MECHANISMS OF PYROLYSIS OF FLUOROPOLYMERS
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SUMMARY

A systematic study of the mechanisms of the pyrolysis of fluoropolymers was made by
means of pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) and direct Py-MS.
For perfluoropolymers and chlorine-containing fluoropolymers the depolymerization reaction
predominates during pyrolysis. However, the introduction of OCF3 groups into pernuoro-
polymers in place of F atoms brings about significant changes in their mode of degradation.
The OCF3 groups activate the F atoms attached to the same carbon atoms and make them
easier to transfer. Therefore, random chain cleavage accompanied by the F transfer becomes
predominant in the course of the pyrolysis. When the F atoms of perfluoropolymers are
partly replaced by H atoms, elimination of hydrogen nuoride arid chain cleavage. accompa-
nied by H transfer would occur with great ease. For fluoropolymers containing H, Cl and
OCF3 as side groups, the depolymerization, the elimination of hydrogen chloride and
hydrogen fluoride and the random chain cleavage accompanied by H and F transfer would
occur simultaneously and compete with each other.

INTRODUCTION

Fluoropolymers characterized by superior physico-chemical properties
can meet a variety of severe requirements presented by modern engineering,
so they have become important artificial materials in science and industry.

For the structural analysis of fluoropolymers, routine spectrometric meth-
ods are restricted to some extent owing to difficulties in sample handling.
Recently, pyrolysis-gas chromatography (Py-GC) has rapidly grown into a
powerful tool for the identification of fluoropolymers [1,2]. A systematic
study of the mechanisms of the pyrolysis of fluoropolymers would be helpful
in the investigation of their structures and in the identification or unknown
fluoropolymers [3-5].

In this work, some common fluoropolymers were investigated by means

of Curie-point Py-GC-mass spectrometry (Py-GC-MS) and direct Py-MS.
The mechanisms of the pyrolysis of the polymers are discussed in relation to
their major pyrolysis products.



EXPERIMENTAL

Experiments were carried out using a MAT 44-S GC-MS system and a
JHP-2 Curie-pbint pyrolyser. The outlet of the pyrolyser was directly cou-
pled with a GC column, thus constituting a Py-GC-MS combined system.
The experimental conditions for Py-GC-MS were Curie-point temperature
590°C, pyrolysis time 5 s, column A for volatile fluoro compounds, 2 m x 2
mm I.D.. packed with Porapak Q (80-100 mesh), column temperature 90°C,
column B for fluoro compounds containing more than four carbon atoms, 2
m x 2 mm I.D., packed with 10% dioctyl phthalate (DOP), column tempera-
ture 60°C. For Py-MS the electron impact mode ion source was maintained
at 150°C. A small piece of sample was placed on the 0.1 mm spiral platinum
wire, which was inserted into the ion source by a direct sample probe. The
wire temperature, controlled by a microprocessor, was increased to the
pyrolysis temperature of the polymer at a rate of about 100°C/min.

RESULTS AND DISCUSSION

Table 1 shows the analysis results for various fluoropolymers. There are
some differences between the results obtained by Py-GC-MS and Py-MS.
These might be caused by the fact that Py-MS involves almost all the
products formed during pyrolysis, whereas Py-GC-MS is restricted to the
volatile pyrolysis products that can be eluted through the column.

Mechanisms of pyrolysis of fluoropolymers

Figs. 1 and 2 show the pyrogram and the pyrolysis-mass spectrum of
F46, respectively.

The thermal degradation mode of perfluoropolymers is different to that
of polyolefins. For perfluoropolymers such as polytetrafluoroethylene and
tetrafluoroethylene-hexafluoropropylene copolymer, the depolymerization
reaction predominates during pyrolysis. When they are decomposed, the
main carbon chains are first cleaved, forming free radicals at the end carbon
atoms of the broken chains, which consecutively initiate a-cleavage of the
neighbouring C-C bonds, producing large amounts of monomers (see Figs.
1 and 2). If Cl atoms partly replace the F atoms in perfluoropolymers, the
degradation mode remains almost the same as that for F3.

However, the introduction of OCF, groups into perfluoropolymers in
place of F atoms causes significant changes in their degradation mode.
Perfluoromethoxy groups activate the F atoms attached to the same carbon
atoms and make them easier to transfer. Therefore, random chain cleavage
accompanied by F transfer becomes predominant in the course of the
pyrolysis, forming large amounts of perfluoroalkanes and perfluoroolefins
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Fig. 1. Pyrogram of F46. Peaks: 1 = C,F,; 2 = C;F,.
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Fig. 2. Pyrolysis—mass spectrum of F46.
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Fig. 3. Pyrogram of F40. Peaks: 1= C,F,; 2= C,F,; 3=C;F; 4 =C;F; 5= CFOC,F;;
6= C4F10; 1= C4F8; 8§ = CF30C3F5.
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Fig. 4. Pyrolysis—mass spectrum of F40.

