is observed as 2
shoulder on the ortho-para peek (Figure 28). In some of

the m-substituted phencl fornmaldenyde oligomers these reeks
are resolved {Figures 32 and 34). Similer observations have
been found by Hirst(79) (Figure 23).

The substituent groups have 2ltered *the chemical
shift of the methylene protons slightly. Differences in
shift ere related to the field effect arising {rca the
substituents(7l). The methyl groups (+1) move the chemical
shift of methylene §rotous to hizher field {3.87 ppo for
FC?). On the other hand, halogans {-I! move the cherical
shifs to lower ficld (3.93 ppn for p3FF ard 4,0C ppm for
PCEF). The effects of halogens sre in 2greenment with the
order of electronegativity, thet is, C1l > Br. For non-
gubstituted and meta-subtstitutel shercl-fortsldehyde
oligomers the chenical shift of re*kviene protors of a
particular linkage, for exazple, grtha-grthe’ rethyvlere
dridge, also increase in the order of electronegativity of
the substituents: -Cl (&4.25 ppm) > -Br (k.12 pro) > -H (3.87
ppa} > -CH3 (3.75 ppu).

The rield effect arising Zrca the electrenic dipole
goment of the substituents is derendent on the orientation

of the dipoles and charges with respect to the C-H bond.
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The mpeta-substituenis are at “he parz-pcsition with respect
to the methylene protons, therefcre, they have a greater
influence on the chemical shift of the methylene protons
than the parz-substituents.

The poseidle side producte such as, hemiformals,
polyformals, and the dibenzyl ether type cf bridges wi11 give

(68)  gnese

rise to absorptions in the 4.70-5.20 pom region
absorptions are not found in the N¥R specira of all the
samples being studied.

Infrared spectra (Figures 36-39) reveal further
details of the structure of phercl-formaldehyde resirs. Mary
articles have appeared in the literature on the identification
of phenolic resins by means of infrared spectroscopy‘72'76).
S¢crest(67) has swamed up the available results in the field
and supplenented these with his own findings. Those results
provide useful informzticn on the assignments of absorption
bands i; this study.

Both thephenolic &nd aliphatic hydroxyl groups abeord
strongly in the region of 3€0C-31C0 cml. The weak absorption
due to the aromatic CH appears at 3010 ca™l ard may be masked
by the hydroxyl absorption in the case of aCF? (Figure 39).The
sliphatic hydrogens can be observed as & week peak at
2900 em . The 1600 cn~! band involves "guadrant stretching”
of the benzene ring C ==C bonds(77). The intensity of the
absorption is dependent on the nature ard position of the
substituents. The ateorption is sironger for peta-subetituted

phenols becauge of the dipole mcment change rrovided by the
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unsymmetrical sudstituents. 7Iwo bands in the region of

1550-140¢ cm~! are dus to semicircle stretching of the dbenzene

rine(7a). The band at 1450 s stronger in the meta-

substituted phenolic resins. The dand between 1400-1300 em™L
is assigned to the OH deformation of phenol(78). This dand
is absent in the spectrun ¢f X{C)PP in which the hydrexyl
groups are rescted with terephthaloyl chloride, while it
rerains in the spectrum of the resin cured through methylene
linksges (Figure 40). Substituted phenocls give rise to an
absorption band in the region of 1300-1180 ca™l dus to C-C
stretching vibration of phenol. Deperding on the positions of
the substituent the inteneity and the position of the
sbeorption of phenols vary. Detailed corrslations are nade
for alkyl phenols in solution(eo). The meta-substis uted
pheriol sbsorbs strongly at 1300-1250 cn™>. The bdand at

1100 en) arises from the ether groups(67'81):

OH OH
OO

£ldehydes csn develop by splittirg of the dimethylene
1inkages(82):

OK q ? (1),
06 (N %,
H E
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¢his mechanisn offers the explanation for the
existence of a veak bdand near 1710 ca™} in the spectrum of
the cured resin (Pigure 40). One strong absorption band
'that is present in the specira of all the phenolic resins
of normal pherol and para-substituted phenols is at about
8l5 em e due to the in-phase out-of-phase C-H bending
vibrations of the substituted benzene rmg(?3 $78,76.83),
The para-substituted phensls (112:4:5 substituted benzene
ring) also exhidbit a strong absorption vand at 860-875 ez 1.
This assignment is in agreerent with that of Richards and
Thompson(7h). Eendnr(ea). and Lucchesi(73).

