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The rapid reaction between polytetrafluoroethylene radicals and the benzene ring has been utilized

in synthesizing a polyfunctional macroinitiator. For this purpose a copolymer of styrene and methy!
methacrylate in acetic acid solution was allowed to react with polytetrafluoroethylene radicals gene-
rated photochemically from the monomer and manganese carbonyl. Analogy with the reactions of
benzene, which have now been further studied, suggests that the radicals undergo both addition and
substitution reactions with aromatic nuclei in the copolymer, so that the final copolymer carries
grafts of short polytetrafluoroethylene chains with Mn{CO)g end-groups. At 100°C scission of
CF2—Mn(CO)g bonds occurs with formation of active radicals, so that the copolymer behaves as a
polyfunctional macroinitiator. A study of the initiation mechanism is reported which shows that
elimination of carbon monoxide precedes rupture of the CFo—Mn(CO}g bond. Applications of the
macroinitiators are exemplified by network formation on heating in styrene and graft polymerization
with poly(N-vinyl-2-pyrrolidone). Reaction between poly(methyl methacrylate) and polytetrafluoro-
ethylene radicals proceeds through hydrogen abstraction and radical recombination. It occurs less
readily than interaction of the radicals with the copolymer, so that, for comparable conditions, the
polytetrafluoroethylene grafts are longer and the product is less soluble.

INTRODUCTION

It has been reported in an earlier paper’ that the polymer-
ization of tetrafluoroethylene in acetic acid solution is sub-
ject to powerful retardation by benzene, even when the
latter is present in very low concentrations. The rate coeffi-
cient for reaction of the propagating radicals with benzene
at 25°C has been estimated to be almost 50% greater than
the propagation rate coefficient’. In the work referred to,
photoinitiation of polymerization by manganese carbony]
was employed, so that the propagating radicals had the
structure?=S:

(CO); Mn (CF,CF,)-
(1)

We have studied further the interaction of these radicals
with benzene and report below evidence consistent with
the view that both substitution and addition reactions
occur, leading to derivatives with structures typified by II
and I1I:

(CF,CF,),, Mn (CO),
()
H
(CO)gMn(CF, CF,), —__x—I(CF,CF,), Mn(CO),
H
(m)

Earlier work® has shown that the group —CFoCF,Mn(CO)s
is unstable at temperatures in the region of 100°C,
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scission of C—Mn bonds occurring with generation of active
free radicals. Therefore, as already reported®, a polymer of
structure IV:

M s CF, CF, Mn(CO)5
(1v)

(M being the repeating unit) is a macroinitiator which, on
thermal decomposition in a polymerizable vinyl monomer,
yields a block copolymer.

By utilizing the reactions outlined above we have gene-
ralized the concept of the macroinitiator to include poly-
functional macroinitiators. In the simplest example, syn-
thesis of such a compound involves reacting radicals such
as | with a preformed polymer containing benzene rings.
This is described in the present paper, which is also concern-
ed with some reactions of the new macroinitiators.

EXPERIMENTAL

Materials

Methyl methacrylate (MMA), tetrafluoroethylene, sty-
rene (S), azobisisobutyronitrile (AIBN), manganese car-
bonyl, acetic acid (AR), and benzene (BDH Research |
Grade) were purified as described earlier’**™®, AR methanol
was used as supplied. Carbon monoxide (BOC Research
Grade) was passed through a column cooled to —120°C in
vacuum, condensed at —196°C and then fractionated.

The copolymer of styrene and methyl methacrylate was
prepared by heating 80.6 ml MMA and 20.7 ml S with
2.40 x 10—2 mol 1-1 AIBN at 60°C for 60 min, precipitat-
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ing in methanol, filtering and drying in a vacuum at room
temperature. The yield was 7.13 g. The copolymer was
twice reprecipitated in methanol from benzene solution to
remove unreacted AIBN. The osmotic molecular weight of
the copolymer was 148 000 and the calculated ratio of
MMA to S units was 2.9:1 (reactivity ratios: MMA, 047,
S, 0.50)°.

