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‘TJERMAL DEGRADATION OF PRENOLIC POLY!'ERS (U)

Preparvd by:

Rugh C. Anaerson

ABSTRACT: A study has beer made of the themal decomposition of 15 phenolic
polymers, using vacuum thermogravimetry as a tool. There polymer: included
fregular phenolics, chlorinated phenclics, and vhenolics copolvmerized with
silsne, nylon an2 phenol-furfural resins. The results are discussed in
relationship w the cheristry of phenolic pclymers. A high crosslink density
and the large concentracion of aromatic groups in these polymers are thought’
to be the ¢ ises of their carbonization and slow cecomposition characteristics
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Kesearch reported herein was performed under Task Assignment PR-A. An
investigation of the thormal Jegradation of phenclic poiymers, using vacuum
thermogravimetry, is described. Although the exact nature of the precursors
of these n»roprictary polymers is not known, the results obtained do lead

to some general conclusions that are compatible with the chemistry of
phenolic polymers. These conclusions are expected to be useful 1n the
preparation of new more highly heat re.:i,stnnt materials.
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/4 W. D. COLEMAN
: Captain, USN
Commander
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THEFMAL DEGRADATION OF PHENCLIC POLYMERS

IRTROYCTION

1. Reinforced plastics based on glass fibers and pienolic polymars are
generally more heat resistant than those cmploying polyester (Kef. 1) or
epoxide (Ref. 2) polymers. However, bacause of the difficulty in working
wvith phenolic polymersa, very little research has teen performed on how they
thermnlly decompose. The ever ircreasing demand of the misasile age for
materials having better and better heat resigtern~e makes it highly desirsule

that such research be carried out in an effcrt to produce such materials.

2. The purpose ~f this report is to describe vork tioat has been performed
as & start tovard a retter understanding of the thermal degradation of phenolic
polymers. Fifteen polymers vere studied, using the technique of vacuum thermo-
gravimetry to continuously monitor their decomposition over a temperature
range of 25° to 920°C. Elenental analyses vere also made on each of the
polymers before they were pyrolyied. Tie pyrolysis results ar» discussed
in relationship to the general chemistry of phenolic polymers, and suggestions
are '~ for future work ian this srea.

THEORETICAL DI ZCUSSION

3. Regular crosslinxed p' enolic polyners are generally believed to have
chemtzal structures (Ref. 3) similar to that represented by formula (A} in
Pigure 1. Thelr prepara’ion can be shown by equation (B) in Pigure 1. Vhen
phenol is reacted vith formaldehyde, either of the ortha and pase positions
(activated by the elsctron relsasing hydroxyl group) can add formaldshyds to
fors hydroxymethy. pbeuols. ‘[he hydroxymethyl groups can im turn condense
wvith tbe active unsubstituted ortho and pars hydrogens of the phenol to forms
methylens bridges between ths phenolic nuclei.

M. Modification of regalar phenolics Yy copolymerization with nylon
resins is relntively nev, and the chemistry fnvalved has not been established.
Bovever, some Of the possivls reactions are postulatcd in equatioms (C)
through (7) in Figure 2. Equations (C) and 8) shov that formaldshyde could
add to the terainal nitrogen group &8 wll as to internal nitrogen groups of
the nylon. The terminal carboxyl group could esterify the phenolic hydroxyl
group and/or hydroxymethyl gro -3, as shown by equations (E) ana (P).

5. Chlorosilanes could react vith the hydrogen of the phenolic hydroxyl

group and/or that of the hydroxymethyl to form silicon-oxygen Louds, as showvn
by equations (G) and (H) sa Pigure 3. The latter reaction would be expected

to predominate beccuss aliphatic alcobols are known to be much more reactive
than phenols vith chlorosilanes.
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€. Phencls coulld thocretically e reacted with wuy aloashyde to produce
~arious phenol alcorois, Lut “he alldol condenastion of erldebydes cuntadrning
an alph:. nydroger would furtner camplicate the already coaplex phencl-
alcenyde reactions. Therefcr?, iie poipovation of phennlic polymers is
agualdly limited to tae use of aldehydes not havirg an alpha hydrogern, e.g.,
formalizehyde. Furfural, aactier example »f this type of aldehyce, rvacted
wiita rhenol would vive & polymer in which one of the “ydrogens of the
methylene bridges of a puencl-formaldehyle polymer is repi= el by a furan
&rmup, as shown by equation {I) in Plgure 4.