The infrared spectra of phenolic resins cured with
formaldehyde and terephthalcyl chloride are shown in
PFigure 40.

In the formaldehyde cured resin the changes are
observed as an increased absorption at 250C cm'l frecm the
methylene CH stretching, 1700 en~! from the aldehyde

carbonyl groups, and 1060 cn -1 from the m-thylol sx.o.."_.w(G’i").

OHC m2© @ CHZ @/ OH
HOCH, @ CH, '@cxzox ¢ ~ (HO

This result is in agreesent with the croeslinked

structure.
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The curing of phenolic resins with terepithaloyl
chloride may have cccurred inter- and intra-molecularly with

nydroxyls to form esters 2& suggested by Lel and ¥ha 19(29);

0

[}

c-Cl OH I
. o,

C°C1 ’ 4

RN

§=0 l
? 0 0
i
o O
|
?=0
(o]
Intramoclecular
seossssss=CH .,
“ (::) cresslinking
Intermolecular
crosslinkirg

The resulting resin is expected to give absorptions at 1735,

1260, 1190, and 1065 ca”) due to the carbonyl grouss, the

ester C-0 groups, §-C-0, and £-0-C. respectively(ek). The
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C-H bending vidrations of para-substituted benzene ring of
the curing sgent give rise to & sharp dand at 1010 e t,

4 6

where the 2 and 3 hydrogens move clockwise while the S an
hydrogens move counterclockwise(BS). The sharp band at
720 end is assigned to the aromatic ring of the phthalate(e7).

3.2.2 Number ifverage Molecular Weizht Deterxzination

For unsubstitutad phenolic resin the structure is

assumed to be the following sirplified form:
[ o 7 o

KOCH, ._6_ cH, 1- —CH, 0K

‘n_—_o'l.'u .

The various MR integrals are defined as follows: Al =
relative number of hydroxyl protons; &, = relative nuxber of
aromatic ring protons: AB = relative nurber of methylene
protons; n = (Al + AZ)/hj. ~he ratio, m, lncreases as the
repaating unit. n. increases.

The valus of (4; + A;) will increase from 6 (when
n=0) to 6§ + kn, and the value of 53 will increase frem &
(vher n = 0) %0 4 + 2n. The value of m can be expressed in

terms of nt

6 + bkn

T+ 2n m

Therefore, the value of n can be calculated from:

m(n + 1)-2n-3 =0 ,




and the nuzdber-average molecular weight, ¥n, is obtained:
¥n = 106n + 154.
For mono-gubstituted phenolic resins the value of
n is given bdy:
2(2n + 4)-n-5 = 0.

The nupber-avertge molecular weignt for each different

resin can be calculated froz th:. following equestions:

mBPF.pBPF: Nn = 18tn + 233

aCPF,pCPP: Hin = 1u4Cn + 188
®CP , pCF:  Mn = 120n + 168,
Tadle & shows the resulis obtaired on the prenolic
resing by using the above methods.

It should bde noted that the calculations of =, n,
and ¥n. assume the absence of cyclic structures and branched

isomers. The assumption may become invalid for some higher
molecular weight resins. A&lso, the errors accompanying
determinations of ¢ and n incresse greatly with increazinz
dridging contents and the molecular weight,

3.2.3 Sherral Propertises of Cured Phenolic Resins

Summaries of the thermal analytical data of the

" phenolic resins erosslirked by formaldehyds and tere-
phthaloyl chloride are shown in Tables 5 and 6, respectively.
The oxygen index is plotted as a functicn of char yield as
shown in Pigure 41. An szpreximate correlation between. oxvgen
index and char yield is found amorg samples contairnirg ne

halogens accordirg to the followirg relationship:




Number Average Mclecular Weights, *n, of

Tadle 4.