Apparatus and techniques

All experiments were performed in a laboratory illu-
minated by inactive (sodium) light. The photochemical
reactions were initiated by light of wavelength 435.8 nm,
the optical system being essentially the same as that des-
cribed earlier®'°.

Techniques for determining the solubility of tetra-
fluoroethylene in acetic acid and benzene and for measur-
ing the quantum input to reaction mixtures were similar
to those already described!”!!. The thermal reactions of
the polyfunctional macroinitiator were studied gravimet-
rically at 100°C.

Manganese and fluorine contents of polymers were
determined by neutron activation analysis carried out by
the staff of the Universities Research Reactor (Risley). The
molecular weights of the polymers were measured osmo-
metrically.

U.v.—visible spectra were recorded with the aid of a Uni-
cam SP800 spectrophotometer. Infra-red spectra of poly-
mers, cast as films from chloroform on to a sodium chloride
plate, were recorded by a Perkin—Elmer 577 spectrometer.
Proton n.m.r. spectra were recorded using a Perkin—Elmer
R12B 60 MHz spectrometer.

RESULTS AND DISCUSSION

Reactions of polytetrafluoroethylene radicals with benzene
A solution of manganese carbonyl (40 mg) and tetra-
fluoroethylene (400 mg) in 1 ml benzene was irradiated
with light of wavelength 435.8 nm. All volatiles were then
removed by prolonged evacuation at room temperature;
carbon tetrachloride was added to dissolve the residue and
its n.m.1. spectrum was recorded. Two major peaks were
found at 7= 2.5 and 4.17, which we shall designate A and
B, respectively. The spectrum of the monosubstituted ben-

zene derivative
)

has a peak close to 7 = 2.5 (ref 12), so that in our system
peak A probably arises from the structure

_CFz_G

i.e. from Il. We believe that peak B arises from a disubsti-
tuted cyclohexadiene structure e.g.

H

—CF2CF2—§C>$ CF,CF—

as present in 11I. Both types of product could be formed
as a result of an initial addition reaction between the
propagating radical (1) and benzene (equation 1):

H
€I Mn(cF,CF,): + { Y — (colmnicr,cr,), —X )k
H

(I (W)
1)

followed by hydrogen abstraction from the radical adduct
(V) (equation 2a) or further addition to V (equation 2b):

H
(COIgMn (CF,CF,),, O
()
{a)
m/ \n

cOMICECE){ ) (COIMnICFCE %G(CF CF,) Mn(CO)

(m)
+
(CO)Mn (CF,CF,),H

(v (2)

The corresponding products are 11 and 111, respectively.
This type of mechanism has been proposed by Charles and
Whittle!? in connection with the reaction of CF3and ben-
zene. However, in our system, the yield of Il initially
exceeds that of I whereas with CF3 formation of

cF—)

(corresponding to IT) predominates. If this difference is real,
it may arise from shielding by the polymer chain of the H
atom in V which is abstracted to give II. The relative inten-
sities of peaks A and B are affected by the experimental
conditions. The ratio of the integrated intensities B/A de-
creases with prolonged time of irradiation as shown in

Table 1. We suggest this is due to hydrogen abstraction
from I1I by the polytetrafluoroethylene radicals (I):

(o
0+ —= (COIMn(CF,CF,),~{ Y~ (CF,CF,}, Mn(COl.+ ()

(COIMNICF,CF),—{ H—(CF,CR,), Mn(COl+ (20
(vm) 3)

These processes would be expected to increase in impor-
tance as III accumulates, i.e. as the reaction time increases.
Reaction (3b) would be expected to occur readily since it
leads to rearomatization of the ring. Formation of the
disubstituted benzene derivative (VII) is supported by the
appearance of a shoulder in the n.m.r. spectrum at 7= 2.6
on long irradiation. When the experiment is carried out in
acetic acid solution with a low concentration of benzene
(0.9 mol 1-1) smaller values of B/A are obtained (cf. Table
I); this result supports the above mechanism since at low
[benzene] the radicals (I) are more likely to enter into the
competitive reactions with I1I (equation 3a) with conse-
quent reduction in B.