7. C(aloro-thenolic polymers are those iz vhich one or more of the
hydrogeng in the ghenol ring are replaced by chlorine. If two of the active
hydrogens are substituted by chlorine, as shown ty equation (J) in Figure 5,
neither linear nor network polymerization is possihle. However, if oniy one
of the active hydrogens are substituted, orly lintar polynerization is
possible through the two hvdroxymethyl groups shosn by equation (K) and
unsubstituted orthn and para positions of the phenol. Crosslinking is possibtle
only wvhen the meta-hydrogens are substituted, leaving the thre= sctive positions
free, as shown in equation (L). In other words, if two rcactants are to ‘
polymerize into a crosslinked n:twork, one of them must heve a functionality
uf at least three and the other a functionalit; of at least tio. Formaliehyde
has a functionality of two. The effect of the above reactions on the thermal
stabil ~  »f phenolic polymers vill be discuised after the experimental 2ata
have . ::n presented. .

EXPERIMETTAL

8. The polymers studied, were used as received in s powdered furm
from Ironsides Resias, Inc., Columbus, Ohio, ercept that they were sieved
to give samples passing a 60-mesh screen and stopping on & 1GO-mesh ons.
They are described in Tsble I, and the geueral reactions involved in their
preparativn have alrealy biea presented in Figures 1 through 5.

9. Apparatus dsscribed previously (Ref. 1) was used for the pyrmlysis
experiments. Samples of spproximately 20-ailligrums weight were pyrolyzed
in vacuo at & heaiing rate of B'C/linuu. Elemuntal ana’yses were
mads on & portion of sach of the unpyrolysad polymsrs.

NEULTS

10. Thermogrevimetric (90} cu=es for “he polymers are shown in Figures
6 through 10. A summary of the pyrolysis data is given in Teblr II, and the
elemental analysis data are tebuleted 1n Table III. In general. tdhe polymers
decomposed slovly Giai wisdually, rather than catastropically (as is the
case for polywster and epoxide ci1osslinked polymers), leaving carbonaceous
residues ranging frum 29% for a paenolic resin copolymsrized vith a nylom
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mesin to 6l% {or & chlorinated pnerollc resin copolymerized wiilb a ailave.
'the reiailive thermal stability of polymers is usually 1epresented by the
temperatures at whica they lose 50% of their weignt, based on 10C% ultimate
welgnt tose. However, the weignt loss for phenolic polymers is generslly
much less than 1004 and may vary Zreatly for differeut polymers. Therefore,
the avove criterion i{n this case would be scumevhat misleading. Consequently,
the criterion uaed for relative thormal stability in this work was taken as
the terperuture at wiich 50% of the ultimate percentage weight loss occurred,
as ghown in Table II. As an exumnle: 1if the ultimate percentage weignht
12q8 were 50, 50% of this would be 25%, the corresponding temperature of
which could be obtained from the thermogravimetric curve. On the basis of
thie criterion, & chlorinated phenolic copolymerized with & silane had the
sluvest relative rate of decomposition and & regular phenolic copolymerized
with a silane had the fastest, as evidenced bty corresponding temperatures
of 505° and 395°C. Since 395°C was the lowest temperature at which 50% of
the ultimate per~en.age weight loss occurred and 505°C the higheast Zor the
group of polymers atudied, & temperature (450°C) midway between the two
temperatures is taken as another parsmeter. The percentage weight loss at
thie texperztie is given for each »f the polymers in Table II. It is seen

| -that the chlorinated phenolic copolymerized with a silene is rated as the

i ‘most thermally scable by either of the above three parameters (lowest

“¥eltigale percentage weight loss, highest tesperature at vhich 50% of ultimate
. :rcentage loss occurs, and lovest parcentage weight loss at 450°C).