Cligomeric Phenolic Resins

o n ¥ x 10°
PF 2,07 13,2 1.53
mBPF 1,44 6.33 1,40
pBPF  1.45 8.00 1.7
'mCPF 1,48 23.0 3.42
pCPF  1.45 8.00 1.3
aCF 1,42 4.25 0.67
pcr 1,43 5,14 0.78
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ZTable §.
Thermal Analytical Data of Fhenolic Resins
Crosslinkeé via ¥Vethyiens Linkages

Sample Crosslinked Cher Yield.%® Oxygen
Ko. Resins at 200°C, N, Index,%
1 xmee 5 35

2 X(F)FF 56 35
3 X{T)=CF 51 »

4 X(T)mCPF 32 26
5 X(P)=uCPF S0 75
6 X(T)mBFF 38 50
7 X (F)m=BPF k1 75
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Table 6.

Thermal Analy:ical Data of Phenolic Resirs
Crosslinke? via Ester Linkages

Sample Crosslinked Char Y&eld,s Oxvgen

No. Resins at £00°C, N, Irdex.%
8 X(C)PP b 25
9 X(C)=CF I 23

10 x{c)pc? 39 25

11 X{C)mCFT 39 3

12 X(C)m®F? 26 43

13 X(C)pcer ¥ 52

14 X{(C)p3r? b 74 ss
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1. X(T)PF
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3. X(T)mCYF
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| 8, X(C)FF s
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% Of = 2.4 + 0,57 (% Char Yyield at 800°)
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pigure 41: Correlation of Oxygen Index and Char Yield of
Phenolic Resins,
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$0I = 2.4+ 0.57 (% char yleld at Poo%%).

Dapending on the experimental conditions such as the sample
forms and the criteria for the oxvgen index measuremers

and the teopersture defined for char yields, the intercept
and the slope of the curve vary. Van xrcvelgg)obtains the

following equation:
€01 = 17.5+ 0.4 (% char yield at 850°¢}.

In gereral, bromirated pherolic resins are found to
heve higher oxygen indices with lower char yields. The
reason has been discussed earlier in terms of a gas-phase
radical suppression mechanisn &nd the loss of Br from the
structure. The para-substituted phenclic resine cured via.
ester linkages give higher char yields and oxygen indices
than the peta-substituted resins. The differences can be
related to their reactivity towards crosslirking agents. In
any one of the following proposed mechanisms(87) for the
cordencgation of phenols and acid chlorides in the presence
of tertiary amines. the acidity of ghenols plays an

important role:

. (o}
- 1}
@— NR, + R'~C-C1

13

x \

0
+9 0-G-R*+R._K-HCY

@ OH + Elg.c-p‘- ——— O - 3" :

3

-C- R'{+ R i
<::> i 3
[

H
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Therefore, the para-substituted pherols which usuzlly have
smallar K, values(ae) than those of the peta-substituted
phenols may result in a higher degree of groeelinking, The
degree of crosslinking has been found %o have a direct
influerce on char formation (Table ?)(89).

The results also show that s-trioxane-cured resinrs
have lcwer char yields and cxygen indices than those c¢f th
corresponding formzaldehyde cured resirz. The infrared
gpectrum of X(T)nCPF (Pigure L2) chows a strong ether zbsorption
. at 1100 cm } which 1s cbserved es & weak peak in the

spectrum of X(P)RCFF. The methylel absorptior at 1000 et

p }

iz reletively sironger. The bands at 125C-1200 cz " and

940-900 cm'l (strong) are the characteristics of aromatic
ether such as methylene-l,2-dioxybenzenes (H-G-CHZ-O-ﬁ)(go).
The relatively low intensity of the OH stretching absorption
jndicates that hydroxyl groups are involved in the

s-trioxane crosslinkirg reacticns. Fron the above observa-

tiong the mechanisms for such reactions can be assumed %o

proceed the followirg way:




101.

Table 7.