0 2 4 6 B8 10 min

Fig. 5. Pyrogram of F2. Pcaks: 1=C,F,H,; 2 =C,FH,; 3=CFHCH;; 4=C,F,;H,;
1" = C,, C; compounds; 2’ = C,; compounds; 3’ =1,3,5-trifluorobenzenc.



(TET‘CTT ‘s6)suot ayrre “(sL1) , HD ‘(61 1S L 1DFH' D

DA%

Jawkjodoo auajAyia
-0JON[JUIOIONYD

“(ee1) T (58 L8 *9TT ‘STIIDM ®D (9¢ ‘8E)IDH '1040=4D ‘“HO=%4D ged —apuonyy duapyAurp
JawAodoo
(EET*STT 59 "T§)suot [Kyre “H'4%D ‘“HO=dD- 4D auafdordosonfjexay
‘(€91 *€T1 *56 ‘LLIsuor onkyre *(Sy'v9) *H ™I D *(07)dH “YO=d0-D ‘THY = WD 9¢d —-apuony auapijAurp
Jawkjodoo
auajAdosdoonfjexay
(1€1'0s1)%1D *(1€ '08 ‘18 *001) 71D O=dD-"4D ‘WO=4D 9 ~audjkyaotonjensy
aualAyla
(TET Ly 6y IO D (S8 L8 L6 ‘66 91T 8IDIDH D 1D°4D '1040="4D €d -0J0n[jL10I0[YaK[0d
(EET‘STT ‘59 ‘TS)suor (Axre (€11 ‘56 ‘LL)suor ank|e 3UIZUIQOION[FUI-G '] apuonyj
(T HY®D QO HY ™D (Sp 'v9) ' H Y D *(02)4H ““HD=4D-HD =YD ‘*HO=4) (& auaprAutakjog
Juahya
(1€'05 ‘18 ‘0014 %D Yo=4D pd -oJonpexiaikiog

« SIW-Ad Aq umoys suor SIN-DD-Ad 4q
ansudoeIeyd J19y) pue sponpoid sisA[01Ad solepy patmuaprt s1onpoad sisfjoifd solepy uoneIAIQQY Iawijog

ssawkjodoronyy jo siskfeue S-Ag pue SN-DD-AJ Jo sinsay

1d74VL



"sasayjuased u1 uaA13 are suor Jusw3es) paje[al JIdY) pue suol Je[ndsjow Y jo (z/w) sones adreys/sseN

(L6T ‘LLT ‘$ST

‘L61 ‘16 ‘99 ‘Ly)suot Sururejuod-uaghxo
(E€1°101 ‘69 ‘59 ‘1S)suor [Ayre

‘(€11 ‘56 ‘LL)suor OTATre

“6L1) L(UD0HYD

“(sp ‘¥9) ' HA®D “(001)*4%D “(00)dH

(6-0=4d ‘dos+1p) , 0" "YU"D
6-0=4d ‘dos+1£)' "W'"D
(6~0=4d ‘dog+69)' "D

“(Lp1 ‘99182 D0%MD (18 ‘0014 %D

(69 ‘15)suor [Ax[e
. ‘(€91 ‘€11 ‘g6)suot dATre
‘b6 DHI®D ‘@9)*H%I %D “(07)dH

*HO=dD-"dD ‘*H'4 D 004D
‘%D=d0- YD “THO=4D D=4

*47D-0%D “U°D-0%D
‘914 440 “d0-d0- D
‘WD =40-4D ‘UD-YD ‘UD=YD

*HO=4D-40
‘CIO=4D- 1D ‘“HO="4D ‘HO=4D

1D40="HD ‘1D40=41D

(56 ‘LL)suot onAgre “(s9) FHAI D “9¢ ‘8IDH “(00)dH ‘*HA®D ‘HY D ‘*HO=%D ‘*HD="HD

oved

0rd

9vTd

0td

JawAkjodod 19y1a [Auia
[Aqiawotonyjiad
-audjAyis0Ionyesla)
—apuon|j AUapIAUIA

1owkjodos 19133 [Aula
[Aq1aworonyjiad
—aua[Ay1s010n[jenay

Jawkjodod
auajAdosdosonfexay
—3U3[Ay130J0N[Je1I3)
—apuonyj JudIpTAUIA

JawAjodos
audjAgyd010n()
-LN0JO[YI-3udAPg



(see Figs. 3 and 4). Figs. 3 and 4 show the pyrogram and the pyrolysis-mass
spectrum of F40, respectively.

For tetrafluoroethylene-perfluoromelhyl vinyl ether copolymer its
degradation- mode can be described as follows: (1) depolymerization reac-

tion forming the monomers; (2) random chain cleavage accompanied by F

transfer.