DISCUSSION OF RESULTS

12. Three of the four regular phenolics decomposed slovly at about

the same rate, leaving appreciable carbonaceous residuss as shown by the
70 curves in Figure 6. There are at least two important reasons for thie
good themal stability. One of these is ihe extreme stability of methylene
bridges in the high'y crosslinkad network. This in turm is due to resonance
stabilization of the benzyl group (Ref. 4). The other reason is the high
concentration of benzene rings in the crosslinked network. The phenyl radical
formed by pyrolysis of the polyser could coalesce into clusters of benzene
rings, vhich would have the high resonance stabilization energy characteristic
of condensed ring systems. This is also evidentl; respcnaible for the large
smounts of carbon resaining after pyrolysis. That this mechanism does occur
is suggested by electron spin resonance studies of carbonaceous recidues
resulting from the pyrolysis of various materials (Ref. 5). No reason is
offered .or the higher rate 0f weight loss and the higher ultimats percentage
weight loas of the fourth regular phenolic polymer. However, the supplier
did indicate that an attempt had been msde to produce a polymer having & much
higher carbon content than regular phenolice. Table II, huwever, shows that
its carbon content is about the same as that of the other three regular

| f phenolics.

i
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15  Assuming that ihe same resins 14 Lhe same propoertions were ueed
for each of the two phenclic polymersd copclymerized with furfursl, the
™ curves in Figure 7 show the effect of tewperature of cure on the thermal
stability. The one cured at the higher temperature wms more stable.

1k, The TG curves In lMigure B show that tie thermal stabilities of
the three phenolic polymers copolymer.zed with nylon increased with de-
sreasing nitroren content. The probable reason for this is that either
of the reactica: (C) through {F) in Figure 2 would upaet the idealizc¢’
crosslinked si.ucture shcwm by formula (A) in Figure 1. Therefore, .
varying amounts of the same nylon are copolymerized wilh a regulsar phenolic,
the above decrease in thermal stability with increasing nitrogen coantent
of the polymer would be santicipated.

15. Relative reates of decomposition and ultimate per-~entage weight
losses for the two phe:oli. polymers ccpolymerized with' a ilane are about
equal, as zhown in Figure 9 and Table II. Reaction (G) i. Figure 3 would
deactivate the orthc and para positions of the phenol and phenol alcohols,
and consequently forbid or retard formation of the usual methylene bridges
through condensation. Reaction (H), the more probable one, would block one
of *he active positions, making crosslinking impoesitle. Therefore, phenoiic-
silane -~nolymers would be less thermally stable than regular phenolics, es
can .. seen in Table II.-

. 16. Pigure 10 and the temperature column of Table III show thmt the
regular chlorinated phenolic and two of the chlorinated phemnlics copolymerized
with silane vere less thermally stavle tlan the three regular ghenollics
discussed earlier; the other chlorinated phenolic copolymerized wiih silane
was more stable, Chlorine on the benzene ring can recduce the theimal stability
of a regular phenolic by preventing crosslinking when it 1s in one of the
ortho or para positions. Chlorine could also reduce thermal stability vhen
it 1s°'on 0.2 or both of the mets pcseitions, even though it could not prevent
crosslinking. It has been reported (Ref. 6) tkat some polyphenyl polymers
decrease in tnermal stability with increasing chlorine substitution. The
lover stabilities for the two chlorinated rhenoliics copolymerized with
silane can be attributed to both chlorine and silane substitution, which
has already been discussed. No explanation can te offered at presert for the
comparrtively higher stability of the other chlorinated phenolic copolymer: sed
with silane. :

CORCLUSIONS

17« The crosslinked phenolic polymers studied here were fo.nd to be
more thermally stable than polyester and epoxiie polymers, as evidence by
slover rates of decomposition and lower ultimate percentage weight losses.
Temperatures at vhich 50% of ultimate percentage weight losses occurred -
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ranged from 395°C for a phenolic copolymerized with silane to 505°C for a
chlorinated phenolic ccpolymerized witk silane. I was &«lso found that
chemical modification of the regular phenolic crosslinked structuixe could
cause a decrease in thermal etability.