Char Yields as a Punctior of Degree of Crosslinkirg.,
of Phencl-formaldehyde Polymer

Fhenolic Char Y&eld. %

Polyzer Hexa Sol.Praction at 8007C, N,
1-a - 1.00 &3.2
1-b 8.3 0.76 50.2
1-¢ 6.9 0.5 51.2
l-d 4.2 0.41 58.9
1-e 2.8 0.21 © 62.9
1-¢ 1.9 0.09 . 647

.Curing by hexamethylenstetrzxzine (hexa) at
157°C under Ar.

J.A. Parker and E.L. Wirkler, KASA Tech. Rept.
TR R-275
Nov. 1967
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The finel cured resins contairs aliphatic ethers, wethylols,
methylene linkages and cyclic acetals.
' 3.2.4 Conclusion
| mhe structures of the oligomeric pherolic resins
have been studied by N'R 2nd FT-IR spectroscopy. TIhe
oligomeric resirs consist nainly of mathylene linkeges

joining at the ¢rilo and paoa positions of the phenolic

nuclei. NMR speciri also provide &n approximate estimation
of the number-averzze polecular welght.

The crosslinked resins are mads by using formalde-
hyde, s-trioxane and terephthaloyl chloride as the curing
agents. The structures of the cured reeins are studled by
PT-IR spectroscory. The formaldehyde cured resirs centaln
8 saall apount of methylols and 4ibenzyl-type ethers.
Based on the evidence fren the infrared spectra the
reactions betwesn s-trioxszne and the oligomeric resirs are

assumed to proceed viz. cyclic acetal formstlion 2lcng with

the conventional czesslirking through xmethylene dridges.
Nethylols and bensyl-type ethers are predominant in the
structures.

Crosslinkirg of the oligomeric reeins can also be
achieved through the reaction of terephthaloyl chloride.
The curing reactiors may have occurred inter- and intra-
molecularly with the hydroxyls tc forz ester lirkages,

The ther—al araiytical data demonstrate the
improvement in cxygen incex due to +he presence of halogens

in some of the resins.




3.3 Photo-Fries Rearrangement of Zluorene-Zased
Pclyarylates

3.3.1 JY Spectroescopic Studies
The OV spectra of the polymers in methylene chloride

are recorded periodically during the irradliztien (Figures 43,
&4, and 85). An increese in absorption in the region from
325 tc 375 np with a maximum at 355 rm for BF7-I1 and BCF-1
are related to the hydroxybenzopherone siructurs if one takes
into corsideratior. the fact that lew-mclecular sudstituted
benzophenone derivatives absorb in <he region frea 300 to

200 nm depending cn the type and position of the substizuent
in the structure(91)- The abscrption maxiza of polymeric
benzophenone also differ markedly from cne znother(us'gz).

By comparing Figures 43 and 45, the increace is found to be
legs in the case of BCP-I. In the spectra of BI¥Pr-1

(Pigure &5) only slight charges in region of 325-375 nm
are observed. A pore direct comperison of the changinrg

rates is shown in Pigure 46. The curves result frox plotiing
thke absorption at 350 rm for each carple &s 2 function of
irradiation tire.

With the polyaryletes exsnined ir. this work, the
structural requirement to produce the pheto-chenical-Pries
rearrangenent under UY irradiation is the preserce of at
jeast one unsubstituted position on the phenol rings ortho
to the ester groups. Thus, BDMPP-I does rot rearrange under
the irrsdiation conditions. The substitulien cn one-half of

the ortho-positions ef the plienol ringswith the nethyl grours
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Figuze 43: OV Spectra of HPP-I-in Methylere Chloride Sclution
before and after Irradiation for Different Periods of Time,
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rigure 45: UV Spectra of 20MPF-1 in Methylene Chlcride Solution
before and after Irradiation for Different Periods of Tine.
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(e.g BCF-1) apparently reduces the formation of ¢-ryiroxy-

bengophenone.
3.3.2 PI-IR Spactrcscepic Studies

An &

Infrared spestra ghown in Pigures 47, 48 and &% Jor
the samples before and after €0 =in. irradistlion provize
further inforzaticn on the strucural chenges resulting
from the rearrangement. The difference spsctra are gezerated
by digitally subtracting two specira on & 1:1 basis essu=irg
ro change in thickness of the sa=plas efter irradisticn.