(A) For the sequences with ~OCF; as side groups:

A .
TICFy —(CRy )y — CF — CFp M/~ CF —— (CFp ) j— C — CRy v —#=— \_ CF;—(CF; ),,— C— CFom

OCF.

2 OCF.
3 3 *OCF,

M CF, —(CF, ), —C==CF,
OCF,

*CF, —(CF,),—C==CF,

- FE OCF, IFe
CFp==CF—(CF,),__,—C==CF, CF3 — (CF 5),,~— C —=CF,
OCF, OCF.

3
N=12,3c000s N=0,1,2c000

(B) For the sequences without —OCF; as side groups:

~UCF,—(CF, ) —CFy~—2e ~_ CF,—(CF,),—CF, *

~Fs +Fe
Mo CFy —(CF,), —CF —CF; ~~ CF, —(CF5), — CF;,
« CF, — (CF, ), _1— CF ==CF, *CF , — (CF, ) — CF,
—F- +F.  —Fy +F o

CF,==CF — (CF)y—o—— CF ==CF, CFp=—=CF ——(CF;),_1—CF3 CF3—(CF,),—CF,

N= 2,3 4.ceces N=1,2,3ce00 N=0,1, 2ee0e

When the F atoms of perfluoropolymers are partly replaced by H atoms,
elimination of hydrogen fluoride and chain cleavage accompanied by H
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Fig. 6. Pyrolysis—mass spectrum of F2.



transfer will occur with great ease. Polyvinylidene fluoride may be taken as
an example to illustrate the pyrolysis behaviour of hydrogenated fluoropoly-
mers.

Figs. 5 and 6 show the pyrogram and the pyrolysis-mass spectrum of F2,
respectively. The degradation mode of F2 can be described as follows: (1)
depolymerization reaction forming vinylidene fluoride; (2) elimination of
hydrogen nu9ride followed by cyclization to form trifluorobenzene; (3)
random chain cleavage accompanied by H transfer forming various terminal
olefins and alkanes. One of the chain cleavage modes is represented as

follows:

A~ CF—CHy—CF,—CH;—CF,— CHy ~

~-CF,—CH,—CF, ¢ + ¢CH =~ CF,—CH,~
—He +He

~~CF,~—CH==CF, CFy—CHs—CF,H

R—CF,—CH=—CF, R—CF,—CH,—CFH
R=—CmFpHs n+s—=—=2m+1 or 2m—1

(m, ns =0 1, 2, 3evsasenss)

The degradation mode described above for F2 is basically the same for
the other hvdrogenated nuoropolymers, with the exception of the formation
of trifluorobenzene which is characteristic of F2. According to the assumed
pyrolysis mechanisms, the sequence -(CF,-CH,) - (n> 3) is a prerequisite
for the formation of trinuorobenzene. However, as the probability of form-
ing the sequence -(CF -CH,)a (n>3) is very small, trinuorobenzene is not
observed on the corresponding pyrograms.
As shown in Fig. 6, for F2 various hydrogenated nuoropolymers generally
yield characteristic allylic ions in the corresponding mass spectra. Therefore,
these characteristic ions shown in Table 2 might be usable for differentiating
the various hydrogenated fluoropolymers. For example, much more abun-
dant allylic ions (CH,-CH=CF )+ (m/z 77) for F30 than the other hydro-
genated fluoropolymers indicate more sequences of -(CH,-CH,-CF,)-
along the chain structures. Probably the allylic ions [CF,-CH=CF(CF3)+
(m/1163) for F26 indicate the existence of -(CF,-CH,- (F)- along the
CF,

chain structures, and the allylic ions [CF -CH=CF(OCF,)|+(m/z 179) for
F240 indicate the existence of -(CF,-CH2- ?F)— sequences.

OCF,
For fluoropolymers containing H, Cl and OCF, as side groups, such as
F23 and F240, the depolymerization, the elimination or HCI and HF and



TABLE 2

Relative abundances of allylic ions shown by Py-MS of hydrogenated fMuoropolymers
(normalized to a base of m /z 113)

Allylic ion m/z F  F0 F6 FM6 FM0 F23
C,F,H; 7% S0 49 13 6 -
C,F,H: % 45 15 N 3N 1 s
C,F,H* 13 100 100 100 100 100 100
C,F; 13l - - - - -1
CEHCF)* 18 - - 164 % - _
GERHOCE) 19 - - - - % -

the random chain cleavage accompanied by H and F transfer would occur
simultaneously and compete with each other. In the general case, the
depolymerization reaction occurs to a lesser extent, whereas the elimination
of HCI and HF tends to occur to a major extent and more HCI than HF is
eliminated. Random chain cleavage accompanied by H and F transfer often

predominates in the competition.
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