RECOMMSOLATIONS

18. From qualitative observations, it appears that a major portion
of the weight loss is due to high molecuiar weight materials which are
volatile at the temperature of pyrolysis but not at 25°C in vacuc.
Madorsky (Ref. 7) has studied the ermal degradation of one phenciic
polymer and reported that 75% of the vola*ile products was a high moleculs
veight material; uis remaining volatile products were determined by mass
gpectrometry Lo be carbon dioxide, acetone, propylene, propandsl and butano
He 414 not try to identify the high molecular weight material. It is
proposed that molecular distillation be used to collect these bigh
_aolecular wveight materials for inlrared study and that the other more

vC¢latile materials be identified by gas chrowatography. In an effort
to obtain more basic inforazation ~m how phenclic polymers thermslly
degrade, it is proposed that pyrolysis of the model cmpoundl and po]\v-ero
shcvn in Figures 11A, 11B and 11C he investigated.
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TABLE I

IDENTIFICATION OF PHENOLIC PILYMERS

Deaignationu) Description

Ml9Bl Regular Phenolic

MLO Regular Phenolic

cr 801 Regular Phenolic

KPP Regular Phe.olic

F-20 Phenolic copolymerized with furfural

PA-20 Phenolic copolymerized with furfural

MLON Phenolic copolymerized with nylon resin

M20N . Phenolic copolymerized with nylon resin

NPPX Phenolic copolymerized with nylon resin

F-20R Phanolic copolymerized with silane and furfural
NPPR Phenolic copolymerized with & silane

HPCPS-98 Chlorinated phenolic copolymerized with a silane
HPCPS-50 Chlorinated phenolic copolymerized with a silane
RPCPS Chlorinated phenolic copolymerized vith a lihne
P13ONB Chlorinated regular phenolic

(1) A1l 15 polvmers, in powdered form, were furnished
gratis by Irousides Resins, Inc., Columbus, Ohio.
The above dzsigntion is the Irousides code.
MLO, NPPN and HPCP-98 polymers were polymerized in
thin sheets for one-balf hour under a pressure of
0 p.s.i. and at & temperature of 205°C. PA-20
polymer (catalyzed with a small smount of maleic
anhydride) wvas poiymerized for one-half hour at
40O p.s.i. and 121°C. All of the other polymers
were polymerized at L0OO p.s.i. anl 163°C.




Niimate percant, waight
1085 up to 26°C

)
Polymar?

AMMAR? OF FYROLTSIS DAT® POR PHENOLIC POLYMERS

- —

M1GB1
MLO
TBOL
wee

;20
FA-20
MULN
MOON
KFPN
F-20R
NPPR
HPCYu~58
HeCP's-50
HPCPS
P1EONB

(1)
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CABLE 12

Tempecature at 50% of
Uitimate percentage
Weight Loss, °C :

Percentage Welght
Leas up to U50°C

L& &
6.3
W72
£9.0

Jee Table I for description of ?olymrs.

k9o
490
L8o
k30
k75
k30
L60
Lks
k10
Loo
395
£95
LS5
465
LL5

19
18
20
3%
17
32
2l
32
50
36
8
1k
a
20

23
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TABLE III

ELEMENTAL ARALYSIS DATA(I) ON PHENOLiC POLYMERS

Pohmr(2) ¢ Carbon % Bvircmen 4 Chlorine % Silicon % Nitrogen

M1981 Th.6 5.98 - - -
MLO 76.5 5.42 - - -
i 76.0 5.5k - - -
NPP T1.0 8.13 - - -
F-20 75 .72 - - -
¥A-20 70.4 5.19 - - -
Hhon 73.6 5.96 - - 0.88
M2ON 75.0 T.19 - - 1.30
NPPY T4.9 7.66 - - 2.96
P-20R 64.3 5.34 - 6.91 -
- NPPR n.9 6.94 - 6.22 -
ErCces-98 2.0 5.46 0.80 L, %2 -
HPCPS-50 67.2 5.56 T. 44 2.41 -
ms 6206 )‘o% 12013 ".60 - ’
P18ONB 63.1 5.04 " 16.58 - -

{1) Each value is an aversge of at least two determinations.

(2) See Table I for descrip:-ion of polymers.
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