When a small quantity of bromine was added (in the

Table 1 Relative integrated intensities of peaks A and B. Reactions
at 25°C

Time of irradiation (h) B/A
1 1.63t1
3 1.11¢t
200 0.49t
2 0.96*

* In acetic acid solution, [benzene] = 0.9 mol 1™1; tin bulk
benzene
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Table 2 Analytical data on polymers

[C,F4 units]

Initial polymer, Mn content F content Mn atoms
M, after reaction (ppm) {ppm) per chain {Mn atoms]
Copolymer of MMA 5210 + 60 41500 + 3200 201 5.8

+S; 211800
Poly(methy| methacrylate)
Soluble fraction; 231 000 67 +2 1500 + 200 0.28 16.3
Insoluble fraction 3180 + 30 (58.1 + 2.4)104 - 132

dark) to the products of irradiation (after removal of all
volatiles) peak B steadily decreased, falling to about one-
half of its original intensity in 0.5 h. The peak rapidly de-
cayed when the mixture was irradiated by the light of a
mercury arc. Peak A was not significantly affected during
these experiments. Results of this type would be expected
if peaks A and B are attributable to II and 11, respectively.
According to the reactions set out above, formation of
I and VII (equations 2a, 3a and 3b) is accompanied by
the production of compound VI. The n.m.r. spectrum
showed a shoulder at 7 = 3.96 which would be expected
for this derivative'*'®; two small peaks at 7 = 3.11 and 4.81
completed the expected triplet. When cyclohexane was
used instead of benzene these peaks were seen more clearly,
each being a triplet as would be anticipated.

Introduction of functional groups into a copolymer of
methyl methacrylate and styrene

The reaction mixture consisted of 100 m] acetic acid
containing Mn(CO)19 (5.13 x 1073 mol 1-1), C,F4
(0.14 mol 1-1) and 2 g of the copolymer of methyl metha-
crylate and styrene (M,, = 148 000) already described. It
was irradiated (A = 435.8 nm) for 5 h at 25°C, the incident
intensity being 1.4 x 10—5 einstein 1-1 s—1. The copolymer
was precipitated into methanol (2.5 1), filtered and washed
five times with methanol and dried in vacuum at ambient
temperature. The yield was 2.086 g. To ensure complete
removal of free manganese carbonyl the polymer was re-
precipitated from benzene solution into methanol four
times; each benzene solution was filtered through a No. 4
sinter to remove any polytetrafluoroethylene. Finally the
product was dried in vacuum at room temperature.

The data in Table 2 show that the average copolymer chain
carried 20.1 manganese atoms and 462.6 fluorine atoms or
115.6 CoF4 units. Thus each manganese atom is associated
with an average of 5.8 C7F4 units, so that the average radi-
cal size before joining to the benzene ring was 5.8. By
analogy with the results with benzene, we believe the reac-
tions occurring are those shown below:

§_Q (N

H
(CF,CF,),Mn(CO), (Va)

I,

{CF,CF, ),,Mn(CO)

(CF2CF2 },Mn(CO),

(Ila) (CF CF, ) Mn(CO)

+ () (la)

“)
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Similarly, during prolonged irradiation we might expect
the process:

 [CF,CFRy),Mn(COl,,

(1) + (Ma) — § (CF,CF,),,Mn(COJ, + (XI)
l (1) S
(CF,CF,),,Mn(CO);
§ (CF,CF,),, Mn(CO)s + ()

(\a)

In equations (4b) and (5) we have assumed formation of
ortho derivatives because positions in the ring near the poly-
mer backbone would probably be somewhat shielded by
the latter; however there is no direct experimental evidence
for this assumption. [t is important to note that the carbon
radical intermediates in equations (4) and (5) are not reac-
tive enough to initiate the polymerization of tetrafluoro-
ethylene; this is indicated by the powerful retardation by
benzene'. In addition to reactions shown there is also a
small amount of crosslinking, evidenced by the increase in
molecular weight of the copolymer. Since 20[Mn(CO)s
(C2F34)s.8] became incorporated into each copolymer chain,
the final expected molecular weight is 163 500 which is
about 23% less than that observed. Crosslinking presumably
occurs through combination of the carbon macroradicals
referred to above.