The absolute changes ara obtainmed with the scale exsanisd
5 t_ines.

In Figure 47 the CH stretchirg vibration is ctsarved
1

aa a week band in the region nesr 3300 e¢a ~. Broaderning and
weakening of the tand are due to the intrazolecular hyircgen
bonding between the hydroxyl group and the cartoryl greup at
the oxtho position(93). The interzolecular hydrcgen “ending

causes 8 slight shift of the estar carbonyl adsorpticn

1(67)
towards a lower freguency at 1735 ea 1 . The posiiive

peak at 1630 cx~l in the differe-ce spectrum is attriduzad
to the highly polarized hydroxybenzophenone carbonyl

R

group(us'b7). the ester C-0 bond Breaking invelved In Ze
photo-Pries rearrangement is observaed as a decreazse In

intensity of a band at 1290 ca'l. fre most notable charge
in the difference spectrum is the increased absorption in

the phenclic OH deformation and C-0 stretching regicns aromnd

1220 cm'l which alsg represents the -C-0 vlbrationlg‘).
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It is proposed that jrradiation of BPF-I occurs with
molecular rearrangerent to form & naew polyzer compound, in

part, of linear o-hydroxyberzophenone ncieties as ¢

__-0 O—--ﬂ__b_!_)
Q- ,,

@‘

c=0
{

ey

The spectral ckanges of BCF-I uwpon jrradiation

O:O

OO0

l

@

(Figure 48) are almost identical to that of BP?-1 except for
the less intense peek at 1630 et indjcatirg the forration

of o-hydroxybenzophercre is irhibited by the substitutien of
one of the ortro-positions in the phercl ringewith the methyl

groups, This is in agreezent with the result frox the UV

spectroscopic observations.
A corplete inhibition of the Fries rear rangenant ray

FY X}

occur in BCMPF-I. Pigure 49 indicztes no formatlon of
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1). Frse hydroxyl groups are

observed as a strong dband at 33CC cn’l. The hydroxyl groups

hydroxybenzophenone (1630 cam”

are most likely to be the pherolic type which also gives
rige to a sharp peak at 1220 ca”} due to @-CH stratching
vibration. The slightly decreased band at 2920 en?

indicates a loss of aliphatic hydrogens presumably Ifrcn the
methyl groups. A decreased abscrption pesk zt 174§ ca'l ard

1 are otserved,

an increasei absorption peak at 1710 cm™
suggesting the fornation of an arozatic aldehyde at the

sxpense of the ester group. The cleavage cf the ester C-0
bord is £lso evident, indicated by the negative difference

band at 1290 cn'l. Pased on the adove analysis the fellowirg

reaction scheme is propoeed for the UV degradation-of

W-I °
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{IX)

The quinone structure (IX} nay account for the
yellow color of the irradiated saiple. In the study of
photo-degradation of 2 po:ycarbcnate(”). 2 similar gquinone
structure {X) has teen proposed as part of the degradation

products.

i N e
CH4
°
0-C-0-— cH — 0
@ 3;‘;—-/ U S —
2.5 =/
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3.3.3 Copclusion

An investigation of the photo-Fries rsarrangenment
in fluorsne >ased polysrylates has been made. It iz shown
that the structural changes of the polymers having free
ortho-positicns on the pherol rings are connected with the
formation of o-hydroxybenzophenone struciures in the
polymer as a result of the pheto-Fries rearrengerent. UV
gpectroscopy provides a direct detection of o-hydroxydenzo-
phenone. Digital subtracticn of Infrared data obtained by
Fourier Transform infrared spectroscopy has been applied In
observing the chemical changes occurring in the photo-Fries
rearrargement process. Substizution In the ortho-positions
of the phenol rings results in a different route for
degradation. The degradation products include the aldehyde

moietizs, phenols, and the possidle quinone structures,
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