The Mn(CO); residues in the copolymer give rise to strong
infra-red absorption bands near 2000 cm—! (Figure I) as
expected on the basis of earlier results. The absorption in
this region is very similar to that'® of CF3Mn(CO)s and
CoFsMn(CO)s and many examples of such absorption aris-
ing from terminal —Mn(CO)3 groups in polymer chains are
now known'~%

Initiation by polyfunctional macroinitiators

Figure 2 jllustrates the polymerization of methyl meth-
acrylate at 100°C in the presence of the polyfunctional
initiator. In view of the low concentration of the latter
(0.891 g1~1) the initial rate (104 mol 1-1) is reasonably
high. The rate of polymerization is decreased by carbon
monoxide; for example, 650 torr of CO reduce the rate of initi-
ationby a factor of 5.9 at 100°C (initiator concentration
0.045 g1-1). It would seem therefore that the first step in radi-
cal formation is scission of CO, which is followed by rupture of
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Figure 1 Infra-red spectrum of polyfunctional macroinitiator
showing strong absorption of —Mn{CO) s near 2000 cm™1. The
absorptions at 1731 and 1603 cm™! arise, respectively, from ester
groups and aromatic rings in the copolymer
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Figure 2 Polymerization of bulk methyl methacrylate at 100°C
in the presence of polyfunctional macroinitiator, concentration
0.891g171

the C—Mn bond in the resultant species (VIII) to give the
initiating macroradical (IX):

§vw CF,CFMn(CO)g  ——=  $¥W CF,CF, Mn(CO), + CO
(Ia) or (Ma) (M)

%WCF2CF2M”(CO)4 — §~W CF,CF+Mn (CO),
(3mm) (X) (6)
This mechanism is essentially similar to that deduced'” for

the low molecular weight model CF3Mn(CO)s.
In agreement with the radical-generating reactions shown

in equation (6) we find that on heating the functionalized
copolymer in benzene, acetic acid or styrene at 100°C, man-
ganese carbonyl is formed, shown by the development of
an absorption band having A = 342 nm. Most probably
Mn(CO) g arises from dimerization of Mn(CO)4 followed
by reaction with CO, or prior formation of Mn(CO)s and
subsequent dimerization.

The dependence of rate of polymerization on initiator
concentration is presented in Figure 3. Some retardation
is apparent from the curvature of the rate —(concentration)!/2
plot; this is consistent with similar findings'” for the model
compound CF3Mn(CO)s. Figure 4 presents the rate of
polymerization in the presence of carbon tetrachloride. In
these experiments a low concentration of initiator (0.045 g
1-1) was used to minimize retardation. The rate of initia-
tion (calculated from the conventional relation) correspond-
ing to the plateau value is very close to twice that with
[CCl4] = 0. Evidently the fragment Mn(CO)4 formed in
equation (6) generates a radical in the presence of CCly. A
similar conclusion follows from Figure 3, although retarda-
tion obscures quantitative considerations.

Reactions of polytetrafluoroethylene radicals with poly
(methyl methacrylate)

The reaction was carried out under conditions identical
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IO[ polyfunctional mocroinitiotor]'lz(gvzl"/2)
Figure 3 Dependence of rate of polymerization of bulk methy!
methacrylate on [polyfunctional macroinitiator] /2 at 100°C.
Mean rates over 15 min are plotted: O, no additive; ®, 9.6 x 1072
mol 171 CCl,
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Figure 4 Dependence of mean rate of polymerization of bulk
methyl methacrylate on [CCl4] at 100°C. Reaction time, 15 min;
[polyfunctional macroinitiator] = 0.045g 1!
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with those described for the methyl methacrylate—styrene
copolymer, 2 g of poly(methyl methacrylate) (M,, =

215 000) being used. After a reaction time of 5 h the poly-
meric product was precipitated in methanol and dried. It
weighed 2.91 g. The polymer was fractionated by extrac-
tion with benzene, the insoluble portion (1.09 g) being
repeatedly washed and allowed to stand in a large excess
of benzene for three days to remove unreacted manganese
carbonyl. Both soluble and insoluble polymers were dried
and analysed for Mn and F by neutron activation, with
results presented in Table 2.

The incorporation of fluorine and manganese in the
polymer in these experiments follows most simply from
hydrogen abstraction from poly(methyl methacrylate) by
polytetrafluoroethylene radicals and radical recombination
to form structures such as XI:

CH CH,

WCHz—CW +{[)—» ’VV—CHZ—C“‘—’W‘ + (Y1)

CO (X) CO

OCH,4 OCH;
l (1) )
CHsy

mw—CH 2—C—w

(X ¢O

OCH,(CE,CF,},Mn{CO),

In our experience many aliphatic compounds (e.g. cyclo-
hexane) are strong retarders of the polymerization of
CF4 hence we think it unlikely that radical X is an effec-
tive initiator for CyF4 polymerization. These radicals (X)
would therefore mainly combine with [ as shown in equa-
tion (7), although a small proportion may interact to form
crosslinks. Combination of | and radicals such as X pro-
vides the most likely mechanism for incorporating man-
ganese into the polymer. This process would clearly be
impeded by chain-transfer of [ with solvent, so that these
findings strongly support the view advanced earlier! that
acetic acid is very inactive as a transfer agent in the poly-
merization of tetrafluoroethylene. In the present experi-
ments the initial concentrations of acetic acid and poly
(methyl methacrylate) were 17.5 mol 1-! and 0.2 base
mol 171, respectively; these figures underline the difference
in transfer activity of the two species.

According to Table 2, the increase in weight of the
polymer attributable to the incorporation of (CO)sMn
(C2F4)y, units is 0.85 g, close to the observed value 0.91 g.

The ratio [CF4 units incorporated]/[Mn atoms incor-
porated] is much greater when the initial polymer is poly
(methyl methacrylate) than when it is the styrene—methyl
methacrylate copolymer (Table 2). This implies that the
latter is much more reactive than the homopolymer to the
propagating radicals (1), so that the mean chain-length of
the polytetrafluoroethylene units incorporated in the co-
polymer is smaller. Thus synthesis of a soluble product of
high manganese content is greatly assisted by the presence
of benzene rings in the initial polymer.

Applications of polyfunctional macroinitiators

The results described above show that radical generation
by thermal decomposition of polyfunctional macroinitiators
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synthesized from the methyl methacrylate—styrene copoly-
mer follows the route anticipated from the behaviour of
monofunctional macroinitiators® and low molecular weight
models'”. In the presence of a vinyl monomer Mj the
product would be a graft polymer (X11) or a crosslinked
polymer (XIII) (or both), depending on the mode of chain
termination in My:

§WCF2('ZF2+/7M| — §w CFCR,M, M,

(IX)
/ \ @®

§WCF,CF MM, $maCF,CF,M W M| CF,CF, wi
(XI) {Xmm)

For example, a solution of 0.5 g of the macroinitiator in

10 ml styrene (at 25°C or 10.36 ml at 100°C) produced a
gel on heating at 100°C for 67 min. We have also examined
the graft copolymerization of N-vinyl-2-pyrrolidone. A
solution of 50 mg macroinitiator in 5 ml (25°C) N-vinyl-2-
pyrrolidone was degassed and heated to 100°C for 40 min.
The resulting viscous solution was poured into petroleum
ether (60°—80°) and the precipitated polymer was three
times reprecipitated from methylene chloride into petroleum
ether to remove unreacted monomer. The yield was 1.05 g,
representing a 20-fold increase in weight over the original
copolymer. Under identical conditions but without the
polyfunctional macroinitiator only 3 mg of poly(N-vinyl-2-
pyrrolidone) was formed. The solubility of the polymer in
methylene chloride shows that the material is not exten-
sively crosslinked. The graft copolymer is swollen but not
dissolved by water and methanol.

These results encourage us to believe that the new poly-
functiona] macroinitiators may find applications in the syn-
thesis of graft copolymers, particularly with hydrophilic/
hydrophobic combinations.
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